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XV

Zusammenfassung

Die Proteinbiosynthese oder Translation ist ein grundlegender Prozess in den Zellen aller Or-
ganismen, der von den Ribosomen in Zusammenarbeit mit zahlreichen Proteinfaktoren durch-
gefiihrt wird. Die translatierenden Ribosomen kdnnen jedoch durch verschiedene Mechanis-
men blockiert werden, z. B. durch das Vorhandensein von beschadigten, abgeschnittenen
oder Stopcodon-fehlenden Boten-RNAs (mRNAs). Um die Anhaufung von blockierten Riboso-
men zu verhindern und somit den Pool aktiver Ribosomen zu minimieren, haben alle Organis-
men ribosomale Rettungsmechanismen entwickelt. Dazu gehoren die Trans-Translation und
die Ribosomen-assoziierte Qualitatskontrolle (RQC). Beide Wege bewirken den Abbau der un-
vollstandigen und potenziell toxischen naszierenden Polypeptidkette, die an die transfer-RNA

(tRNA) gebunden ist und retten blockierte Ribosomen.

Ein entscheidender Punkt bei der RQC ist die Erkennung der Peptidyl-tRNA enthaltenden gro-
Ben ribosomalen Untereinheit, die bei Eukaryoten von Rqc2/NEMF und bei Prokaryoten von
RqcH (dem Rgc2-Homolog) durchgefiihrt wird. Im Gegensatz zu Eukaryoten fehlten zu diesem

Zeitpunkt Strukturdaten fiir prokaryotische RQC-Komplexe.

Ein Projekt dieser Doktorarbeit konzentrierte sich auf die Visualisierung von RgcH auf riboso-
malen 50S-Untereinheiten mittels Kryo-EM. Die Strukturanalyse von B. subtilis 50S-Unterein-
heiten, die mit Wildtyp-RqcH aufgereinigt wurden, ergab keine Dichte fiir diesen Faktor, was
moglicherweise auf seine Flexibilitat zurtickzufiihren ist. Die Struktur lieferte jedoch wichtige
und erganzende Beweise fiir die Studie von Lytvynenko et al. 2019, da sie darauf hindeutet,
dass peptidyl-tRNA-50S-Untereinheiten Substrate fiir RgcH sind, und damit RgcH im prokary-

otischen RQC involviert zu sein scheint.

In einem zweiten Versuch, RgcH sichtbar zu machen, wurde das in seiner NFACT-N-Domane
mutierte RgcH-Protein gemeinsam mit 50S-Untereinheiten aufgereinigt und vor der EM-Ana-
lyse zusatzlich quervernetzt, um die Flexibilitat zu verringern. Die anschliefende Kryo-EM-
Analyse ergab eine mutierte RgcH-50S-Struktur mit einer Auflésung von 3,1 A. Die Struktur
stellt wahrscheinlich den ersten Erkennungsschritt im prokaryotischen RQC dar und zeigt, wie
die einzelnen Doméanen von RqcH (NFACT-N-HhH, CC1-M-CC2 und NFACT-R) mit dem P-tRNA-

50S-Komplex interagiert.



XVI Zusammenfassung

Die identifizierten RqcH-Bindungsstellen innerhalb der Struktur wurden durch funktionelle Ex-
perimente getestet, die von Dr. Helge Paternoga (ZMBH) durchgefiihrt wurden. Die kombi-
nierte Struktur-Funktions-Analyse lieferte Hinweise auf spezifische RqcH-Regionen, die fir die
P-tRNA-50S-Bindung und die RqcH-Funktion innerhalb des RQC-Wegs funktionell relevant
sind. Der Vergleich mit bestehenden RQC-Strukturen zeigt, dass RqcH durch seine M-CC2-Re-
gion an der 50S-Untereinheit verankert wird und als potenzieller Drehpunkt fiir die NFACT-N-

HhH- und NFACT-R-Domanen dient, die flexibler zu sein scheinen.

Wahrend RQC auf blockierte ribosomale Untereinheiten abzielt, strebt die Trans-Translation
die Rettung von blockierten 70S-Ribosomen. Die Trans-Translation erfordert das kleine Pro-
tein SmpB und eine transfer-messenger RNA (tmRNA) und ermdglicht es durch die Amino-
saure-Kodierungssequenz in der mRNA-dhnlichen Domane (MLD) der tmRNA die entstehen-

den Polypeptidkette zu verlangern und fir den Abbau zu markieren.

Der zweite Teil dieser Doktorarbeit befasste sich mit der Kryo-EM-Analyse der E. coli 70S-
tmRNA-EF-G-FA-Probe, die zuvor in der Kryo-EM-Studie von Ramrath et al. (2012) verwendet
wurde. Die Verwendung fortschrittlicher Technologien fiir die Kryo-EM-Analyse derselben
Probe flihrte zu hochaufgeldsten Strukturen und ergab darliber hinaus zusatzliche Trans-
Translationszustinde. Die fiinf Kryo-EM-Strukturen wurden bis auf 3,5 A bis 3,8 A aufgeldst
und geben Aufschluss lber die Bewegungen des tmRNA-SmpB-Komplexes im Ribosom, von
seiner Unterbringung in der ribosomalen A-Stelle tiber die Translokation zur ribosomalen P-

Stelle bis zum Passieren der E-Stelle.

Die Beobachtung des Zustands vor der Translokation (tmRNA-PRE) und Zustande (PAST-E-TI-
POST und PAST-POST) von nachfolgender Translokation erganzen dhnlichen Strukturdaten
und stimmen mit ihnen Uberein. Die tmRNA-SmpB-Translokation und auch der Prozess des
Ladens der mRNA-adhnliche Domane (MLD) wurden jedoch nur unzureichend erfasst. Die vor-
liegenden Strukturen zeigen, wie das tmRNA-SmpB-Modul spezifisch auf das Ribosom einwirkt
und geben neue Einblicke, wie die Translation von der alten defekten mRNA auf das Leseraster
der MLD gewechselt wird. Die Zwischenzustande (tmRNA-TI-POST | und Il), die wahrend der
ersten Runde der Translokation gebildet werden, weisen eine Dichte fiir das komplette SmpB-
Protein und die MLD auf, was neue Einblicke in den Prozess der MLD-Beladung in den mRNA-

Kanal ermdglicht.



Zusammenfassung XVII

Daruber hinaus liefern die Strukturen molekulare Einblicke in den Prozess, durch den der
groRe tmRNA-SmpB-Komplex die physikalischen Barrieren innerhalb des Ribosoms wahrend

der Trans-Translation Uberwindet.



XVIII Summary

Summary

Protein biosynthesis or translation is a basal process in the cells of all organisms, which is per-
formed by the ribosomes in cooperation with numerous protein factors. However, translating
ribosomes can be stalled by various mechanisms, such as the presence of damaged, truncated,
or stop codon lacking messenger-RNAs (mRNAs). To prevent accumulation of stalled ribo-
somes and thus minimize the pool of active ribosomes, all organisms have evolved ribosomal
rescue mechanisms. These include trans-translation and ribosome-associated quality control
(RQC). Both pathways cause the degradation of the incomplete and potentially toxic nascent

polypeptide chain attached to the transfer RNA (tRNA) and rescue stalled ribosomes.

A crucial point in RQC is the recognition of the peptidyl-tRNA-containing large ribosomal sub-
unit, which is performed by Rqc2/NEMF in eukaryotes and RqcH (the Rqc2 homolog) in pro-
karyotes. Unlike for eukaryotes, structural data for prokaryotic RQC complexes were lacking

at this time.

One project of this doctoral thesis aimed for the visualization of RqcH on ribosomal 50S subu-
nits using cryo-EM. The structural analysis of B. subtilis 50S subunits co-purified with wild-type
RgcH did not show a density for this factor, possibly due to its flexibility. However, the struc-
ture provided important and complementary evidence for the study in Lytvynenko et al. 2019,
as it suggests that peptidyl-tRNA 50S subunits are substrates for RqcH, and thus RgcH appears

to be involved in prokaryotic RQC.

In a second attempt to visualize RqcH, the RqcH protein mutated in its NFACT-N domain was
co-purified with 50S subunits and additionally crosslinked before EM analysis, both to de-
crease flexibility. The subsequent cryo-EM analysis revealed a mutant RqcH-50S structure with
a resolution of 3.1 A. The structure likely represents the initial recognition step in prokaryotic
RQC and shows how the individual domains of RqcH (NFACT-N-HhH, CC1-M-CC2 and NFACT-
R) interact with the P-tRNA-50S complex.

The identified RqcH binding sites within the structure were tested by functional experiments
which were performed by Dr. Helge Paternoga (ZMBH). The combined structure-function anal-
ysis provided evidence for specific RgcH region that are functionally relevant for P-tRNA-50S

binding and RgcH function within the RQC pathway. Comparison with existing RQC structures
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indicate that the M-CC2 region anchors RqcH to the 50S subunit and serves as a potential pivot

point for the NFACT-N-HhH and NFACT-R domains which seem to be more flexible.

While RQC targets stalled ribosomal subunits, trans-translation aims to rescue stalled 70S ri-
bosomes. Trans-translation requires the small protein SmpB and a transfer-messenger RNA
(tmRNA) and allows by using the amino acid coding sequence in the mRNA-like domain (MLD)

in the tmRNA to elongate and tag the nascent polypeptide chain for degradation.

The second part of this doctoral thesis focused on the cryo-EM analysis of the E. coli 70S-
tmRNA-EF-G-FA specimen previously used in the cryo-EM study in Ramrath et al., 2012. Using
advanced technologies for the cryo-EM analysis of the same specimen resulted into high-res-
olution structures and moreover revealed additional trans-translation states. The five cryo-
EM structures were resolved to 3.5 A to 3.8 A and shed light on the movements of the tmRNA-
SmpB complex in the ribosome, from its accommodation into the ribosomal A-site to the

translocation towards the ribosomal P-site and passed the E-site.

The observation of a state before translocation (tmRNA-PRE) and states (PAST-E-TI-POST and
PAST-POST) of subsequent translocation complement and are consistent with the similar
structural data. However, the tmRNA-SmpB translocation and also the process of MLD (mRNA-
like domain) loading were poorly understood. The structures in this work show how the
tmRNA-SmpB module specifically acts on the ribosome revealing new insights of how the
translation is switched from the old defective mRNA to the reading frame of the MLD. The
intermediate states (tmRNA-TI-POST | and II) that formed during the first translocation round
show density for the complete SmpB protein and the MLD allowing to gain new insights of the

process of MLD loading into the mRNA channel.

In addition, the structures provide molecular insights into the process by which the large
tmRNA-SmpB complex overcomes the physical barriers within the ribosome during the trans-

translation.






1 Introduction

In living cells, the genetic information is transferred from the deoxyribonucleic acid (DNA) via
the ribonucleic acid (RNA) as a mediator to the protein (Crick, 1970). All forms of RNA are
synthesized by transcribing the DNA using RNA polymerases, a process that is called transcrip-
tion. Ribonucleic acids such as transfer RNA and or ribosomal RNAs (tRNA or rRNA) perform
various functions in the cell directly (Giegé, 2008) or are used as templates for translation as
in the case of messenger RNA, the mRNA (Kozak, 2005). An example for the interplay of dif-
ferent RNAs, involved into the same process is the translation, in which the mRNA nucleotide
sequence is translated into the sequence of amino acids which are delivered by tRNA mole-
cules. The translation is a multi-step process and takes place in the cytosol at a large molecular
complex, the ribosome (Palade, 1955). The growing peptide emerging from ribosome starts
folding already co-translationally using chaperons. Protein folding into its three-dimensional
(3D) structure is required to obtain full functionality. In rare cases, the mRNA lacks the signal
to terminate the protein synthesis causing an arrest of the translation process which results
in a stalled polypeptide-bound ribosome. These stalled ribosomes can be rescued in alterna-
tive processes, such as the Ribosome-associated quality control (RQC) or the trans-translation
pathway (Buskirk & Green, 2017; Keiler et al., 1996). Ribosome-mediated processes involve
the interaction of various protein factors and the ribosomes as well as its tRNA substrates
underly extensive conformational changes. Many of these dynamic structural events on ribo-
somes have been characterized and visualized by biochemical and structural methods (Huter
et al., 2017). In the recent decade, the new technological advances in x-ray crystallography
and cryogenic electron microscopy (cryo-EM) facilitated the solving of biological structures at
near-atomic to atomic resolution. The high-resolution structures provide enlightening insights

into the complex molecular processes that are mediated by the ribosome (Miiller et al., 2021).
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1.1 The structure of the ribosome

All ribosomes have the conserved function to catalyze the synthesis of proteins. In all living
cells, they exist freely in the cytoplasm or are bound to the membrane of the endoplasmic
reticulum (rough ER). Ribosomes are macromolecular complexes composed of proteins and
RNAs. The ribosomal proteins have structural and regulatory functions, while highly conserved
rRNA elements perform catalytic functions, thus making the ribosome to a ribozyme, a non-
coded RNA molecule with enzymatic activity (Noller et al., 1992). The function of ribosomes is
universally conserved, whereas the composition of ribosomes varies between different do-

mains of life (Figure 1).

Commonly, ribosomes are characterized by their sedimentation behavior (expressed in S =
Svedberg units or coefficient), which depends on the size and shape of the macromolecule
(Slonczewski at al., 2009). Accordingly, one distinguishes eukaryotic 80S-type and the prokar-
yotic 70S-type of the ribosome. The smaller 70S-type also includes ribosomes from mitochon-
dria and plastids, which according to the endosymbiont theory evolved from prokaryotes and
were taken up by eukaryotes (Wallin, 1922). Both types of ribosomes are composed of a large
subunit (LSU; 50S in prokaryotes or 60S in eukaryotes) and a small subunit (SSU; 30S in pro-
karyotes or 40S in eukaryotes), which assemble to form a translation competent complex (80S
or 70S ribosome) (Ban et al., 2000; Schluenzen et al., 2000; Wimberly et al., 2000). In the fol-
lowing chapters only the prokaryotic 70S is discussed and their small and large ribosomal sub-

unit are abbreviated as SSU or 30S and LSU or 506, respectively.

285 rRNA
= 60S 5.8S rRNA + 49 proteins
Eukaryotic ./ 5SrRNA

80S ribosome ]|

4MDa | ~ 40s -[ 185 rRNA + 33 proteins

_ 23S rRNA .

prokaryotic ./ 50S 55 rRNA + 31 proteins
70S ribosome |

25MDa L ~ 308 { 165 rRNA + 21proteins

Figure 1: Eukaryotic and prokaryotic ribosomes differ in size and composition.

The first 3D structures of ribosomes were determined in 1995 by cryo-EM revealing its overall

shape (Frank et al., 1995; Stark et al., 1995). Under the electron microscope, ribosomes appear
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as oval to round particles with a diameter of 200 Angstrom (A) in prokaryotes to 300 A in
eukaryotes. In many following cryo-EM studies it has been shown that the general architec-

ture of ribosomes is preserved in all kingdoms.

The structure of the SSU is divided into two large segments, the head, and the body, which
are connected by the neck (Figure 2A). Characteristic features of the body are the left and
right foot, the shoulder, and the platform. The head has a pointed protrusion that resembles

a bird's beak.

The LSU in its characteristic "crown view" shows structural landmarks including the central
protuberance (CP) and two stalks, the L1 stalk and L7/L12 stalk (Figure 2B). These three ele-
ments are composed of distinct ribosomal proteins and helices of either the 55 rRNA (CP) or
23S rRNA (L1 and L7/12 stalk) of the LSU (Ban et al., 2000). In the crown view, the L1 stalk is
located to the left and L7/L12 to the right of the CP, respectively.

ssu Head LSU -

mRNA entry

Shoulder U IR

Figure 2: Model of a bacterial ribosome (70S) of Thermus thermophilus (Ramakrishnan et al., 2006,
PDB-ID:4V51). A) Subunit interfaces of the 30S ribosomal subunit (SSU) and B) 50S ribosomal subunit
(“crown view” of LSU). The ribosomal proteins of the SSU are shown in yellow, RNA in grey, the LSU
proteins in cyan, and RNA in blue. The binding sites for the A-site, P-site, and E-site tRNA are indicated
in pink, green, and orange respectively. The mRNA and its channel are shown in red, the catalytic active
center (DC = decoding center, PTC = peptidyl-transfer center) are indicated by asterisks. Important
landmarks for orientation are labeled (head, beak, shoulder, neck, platform, body, right and left foot,
CP=central protuberance, L1 and L7/L12 stalk).
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1.2 Function of the ribosome

Ribosomes carry out protein biosynthesis (translation) along with tRNA, mRNA and other var-
ying translation factors. To describe functional centers of the ribosome, it is needed to describe

the tRNA and mRNA first. The translation process itself is described in detail in chapter 1.3.

1.2.1 mRNA and tRNA

Both DNA and RNA are nucleic acid polymers, which comprise of nucleoside-phosphate units
linked by phosphoric acid di-ester bonds. The DNA is composed of four nucleobases, which
are adenine, cytosine, guanine, and thymine. Uracil is used instead of thymine during the tran-
scription of the DNA into an RNA molecule. The mRNA sequence is read in the form of nucle-
otide triplets that are called codons (Crick et al., 1961). The codon sequence determines the
sequence of the amino acids of the polypeptide chain to be formed, which determine the
primary structure of a particular protein. Theoretically 43 = 64 possible codon combinations
exist, of which 61 encode the 20 canonical proteinogenic amino acids, while the remaining
three function as stop codons (UAA, UAG or UGA) for the termination of translation (Lager-

kvist, 1978).

The mRNA contains regions that are not translated into proteins, termed untranslated regions
(UTRs), which are located at the 5' or 3' end of the protein coding sequence. In prokaryotes,
the 5’UTR contains a ribosomal binding site (RBS) that includes the Shine-Dalgarno (SD) se-
quence, 5-GGAGGU-3’ (Shine & Dalgarno, 1974). The SD sequence is positioned 7 - 10 nucle-
otides upstream of the mRNA start codon, AUG (Figure 3). The complementary base pairing
of the SD sequence with the anti-SD sequence (5'-ACCUCC-3’) located at the 3' end of the

ribosomal 16S rRNA marks the starting point of translation.

fMet
Initiator tRNA
Small subunit

UAC
5 GGAGG AUG 3
\_'_l \_'_l

Shine dalgarno Startcodon
sequence

\
mMRNA

Figure 3: Shine-Dalgarno Sequence. The small ribosomal subunit is bound by the Shine-Dalgarno se-
guence of the mRNA, thereby fixing the start point of the translation. The initiator tRNA binds the AUG
start codon which is located at the ribosomal P-site. Figure was prepared using Microsoft Office.
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Beside the ribosomal contacts, the mRNA interacts with tRNAs. The tRNAs consists of 73 to 95
nucleotides and form a cloverleaf-shaped secondary and a L-shaped tertiary structure due to
intramolecular base pairing (Holley et al., 1965; Kim et al., 1973). The structure of tRNA is
divided into specific domains, each of which performs a different function (Figure 4). The ac-
ceptor arm is responsible for binding the respective amino acid and the anticodon arm pro-
vides the anticodon for complementary binding of the mRNA codon (Lorenz et al., 2017). The
other two arms were named due to the presence of modified nucleotides as DHU arm (dihydro
uridine) and TWC arm (T: thymidine, W: pseudo uridine, C: cytidine), which are mainly used to

stabilize the tRNA molecules.

Figure 4: The general tertiary and secondary structure of tRNAs. The RNA loops and helices in the
tertiary and secondary tRNA structure are colored as follows: TWC arm in green, the variable loop in
orange, the anticodon arm is blue, the D-arm is red, and the acceptor arm is purple. The 3’end CCA-
end of the amino acid acceptor arm is yellow. The figure was adopted from Shareghi et al., 2012.

Before being delivered to the ribosome, amino acids need to be activated and loaded to the
tRNA in both prokaryotic and eukaryotic cells. The process, called amino acylation, is catalyzed
by an amino-acid specific aminoacyl-tRNA synthetases (AAS) (Ibba and Soll, 2000).

First, the AAS binds an amino acid and adenosine triphosphate (ATP) to form an aminoacyl
adenylate (aminoacyl-adenosine monophosphate = aminoacyl-AMP), thereby releasing an in-
organic pyrophosphate (PP;). Then, the appropriate tRNA molecule is bound by the aminoacyl-
adenylate via its D arm, and the activated amino acid is transferred from the aminoacyl-AMP
to the OH group of the ribose of the tRNA nucleotide at the 3'-end (Figure 4). This two-step

reaction can be summarized as:
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amino acid + ATP = aminoacyl-AMP + PP; (amino acid activation)

aminoacyl-AMP + tRNA = aminoacyl-tRNA + AMP (tRNA loading)

The resulting aminoacyl-tRNA (aa-tRNA) can now be used for the translation process on the
ribosome or, in case of the prokaryotic initiator tRNA, the methionine-charged tRNA (Met-
tRNAMet) produced by methionine synthetase, needs to be further modified. This is done by
the methioninyl-tRNA-formyltransferase (FMT), which formylates the methionine to formyl
methionine on the Met-loaded tRNA, resulting into fMet-tRNAMet, The N-formylation in fMet-
tRNAMet provides a specific feature that is recognized by the initiation factor 2 required to start

the translation process (see chapter 1.3.1).

1.2.2 Functional elements of the ribosome

The catalytically active center of the ribosome includes two regions: the decoding center (DC),
which is located on the SSU (Figure 2A) and the peptidyl-transferase center (PTC), which is
located on the LSU (Figure 2B). Both regions, DC, and PTC, are widely conserved with some
differences observed in the surrounding regions (Ben-Shem et al., 2011; Wilson et al., 2012;
Anger et al., 2013). During protein synthesis, the DC monitors the complementarity of tRNA
and mRNA, while the PTC catalyzes the peptide bond formation and peptide release. Interac-
tion between the codon on the mRNA at the DC and the amino acid at the PTC is accomplished

by tRNAs.

The ribosome has three tRNA binding sites, the aminoacyl (A), peptidyl (P), and exit (E) sites,
located at the interface of both ribosomal subunits (Figure 2). Binding of the tRNA to the A-
site requires reading the mRNA codon by the anticodon of the tRNA. Then the peptide chain
is transferred from the P-site bound tRNA to the 3’CCA -end of the tRNA bound to the A-site.
The peptide chain charged tRNA of the A-site and the deacylated P-site tRNA are subsequently
translocated one nucleotide triplet further to the P and E-site, respectively. Other functional
sites of the ribosome include the mRNA channel located on the small subunit (Figure 2A) and

the peptide tunnel that extends from the PTC through the LSU.

1.2.3 Structural dynamics of the ribosome

The dynamic nature of the ribosome can be interpreted with the help of an energy landscape

(Munro et al., 2009a). According to this, the ribosome can adopt intermediate conformational
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states that are in equilibrium at room temperature. In the energy landscape, these intermedi-
ate states represent local energy minima (Figure 5). The rate of transition from one state to
the other depends on the activation energy that must be applied to reach one state or the
other. The stability of individual intermediate states and/or the level of activation energy can
be modulated by ligands (e.g., translation factors, antibiotics) and environmental parameters

(ion concentrations, temperature).

The energy landscape has a hierarchical character to be able to capture macroscopic (e.g.,
transition from pre-translocational to post-translocational state), mesoscopic (e.g., dynamics
of the L1 and L7/L12 stalk or spontaneous movement of tRNAs from the classical into the
hybrid state), and microscopic (e.g., movements of individual protein side chains) structural
rearrangements. The prokaryotic ribosome appears to have several degrees of freedom with
respect to global conformational change, such as the 30S subunit rotation, 30S head domain
rotation, L1 and L7/L12 stalk movement and conformational changes of the ribosomal inter-

subunit bridges. In the following, each degree of freedom is briefly described.

Microscopic states
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Figure 5: Hierarchical and metastable energy landscape. The ribosome has the intrinsic ability to
reversibly adopt different natural conformations. The local minima of free energy describe macro-
scopic, mesoscopic, and microscopic substates of conformations. The conformational substates are
defined by their individual conformational degrees of freedom within the ribosome. The energy land-
scape is shown before (black) and after ligand binding (red). The figure is adopted from Munro at al.,
2009.

1.2.3.1 Conformational changes of the 30S ribosomal subunit

The most prominent large-scale rearrangements in prokaryotes occur on the ribosomal 30S

subunit: the intersubunit rotation and head swivel. Both conformational changes are required
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in the elongation phase of translation (see chapter 1.3.2), in which the coupled movement of

mRNA and tRNAs on the ribosome is catalyzed by the elongation factor G (EF-G).

The subunit rotation also termed ratcheting (Figure 6A), was first visualized in pre-transloca-
tional (PRE) 70S complexes and described as a counterclockwise movement of the 30S subunit
relative to the 50S subunit (Frank and Agrawal, 2000; Valle et al., 2003; Horan and Noller,
2007). The ratchet-like subunit rearrangement is accompanied with the movement of the
tRNAs on the large subunit, from the classical (A/A and P/P) to hybrid (A/P and P/E) tRNA
configuration (the first and second letter indicate the tRNA position on the small and large
subunit, respectively) (Moazed and Noller, 1989; Agirrezabala et al., 2008). The resulting hy-

brid state is in a thermodynamic equilibrium with the nonrotated state.

The subunit rotation-mediated transition is a spontaneous and reversible reaction between
these two states. Binding of EF-G additionally induces the 30S head swivel movement (Frank
and Agrawal, 2000; Valle et al., 2003; Spahn et al., 2004; Connell et al, 2007). The head swivel
describes a rotation of the small subunit head domain relative to the small subunit body/plat-
form domain, which is roughly orthogonal to the intersubunit rotation (Ramrath et al., 2013;
Ratje et al., 2010; Schuwirth et al., 2005; Spahn et al., 2004a, 2004b) (Figure 6B). Head swivel-
ing leads to the formation of chimeric intra—subunit ap/P and pe/E hybrid tRNA binding sites
(a and p indicate tRNA contacts to the A-site and P-site of the 30S, respectively; P and E indi-
cate tRNA contacts to the P-site and E-site of the 50S, respectively) (Ramrath et al., 2013; Ratje

et al.,, 2010).

Furthermore, during the transition of the chimeric bound tRNAs to the classical P/P and E/E
configuration, the head can tilt about an axis that is parallel to the mRNA entry channel dis-
placing it away from the 30S-50S interface (Ramrath et al., 2012; Nguyen et al., 2016) (Figure
6C). The 30S head tilting was first discovered in the ribosomal tmRNA-70S rescue complex and
is proposed to open steric barriers which are required to complete the translocation of the

MRNA—-tRNA complex on the ribosome (Ramrath et al., 2012).
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< Right foot
intersubunit rotation Head rotation Head tilt

Figure 6: Large-scale conformational changes of the ribosomal 30S subunit. Shown are the subunit
rotation (A), head rotation (B) and head tilt (C) of the 30S subunit (yellow) relative to the 50S subunit
(blue). The electron density was simulated from the X-ray crystal structure of the 70S Thermus ther-
mophilus (Ramakrishnan et al., 2006, PDB-ID:4V51) and visualized in Chimera. Elements of the 50S
subunit (right foot, CP = central protuberance, L1 and L7/L12 stalk) are shown for orientation.

1.2.3.2 Conformational changes of the 50S ribosomal subunit

The largest movement within the 50S subunit is performed by the L1 stalk (formed by rRNA
helices 76, 77, 78 and protein L1), which moves outwards or inwards the ribosomal intersub-
unit space adopting four distinct L1 stalk conformations (Figure 7A). The open conformation,
in which the L1 stalk is extended away from the 50S subunit, was found in ribosomes with an
empty E site or in isolated 50S subunit (Harms et al., 2001; Schuwirth et al., 2005; Agirrezabala
et al., 2008; Dunkle et al., 2011). The release of the deacylated tRNA from the ribosomal E-site

presumably occurs on transition to the open L1 state (Mohan and Noller, 2017).

The closed conformation, where the L1 stalk moves towards the intersubunit space and
thereby contacting the elbow of the E-site tRNA, was found in ribosomes with classical bound
E/E-tRNA (Korostelev et al., 2006; Selmer et al., 2006) or hybrid bound P/E tRNA (Valle et al.,
2003; Gao et al, 2003). The intermediate L1 stalk conformations were observed during tRNA
movement into the chimeric pe/E tRNA state (intermediate 1, Korostelev et al. 2006; Zhou et

al., 2012) and into classical E/E state (intermediate 2 or half closed, Mohan and Noller, 2017).

A further mobile element of the 50S subunit of the ribosome is the L7/L12 stalk, which is
formed by the stalk base (23S rRNA helices H43 and H44, and ribosomal protein uL11) as well
as multiple copies of protein bL12 (originally named L7/L12) (Diaconu et al., 2005). The L7/L12
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stalk can move towards or away the ribosomal A-site occupying the inward or outward posi-
tion, respectively (Yusupova et al., 2006; Yusupov et al., 2001; Korostelev et al., 2006) (Figure
7A). Its motion results from binding canonical guanosine triphosphatases (GTPases), such as
elongation factor Tu (EF-Tu), elongation factor G (EF-G), and release factor 3 (RF3) to the

GTPase-associated center (GAC).

The GAC is formed by the 23S rRNA helices 42-44 and protein uL11 as well as the universally
conserved sarcin-ricin-loop (SRL, formed by helix 95 of the 23S rRNA) (Valle et al., 2002; Gao
et al., 2003, 2007; Connell et al., 2007) (Figure 7B).

A B

cp cp
; L7/L12 Stalk 90

L1 Stalk

Figure 7: Motions of L1, L7/12 stalks and elements of the GTPase-associated center. A) Motion di-
rection of the L1 stalk (uL1, rRNA helices H76-78) and L7/12 stalk (uL10 (green), L11 (purple), rRNA
helices H43-44 (grey)). B) The side view shows the composition of the GTPase-associated center (GAC)
formed by 23S rRNA helices H42-H44 and H95 (grey) and protein uL11 (purple). The remaining blue
colored density belongs to the 50S subunit. The tRNAs binding sites for the A-site, P-site and E-site and
LSU landmarks (L1 stalk, CP = central protuberance) are indicated for orientation. The figures were
made in Chimera using mutant RgcH-50S structure model and cryo-EM map form this work.

1.2.3.3 Ribosomal inter-subunit bridges in prokaryotes

The dynamic movements occurring in various steps of translation are facilitated by several
interactions between the ribosomal subunits, known as inter-subunit bridges (Figure 8). The
ribosomal bridges observed in the classical state can be disrupted by rotation of the 30S sub-

unit and head, resulting in new interactions between the two subunits.
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For example, the bridges Bla and B1b are formed by the interaction of protein uS13 with the
A-site finger (ASF; H38 in 23S rRNA) and with uL5, bL31 of the LSU, respectively. Both bridges
are observed in classical (non-rotated) ribosomes, in which they stabilize the contact between
the CP and the 30S head domain (Yusupov et al. 2001). While in hybrid-state ribosomes with
30S head swiveled, the Bla and B1b bridges are disrupted (Liu and Fredrick et al., 2016).
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Figure 8: Inter-subunit bridges of the prokaryotic ribosome. The subunit interfaces of A) the 30S
(green) and B) the 50S (brown) showing the inter-subunit bridge elements (blue spheres). The A-site
(red), P-site (pink) and E-site (orange) tRNAs, mRNA (black) and landmarks (head, shoulder, platform,
spur, CP = central protuberance, L1 and L7/L12 stalk) are indicated. Figures were taken from Liu and
Fredrick et al., 2016.

1.3 The bacterial translation cycle

Protein synthesis or translation comprises four steps: initiation, elongation, termination, and

recycling (Wilson and Nierhaus, 2003; Schmeing and Ramakrishnan, 2009).

During initiation, the ribosomal subunits assemble to form an initiation complex in which the
initiator-tRNA base-pairs with the start codon of the mRNA. The following elongation is an
iterative process of adding amino acids one-by-one to the growing polypeptide chain. The ter-
mination of the translation occurs when the elongation complex reaches a stop codon in the
mRNA, which leads to the release of the polypeptide from the ribosome-bound tRNA. In the
recycling phase the post-terminated ribosome is split into its subunits, which can be reused

for subsequent translation rounds.
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Each translation phase consists of multiple steps (Figure 9), which require numerous extra-
ribosomal translation factors and several large-scale intra- and inter-subunit rearrangements
of the ribosome (Korostelev et al., 2008; Dunkle and Cate, 2011; Ratje et al., 2010; Zhou et al.,
2013). The factors and precise mechanism of each translational phase vary between the dif-
ferent kingdoms of life.
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Figure 9: Schematic representation of the bacterial translation. The translation is a four-step pro-
cess that comprises initiation, elongation, termination, and recycling. All steps are explained detailed
in the following chapters. The figure was taken from Schmeing and Ramakrishnan, 2009.

1.3.1 |Initiation of bacterial translation

The initiation of bacterial translation aims to form a ribosomal complex containing an mRNA
with a start codon in the P-site that is bound to the initiator tRNA fMet-tRNAMet, The initiation
starts with the formation of the 30S-initiation complex (30S-IC), in which initiation factors 1,
2, and 3 (IF1, 2, and 3) as well as the initiator tRNA are bound to the ribosomal 30S subunit

(Figure 9).

IF1 binding blocks the ribosomal A-site until the elongation starts. Both, IF3 and IF2 are respon-
sible for the selection of the proper tRNA and its binding to the 30S subunit, which leads to the

formation of the 30S-IC. IF-2 provides a specific docking site for the formyl group leading to a
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direct bond of the fMet-tRNAM¢t to the 30S-IC (Canonaco et al., 1986; Gualerzi and Pon, 2000).
IF3 controls additionally the mRNA binding to the P-site of SSU and in the further step promotes
together with IF2 the joining of 30S-IC and 50S into a 70S initiation complex (70S-IC).

Formation of the 70S-IC triggers the hydrolysis of guanosine triphosphate (GTP) in IF2, which
results in the dissociation of all initiation factors (Antoun et al., 2006; Grigoriadou et al., 2007;
Milon et al., 2008). The initiation process may not be linear and the precise order of 30S factor
binding might happen in a flexible manner (Hussain et al., 2016; Milon et al., 2010; Milén et al.,
2012).

1.3.2 Elongation of bacterial translation

The elongation is a very complex process that basically translates the genetic information en-
coded in the mRNA into the corresponding amino acid sequence. The elongation is highly con-
served among prokaryotes and eukaryotes, in contrast to the initiation and termination, which
are distinctly different (Kozak 1999; Berg and Tymoczko; 2002; Petry et al., 2008). In this pro-
cess new amino acids are iteratively incorporated into the growing polypeptide chain. They

are delivered by the amino-acylated tRNAs in a manner specified by the codons in the mRNAs.

The elongation in bacteria is controlled by two elongation factors (EFs), the translocational
GTPases EF-Tu and EF-G. Each elongation cycle is subdivided into decoding, peptidyl-transfer,
and translocation. Decoding ensures the binding of the amino acid-loaded tRNA in the riboso-
mal A site. Subsequent peptidyl transfer leads to the linkage of the amino acid to the nascent
peptide chain. And translocation catalyzes the movement of tRNAs along the mRNA to the

next codon. The following chapters describe elongation steps in detail.

1.3.2.1 Decoding

Decoding describes the process of selecting the proper aminoacyl-tRNA (aa-tRNA) in the ribo-
somal A site. This step is catalyzed by elongation factor Tu (EF-Tu) and involves various steps:
initial tRNA binding, mRNA codon recognition, GTP activation, and GTP hydrolysis (Schmeing
et al., 2009; Schuette et al., 2009; Voorhees and Ramakrishnan, 2013). Decoding starts with
the delivery of the ternary complex, comprising an aa-tRNA, EF-Tu and GTP, to the vacant A-

site of non-rotated ribosomes carrying a peptidyl-tRNA in the P-site.
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The initial binding of the ternary complex does not require mRNA, but rather the interaction
of EF-Tu with ribosomal L7/L12 proteins. The bound aa-tRNA adopts a deformed and high-
energy A/T conformation (Stark et al., 1997; Valle et al., 2003). This tRNA configuration ena-
bles the aa-tRNA anticodon loop to interact with the mRNA codon located in the A site and,
simultaneously, EF-Tu binding near the sarcin-ricin loop of 23S rRNA in the large ribosomal

subunit (Valle et al., 2002; Moazed et al., 1989; Stark et al., 1997).

EF-Tu’s maintained association with the amino acyl end of the aa-tRNA prevents a premature
engagement with the peptidyl-transfer center (PTC) (Schmeing and Ramakrishnan et al.,
2009), while positioning of the anticodon loop of the aa-tRNA at the decoding center (DC)
allows the sensing the mRNA for a matching codon (codon recognition). Successful codon—
anticodon recognition leads to conformational changes of highly conserved ribosomal 16S

RNA nucleotides G530, A1492 and A1493 at the DC of the 30S subunit (Ogle et al., 2001).

The excess energy released during base pair recognition is used to drive conformational
changes in the ternary complex and the ribosomal 30S subunit. The change within the ribo-
some is called 30S subunit domain closure, which comprises a downward movement of the
30S head and an inward rotation of the 30S shoulder closer to EF-Tu (Ogle et al., 2002). The
30S subunit domain closure, combined with conformational rearrangement within the ternary

complex, stimulates the GTP-hydrolysis in EF-Tu (Pape at al., 1998; Ogle et al., 2001 and 2002).

The subsequent EF-Tu-GDP dissociation releases the tRNA acceptor end, which moves into the
PTC of the ribosomal A-site, a step called accommodation (Whitford et al., 2005). Once the
accommodation has completed, the CCA’3-ends of both, A-site and P-site tRNA are positioned
at the PTC, where they participate in a rapid peptide bond formation (see next chapter

1.3.2.2).

1.3.2.2 Peptide bond formation

After decoding, the ribosome contains an aminoacyl-tRNA at the A-site and the peptidyl-tRNA
at the P-site, with both acyl residues attached to the last nucleotide at the 3’ -end of the re-
spective tRNA via an ester bond. In the following peptidyl transfer reaction, the nascent pep-
tide is transferred from the P-site tRNA to the A-site tRNA. During this reaction, the ester bond

of the carbonyl carbon in the peptidyl-tRNA is nucleophilically attacked by the amino-group
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of the aminoacyl-tRNA in the A-site (Schmeing et al., 2005a) forming a transition state and

finally transferring the peptidyl residue to the aminoacyl group of the A-site tRNA (Figure 10).
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Figure 10: Reaction mechanism of the peptide-bond formation. Shown is the reaction between the
acyl residues at the amino acid acceptor 3’ends of the tRNA in the P-site and A-site. Left: The carbonyl
carbon of the ester bond of the amino acid in the P-site is nucleophilic attacked by the free electron
pair of the amino group of the amino acid attached to the A-site tRNA. Subsequent deacylation of the
tRNA in the P site and peptide transfer to the A site tRNA converts the transition state (middle) to the
final products (right). The figure was adopted from Schmeing et al., 2005a.

Compared to an un-catalyzed reaction, the ribosome additionally accelerates the reaction by
at about 10°-fold (Sievers et al., 2004). The catalytic mechanism is based on entropic effects
within the ribosome, which are mainly caused by substrate positioning and water exclusion
within the active site. The catalytically active site is formed by the PTC of the large ribosomal
subunit, which is entirely made up of rRNA (Ban, 2000; Nissen et al., 2000). The ribosomal
catalytic power provided for the peptide-bond formation results through conformational re-
arrangements in the PTC, which are established by a substrate induced-fit mechanism occur-

ring during the accommodation (Sievers et al., 2004).

In an unaccommodated state with an empty A-site, the PTC provides an environment, where
the ester group of the peptidyl-tRNA is protected by water from a nucleophilic attack, thus
preventing a premature deacylation. But the binding of the aa-tRNA in the A-site induces a fit
between the PTC and acceptor arm of both, the A-site and P-site tRNA, thereby exposing and

positioning them properly for the peptidyl transfer reaction (Schmeing et al., 2005).

After this reaction, the ribosomal A site contains a peptidyl tRNA with its peptide extended by
one amino acid, and the P site binds the deacylated tRNA. Removing the peptide chain of the

P-tRNA overcomes the steric obstacles and thus, increases the specificity required for binding
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the deacylated tRNA in the ribosomal E-site ensuring that the translocation can only occur

after peptidyl transfer (Schmeing et al., 2003).

1.3.2.3 Translocation

Before translocation, the ribosome is found in a pre-translocational state (PRE state) with a
peptidyl-tRNA in the A-site and a deacylated tRNA in the P-site (Figure 12A). During transloca-
tion the mRNA and tRNAs are synchronously moved by one codon shifting the A- and P-site
tRNA into the ribosomal P- and E-site, respectively. The resulting post-translocational state
(POST state) exposes the mRNA codon in the empty A-site required for the delivery of the next
tRNA.

The translocation is catalyzed by EF-G, which hydrolyzes GTP during the reaction. It is the most
complex step in elongation (Spirin, 1985) and involves large conformational changes within
the ribosome leading to various post-translocational intermediates (TI-POST states defined by
distinct tRNA binding positions and specific degrees of SSU head and body rotation, see Figure
12). The translocational states, described in the following text, are consistent with previous
structural studies (Frank and Agrawal, 2000; Brilot et al., 2013; Fischer et al., 2010; Ramrath
et al., 2013; Rundlet et al., 2021) and with single molecule FRET data (Chen et al., 2011; Was-

serman et al., 2016; Rundlet et al., 2021).

In the classical state PRE ribosomal complexes, the acceptor ends of the A - and P-site tRNA
can move spontaneously to P and E sites of the LSU, respectively (Moazed and Noller, 1989).
Consequently, the tRNAs adopt intra-subunit A/P and P/E hybrid binding states, in which the
tRNAs are bound to different sites with respect to the SSU and LSU. The anticodon steam loop
(ASL) of the tRNAs remain the contact on the SSU, while their acceptor arms contact the P-site
and E-site on the LSU, respectively. The formation of tRNA hybrid binding states is accompa-
nied with the rotational movement of the SSU in the forward direction (clockwise movement)
and to different degrees relative to the LSU (as described in chapter 1.2.3.1; Valle et al., 2003;
Cornish et al., 2008; Rundlet et al., 2021). This intersubunit rotation combined with the pres-
ence of A/P and P/E tRNAs characterize the hybrid state of PRE ribosomal complexes (Figure
12A).

The tRNA hybrid state formation favors the translocation catalysis by lowering the energy bar-

rier for it (Semenkov et al., 2000). Moreover, it has been shown that the hybrid state PRE
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complexes are stabilized by binding of EF-G (Blanchard et al., 2004; Dorner et al., 2006; Frank
and Agrawal, 2000; Munro et al., 2009b, 2010; Spiegel et al., 2007; Valle et al., 2003). How-
ever, whether EF-G-mediated translocation occurs from the classical state and/or hybrid state
PRE complexes is still controversial (Chen et al., 2011; Wasserman et al., 2016; Belardinelli et

al., 2016; Rodnina et al., 2018).

EF-G is composed of five domains (Figure 11; Czworkowski et al., 1994; £varsson et al., 1994):
the GTP-binding domain I, the highly conserved domain II, the domain Ill which is required for
the GTP-hydrolysis in EF-G (Martemyanov et al., 2000), domain IV that mimics the anticodon
stem-loop of a tRNA (Lindahl et al., 1994; Nissen et al., 1995) and domain V.

EF-G can adopt a compact or elongated conformation by large movement of domain lll, IV and
V (Figure 11A and B; Lin et al., 2015). The favored conformation of non-bound EF-G is controlled
by the biochemical environment, while ribosome-bound EF-G was found predominantly in the
elongated conformation -except for the initial binding complex (Czworkowski et al., 1994, Salsi

et al., 2016).

During translocation, EF-G binding is stabilized by its interaction with multiple elements of the
70S ribosome (Figure 11C; Zhou et al., 2013; Gao et al., 2009). The domain I, domain Il and
domain V are bound at the GTPase associated center (GAC; see chapter 1.2.3.2), domain Il is

positioned at the 30S shoulder and domain IV extends over the ribosomal A-site.

GAC

) 30S shoulder

Elongated EF-G

Figure 11: Cartoon representations of EFG. A) The compact EF-G conformation. B) The elongated EF-
G conformation. C) EF-G bound to a post-translocational intermediate state. The Figure was adapted
from Lin et al., 2015.
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Binding of EFG to PRE ribosomal complexes causes conformational changes of the SSU in
which the SSU body and SSU head rotate stepwise in the opposite directions (Zhou et al., 2013,
2014; Ramrath et al., 2013; Ratje at al., 2010). Early translocation intermediates contain EFG-
GTP and exhibit hybrid A/P and P/E tRNA configurations (Ratje et al., 2010; Rundlet et al.,
2021). It is suggested that the following EF-G-induced GTP hydrolysis causes an uncoupling of
the SSU head and body movements (Zhou et al., 2013; Ramrath et al., 2013; Rundlet et al.,
2021). The SSU head continues to move in the forward direction, while the SSU body progres-
sively moves backward (counterclockwise), forming translocational intermediate states with
chimeric bound ap/P and pe/E tRNA (see also chapter 1.2.3.1 and Figure 12B), originally

termed post-translocational intermediate state (TI-POST) (Ratje et al., 2010).

The structural rearrangement within the ribosome leading to the chimeric states may facilitate
the coupled tRNA-mRNA movement by opening ribosomal regions e.g., the ribosomal subunit
interface and decoding region that stabilizes the position of tRNA and mRNA in the A and P
sites (Savelsbergh et al., 2003; Ramrath et al., 2013). During the ribosomal rearrangements in
the translocation intermediates, EF-G is proposed to function as a doorstop via its domain IV
inserted in the A site that prevents reverse translocation of tRNA during reverse rotations of

the SSU head and body domains (Connell et al., 2007; Ratje et al., 2010).
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Figure 12: Translocation complexes. A) Model of the translocation. In the pre-translocation state, the
ribosome alternates between the (1) classical conformation with classical A/A and P/P tRNAs and (2)
the rotated conformation with hybrid A/P and P/E tRNAs. (3) Binding of EF-G-GTP to the rotated con-
formation of the ribosome causes head swiveling. Subsequent rotational movement of the head and
back rotation of the 30S body brings the tRNAs from the A/P and P/E states to the chimeric ap/P and
pe/E states within the subunit. (4) Complete back-rotation of the 30S subunit and dissociation of EF-
G-GDP leads to the formation of the POST state. Figure was adopted from Ratje et al, 2010. B) Overlay
of the ligands from the TI-POST complex (ap/P tRNA: green, pe/E tRNA: orange, mRNA: pink) with
tRNAs in classic A, P, and E-site (grey) upon 30S head alignment. Figure was taken from Ramrath et al.,
2013.

In the final steps of translocation, the SSU head and body rotate back completely, and EF-G-
GDP dissociates from the ribosome. The resulting POST state with classically bound P/P - and
E/E - tRNA can enter the next elongation cycle, unless no stop codon is present in the A-site

(Ratje et al., 2010; Ermolenko and Noller, 2011; Belardinelli et al., 2016, Rundlet et al., 2021).
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A spontaneous translocation without EF-G can occur in both directions but is extremely slow
(Konevega et al, 2007; Shoji et al, 2006). But the interaction of EF-G on the ribosome provides
the directionality of the translocation and lowers the energy barrier for the mRNA-tRNA trans-
location (Adio et al., 2015). Moreover, to understand fully the EF-G catalyzed translocation

mechanism, the translocation steps as well as their timing remain to be further investigated.

1.3.3 Termination of bacterial translation

The elongation stops when reaching one of the three universal stop codons (UAG, UAA, UGA).
The following termination reaction involves the class | release factors, RF1 and RF2 and the
class Il release factor RF3 (Figure 9). Class | release factors are proteins that recognize stop
codons and remove the peptide-chain from the P-site bound tRNA. While the class 2 release
factors are GTPases that facilitate the class 1 RFs to dissociate from the ribosome (Jakobsen

et al., 2001).

RF1 and RF2 read the codons UAG/UAA and UGA/UAA, respectively. The binding of RF1 and
RF2 to their respective stop codon takes place via their characteristic recognition motif, PAT in
RF1 and SPF in RF2, which are in the domain |l of these factors (Ito et al., 2000). The hydrolysis
of the ester bond linking the tRNA to the peptide chain involves the peptidyl transferase center
and the action of the universally conserved GGQ motif in domain Ill of RF1 and RF2 (Moffat und

Tate, 1994; Zavialov et al., 2002).

The resulting so-called post-termination complex consisting of a deacylated tRNA in the P site
and RF1/2 in the A site is bound by RF3 in its GDP-form (Zavialov et al., 2001; Zhou et al., 2012).
The ribosome-mediated nucleotide exchange induces conformational changes in RF3. This
leads to the dissociation of class-I release factors, GTP-hydrolysis in RF3 and subsequent RF3-

GDP dissociation from the ribosome (Peske et al. 2014).

1.3.4 Recycling in bacterial translation

The post-terminal ribosomal complexes must be freed from both mRNA and tRNA and split
into its ribosomal subunits, which then can be used again for further translations. This process
is termed ribosome recycling, which requires an interaction of the ribosome recycling factor
(RRF), the elongation factor G (EF-G) and the initiation factor IF3 (Figure 9; Hirashima and Kaji,

1973). Ribosome recycling starts when RRF docks to the ribosomal A-site (Gao et al. 2005)
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before EF-G binding (Borg et al. 2016). There are two models that describe the next events of

the recycling process.

One model suggests that ribosome splitting into their subunit is accomplished by EF-G-induced
GTP-hydrolysis and the subsequent release of inorganic phosphate (Pi). The resulting SSU is
still carrying the mRNA and tRNA is bound by IF3 inducing the release of both, mRNA and tRNA
(Seo et al. 2004; Peske et al. 2005; Savelsbergh et al. 2009; Borg et al. 2016; Fu et al. 2016;
Prabhakar et al. 2017). However, the usage of an mRNA without Shine-Dalgarno sequence,
which is known to stabilize the codon-anticodon interaction, leads to an alternative model
(Chen etal. 2017). This model proposes a novel function of EF-G, namely where EF-G promotes
the release of mMRNA by GTP-hydrolysis. This, in turn, facilitates the dissociation of the tRNA
from the ribosome which subsequently is split into its subunits (Chen et al. 2017). Further
studies are needed to clarify the correct order of events and whether multiple different recy-

cling pathways are possible.

1.4 Ribosomal stalling during translation

During protein synthesis, ribosomes can stall (stalling = stopping the translation process) due
to various reasons, such as mRNA frameshifting, read-through of the stop-codon, or the pres-
ence of damaged, truncated or stop-codon lacking mRNAs. Stalled ribosomes cannot undergo
canonical elongation or termination, ultimately forming a nonstop complex that would reduce

the pool of active ribosomes if not resolved.

Moreover, ribosome stalling produces incomplete and potentially toxic nascent proteins
(Shoemaker and Green, 2012; Keiler, 2015). In order to maintain protein homeostasis and cel-
lular fitness, all organisms have evolved strategies to sense and rescue stalled ribosomes and
target the associated aberrant proteins for degradation (Bengston and Joaziero, 2010; Brand-

man et al., 2012; Defenouillére et al., 2013; Verma et al., 2013).

In the following chapters (1.4.1 and 1.4.2), two pathway ways to rescue stalled ribosomal com-

plexes in prokaryotes are described in detail, since they are the focus of the PhD thesis.
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1.4.1 Trans-translation

When the ribosome reaches the 3’-end of an mRNA lacking a stop codon, the translation can-
not be continued efficiently because no stop codon is present (Keiler et al., 1996). The result-
ing ribosomal complex containing the P-site bound peptidyl-tRNA is stalled on the defective
MRNA. To rescue such stalled ribosomes, bacteria have evolved a remarkable mechanism
known as trans-translation, which is performed by a complex of transfer-messenger RNA
(tmRNA) and small protein B (SmpB) (Keiler et al., 1996; Moore and Sauer, 2007; Janssen and
Hayes, 2012; Giudice and Gillet, 2013).

The tmRNA, encoded by the gene ssrA, is a highly conserved, about 400 nucleotide long RNA
molecule that contains a tRNA-like domain (TLD), an mRNA-like domain (MLD), and four
pseudo-knots (PK 1-4) (Figure 13).
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Figure 13: Composition and structure of the tmRNA. The E. coli tmRNA is shown as A) secondary
structure (Ramrath et al., 2012) and as B) three-dimensional structure (this work), both color-coded
according to their components, TLD (purple), helix 2 (green), pkl (orange), pk2 (cyan), pk3 (red), pk4
(blue) and the MLD (black). The resume codon and stop codon are indicated.

The tmRNA TLD structurally and functionally mimics the acceptor and T-arms of the tRNA,
while the anticodon arm- and D-loop are replaced by the globular domain of its interaction

partner SmpB, distinguishing the tmRNA from a typical tRNA molecule (Figure 14).
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Figure 14: Comparison of a normal tRNA (A) and TLD/SmpB of the tmRNA (B). The upper part of the
tRNA, formed by the acceptor arm (= T stem loop) and D arm (= D stem loop), matches the TLD (blue)
consisting of the acceptor arm, but a reduced D-loop with lacking D stem. The lower part of the tRNA,
formed by the anticodon arm (= anticodon stem loop) and D arm, is replaced by SmpB (magenta),
which binds the elbow region of the TLD. The figure was adopted from Giudice et al., 2014.

SmpB comprises 160 amino acids in E. coli, that forms in solution an unstructured C-terminal
tail and a globular domain (Dong et al., 2002). The structure of the globular domain consisting
of an antiparallel B-barrel and three alpha-helices is preserved after binding to the ribosome.
Whereas the SmpB C-terminal tail (in E. coli, residues 131 to 160) was observed to form an a-
helix on PRE ribosomes (Himeno et al., 2014; Neubauer et al., 2012). The globular domain of
SmpB possess a binding site at the ribosomal A-site and P-site, whereas the SmpB C-terminal

was observed to occupy the mRNA channel (Kurita et al, 2010; Neubauer et al., 2012).

Binding of SmpB to the tmRNA prevents it from being degraded and helps in its aminoacylation
(Hanawa-Suetsugu et al., 2002). As for canonical tRNA (see chapter 1.2.1), the aminoacylation
of tmRNA occurs at its 3'-end by an appropriate aminoacyl-tRNA synthetase before delivery
to the ribosome. The tmRNA is aminoacylated with an alanine by the alanyl-tRNA synthetase

(Komine et al., 1994; Ushida et al., 1994).

The trans-translation is initiated by EF-Tu mediated delivery of the Ala- tmRNA-SmpB conju-
gate, which senses and then enters the vacant ribosomal A-site of the nonstop complex (Fig-
ure 15; Barends et al., 2002; Miller at al., 2014). Release of EF-Tu induces the tmRNA-SmpB
accommodation into the A-site which is followed by the transfer of the nascent peptide from
the P-site tRNA to the alanine of the tmRNA 3’CCA end. The canonical GTPase EF-G translo-
cates the TLD-SmpB module from the A-site to the P site (Ramrath et al., 2012), which leads

to the replacement of the defective mRNA by the MLD of the tmRNA.
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The MLD encodes a resume codon to continue the translation and provides a proteolysis-in-
ducing tag as well as a stop codon. Thus, the trans-translation leads to a conventional termi-
nation, the release of aberrant peptide chain, which is labeled for degradation. The degrada-
tion sequence of tmRNA-tagged proteins includes the last four amino acids, ALAA (alanine-
lysine-alanine-alanine), which are targeted by cellular proteases (Herman et al., 1998; Choy et

al., 2007). After termination the ribosome is recycled in the canonical way.
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Figure 15: Schematic mechanism of trans-translation. The tmRNA/SmpB complex is delivered by EF-
Tu-GTP to the ribosomal non-stop complex. The C-terminal tail of SmpB recognizes the empty mRNA
channel and binds the ribosomal A-site resulting in the formation of the pre-accommodated state.
After release of EF-Tu, the TLD is placed into the PTC causing the full accommodation mRNA-SmpB
complex into the ribosomal A-site. The nascent peptide is transferred from the P-site bound tRNA to
the alanine attached to the tmRNA. EFG induces translocation of the peptidyl-tmRNA-SmpB position-
ing the MLD of the tmRNA into the mRNA channel. The translation continues and terminates using the
resume and stop codon encoded by the MLD of the tmRNA, respectively. The protein tagged for the
proteolytic degradation is released and the ribosome can be recycled. The figure was taken from Keiler,
2015.

The trans-translation system is unique to prokaryotes but is not present and essential for all
bacteria (Himeno et al., 2014). Since it has been shown that the absence of the trans-transla-
tion system would lead to loss of pathogenic potency of some infectious bacteria, it is targeted

for antibiotics (Ramadoss et al., 2013).

Those bacterial species that do not naturally possess the trans- translation system, use alter-
native ribosome protein factors, e.g., ArfA, ArfB, or BrfA which rescue stalled ribosomes by
promoting the peptidyl-tRNA hydrolysis. But these rescue factors do not target the nascent
polypeptide chains for degradation (Keiler and Feaga, 2014; Goralski, Kirimanjeswara and
Keiler, 2018; Shimokawa-Chiba et al., 2019). However, recently an alternative rescue factor
RqgcH was discovered, which functions in the proteolytic degradation of the aberrant nascent

chains (Lytvynenko et al., 2019; see also next chapter 1.4.2). Unlike the tmRNA targeting
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stalled 70S ribosomes, RgcH targets 50S subunits obstructed with a peptidyl-tRNA arisen from

splitting of stalled ribosomes.

Various cryo-EM structures presenting the pre-accommodated state (Valle et al., 2003), pre-
translocational state (Weis et al., 2010), the post-translocational intermediate state (Ramrath
et al., 2010) and the post-translocational state (Fu et al., 2010; Weis et al., 2010) revealed that
ribosomal complexes bound by tmRNA-SmpB undergo specific conformational changes along
the cycle of trans-translation. However, due to their low resolution, the structures show only
the overall shape and binding positions of the bound ligands within the trans-translation com-

plex.

At this time, the highest resolution with 8.3 A of a trans-translation structure was achieved in
the cryo-EM study of the tmRNA-SmpB complex bound to the post-translocational intermedi-
ate state (Ramrath et al., 2012). Compared to the canonical TI-POST state, Ramrath et al., 2012
found an extra-large 30S head rotation in the post-translocational intermediate state bound
to tmRNA-SmpB (here abbreviated to tmRNA-TI-POST state). This large 30S head rotation was
proposed to be crucial for the coupled tmRNA-translocation and MLD loading. Due to the lim-
ited resolution, the interplay of the MLD and SmpB’s C-terminal tail in the tmRNA-TI-POST

structure couldn’t be visualized.

1.4.2 Ribosome-associated quality control (RQC) in eukaryotes and prokaryotes

In eukaryotes, nonstop translation complexes are sensed by factors such as Hbs1, Dom34 and
Hel2 (Hbs1L, Pelota and ZNF598 in mammals, respectively), which promote ribosomal subunit
splitting (Buskirk and Green, 2017; Inada, 2017; Joazeiro, 2017). As a result of their action, the
mMRNA is released from the 40S subunit and subsequently degraded, but the peptidyl-tRNA
remains associated with the 60S subunit. This obstructed complex provides a substrate for the

process known as ribosome-associated quality control (RQC).

In the RQC pathway, the disassembly of the nascent chain-obstructed 60S complex is per-
formed in a multi-step reaction (Figure 16) involving various factors (Bengston and Joaziero,

2010; Brandman et al., 2012).
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Figure 16: Overview of ribosomal rescue and RQC in eukaryotes. Components involved in ribosomal
splitting, rescue and degradation are shown. Splitting of 80S ribosomes with nonstop-mRNA is per-
formed by Dom34/Pelota. The resulting peptidyl-tRNA-60S complex is bound by Rqc2/NEMF, which
help in recruitment of the E3 ligases, Ltn1/Listerin. The brackets refer only to Rqc2/Ltn1: In the case
that Ltn1 does not have access to lysine ubiquitylation sites, Rqc2 can produce CAT tails. In the course
of this, lysine residues leave the peptide exit tunnel and become accessible for ubiquitylation by Ltn1.
The degradation of ubiquitylated nascent chains is carried out by the proteasome. Figure was prepared
using Microsoft Office.

Rqc2 (yeast) / NEMF (mammals) initiates RQC by selectively recognizing the exposed, nascent-
chain-conjugated tRNA on obstructed 60S subunits (Lyumkis, 2014). Subsequently,
Rqc2/NEMF recruits and stabilizes the E3 ligase Ltn1 (yeast) / Listerin (mammals) which ubiqg-
uitylates the nascent polypeptide exiting the LSU, priming it for degradation at the pro-
teasome (Bengtson and Joazeiro, 2010; Brandman et al., 2012; Defenouillére et al., 2013; Shao

et al.,, 2015).

Additionally, Rqc2 possesses the unique ability to mediate mRNA-independent elongation of
the nascent chain by C-terminal addition of alanine/threonine (Ala/Thr) residues (CAT-tailing)
via recruitment of Ala- and Thr-tRNA to the A-site (Shen et al., 2015). This process is thought
to assist Ltn1/Listerin-mediated ubiquitylation by pushing out lysine residues hidden within

the ribosomal peptide exit tunnel (Kostova et al, 2017).

A recent study has uncovered a homologous mechanism to CAT-tailing in bacteria, whereby
RqcH (the Rgc2 homolog) mediates the mRNA-independent elongation of nascent chains ob-
structing the 50S subunit by adding C-terminal alanine extensions (Ala tails) (Lytvynenko et al.,
2019). The bacterial Ala tail itself acts as degron that signals proteolysis of the tagged nascent
chain. Rqc2 homologs (RqcH, Rqc2, Caliban in Drosophila, and NEMF) define the NFACT family
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of RNA-binding proteins, which can be traced to the LUCA (last universal common ancestor)
(Doherty et al., 1996; Burroughs and Aravind, 2014). All NFACT family members display the
same structural architecture formed of an N-terminal NFACT domain (NFACT-N), a helix-hair-
pin-helix domain pair (HhH), coiled-coil helices (CC1 and CC2) linked by a middle domain (M
domain), and followed by an NFACT-R domain (“R” for predicted function in RNA binding).

Eukaryotes and archaea possess an additional C-terminal domain, NFACT-C (Figure 17).

RqcH NFACT-N HhH CC CC NFACT-R
(B. subtilis) 1 [l ] 570
aRqcH NFACT-N HhH CC  CC NFACT-R NFACT-C
(H. volcanii) 1 - 702
Rqc2 NFACT-N HhH CC M  CCNFACT-R NFACT-C
(S. cerevisiae) 1 EAAA-. @S- 1038

Figure 17: Domain organization of Rqc2 protein homologs. Shown are the protein domain composi-
tions of B. subtilis RqcH, the homolog in archaeon H. volcanii (aRqcH), and S. cerevisiae Rqc2: NFACT*-
N in cyan (N for N-terminal), HhH (helix-hairpin-helix; yellow), middle domain (M; purple), coiled coil
(CC, red), and NFACT*-R in blue (R for RNA binding) and NFACT*-C in green (C for C-terminal). *NFACT
is an abbreviation for NEMF, FbpA, Caliban, Tae2. The figure was taken from Lytvynenko et al., 2019.

Cryo-EM studies of eukaryotic RQC complexes revealed that Rgc2 and NEMF bind similarly to
the 60S subunit-interface, using the NFACT domains to contact bound tRNAs; in addition, the
coiled-coil helices form a spacer that crosses the A site and anchors the factor around the stalk
base (Lyumkis et al., 2014; Shao et al., 2015; Shen et al., 2015). Furthermore, in each of the
structures, the E3 Ligase Ltn1/Listerin was docked to the M domain of Rqc2/NEMF. At this
time, no structural information of bacterial RQC complexes were available. However, immuno-
precipitation studies of FLAG-tagged RqcH revealed that RgcH binds the 50S ribosomal subu-
nits (Lytvynenko et al., 2019).

1.5 Cryogenic electron microscopy (Cryo-EM)

The method of cryogenic electron microscopy (cryo-EM) uses temperatures below -160°C to
image frozen-hydrated samples. In combination with single and multi-particle approaches for
image processing, it is a powerful tool for analyzing structures of intrinsically flexible and het-

erogenous functional assemblies like ribosomal complexes (Frank et al., 1996; Grigorieff,


https://www.ncbi.nlm.nih.gov/pubmed/?term=Lytvynenko%20I%5BAuthor%5D&cauthor=true&cauthor_uid=31155236
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2016; Hohn et al., 2007; Loerke et al., 2010; Lyumkis et al., 2013; Penczek et al., 2006, 2011,
Scheres, 2012, 2016; Spahn and Penczek, 2009).

The modern cryo-EM analysis is divided into three steps: cryogenic sample preparation, trans-
mission electron microscope (TEM) imaging, and data processing and analysis. In the first step,
an electron microscopy grid carrying a thin film with a sample solution is quickly frozen into
liquid ethane. In the second step, the sample is recorded on detectors using a TEM with low
electron doses at liquid nitrogen temperature. The third step refers to later computational
processing that reconstructs a three-dimensional (3D) density map from the 2D projections

(also called particle images) and atomic model building from the reconstructed map.

An overview of the complete cryo-EM process from sample preparation to interpretation of

the final 3D structure is given in Figure 18.
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Figure 18: Overview of the process for cryo-EM analysis. The overview shows the cryo-EM process
from sample preparation to interpretation of the final three-dimensional structure. Figure was
adopted from Zhang and Liu, 2018.
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1.5.1 Setup of an electron microscope

The first electron microscope (EM) was developed in 1931 at the Technische Hochschule Berlin
by Max Knoll and his PhD student Ernst Ruska (Knoll and Ruska, 1932). The latter was awarded
the Nobel Prize for Physics in 1986. Despite technological innovations, the principles and com-
position of the EM prototype still govern modern EMs. The basic composition of any EM is

identical and analogous to that of a light microscope (Orlova and Saibil, 2011).

At the top of the electron microscope is a radiation source, followed by a series of lenses inside
of the column, and an image detecting system at the bottom of the column (Figure 19). The
radiation source of an EM is called cathode, also known as filament or electron gun, which
contains tungsten, lanthanum hexaboride or cerium hexaboride crystals as electron emission
material. There are two electron gun types, the thermionic electron gun where the electrons
are emitted after heating the solid (e.g., tungsten wire), and the cold field emission gun (FEG)
where a strong electromagnetic field is used to extract the electrons from a tungsten or hex-
aboride crystals. After heating (tungsten wire) or through a high electromagnetic field (in case
of the FEG), the cathode emits electrons, which are accelerated by an electric field in the field

direction (towards the positive anode).

The principle of the following electron optical lenses is the deflection of electrons by an elec-
tromagnetic force. The condenser lens focuses the primary electron beam onto the sample,
the objective lens creates a magnification of 20 to 50-fold, and the projection lens additionally
enlarges the intermediate image. In this lens arrangements, there is an objective aperture at
the back focal plane of the objective lens that prevents electron scattering at high angles,
which improves the image contrast. The images are viewed on a fluorescent screen or de-

tected by a digital camera.

Electron microscopes are operated under a vacuum to protect the electron source from oxi-
dation or the electron beam from interfering with air molecules. In order to maintain the vac-
uum system, various pumps, and their associated measurement equipment, as well as power

supplies are needed.


https://www.britannica.com/technology/fluoroscope
https://www.britannica.com/technology/digital-camera
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Figure 19: Comparison of a light and an electron microscope. The basic components of a light and
electron microscope are shown. Figure was taken from Orlova and Saibil, 2011.

1.5.2 Image formation in TEM

By using electrons, which combine the properties of waves and particles (Broglie, 1924), it is
possible to achieve much higher resolutions than with visible light. The highest attainable res-
olution (dmin) is inversely proportional to the wavelength (A) of the radiation divided by the

numerical aperture of the microscope (NA) (Abbe, 1873):

A

dmin = m

The wavelengths of electrons directly depend on the acceleration voltage of the emission
source. The higher the acceleration voltage, the better the theoretically achievable resolution
(Milne et al., 2013). At a voltage of 300kV, typically used in cryo-EM, the wavelength of an
electron is 0.002 nm which is five orders of magnitude smaller than that of visible light (A~400-
700 nm). Thus, the electron microscopy technique enables very high resolution, potentially

allowing the identification of single atoms (atomic resolution).

In transmission electron microscopy (TEM), the electrons of the electron beam are emitted by
the electron source which can pass through the specimen with or without interacting with its

atoms (Figure 20).
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Figure 20: Interaction between the electron beam and the specimen. The incoming electrons can be
deflected at the atomic electrons without energy loss, termed elastic scattering, or collide with atomic
electrons or nuclei resulting into energy loss which is called inelastic scattering. Figure was taken from
Orlova and Saibil, 2011.

All of them, the absorbed, transmitted, and scattered electrons contribute to the formation
of the image and contrast. The contrast of an image is determined by the nature and the ex-
tent of the interactions between the electron beam and the sample (Hanszen, 1971). Contrast
is defined as relative difference in intensity between the image points and its environments.
The three-dimensional structural information of the object plane is transformed into two-di-
mensional projections of the object in the image plane. Depending on the orientation of the

particles in the ice, the resulting two-dimensional images are projections of different views.

Generally, one distinguishes two types of scattering interactions of the electron beam with
the specimen (Orlova and Saibil, 2011). The elastic scattering where the electrons are de-
flected by the atomic electrons without energy-loss and the inelastic electron which are scat-
tered by the atomic electrons or nuclei leading to energy-loss. The energy of the inelastic scat-
tered electrons can be transferred to cloud electrons resulting the ionization, X-ray emission,
secondary electron scattering or chemical bond rearrangement of the atoms which leads to a
radiation damage of the specimen. In order to keep the radiation damage to a minimum, the
low-dose imaging is used as a standard method in cryo-EM. In this method, the electron ex-
posure of the region of interest is kept as low as possible before imaging it at high resolution.
This is achieved by performing the search of an appropriate area under low electron dose

conditions and determining a suitable focus outside of the selected area (Sun and Li, 2010).
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Moreover, the inelastic scattered electrons are focused by the electromagnetic lenses in plane
higher up in the microscope than the electrons that are elastically scattered due to their loss
of energy after collision with the specimen. Focusing rays varying in wavelength at different
positions in the focal plane is known as chromatic aberration which produces additional back-
ground and blurring (noise) in the image. However, the noise of the image can be reduced by
using an energy filter that eliminates most of the inelastically scattered electrons (De Bruijn

et al., 1993).

The scattering angle of electrons is dependent on the coulomb force and voltage. Decreasing
distance between the electron and atomic nucleus, increasing atomic numbers (e.g., heavy
metal contrasting) as well as decreasing velocity of the electron lead to larger scattering angles
(Orlova and Saibil, 2011). Electrons scattered with large angles can be removed by the objec-
tive aperture. This improves the image contrast, but the removal of strongly scattered elec-

trons also reduces the resolution of the image.

The remaining elastically scattered, as well as unscattered electrons emerging the specimen
are focused by electromagnetic lenses onto the image plane and produce the scattering con-
trast, also known as amplitude contrast in the image. However, the proportion of scattering
contrast in images is relatively low. The beam electrons hardly interact with the sample atoms
because of their large velocity caused by the high operation voltage used in cryo-EM. Moreo-
ver, the specimen consisting of the biological sample on the carbon film that embedded in
vitrified ice is entirely made of low atomic number elements, such as H, C, N, O, P and there-

fore, interact only weakly with the incoming electrons.

To improve the image contrast, one uses the wave properties of the electrons and the result-
ing phase contrast (Orlova and Saibil, 2011). Scattering of the electrons at varying angles pro-
duces electrons waves varying in their path lengths after emerging the specimen. In cryo-EM,
the most image contrast results from the interference between the elastically scattered and
unscattered electron waves passing through the sample. While the inelastically scattered elec-
trons do not contribute to the scattering or phase contrast because of their very small scat-

tering angles and changed wavelength, respectively.
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The phase alterations in the exit wave provide the most structural information of the cryo-EM
samples. However, they must be converted into amplitude variations because the sensor de-
tects intensities (square of the amplitudes) only, but the amplitude of the emerging electron

wave is not changed by the cryo-EM object.

Biological samples used in cryo-EM scatter electrons at small angles, therefore they are re-
ferred to as weak phase objects that produce only slight phase shifts with respect to the un-
deflected electron beam (Zhang et al. 2021). Thus, the importance of phase contrast increases,

the smaller the object to be examined or the higher the microscope magnification.

Typically, the phase contrast of biological objects is enhanced using the combined effects of
spherical aberration and image defocus (Erickson and Klug 1971). Both, the slight defocus,
usually -0.5-5 um, moving the image plane away from exact focus and differently strong ray
refraction at the objective lens (spherical aberration) induce additional phase shifts between

scattered and unscattered electrons.

Thus, it is important to know the correct microscope parameters such as spherical aberration,
defocus, astigmatism (results from an asymmetric magnetic field in the lenses) and the accel-

eration voltage to get a good image quality.

1.5.3 Contrast transfer function

The imaging properties of the electron microscope are described by the contrast transfer func-
tion (CTF), a periodic sine function in reciprocal space (Figure 21) that modulates the image
information (Wade, 1992). The CTF takes different aberrations (e.g., spherical aberration) as
well as defocus of the object into account. It represents a curve oscillating around the zero
point, whose maxima and minima provide the most image information. Extrema at high-spa-
tial frequencies correspond to fine structural details, while low frequencies represent rough

object structures.
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Figure 21: The contrast transfer function. (a) The CTF curves for a certain defocus value. (b) Overlay
of CTF curves of two different defocus values. The red curve oscillates faster as the orange curve which
represents an image that is closer to focus. (c) Overlay of several defocus values where the red curve
is closest to focus, and the cyan curve correspond to images with the highest defocus. (d), (e) The two-
dimensional power spectra of images of carbon film displaying Thon rings with corresponding CTF
curves at d) 0.5 um and e) 1 um defocus. As the defocus increases, the oscillation of the CTF is ampli-

fied. The figures were taken from Orlova and Saibil, 2011.

The information content at the respective spatial frequency decreases as the CTF approaches

the zero point. Every time the CTF crosses the x-axis, the contrast is inverted. At the zero points
of the function no more information at this spatial frequency is transmitted. These infor-
mation gaps can be recovered by altering the defocus from image to image (Penczek et al.,
2006; Zhu et al., 1997). The different defocus values are chosen in such a way that the zeros
of the corresponding functions are shifted against each other. The averaging of many single

particle images varying in its defocus values allows to obtain the information for all spatial
frequencies which improves the resolution of the reconstruction.

The influence of various instabilities (e.g., the electron beam, the detection system or drift)

that attenuate the CTF with increasing frequencies and suppresses the information obtained
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for high-spatial frequencies is described by the envelope function (Chiu and Glaeser, 1977).
The point where the envelope function damps the CTF to zero represents the information limit
of the microscope. The envelope function causes an underrepresentation of the fine structural
details, which are of great interest in the field of structure biology. To improve the contrast
and resolution of an image, the damped CTF components are recovered by a procedure that

is called CTF-correction (Penczek, 2010).

CTF-correction requires a precise determination of the CTF which is done by measuring the
defocus and astigmatism within each micrograph (Rohou et al., 2015). A simple method for
CTF-correction is the phase-flipping operation, in which those Fourier components of an image
that have negative amplitude values in the CTF are either multiplied by -1 or their phases are
flipped by 180° (Orlova and Saibil, 2011). This reverses the negative values of the CTF to posi-

tive values, which then contribute to the image contrast.

Another method, called Wiener filtering, corrects both, the Fourier phases and amplitudes of
the image using a filter for noise suppression (Wiener, 1964; Penczek, 2010). This method also
helps to correct the CTF decay at high spatial frequencies. High-spatial frequency enhance-
ment is also used for map sharpening, a standard method for visualizing high-frequency de-
tails in which the amplitude decay is rescaled according to the amplitude spectrum of an

atomic reference structure (Schmid et al., 1999)

1.5.4 Revolutionary developments of the cryo-EM

The development of the cryo-EM opened a new era in biochemistry. This method facilitates
imaging of biomolecules without crystallizing or applying structure-altering fixatives allowing
the visualization of its native state and atomic details. For the development of this revolution-
ary method Joachim Frank, Richard Henderson and Jacques Dubochet received the Nobel Prize

in Chemistry in 2017.

Frank invented the single particle analysis in EM: the improvement of the resolution and struc-
tural information in EM images by averaging the individual particle images (Frank, 1975). Hen-
derson applied the EM technique on a protein complex for the first time (Henderson and Un-
win, 1975). And Dubochet used the frozen hydration technique to preserve the structural in-
tegrity of biological samples (Taylor and Glaeser, 1974) for the EM (Dubochet and McDowall,
1981; Dubochet, et al., 1982).
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The electron optic system of modern EMs itself is of sufficient quality to image radiation re-
sistant material, typically inorganic samples, at subatomic resolution (better than 1 Ang-
strom). The great improvement of the resolution in the single-particle cryo-EM, was achieved

especially due to technological advances of the electron detectors.

The performance of the detector can be qualitatively determined by considering the Thon
rings (Thon, 1966) or by the detectable quantum efficiency (DQE). Thon rings, calculated from
recorded micrographs of carbon film, indicate the approximate frequency/resolution to which
signal is visible (Bammes et al., 2011; Milazzo et al., 2011). The DQE, originally defined as the
“useful quantum efficiency” (Rose, 1946), describes how efficiently an electron is detected at

a given resolution.

Previously, micrographs of frozen-hydrated samples were acquired using photographic film or
scintillator-based digital cameras, like charge-coupled device (CCD) or complementary metal-
oxide semiconductor (CMOS) cameras. Compared to films, CMOS/CCD cameras enabled the
digitalization of the images allowing an automated data acquisition. Additionally, they have a
better low-frequency DQE resulting into an increased image contrast, but their high-frequency
DQE is poorer (Li X et al., 2013; McMullan et al., 2014). Those digital cameras can detect only

about 10% of the signal at high frequencies.

The loss of signal, thus the loss of resolution is manly caused by signal blurring, also known as
point-spread-function (PSF) resulting from the conversion of signals from incident electrons
into photons using the scintillator of the CMOS/CCD cameras. At present, the combined usage
of direct electron detection device (DDD) cameras and beam-induced motion correction algo-
rithms significantly improved the image quality in single particle cryo-EM (Brilot et al., 2012;
Li X et al., 2013; Zheng et al., 2017). DDDs detect the charge distribution generated by each
electron event which is very small minimizing the PSF, thus improving the camera perfor-

mance at low and high resolution (McMullan et al.; 2009).

The technological advances of DDD revolutionized the single-particle cryo-EM (Kihlbrandt,
2014; Li X et al., 2013; McMullan et al., 2014). The so-called movie mode of DDD cameras
allow to fractionate the total electron dose into a series of image frames which then can be
aligned to compensate for specimen drift and beam-induced movement (Brilot et al., 2012;

Campbell et al., 2012; Li et al., 2013a).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3876735/#R34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3876735/%22%20/l%20%22R2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3876735/#R23
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4409659/#R5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4409659/#R7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4409659/#R32
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1.6 Aims of the presented work

Ribosomes that stall during translation must be rescued to preserve the protein synthesis ca-
pacity of the cell (Shoemaker and Green, 2012). In eukaryotes, the rescue pathway, ribosome
quality control (RQC), starts after splitting of the ribosomes stalled. The mRNA is degraded,
and the small subunit can be recycled, while the large subunit needs to be freed from the still
associated unfinished peptide which is achieved by targeting the nascent chain for proteolytic

degradation.

Most biochemical and structural studies dealt with the investigation of the eukaryotic RQC
complexes (Lyumkis et al., 2014, Shen et al., 2015, Shao et al., 2015). They identified the eu-
karyotic factors NEMF/Rqc2 as key players in the recognition and degradation of nascent chain
stalled ribosomal subunits. In contrast, the prokaryotic RQC pathway has been little studied

so far.

Biochemical studies showed that the Rgqc2 homolog (RqcH) in B. subtilis can bind to stalled 50S
subunits suggesting that it recognizes the association of a P-site tRNA with a free 50S subunit
as a characteristic of 50S obstruction (Lytvynenko et al., 2019). However, structural infor-
mation of prokaryotic RQC complexes were lacking entirely. Therefore, and as part of the
study in Lytvynenko et al., 2019, we used the wild-type RqcH-co-immunoprecipitated 50S sub-
unit complex for cryo-EM analysis to gain structural insights of how RqcH binds to the 50S

ribosomal subunit.

In bacteria, the primary system for freeing ribosomes stalled on mRNA lacking a stop-codon is
the trans-translation pathway (Keiler at al., 1996; Karzai et al., 1999). It comprises a transfer-
messenger RNA (tmRNA) and its attached protein SmpB which take over the translation in
trans by using its own ORF encoded in the mRNA-like domain (MLD) of the tmRNA, thereby

targeting the nascent peptide for proteolysis.

First information of how the tmRNA-SmpB module accomplishes MLD positioning during
movement through the ribosome was provided by a cryo-EM structure of the E. coli ribosome
in complex with tmRNA-SmpB and EF-G (Ramrath et al., 2013), the tmRNA-TI-POST state. How-
ever, due to the technical limitation at this time, the tmRNA-TI-POST structure was only re-
solved to 8.3 A, resulting to a lack of density for the MLD in the tmRNA and the C-terminus in

SmpB. Therefore, we revisited the cryo-EM study of the tmRNA-TI-POST state in Ramrath et
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al., 2013 and used advanced EM technologies, to visualize the full-length molecules of SmpB
and tmRNA. This structural information, together with a more detailed analysis of the trans-
location states, is needed to enlighten the mechanism of the tmRNA-SmpB-translocation

within the trans-translation process.
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2 Material and Methods

2.1 Material

2.1.1 Bacterial strains

Table 1: Bacterial strains

stain Relevant genotype SOURCE
B. subtilis Wild-type 168 1A700 trpC2 BGSC
B. subtilis 168 ArqcH trpC2 Lytvynenko et al. 2019
B. subtilis 168 ArqcH AssrA trpC2 Lytvynenko et al. 2019

Table 2: Plasmids

Plasmid

Relevant information

Source

pHTO1

amp', Cm", lacl, repA

MoBiTec

pHTO1 RqcH-WT

Prgct RacH-FLAG wild type Trgen

Lytvynenko et al. 2019

pHTO1 RqcH-EIM

Prgc RQcH-FLAG EIM121AGG Trgen

Lytvynenko et al. 2019

pHTO1 RgcH-YF376AA

Pyt RGcH-FLAG YF376AA Trocr

ZMBH, Joaziero lab

pHTO1 RgcH-patch

Prgc RacH-FLAG R476A R480A R534A TrgeH

ZMBH, Joaziero lab

pHTO1 RqcH-YF/patch

Prqctt RgcH-FLAG YF376AA R476A RA80A R534A

Trqu

ZMBH, Joaziero lab

pHTO1 RqcH-282-415

Prgc RacH-FLAG aa 282-415 Tygen

ZMBH, Joaziero lab

pHTO1 RqcH-loop1

Prqu chH'FLAG KYLRPK43OGSGSGS Trqu

ZMBH, Joaziero lab

pHTO1 RqcH-loop2

Prqu chH'FLAG KKPNGAK537GSGSGSG Trqu

ZMBH, Joaziero lab

pHTO1 RqcH-
loop1/loop2

Prgc RgcH-FLAG KYLRPK430GSGSGS
KKPNGAK537GSGSGSG Trgen

ZMBH, Joaziero lab




40

Material and Methods

2.1.2 Chemicals and Materials

Table 3: Chemicals and Materials.

Chemical and Materials Source
ANTI-FLAG M2 Affinity Gel Sigma
DNF-471 standard sensitivity RNA Analysis Kit (15nt) Agilent
FLAG peptide Sigma

Glutaraldehyde

Thermo Fisher Scientific

Holey carbon grids

Quantifoil

LDS sample buffer

Thermo Fisher Scientific

Mobicol ‘F’ column with a filter of 35 mmpore size

MoBiTec

MOPS buffer

Thermo Fisher Scientific

Ni-NTA agarose

QIAGEN

NuPAGE Bis-Tris gels (4—12%)

Thermo Fisher Scientific

Protease inhibitor (cOmplete ULTRA Tablets, EDTA-free)

Roche

RNAse-free water

Gibco Ultrapure (UP), Invitrogen

SERVA Blue G250

Thermo Fisher Scientific

Spermidine Sigma-Aldrich
Spermine Sigma-Aldrich
Stericup vacuum filters (22mm) Millipore Sigma

Superose 12 column

GE Healthcare

TRIzol reagent

Life Technologies

Uranyl acetate

Fluka/Balzers Union AG

Yeast extract

Bacto
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2.1.3 Buffers, solutions, and media

A10 binding buffer

10 mM magnesium acetate
4 mM B-mercaptoethanol
20 mM HEPES-KOH at pH 7.6
150 mM ammonium acetate
2 mM spermidine

0. 05 mM spermine

B4.5 binding buffer

4.5 mM magnesium acetate
4 mM B-mercaptoethanol
20 mM HEPES-KOH at pH 7.6
150 mM ammonium acetate
2 mM spermidine

0.05 mM spermine

Dissociation buffer

20 mM HEPES-KOH at pH 7.5
1mM magnesium acetate
200mM Ammonium acetate
4mM B-Mercaptoethanol

Elution buffer

50 mM Tris/HCl pH 7.5 at 4°C
100 mM potassium chloride
3 mM magnesium chloride

1 mMDTT

IP buffer

50 mM Tris/Cl pH 7.5 at 4°C
100 mM sodium chloride

3 mM magnesium chloride
5% Glycerol (v/v)

0.1% NP-40 (v/v)

1 mM DTT

LB-media

10 g/ BactoPepton

5 g/l yeast extract

10 g/I sodium chloride

Re-association buffer

20mM HEPES-KOH, pH=7.5
20mM magnesium acetate
30mM potassium acetate

4mM B-Mercaptoethanol 4 mM

Sample buffer for wilde-type RqcH-50S
50mM Tris/HCl pH 7.5

100mM sodium chloride

3mM magnesium chloride

Sample buffer for mutant RqcH-50S
20mM HEPES pH 7.5

100mM potassium chloride

5mM magnesium chloride

1mM DTT

Tico buffer

20mM HEPES-KOH, pH=7.5
6mM magnesium acetate
30mM ammonium acetate
4mM B-Mercaptoethanol 4 mM
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2.1.4 Devices and Tools

Table 4: Devices and Tools.

Tools and Devices Source
CM100 Electron microscope Philips
Chromatography column BioRad
Eagle CCD camera (Tietz Tietz
FastScan-F114 CCD camera Tietz
Fragment AnalyzerTM Automated CE System Invitrogen
K2 Summit DED Camera Gatan

Laboratory supplies

Roth, Eppendorf

Microfluidizer

EmulsiFlex C5; Avestin

Photometer Nanodrop 1000 Peglab
Plasma Cleaner PDC002 Harrick
Pipettes Gilson

SS-34 rotor (RCFavg = 22548.5)

Thermo Scientific

Table centrifuge 5415 D, R Eppendorf
Tecnai G2 Polara F30 Electron microscope FEI Company
Tecnai G2 Spirit F30 Electron microscope FEI Company
Titan Krios Electron microscope FEI Company
Turning wheel Labinco
Vitrobot FEI Company
2.1.5 Software and online tools
Table 5: Software and online tools.

Software/Tool Reference Link
Adobe CC . http://adobe.com/
Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera
CisTEM Grant et al., 2018 https://cistem.org/

Clustal Omega

https://www.ebi.ac.uk/Tools/msa/clustalo/

Coot

Emsley and Cowtan, 2004

https://www2.mrc-Imb.cam.ac.uk/personal/pem-

sley/coot/
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Software/Tool Reference Link
CryoSPARC Punjani et al., 2017 https://cryosparc.com
CTFFIND4 Rohou and Grigorieff, 2015 |https://grigoriefflab.umassmed.edu/
EMAN2 Tang et al., 2017 https://ncmi.bcm.tmc.edu/ncmi/software

EM database

https://www.ebi.ac.uk/emdb/

ERRASER

Chou et al., 2012

https://www.phenix-online.org/documenta-
tion/reference/erraser.html

ExPASy

Gasteiger et al., 2005

https://www.expasy.org/

Microsoft Office

http://products.office.com/en/

Molprobity - http://molprobity.manchester.ac.uk/

MotionCor2 Zheng et al., 2017 https://msg.ucsf.edu/em/software

Phenix Adams et al., 2010 https://www.phenix-online.org/

Pubmed - https://pubmed.ncbi.nim.nih.gov/

Phyre2 Kelley et al,, 2015 iP;ti':jpzzi/r{(\:/ivev)\(/w.sbg.bio.ic.ac.uk/phyrez/htmI/page.cg
RCSB PDB - https://www.rcsb.org/

RCSB PDB Validation

https://validate-rcsb-2.wwpdb.org/

Relion Scheres, 2015 https://www3.mrc-Imb.cam.ac.uk/relion
ResMap Kucukelbir et al., 2014 http://resmap.sourceforge.net/
SerialEM Mastronarde, 2005 https://bio3d.colorado.edu/SerialEM/
SPIDER Frank et al., 1996 https://spider.wadsworth.org/

Uniprot - https://www.uniprot.org/

2.2 Biochemical purification and analysis of the RqcH-FLAG variants

The biochemical purification of the RqcH-FLAG variants and associated biochemical experi-

ments were performed by Dr. Helge Paternoga from the Joaziero laboratory at Heidelberg

University. The B. subtilis strains and RgcH mutants used for purification as well as biochemical

analysis were created by the Joaziero laboratory at Heidelberg University as described in

Lytvynenko et al. 2019.
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2.2.1 Co-Immunoprecipitation (Co-IP) of the RqcH-FLAG 50S complexes

Co-immunoprecipitation (Co-IP) is a proper method to detect physiologically relevant protein-
protein/nucleic acid interactions. Therefore, target protein-specific antibodies are used to in-
directly detect proteins bound to a specific target protein. In this work, the Co-IP of FLAG-
tagged RqcH complexes were performed using Anti-FLAG M2 affinity gel. The Anti-FLAG M2
affinity gel contains covalently linked antibodies that bind the FLAG affinity tag expressed by
the RqcH proteins. Subsequent addition of competing FLAG peptides allows the elution of the
RgcH-FLAG proteins and associated binding partners. The eluate containing co-immunopre-
cipitated FLAG-tagged-RqcH-50S complexes were further used for biochemical and structural

analysis to identify the protein and nucleic acid binding partners.

2.2.1.1 Co-Immunoprecipitation of wild-type RqcH-FLAG complexes

Cells of the genomically-tagged RqcH-FLAG strain were grown in LB medium supplemented
with 5 mg/ml chloramphenicol. 4x2 L cell cultures were grown at 37°C, 120 rpm to OD600 =
1.5 (OD = optical density). The cells were subsequently harvested, frozen in liquid nitrogen,
and stored at -20°C. For lysis, the cells were resuspended in in sterile filtrated IP buffer, mixed
with protease inhibitor and lysed using a microfluidizer. The lysates were clarified for 22min.
at 17 krpm in a SS-34 rotor (RCFavg = 22548.5). Then, the supernatant was mixed with 4x200
mL pre-washed ANTI-FLAG M2 Affinity Gel and incubated at 4°C for 2h on a turning wheel.
The beads were collected by centrifugation and washed three times with IP buffer. Subse-
quently, the beads were transferred to one Mobicol ‘F’ with a filter of 35 mmpore size and
washed by gravity flow with Elution Buffer. For, RqcH-FLAG elution, the beads were added
with 100 mL Elution buffer containing 0.3 mg/ml 3X FLAG peptide and incubated for 45min.
on a turning wheel in the cold room. The eluate was collected by centrifugation at 18000 RCF
and 4°C for 15min. The supernatant containing the RqcH-FLAG and associated components
was collected in a fresh microcentrifuge tube. One portion of it was used for SDS-PAGE analy-
sis and the other portion was flash-frozen into liquid nitrogen and shipped on dry-ice for cryo-

EM analysis.

2.2.1.2 Co-Immunoprecipitation of mutant RqcH-FLAG complexes

For FLAG purification, pHTO1 RgcH-FLAG variants were transformed into the ArqcH strain.

Cells were grown in LB medium supplemented with 5 pg/ml chloramphenicol. 1.5 | cultures
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were grown at 37 °C, 120 rpm to OD600 of ~1.2-1.6 after which cells were harvested, frozen
in liquid nitrogen, and stored at -20 °C. For lysis, cells were resuspended in IP buffer and mixed
with protease inhibitor. Cells were using a microfluidizer and lysates were clarified for 22min.
at 17 krpm in a SS-34 rotor (RCFavg = 22548.5). Afterwards, 100 ul of the supernatant were
collected for RNA extraction (see chapter 2.2.4), the remaining supernatant was mixed with
120 pl pre-washed ANTI-FLAG M2 Affinity Gel and incubated for 90min. at 4°C on a turning
wheel. Then, the beads were collected by centrifugation and washed three times with 20 ml
of buffer. Next, the beads were transferred to a Mobicol ‘F’ with a filter of 35 um pore size
and washed extensively by gravity flow. Elutions were performed by addition of 200 pl Elution
buffer containing 0.2 mg/ml 3x FLAG peptide for 45min. on a turning wheel in the cold room.
The eluate was split into three equal volumes, of which one half was precipitated with 10%
TCA and subsequently analyzed on 4-12% NuPAGE gels using MOPS buffer (chapter 2.2.2) .
The second half was used for RNA extraction and analysis (see chapter 2.2.3). The third portion

was flash-frozen into liquid nitrogen and shipped on dry-ice for EM analysis.

2.2.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

To separate proteins by gel electrophoresis under denaturing condition, 4-12% polyacryla-
mide gels were used. The samples were mixed with 1x LDS sample buffer and heated for 10
min. at 70°C before loading on the gel. The electrophoresis was run at 200 V in MOPS buffer.

The proteins were visualized in the gel by staining with Coomassie solution.

2.2.3 RNA extraction and analysis

The RNA was extracted from the FLAG input and eluate using the TRIzol reagent (Life Technol-
ogies) according to the manufacturer’s instructions. The TRIzol reagent is a single-phase de-
naturing solution of acid phenol and guanidine isothiocyanate (GTC). GTC is a chaotropic salt
that is very effective at denaturing and inactivating proteins. Acid phenol not only removes

proteins, but by lowering the pH, it also removes DNA.

For analysis of the size distribution of the RNA fragments, an amount of 500-600 ng of isolated
RNA from each RqcH mutant sample were analyzed using the Fragment Analyzer™ Auto-
mated CE System equipped with the DNF-471 standard sensitivity RNA Analysis Kit (15nt) fol-

lowing the manufacturer’s instructions. The Fragment Analyzer Automated CE System is an
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instrument that uses fluorescence-based capillary electrophoresis for analysis of concentra-
tion, integrity, length of nucleic acid fragments using an intercalating dye and a LED light
source. Capillary gel electrophoresis, CE, is separation method in which charged molecules,

such as RNA, are separated by size in capillaries filled with porous gel matrix.

2.2.4 Photometric estimation of the concentration

The concentration of proteins or nucleic acids within a sample was estimated using a photom-
eter device such as the Nanodrop. The photometric measurement is based on the Lambert-

Beer law:
E; = € X ¢ X d.

The extinction E describes the attenuation of intensity of radiation when passing through a
medium exhibiting a certain layer of thickness (d). The extinction is direct proportional to the
concentration (c) of the absorbing substances such as proteins, RNA and DNA and their ex-
tinction coefficient (&). The protein concentrations were estimated by reading out the absorp-
tion maximum at 280nm. The extinction coefficient was determined on the basis of the amino
acid sequence with Protparam (ExPASy) (Gasteiger et al., 2005). The concentration of nucleic
acids is estimated by reading out the absorption at 260nm and using the following simplifica-

tions:

1 A260nm = 50ug / ml double stranded DNA
1 A260nm = 33 pg/ml single stranded DNA or RNA

1 A260nm =40 pg / ml oligonucleotide

2.2.5 Growth analysis

Growth analysis was performed to examine the effect on the in vivo phenotypes by RqcH mu-
tations introduced in the ArgcH AssrA double deletion strain. Therefore, the cells were grown
at 37°C to exponential phase in LB medium supplemented with 5 pg/ml chloramphenicol. The
optical density (OD) of the bacterial suspension was measured at 600nm. The OD measure-
ment of a bacterial suspension is based on light scattering, which was detected using a spec-
trometer. After OD measurement, the cell culture was diluted to an OD600 of 0.1 using LB

medium supplemented with 5 pg/ml chloramphenicol and spotted in 10-fold serial dilution on
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LB-agar plates containing 5 pug/ml chloramphenicol. The plates were incubated at 37°C and

45°C for one day. The initial spot shown in the figures corresponds to an OD600 of 0.01.

2.2.6 Sample preparation for high-resolution cryo-EM

For cryo-EM grid preparation, the wild-type RqcH-50S sample was diluted to a concentration

of 33 nM using a buffer consisting of 50mM Tris/HCI pH 7.5., 100 mM NaCl, 3 mM MgCI2.

For the mutant RqcH-50S complex, the sample was adjusted to a concentration of 91nM using
a buffer consisting of 20mM HEPES pH 7.5, 100mM KCIl, 5mM MgCl2, 1mM DTT, with 0,5%

glutaraldehyde added prior freezing.

2.3 Preparation the 70S-tmRNA-SmpB-EF-G-FA complex

The sample preparation of the 70S-tmRNA-SmpB-EF-G-FA complex for cryo-EM was per-
formed by Dr. Hiroshi Yamamoto, a previous member from the Spahn laboratory at the Char-
ite Berlin. The individual components, including tmRNA, SmpB, EF-G, and AlaRS, expressed
using the T7 expression system were first purified and then reconstituted in vitro which is

described in Ramrath et al., 2012.

2.3.1 Chromatography

Chromatography is used for separation of proteins, nucleic acids, or small molecules from a
mixture. One variant is the affinity chromatography that is based on the interaction between
two molecules, such as the Ni-NTA affinity chromatography which is suitable for purifying re-
combinant proteins carrying a His tag. Here, the His-tagged proteins of E. coli, including the
AlaRS, SmpB, EF-Tu, and EF-G were purified using Ni-NTA agarose accordingly to the manufac-
turer’s instructions. His-tagged proteins form coordination bond with the Nickel 2+ ion of the
Nitrilotriacetic acid (NTA) matrix. This coordination bond can be dissolved by changing the

buffer composition resulting in the elution of the proteins.

Another type is the size-exclusion chromatography, also called gel filtration in which mole-
cules are separated according to their size and shape. The basis of gel filtration is a column

filled with a special gel matrix which consists of a polymeric organic compound (e.g., dextran,
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agarose, polyacrylamide) containing hydrophilic pores. This type of chromatography was for

further purification of SmpB using a Superose 12 column.

2.3.2 Sucrose gradient centrifugation for preparation of reassociated 70S ribosomes

A sucrose gradient isa common method for separating polysomes, monosomes and ribosomal
subunits. Depending on the gradient composition, the sucrose allows the separation of parti-

cles of different size, shape, and molecular weight from a sample.

For isolation of crude 70S ribosomes, frozen E.coli cells dissolved in Tico buffer were used. The
isolation of 70S ribosomes was carried out using E. coli cell cultures after the method de-

scribed in Bommer et al., 1997.

The isolated, “crude” 70S ribosomes usually hold fragments of mRNAs and tRNAs and are
therefore not suitable for the reconstitution of ribosomal complexes. The isolated 70S ribo-
some are first further purified by centrifugation using a linear sucrose (0 % - 40 %). Then, the
70S peak containing fractions are pooled and centrifuged to separate the tight coupled 70S

free from the soluble factors.

For subunit dissociation, the pelleted 70S ribosomes are incubated in dissociation buffer (low
Mg concentration) and centrifugated a second time by the same linear sucrose as before. The
subunits purified in this way are free of cellular ligands such as proteins, tRNA, mRNA, etc. and
can be reassociated to 70S ribosomes under physiological salt conditions. The 50S and 30S
subunits containing fractions obtained from the second centrifugation are pooled and centri-

fuged to pellet them.

For subunit re-association, the pellet containing ribosomal subunits are dissolved in re-asso-
ciation buffer to form re-associated 70S ribosomes, which are needed for functional assays.
The reassociated 70S are again applied to a linear sucrose gradient (0 % - 40 %). Then the 70S
peak is collected from the gradient. The reassociated particles are pelleted by centrifugation.
The resulting pellets are finally dissolved in Tico buffer and can be aliquoted, flash frozen and

stored at - 80 °C for later use.
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2.3.3 Preparation of the 70S-tmRNA-SmpB-EF-G-FA complex

Before complex assembly, the tmRNA was purified by a denaturing gel as described in Felden
et al., 1997. The extracted and purified tmRNA was subsequently heated 2 min. at 70 °C in

binding buffer A10, cooled for 20 min. to room temperature, and stored on ice until its use.

For the tmRNA alanylation and preparation of the quaternary complex (Ala-tmRNA-SmpB-EF-
Tu-GTP), a 10ul reaction mix containing A10 binding buffer, 50 pmol AlaRS, 4.5 mM ATP,
300 pmol alanine, 10 pmol tmRNA, 20 pmol SmpB, 15 pmol EF-Tu, 2.25 mM GTP, 7.5 mM

acetylphosphate were incubated for 20 min. at 37 °C.

The stalled 70S ribosomes were obtained by incubating the binding buffer B4.5 with 10 pmol
of reassociated 70S ribosomes, 20 pmol of initiator tRNA (N-formyl methionine- tRNA™et) and
80 pmol of MRNA in a 15ul reaction volume for 10min. at 37°C. The used mRNA was purchased
from IBA life sciences. It contains the sequence 5-GGCAAGGAGGUAAAAAUGUA-3’, where the

initiation AUG codon is bold and its Shine-Dalgarno sequence is in italics.

The 15 pl stalled ribosome and 10 pl tmRNA reactions were mixed and incubated for 10 min.
at 37 °C. To the resulting ribosome-tmRNA mixture was then added with 30 pmol of EF-G and
fusidic acid added at a final concentration of 1 mM and incubated for 10 min. at 37 °C. This

reaction mixture was then stored in aliquots at -80 °C until its use.

2.3.4 Sample preparation for high-resolution cryo-EM

Cryo-EM grid preparation for the 70S-tmRNA-SmpB-EF-G-FA sample was performed by Dr. Da-
vid Ramrath, a former member of the Spahn laboratory at Charite Berlin, as described in chap-
ter 2.4.1. The 70S-tmRNA-SmpB-EF-G-FA complex (prepared as described in chapter 2.3.3)

was diluted to a final concentration of 30 nM using buffer A10 before applying to the EM grid.

2.4 Electron microscopy (EM) analysis

The typical workflow for structural analysis starts with negative-stain EM to test the quality of
the sample and to estimate the concentration for the cryo-EM data collection. The subsequent
low-resolution data collection under cryogenic conditions is performed to get initial structural
information of the sample. The next step is the high-resolution data collection, which is usually

performed if the low-resolution map looked reasonable. Data processing is performed using
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different software packages. The final map(s) is interpreted using appropriate models for cre-

ating the final model.

2.4.1 Grid preparation

For both, negative-stain, and cryo-samples, the so-called "holey carbon grids" from Quantifoil
were used. These grids consisted of a 300-copper mesh which is coated with a 2nm carbon
film containing holes with a diameter of 2 um. Before usage, the grids were washed with chlo-
roform to remove the thin plastic film. The grids were subsequently glow-discharged for 30 s
at 0.3 mbar using the plasma cleaner. Glow-discharging creates a hydrophilic carbon surface
which improves the sample adsorption. Grids prepared in this way were immediately used for

negative-staining or freezing the samples.

For negative-staining, 3.5 plL of the sample was placed on the grid and incubated for 45 s. Then
3.5ul of a 2% uranyl acetate stain solution was added to the sample. After an incubation time
of 20-30s, the stain was gently removed using the wedge of filter paper allowing the grid to

dry before EM imaging.

For the cryo-samples, 3.5 uL were applied to the grid, 30-45s incubated and rapidly vitrified in
liquid ethane at -196 °C using the Vitrobot at 4 °C and approx. 90 % humidity. Removal of the
excess liquid by blotting (2-8s) was followed by the immediate transfer into liquid ethane.

Until use, the grids were stored in liquid nitrogen.

Rapid cooling in ethane prevents the formation of ice crystals damaging biological molecules,
instead it produces amorphous ice preserving the native, hydrated state of the molecules
(Dubochet et al., 1988). Ethane is cooled by liquid nitrogen, to obtain the temperature of more
than -150°C required for vitrification of water. Moreover, ethane is much more suitable for
rapid cooling than nitrogen due to its higher heat capacity, even though its melting point of -

183°C is higher (nitrogen: - 210 °C).

2.4.2 EM data collection

In this work, four different microscopes were used to collect the EM data.
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For negative contrasting, the CM100 microscope was used, because the samples do not re-
quire cooling. The images were recorded with an acceleration voltage of 100 kV at a magnifi-
cation of 28,500x with a FastScan-F114 CCD camera with a format of 1024 x 1024 pixels and a

physical pixel size of 14 um.

For initial structure determinations of cryo-samples the Tecnai G2 Spirit microscope at 120 KV
equipped with an Eagle CCD camera (format: 4096 x 4096 pixels and pixel size: 15uM) was
used. The images were recorded under electron low-dose conditions (25 e/A2), with a magni-
fication of 42,000x resulting in a pixel size of 2.65 A on the object scale. The micrographs were

collected automatically with Leginon (Suloway et al., 2005) at a defocus range of -2.0 to -4.0

um.

Cryo-EM data for high-resolution structures of the RqcH-50S complexes were obtained using
the Tecnai G2 Polara at 300 kV equipped with a K2 Summit DED camera (Gatan, pixel size:
0.6275 A). The images were acquired in electron-counting mode, with a magnification of
31,000x and an electron dose of 30 e /A2. Images were collected automatically with Leginon

at a defocus range of -0.9 to -2.0 um.

The high resolution cryo-EM data for 70S-tmRNA-SmpB-EF-G-FA-complex was obtained from
a Titan Krios microscope at 300 kV equipped with a K2 Summit DED camera (Gatan, pixel size:
0.66 A). The images were acquired in super-resolution mode, with a magnification of 31,000x
and an electron dose of 30 e-/A2. The images were automatically collected using SerialEM

(Mastronarde et al., 2005) at a defocus range of -0.6 to -2.4 um.

2.4.3 Pre-Processing of the cryo-EM data

For high-resolution cryo-EM data, MotionCor2 (Zheng et al., 2017) was used for background
correction using a reference image obtained at the beginning of data acquisition (gain correc-
tion), electron dose weighting of later acquired frames, and correction of beam-induced sam-
ple motion by aligning the frames in the movie stack. Low-resolution cryo-EM data were not
recorded in movie mode, thus were used directly for the visual inspection using e2display and
e2boxer.py of the EMAN2 software package (Tang et al., 2007). The criteria that were evalu-
ated to exclude the micrographs were the following: low particle numbers, high number of
particle aggregates and ice contamination, and power spectra with Thon rings of limited ra-

dius, astigmatism, and drift. The remaining micrographs were used for CTF estimation by
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CTFfind4 (Rohou and Grigorieff, 2015) in case of the low-resolution data or by GCTF (Zhang,
2016) for high-resolution data. The particle images of the low-resolution data were semiauto-
matically picked in e2boxer.py, and then extracted, normalized and 2-fold decimated using
SPIDER (Frank et al., 1996). The particle images obtained from high-resolution data were
picked and extracted using GAUTOMATCH (developed by Kai Zhang, MRC Laboratory), their

normalization and decimation was performed in RELION (Scheres, 2015).

2.4.4 3D Reconstruction of single particle images

The reconstruction of a three-dimensional structure requires the existence of single particle
images representing different orientations of the object (projection directions) in order to ob-
tain a complete description of the structure. Before the 3D-reconstruction the 2D particles
images need to be assign with orientation parameters (Euler angle), which is accomplished by
comparison of the experimental projections with reference projections of a known structure
(Frank, 2006; Penczek, 2010). The Euler angles are used for the back-projection of the 2D par-
ticle images into the 3D structure. The initial maps are subsequently refined by modifying the
orientation parameters of the particle images to achieve an improved match with reprojec-
tions determined from the current structure. The refinement ends until the alignment reaches
convergence, i.e., when the resolution and orientation parameters stay unchanged in the final

volumes.

For the low-resolution data, the 3D reconstructions were created in SPIDER (Frank et al., 1996)
using the 2-fold decimated particle stacks and an empty 50S subunit from B. subtilis (PDB-ID:
3J9W) as reference. In case of high-resolution data sets, 3-fold decimated images were sub-
jected to the ab initio procedure or homogenous refinement in CryoSPARC (Punjani et al.,
2017) to generate initial 3D reconstructions. In the homogenous refinement an empty 70S of
E. coli (generated from PBD-ID: 4V6T) and a 50S subunit (generated form PBD-ID: 3J9W) were
used as references to align the particle images of the tmRNA-70S and RqcH-50S data sets,
respectively. For the mutant RqcH-50S dataset, the ab initio procedure was applied before the
homogenous refinement to exclude false positive particle images that formed an artefactual

3D-reconstruction. The cryo-EM maps were visualized using Chimera (Pettersen et al., 2004).
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2.4.5 Sorting and Refinement

In single-particle EM thousands of identical particle images are averaged for 3D structure de-
termination. However, samples of ribosomal complexes often contain particles exhibiting dif-
ferent conformation or composition (heterogeneity). Acommon procedure for reducing com-
positional heterogeneity is chemical cross-linking, for example with glutaraldehyde. In silico,
different classification methods are available to separate the data into more homogeneous

substates.

In this work, the 3D classification was performed using the multiparticle approach (Loerke et
al., 2010) and focused reassignment (Penczek et al., 2006), both implemented in SPIDER (Frank
et al., 1996; Shaikh et al., 2008). In case of the high-resolution data obtained from the mutant
RqgcH-50S sample, the 3D classification and focused classification were performed in CisTEM

using the maximume-likelihood approach (Lyumkis et al., 2013).

The heterogeneity in the maps were evaluated using the 3D variability analysis (Behrmann et

al., 2015). A binary mask covering highly variable regions were used for focused classification.

The final maps obtained from the high-resolution data were sharpened at DC2 level using PDB
enhancement. The method of PDB enhancement applies a computationally simulated fre-
guency spectrum of an atomic model to the experimentally obtained density map to enhance

high-frequency information that is expected to be present in the experimental data.

2.4.6 Resolution assessment for EM maps

The resolution of the cryo-EM maps was assessed using the Fourier Shell Correlation (FSC)
(Harauz and van Heel, 1986). In this procedure, the data are divided according to even and
odd image numbers into half-data sets from which their 3D reconstruction is generated. The
two half-volumes are correlated shell by shell in reciprocal space to produce a 1D curve of FSC
coefficients as a function of spatial frequency. High FSC values in the curve indicate consistent
signals, while FSC values close to zero indicate unreliable signals. In this work, the resolution
was taken at the FSC cut-off value of 0.143 (Rosenthal and Henderson, 2003), which is com-

monly used for cryo-EM maps of resolution better than 10 A.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5854467/#bib23
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Since the resolution is determined using a single value, it represents the average resolution of
the entire volume and is therefore also referred to as the overall or global resolution. How-
ever, the resolution varies in most maps, e.g., due to the heterogeneity of the samples. The
evaluation of the local resolution in maps helps in interpretation of EM-maps. In this work, the
local resolution was estimated using the unfiltered half maps in ResMap (Kucukelbir et al.,
2014). This algorithm is based on the determination of a sine wave above the noise level for

each point within the map.

2.5 Building and validation of atomic models

The building of atomic models for cryo-EM maps depends on the resolution. At high resolution
(better than 4 A), the information is sufficient to build a model directly from the density map
(Malhotra et al., 2019). Low (~ 10 -25 A) and intermediate (~ 4 - 10 A) resolution allow the fit
of the model as rigid body into the electron density. The integration of information of different
methods (integrative modelling) and local refinement may improve the rigid-body fitted

model (Koukos and Bonvin, 2019).

The source of models which were used in this work are listed in table S1 and S2 (see chapter
6). Homology models were created in Phyre2 (Kelley et al., 2015) using a related model as
template and the known sequence of the relevant bacterial species. The models for ribosomal
proteins, RNA or factors were separately fitted as rigid bodies into the density maps using
Chimera. Model elements that were absent in the density map, were removed. The subse-
guent adjustment of the remaining elements was done by iterative model building into the
density using Coot (Emsley et al., 2010), phenix.real_space_refine program in Phenix (Adams

et al., 2010) and in case of RNA by ERRASER (Chou et al., 2012).

The validation of the model was performed using the RCSB PDB Validation (https://validate-
rcsb-2.wwpdb.org/), Molprobity (http://molprobity.manchester.ac.uk/) and the cryo-EM val-

idation tools in Phenix.

A complementary method for assessing the map quality is the calculation of the cross-resolu-
tion between the final map and the map simulated from the respective model. The cross-
resolution calculates the correlation between the final map and the map simulated from the

respective model but uses the FSC cutoff at 0.5.
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3 Results

This work focused on the structural analysis of two ribosomal rescue factors in bacteria, the
RqcH protein which is supposed to bind stalled 50S ribosomal subunits (see introduction,
chapter 1.4.2) and the tmRNA and its attached protein SmpB that recognize stalled 70S ribo-

somes (see introduction, chapter 1.4.1).

For analysis of RqcH-50S subunit binding, RqcH was co-purified with ribosomal 50S subunits
from B. subtilis lysate and used for electron microscopy analysis (following chapters 3.1 —3.2).
However, the wild-type RqcH couldn’t be visualized on the ribosomal 50S subunit. Subsequent
EM-analysis using mutant RqcH co-immunoprecipitated 50S complexes and chemical cross-
linking allowed to visualize RqcH binding to 50S ribosomal subunits (following chapters 3.3 —
3.5). The identified binding interfaces between RgcH and the 50S subunit in the built atomic
model were additionally analyzed by appropriate RqcH mutation experiments that were per-

formed from Dr. Helge Paternoga.

The cryo-EM analysis of the specimen containing E. coli 70S-tmRNA-SmpB-EF-G complexes
stalled with fusidic acid from a previous study (Ramrath et al., 2012) revealed five structures
representing distinct translocation states (following chapters 3.6 — 3.7). The advanced technol-
ogies in EM and data processing allowed to obtain high-resolution cryo-EM maps exhibiting the
densities for the complete molecules of the tmRNA and SmpB on the 70S ribosome. The built
atomic model allowed a detailed characterization of the individual states and their integration

into the process of translocation within the trans-translation pathway.

3.1 Wilde-type RqcH co-immunoprecipitates with 50S subunits

As described in the introduction (chapter 1.4.2) structural data was only available for eukary-
otic RQC rescue factors, such as Rqc2 in yeast of NEMF in mammals which target stalled ribo-
somal subunits for degradation (Shen et al., 2015; Shao et al., 2015). Since co-immunoprecip-
itation experiments showed that the bacterial Rqc2 homolog, RqcH in B. subtilis can bind to
50S ribosomal subunits, it was suggested a RQC pathway exists in bacteria, too (Lytvynenko et
al., 2019). To explore the structure of bacterial RQC complexes, the RgcH-50S subunit complex
was purified by affinity chromatography of the FLAG-tagged wild-type RqcH protein from the

B. subtilis cell lysate. The binding of RqcH to the ribosomal proteins of the 50S subunit was



56 Results

shown by Coomassie staining after separation in polyacrylamide gel (Figure 22). The biochem-
ical preparation and analysis were performed by Dr. Helge Paternoga as described (for details

see chapter 2.2).
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Figure 22: SDS-PAGE of wild-type RqcH-co-immunoprecipitated 50S sample. The band correspond-
ing to RqcH-FLAG is indicated by an asterisk. Coomassie staining of the sample utilized for EM structural
determination. The experiments were performed by Dr. Helge Paternoga.

The purification and subsequent binding experiments confirm to have produced the desired
ribosomal complex consisting of the 50S subunit in complex with wild-type RqcH suitable for

the structural analysis using EM.

3.2 EM analysis of wild-type RqcH co-immunoprecipitated 50S complexes

To evaluate the sample and to estimate the appropriate concentration for cryogenic condi-
tions, a negative contrasting with uranyl acetate was performed (Figure 23A). The particle dis-
tribution is homogenous, i.e., the particles appear with the same sizes (around 200 A) and
shapes (mostly spherical) as expected for ribosomal 50S subunits (Figure 23). The used con-
centration of 33nM revealed a number of about 230 particles on each Spirit TEM micrograph

which is sufficient for data processing (Figure 23B).
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Figure 23: Electron micrographs obtained from the wild-type RqcH-50S sample. A) Negative contrast
image of sample stained with uranyl acetate B) Cryo-EM image of sample vitrified in ice.

The obtain initial structural information the low-resolution data set consisting of 301 micro-
graphs were processed (as described in the methods, chapters 2.4.3 - 2.4.4). The final 3D-
reconstruction comprised 57k particle images (99.8 % of the total number of particle images)
and had a resolution of 17 A. The map represented the ribosomal 50S subunit with an unde-
fined extra density at the subunit interface and P-site (Figure 24). Thus, the wild-type RqcH-
co-immunoprecipitated 50S sample was suitable for a high-resolution data collection to get

more structural information about the bound factor(s).

Figure 24: Low-resolution cryo-EM map obtained from the wild-type RqcH-50S sample. The map
shows extra-ribosomal densities (red) at the ribosomal P-site and at the 50S subunit interface. The map
consists of about 57k particle images and has a resolution of 17 A. The data were collected at the Spirit
TEM.
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For high resolution data collection at the Tecnai G2 Polara microscope, the same sample con-
centration of 33nM as for low-resolution cryo-EM was used. A representative micrograph is

shown in Figure 25.

Figure 25: Representative electron micrograph obtained from the wild-type RqcH-50S sample and
collected at the Polara TEM.

From 3931 automatically collected micrographs, 3544 were selected for data processing, on
which 595,852 single particle images existed. To create an initial 3D reconstruction, the parti-
cle images were aligned using CryoSPARC’'s homogeneous refinement (Punjani et al., 2017).
The subsequent 3D multiparticle sorting (Loerke et al., 2010) split the data into a 50S recon-
struction containing a well-defined density for the P-tRNA (Figure 26, Tier 1, class 1) and four
additional artefactual reconstructions (Figure 26, Tier 1, class Il — V). The class | particle images
(Tier 1 in Figure 26) were used for focused classification (Penczek et al., 2006) using a mask
for the P-site region which resulted into an empty 50S reconstruction and P-tRNA bound 50S
reconstruction (Tier 2 in Figure 26). The P-tRNA containing particle images (Figure 26, Tier 2,
class 1) were further classified, again with mask for the P-site region, revealing the final map
consisting of 44,212 particle images (Figure 26; Tier 3, class Il). The final map was used for

further analysis and interpretation.
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Figure 26: Computational classification of the cryo-EM dataset collected from the wild-type RqcH-
50S sample. The number of particle images and structural features of reasonable maps in each Tier
are indicated. Discarded classes are marked with a cross. The final map (red box) was further refined

and used for modelling. This data was published in Lytvynenko et al, 2019.

The final map (Figure 26; class Il, Tier 3) was refined to 3.8 A using the FSC 0.143 criterion
(Figure 27A). The local resolution of the map ranges from 3 A to 15 A (Figure 27B) as deter-
mined by ResMap (Kucukelbir et al., 2014).
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Figure 27: Resolution for the cryo-EM map obtained from the wild-type RqcH-50S sample. A) The
overall resolution of the cryo-EM map was 3.8 A using the Fourier shell correlation (FSC) cut-off at
0.143. B) The cross section through the cryo-EM map which is colored according to its local resolution.
This data was published in Lytvynenko et al, 2019.

The cryo-EM map obtained from the wild-type RqcH-50S sample exhibits two extra-ribosomal
densities: one is located at the 50S subunit interface which does not match the size of RqcH
(Figure 28A), and the other density matches the size and shape of a P-tRNA (Figure 28B). The
50S subunit model obtained from a cryo-EM structure of the B. subtilis 70S ribosome complex
(PDB-ID: 3J9W) docked into the map obtained from the wild-type RqcH-50S sample shows the
presence of the P-site tRNA and lack of ribosomal helices H68, H69, H71 (Figure 28B).

The 3’CCA-end of the P-tRNA is linked to the nascent-peptide chain at the peptidyl-transfer
center (PTC) as demonstrated in the cross-section of the cryo-EM map (Figure 28C). However,
the 50S subunits co-purified with FLAG-tagged RqcH did not show a density for the factor
RqcH. The presence of a nascent chain attached to the P-site tRNA indicates that active RqcH-
50S complexes were purified. The absence of factor density may suggest that RqcH is bound
to the 50S subunit in a highly flexible state. Another possibility explaining the lack of RqcH
density could be the unstable RqcH binding to the 50S subunit, which caused RqcH falling off

from the 50S subunit during purification.
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Figure 28: Final cryo-EM map obtained from the wild-type RqcH-50S sample. The map shows A) an
unknown density (circled) at the ribosomal subunit interface and (B) a density at the P-site matching
the size and shape of tRNA (cyan; PDB-ID: 3J9W) but lacking density for the ribosomal helices H68,
H69, H71 (red, PDB-ID: 3J9W). (C) The cross-section of the cryo-EM map to show the linkage of the P-
tRNA density with the nascent peptide (red) at the peptidyl-transferase center (PTC) and the ribosomal
proteins ulL4 (yellow) and uL22 (purple) marking the peptide exit tunnel. The cryo-EM density maps in
A and B, and the densities for uL4 and uL22, the nascent peptide, and P-tRNA in Figure C are low-pass
filtered for clarity. This data was published in Lytvynenko et al, 2019.

3.3 Mutant RqcH co-immunoprecipitates with 50S subunits

Since the structural analysis of the wild-type RqcH-co-immunoprecipitated 50S subunit com-
plex did not show a density for this factor (see previous chapter 3.2), we used RqcH with a
mutation in the NFACT-N domain (NFACT-N*, E121A, 1122G, M123G) that co-purified with the
50S subunit as the wild-type RgcH but was not functional (Lytvynenko et al., 2019). It was
hypothesized that the dysfunctionality of this mutant RgcH causes its stalling and stabilizing it

in a certain RQC state, thus enabling its visualization on the 50S subunit by cryo-EM.
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Like for the wild-type RqcH-50S sample, the purification of mutant RqcH-50S complex was
done via FLAG-tagged RqcH protein by affinity chromatography from the B. subtilis cell lysate
(chapter 2.2.1.2). The subsequent binding test confirmed to have purified mutant RqcH which
was bound to 50S ribosomal proteins (Figure 29). This sample was used for the structural anal-
ysis using electron microscopy. Both purification and binding tests for the mutant RqcH-50S

complex was done by Dr. Helge Paternoga.

Figure 29: SDS-PAGE of mutant RqcH-co-immunoprecipitated 50S subunit complexes. The band cor-

responding to mutant RqcH-FLAG is indicated by an asterisk. Coomassie staining of the sample utilized
for EM structural determination. The experiments were performed by Dr. Helge Paternoga.

3.4 Mutant RqcH-50S sample requires crosslinking for RqgcH visualization

In a first attempt to visualize mutant RqcH on the 50S subunit, low-resolution EM experiments
were performed. Using the SPIRIT TEM, two low-resolution cryo-EM data sets were collected.
One data set from the untreated mutant RqcH-50S sample. And in case that the mutation will
not reduce the conformational flexibility, a second data set was collected from the same sam-
ple but crosslinked with 0.5 % glutaraldehyde prior to plunge-freezing. The two samples were
treated equally in terms of data collection and processing to facilitate a reasonable compari-

son afterwards.
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For negative staining a concentration of 30ug/ml were used for both samples, the mutant
RqcH-50S sample untreated and treated with 0.5% glutaraldehyde. The negative stain images
show single particles matching the size and shape of 50S ribosomal subunits (Figure 30A and
C), making both samples suitable for a cryo-EM analysis. The particle concentration on the
micrograph obtained from the cryo-EM grid with crosslinked sample of a concentration of
91nM is ideal (Figure 30D). While for the untreated sample (45nM) more empty spots on the
micrograph are visible, indicating to ideally increase the concentration, in case that further

cryo-EM experiment will be performed (Figure 30B).

A) UANS-EM-image of mutant RqcH-50S B) cryo-EM image of mutant RqcH-50S
e

C) UANS-EM-image of mutant RqcH-50S D) cryo-EM image of mutant RqcH-50S
crosslinked with 0.5% GA crosslinked with 0.5% GA

| ——

Figure 30: Electron micrographs obtained from the mutant RqcH-50S sample at the Spirit TEM. The
negative contrast image for the untreated sample (A) and the sample crosslinked with 0.5% GA (C). The
cryo-EM image for the untreated sample (B) and the sample crosslinked with 0.5% GA (D). GA= glutaral-
dehyde
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For processing of the data obtained from the mutant RqcH-50S sample, the same strategy was
applied as for the low-resolution wild-type RqcH-50S data (as described in chapters 2.4.3 -
2.4.4). Compared to the low-resolution cryo-EM data set of the wild-type RqcH-50S sample
that revealed only one substate (see Figure 24), the data sets of the mutant RqcH-50S sample
split into two substates which represent the 50S subunit with extra-ribosomal density at the
subunit interface (Figure 31). The first substate of the non-crosslinked mutant sample (Figure
31 A substate 1) matches the overall shape and features of the low-resolution map obtained
from the wild-type RqcH-50S sample (Figure 24) for which RqcH couldn’t be visualized (Figure
28).

However, the second substate, present in both mutant RqcH data sets (Figure 31A and B sub-
state Il) differ compared to that which was observed in the low-resolution wild-type map (Fig-
ure 24). In contrast to the wild-type structure (Figure 24), the density at the 50S subunit of the
second substate is stronger and covers the subunit interface, the P-site and additionally the
A-site. Since it is assumed that the RqcH factor is located around the ribosomal P- and A-site
as it was observed for the eukaryotic RQC complexes (Shen et al., 2015; Shao et al., 2015), the
second substate indicated the presence of RqcH. However, the second state has a poor de-

fined extra ribosomal density that also indicates flexibility.

One substate (Figure 31B substate |) only observed in the crosslinked sample forms a 50S sub-
unit with well-defined density that extends from the stalk-base towards the A-site, whose
shape and position strongly resemble the NEMF ligand that also extends from the stalk base
over the A-site in the eukaryotic RQC complex (Shao et al., 2015). This suggest that the bound
RqcH visible as amorphous density (second substate in both mutant samples) requires addi-
tional crosslinking in order to form a well-defined factor density. Therefore, the crosslinked

sample was used for a high-resolution collection at the Polara TEM.
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A) mutant RqcH-50S sample

substate | substate Il
25,022 particles; 18 A 22,654 particles; 19 A

B) mutant RqcH-50S sample crosslinked with 0.5% GA

substate | substate Il
29,170 particles; 14 A 26,057 particles, 14 A

Figure 31: Low-resolution cryo-EM maps obtained from mutant RqcH-50S sample. A) Substate | and
Il of the mutant RqcH-50S sample. B) substate | and Il of the mutant RqcH-50S sample crosslinked with
0.5% glutaraldehyde (GA) prior freezing.

3.5 Structural analysis of mutant RqcH-50S complexes

For high resolution data collection at the Tecnai G2 Polara microscope, the crosslinked mutant

RgcH-50S sample was used, a representative micrograph is shown in Figure 32.

Figure 32: Electron micrograph obtained from the mutant RqcH-50S sample at the Polara-TEM. A rep-
resentative micrograph from the RqcH-50S dataset.
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After data collection, 6,137 micrographs were selected for pre-processing. A total number of
1,168,163 particle images were used for the initial 3D reconstruction using the ab initio pro-
cedure of CryoSPARC (Punjani et al., 2017). The artifactual 3-D reconstruction (class Il formed
by ,,junk” particle images) was discarded. The 481,308 particle images of class | were aligned
using a 30 A low-pass filter generated from the 50S ribosomal subunit from B. subtilis (PDB ID:
3J9W; Sohmen et al., 2015) as reference using the homogenous refinement of CryoSPARC.
Further image-processing steps were performed using CisTEM (Grant, Rohou and Grigorieff,

2018).

The 3-D classification assigned the particle images into five classes (Tier 1). The 3D reconstruc-
tions without or poorly resolved factor densities (class I, 1I, lll, V) were discarded. The class IV
particle images (Tier 1) which have formed a 50S structure with strong factor density split into
four classes (Tier 2) using a focus mask for the factors (RqcH and tRNA). All resulting classes
(Tier 2) contained density for the P-site tRNA. These classes represent 65% (Tier 2) from the
total number of 481,308 particle images, which indicates that the majority of the particle im-
ages formed P-tRNA containing 50S-structures. This confirms that the 50S-P-site tRNA com-

plex is a substrate for RgcH.

Only the classes with density for both factors (class | and Il particle images, Tier 2) were sub-
jected to a second round of focused classification revealing five classes (Tier 3). The class IV
particle images (Tier 3) forming a 50S structure with poor factor density was discarded. The
remaining classes showing strong factor density (class I, Il, Ill, V, Tier 3) were subjected to a
last round of focused classification. The resulting maps represent substates that differ slightly
in the tRNA binding position (class | =V, Tier 4). The major subpopulation showing the best-
defined factor density (class V, 101,370 particle images, Tier 4) were further refined and used
for modelling. The final cryo-EM map (Figure 33B) has a global resolution of 3.1 A correspond-
ing to the 0.143 FSC cut-off (Figure 33D) and its local resolution ranges from 3 A to 10 A (Figure
330).



Results 67
1,168,163 particles
‘ — - Classl
Cryosparc’s Ab initio reconstruction 686,855 junk particles
Class|
431,308 particles
505-tRMA/RgcH
Cryosparc’s homogenous refinement
CisTEM's 3D classification Tier 1
| 1 | | l
Class| Classl Class 1l Class IV Classv
27,483 particles 19,133 particles 98,101 particles | 314,815 particles | 21,776 particles
empty 505 empty 505 S0S-tRNA 505-tRNA/RgcH | 505, fragmented

CisTEM’s 3D classification, focus mask on tRMA/RgcH

density at ASF

Tier 2
I | I
Class| Classl Class 1l Class 1V
150,357 particles |34,557 particles | 70,442 particles | 53,459 particles
505-tRMA/RgcH S505-tRNA 505-tRMA/RgcH 505-tRNA
I 1
CisTEM’s 3D classification, focus mask on tRMA/RgcH
‘ Tier 3
[ ] ] T ]
Class| Classll Class 1l Class IV ClassV

106,654 particles
505-tRNA/RqcH

26,798 particles
505-tRNA/RqcH

31,305 particles
505-tRNA/RqcH

14,354 particles

505 fragmented

~ 98k particles
505-tRNA/RqcH

I I factors
CisTEM’s 3D classification, focus mask on tRNA/RgcH
| /Ra Tier 4
| 1 | | |
Classl Class 1 Class 1V ClassV

Class|
31,102 particles
505-tRMA/RgcH

33,122 particles
505-tRNA/RgcH

FSC

16,719 particles 24,092 particles
505-tRNA/RqcH  50S-tRNA/RqcH

08

06 -

04

0.2 -

101,370 particles
505-tRNA/RgcH
bestdefinied

CisTEM's 3D Auto refinement |

L L

0.143=cutoff

3 4

Resolution (i)

Figure 33: The classification scheme, final 3D reconstruction and resolution evaluation of the high-
resolution data obtained from the mutant RqcH-50S sample. A) The classification scheme with indi-
cated number of particle images and structural features for each class. Kept classes per tier are boxed,

discarded classes are unboxed. B) The final cryo-EM map with colored densities for the mutant RqcH

protein (purple), P-site tRNA (green) and 50S ribosomal elements (grey). C) Finale cryo-EM map colored

by their local resolution ranging from 3 to 10 A which is indicated by the color scale bar. D) The Global

resolution of the cryo-EM map is 3.1 A corresponding to the 0.143 FSC cut-off.
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The final 3D reconstruction represents the ribosomal 50S subunit with strong extra-ribosomal
densities matching the size and shape of the P-site tRNA and RqcH (Figure 33A and B). The
density for RqcH extends from the stalk base over the ribosomal A-site towards the P-site
bound tRNA that is attached to the nascent chain (Figure 34A and C). Even though the resolu-
tion of RqcH varies between 6 A and 10 A (Figure 33C), the complete density could be assigned
unambiguously (Figure 34A and B). The domains of RqcH were assigned using existing crystal
structures of the S. suis RqcH homolog as models (PDB ID: 5H3X and 5H3W, Musyoki et al.,
2016).

The structure shows that binding of RqcH to the 50S subunit is facilitated by various interac-
tions with ribosomal RNA and proteins. RqcH ‘s NFACT-N* and HhH are located at the central
protuberance (CP) and above the anticodon arm of the P-tRNA (Figure 34A and C). The coiled-
coil helices of RgcH span between P-site tRNA and the stalk base (rRNA helices H43/H44), and
the NFACT-R domain interacts with helix 38 (H38) of the 23S rRNA (Figure 34A). Similar to the
structure of the 50S complex that co-purified with wild-type RqcH (Figure 28B), the density for

the ribosomal helices H68, H69 and H71 of canonical states is missing (Figure 34D).
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Figure 34: Cryo-EM reconstruction of the mutant RqcH-50S complex. A) Overview of the cryo-EM
map shows the structural organization of RqcH (NFACT-N* (cyan), HhH (yellow), CC1-M-CC2 (magenta)
and NFACT-R (blue)) when bound to the ribosomal 50S subunit (grey) and P-tRNA (green). The riboso-
mal protein uL5, central protuberance (CP), ribosomal helix 38 (H38) and stalk base (Sb; formed by H43
and H44) are indicated for orientation. The density map was low pass filtered to 6 A for clarity. B)
Extracted density of the cryo-EM map in (A) with the atomic model for RqcH. The individual domains
of RqcH are indicated. C) Side view and transverse section of the cryo-EM map in A) reveal the peptide
exit tunnel showing density for the nascent-chain (purple) and acceptor arm of the tRNA at the peptidyl
transferase center (PTC). The ribosomal proteins ulL4 (grey) and uL22 (tan) adjacent to the peptide exit
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channel are indicated. The close-up view of the unfiltered density map reveals high fragmentation,
caused by nascent-chain compositional heterogeneity. The density (transparent grey) and built atomic
model display the connection between the nascent chain (purple) and the 3‘CCA end of the tRNA
(green). D) Unknown amorphous density (dark grey) at the ribosomal subunit interface of the cryo-EM
map in A). Rigid body fitting of the 23S rRNA from a B. subtilis 70S ribosome complex (PDB ID: 3J9W)
indicates the absence of density for the ribosomal helices H68, H69, H71 (red) in the map.

3.5.1 HhH/CC1 regions of RqcH provide 50S-P-tRNA binding sites

Further modelling analysis proposed a rigid-body dock of the B. subtilis NFACT-N*-HhH ho-
mology model in which the NFACT-N* domain makes contact to uL5, while the HhH domains
interact with the P-site tRNA’s anticodon loop (Figure 35A). This tentative assignment revealed
a plausible orientation in which the distance of 12 A between the C-terminal residue K281 of
HhH and the residue K288 of CC1 could well occupy the six residues, A282 — Y287 (Figure 35A).
The residues A282 — Y287 lack in the crystal structure of the S. suis RqcH homolog (PDB-ID:
5H3X and 5H3W, Musyoki et al., 2016).

The HhH lysines (K194, K209, K249) are in binding distance to the nucleotides A32, A31, A30
contained in the anticodon loop of the P-tRNA (Figure 35A) which agrees with its proposed
function as a nucleic acid-binding domain (Doherty, 1996; Burroughs and Aravind, 2014; Shao,

2000).

The CC1 helix shows a clear association to the tRNA as well. Even though its associated density
lacked side-chain information, the N-terminal CC1 region, K288-Q292 could be defined as a

second binding interface to the tRNA at position 28,29 and 43 (Figure 35B).
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Figure 35: tRNA binding by NFACT-N-HhH and CC1 domains in the mutant RqcH-50S complex. (A)
Side view of the cryo-EM map (low-pass filtered to 6 A) with colored densities for uL5 (brown), tRNA
(green) and RgcH (same color coding as in Figure 34A). Right side: Close-up of RqcH’s HhH (yellow) and
NFACT-N* domains (cyan). The HhH domains expose lysines (K) at position A30, A31, A32 of the anti-
codon loop of the tRNA (green). The distance of 12 A between the C-terminal residue K281 of HhH and
residue K288 of CC1 matches the space to occupy the six missing residues (A282 —Y287). (B) Front view
of the cryo-EM map in (A). Right side: Close-up of the tRNA (green) and CC1 (magenta). The N-terminal
CC1 residues, K288-Q292 form a second binding interface for the tRNA at position U28, G29 and G43.

3.5.2 M-CC2 region and NFACT-R domain are crucial for RqcH function

In the mutant RqcH-50S structure, the density for the M-domain was suitable for modelling a
region which was lacking in the crystal structure (PDB-ID: 5H3X and 5H3W, Musyoki et al.,
2016). The M domain (L332-E371), modelled de novo from residues 332-357, establishes key
contacts with the 50S subunit: the residues A334 and N335 interfaces the N-terminal residues
of uL1l, and residues D343, K344 and Q345 seem to interact with A2689 of the sarcin-ricin
loop (SRL) of the 23S rRNA (Figure 36A, right panel).

The residues of CC2 that follow the M domain were placed confidently into the well-resolved
density around the stalk base helices H44 and H43 (Figure 36A, middle panel). Here, polar
(5370, @374, Q381) and aromatic (F377) residues seem to engage in stacking and electrostatic

interactions with nucleotides located at the tips of H43 and H44 (Figure 36A, middle panel).
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Like F377, its neighboring Y376 is highly conserved among prokaryotes and might be function-

ally important, too (Lytvynenko et al., 2019).

An additional binding site of RqcH on the 23S rRNA relies on the NFACT-R domain, that is lo-
cated at H38 (Figure 36B). The rigid body-docked NFACT-R model fits well the density and
possesses arginine residues (R476, R480, R534) at the H38 interaction surface (C932, C933,
U934, A935).
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Figure 36: Interactions of M-CC2 and NFACT-R domains in the mutant RqcH-50S complex. A) Left
panel: Front view of the cryo-EM map (low-pass filtered to 6 A) of the mutant RqcH-50S complex show-
ing the ribosomal environment (uL11 (orange), H43, H44 and SRL (dark grey)) of the M-CC2 region.
Middle panel: The N-terminal residues of CC2, Q381, F377 and Q374, S370 interact with nucleotides
located at the tips of H43 and H44 of the 23S rRNA, respectively. The inset shows the unfiltered density
of the stacking interaction between F377 and A1113 of H43. Right panel: The M domain region (L332
- P357) contacts N terminal residues of uL11 via A334 and N335 and nucleotide A2689 of the SRL via
polar or charged residues (D343, K344, Q345). B) Side view of the cryo-EM map in A). The rigid body-
docked model of NFACT-R exposes arginine residues (indicated by asterisks) that interact with the
phosphate backbone of H38 at position C932, C933, U934, A935.

To corroborate the tentative assignment of the CC2 region and NFACT-R domains into the
density, their residues identified in the structure to be involved in 50S binding (Figure 36) are
mutated. The following RqgcH mutants were designed: YF376AA, in which CC2 residues Y376

and F377 were mutated to alanine, and the ‘patch’ mutant, in which the positive patch in the
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NFACT-R domain consisting of the arginine residues R476, R480 and R534 were mutated,
thereby forming the R476A R480A R534A triple mutant. The mutation and following biochem-
ical experiments designed to test the contribution of the individual RqcH-50S docking sites

were performed by Dr. Helge Paternoga.

The FLAG-tagged RqcH mutants introduced in the ArqcH strain are expressed at comparable
levels to the wild-type control (Figure 37A). FLAG immunoprecipitation (IP) revealed a strong
reduction of co-IP’ed ribosomal proteins for the YF376AA mutant and a smaller reduction for
the patch mutant, compared to the wild-type (Figure 37A). In addition, the combination of the
two mutations further decreased 50S binding compared to the YF376AA mutant alone, albeit

to a small extent (Figure 37A).

Analysis of the co-IP’ed RNA species indicates that all mutants specifically interact with 50S
subunits and are still able to bind to tRNA (Figure 37B, Lytvynenko et al., 2019). For the mutants,
these tRNA species are enriched relative to the 23S rRNA, which is consistent with their reduced
interaction with the 50S subunit (Figure 37A). The observation that RqcH-50S-coimmunopre-
cipitation for each mutant, the YF376AA and patch mutant, is decreased indicates a weakened
50S association compared to the wild-type RgcH. This suggest that the introduced mutations
in RgcH destabilizes the 50S binding and this, in turn, reinforces the structural assignment of
the CC2 residues, Y376 and F377 as well as NFACT-R residues, R476, R480 and R534 as 50S

binding interfaces in RgcH.

Moreover, the CC2 YF376AA mutation impacts RgcH’s ability for 50S binding to a greater ex-
tent, since the YF376AA mutant showed a significant reduction in immunoprecipitation of 50S

ribosomal proteins compared with the NFACTR patch mutant (Figure 37A).

To test for in vivo phenotypes, the RgcH mutants were introduced in the ArgcH AssrA double
deletion strain and checked for growth complementation at 45 °C (Figure 37C). SsrA is the B.
subtilis gene for tmRNA and was co-deleted with RqcH to enhance the phenotype (Lytvynenko
et al., 2019). In this experiment, the RqcH YF376AA mutant shows a strong defect in comple-
menting the growth phenotype, whereas the patch mutant complements growth as efficiently
as wild-type RgcH. The combination of the patch and YF376AA mutations results in a synthetic
defect (Figure 37C), indicating that the patch mutant has reduced functionality when 50S as-

sociation is weakened by the YF376AA mutations.
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To further investigate the role of CC1-M-CC2 in 50S binding, a truncated RqcH mutant con-
taining only this region of the protein (amino acids 282-415) was generated. This mutant was
expressed at low levels compared to the wild-type, preventing functional analysis. Neverthe-
less, the results of FLAG IPs show that the RqcH®“*M-C2 truncation co-precipitates with 50S
subunits (Figure 37D and E), suggesting that the CC1-M-CC2 region can specifically target 50S
subunits without binding to the P-site tRNA and H38.
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Figure 37: Biochemical analysis of CC2 and NFACT-R mutants. A) IP of RqcH-FLAG variants, eluates
were analyzed by SDS-PAGE. r-proteins = ribosomal proteins. B) RNA extracted from rqcH-FLAG co-IPs
was analyzed by capillary gel electrophoresis. The apparent increase of 55 rRNA over 23S rRNA for the
mutant samples results from an overlay of the 55 rRNA and tRNA peaks. nt = nucleotide. C) Growth
analysis of the ArqcH AssrA double deletion strain containing plasmids carrying rqcH-FLAG variants. D)
IP of RqcH-FLAG variants including the RqcH Y™ truncation, eluates were analyzed by SDS-PAGE. E)
RNA extracted from the same IPs was analyzed by capillary gel electrophoresis. The experiments were
performed by Dr. Helge Paternoga.

3.5.3 NFACT-R loops are essential for RgcH function

The NFACT-R domain is docked by the A-site, which suggested that it could contribute to A-

site tRNA recruitment by 50S-bound RqcH for Ala-tailing (Lytvynenko et al., 2019). To test this
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hypothesis, first a canonical A/A tRNA was fitted into our density map and checked whether
the A-tRNA would clash with the NFACT-R domain in the conformation assumed in our struc-

ture.

There are two loops (loop 1: K430-Y431-L432-R433-P434; loop 2: K537-K538-P539-N540-
G541-A542-K543) in the NFACT-R domain that would face an A/A tRNA but were not resolved
in our reconstitution, suggesting flexibility (Figure 38). The globular portion of the NFACT-R
domain would not clash with the A-tRNA and loops 1 and 2 of the NFACT-R domain are well
positioned to accept the D-loop of incoming tRNAs. Notably, loop 2 residue G541 is in the
same distance of 10 A as H38 nucleotide G930 to G19 of the tRNA’s D-loop (Figure 38 B), which
is involved in A-tRNA-positioning during translocation (Yusupov, 2001). Furthermore, NFACT-
R loop 1 residue Y431 is even closer and could also interact with the A-tRNA nucleotide G19

(Figure 38B).

In addition, RqcH-bound H38 is shifted compared to the 70S-EFG-pre-translocational state
(Figure 38A) (Komoda et al., 2006).

S

NFACTR (L

Figure 38: RqcH’s NFACT-R domain features loops with functional significance at the ribosomal A-
site. (A) Superposition of the loops (yellow, indicated as Loop 1 and Loop 2) from the docked NFACT-R
crystal structure (PDB ID: 5H3W, Musyoki et al., 2016, blue) and H38 (blue, present structure) with the
A-site tRNA (pink) and H38 (grey) of an EFG-70S pre-translocational state (PDB ID: 4WPQ, Lin et al.,
2015) upon a 23S rRNA alignment. (B) Close-up view of overlaid models in A) shows the distances
between NFACT-R loops (yellow) or H38 (grey) and the A-tRNA (pink). NFACT-R Loop 2 residue G541 is
in a similar distance to G19 of the A-tRNA as nucleotide G930 of H38 in the EFG-70S complex. NFACT-
R’s Loop 1 residue Y431 is located even closer to G19 of the A-tRNA.
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To test whether the NFACT-R loops participate in A-tRNA recruitment, the two NFACT-R loops
were mutated to glycine-serine stretches of equivalent length. Both loop 1 and loop 2 mutants
are expressed at comparable level to the wild-type control (Figure 39A) and still bind specifi-
cally to 50S subunits and Ala-tRNA (Figure 39A and B). On the other hand, whereas individual
loop mutants are nearly as effective as the wild-type in complementing growth of the ArqcH
AssrA double deletion strain at 45 °C, a mutant with both loop mutations combined has a
strong growth phenotype (Figure 39C). The mutation experiments show that NFACT-R loops

are essential for the function of RqcH, most likely mediated by A-tRNA positioning.
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Figure 39: Biochemical analysis of RqcH’s NFACT-R domain loops with functional significance at the
ribosomal A-site. A) IP of RqcH-FLAG variants, eluates were analyzed by SDS-PAGE. r-proteins = ribo-
somal proteins. B) RNA extracted from rqcH-FLAG co-IPs was analyzed by capillary gel electrophoresis.
nt = nucleotide. C) Growth analysis of the ArgcH AssrA double deletion strain containing plasmids car-
rying rqcH-FLAG variants. The experiments were performed by Dr. Helge Paternoga.

3.6 Cryo-EM analysis of the 70S-tmRNA-EF-G-FA sample

The 70S ribosome in complex with tmRNA-SmpB and EF-G is formed during translocation as
part of the trans-translation cycle, which is described in the introduction (chapter 1.4.1). The
first 70S-tmRNA-EF-G structure has been resolved to only 8.3 A due to limited EM technologies
at this time (Ramrath et al., 2012). The 70S-tmRNA-EF-G sample in this study was prepared
using the antibiotic fusidic acid (FA) which stalls the EF-G-mediated translocation of the fMet-
Ala-TLD-SmpB module and a tRNA™et from the A and P to P and E sites, respectively. This anti-
biotic binds between domains | — Il of EF-G after GTP hydrolysis has occurred (Gao et al., 2009).
This stalls EF-G in its GDP form on the ribosome because FA binding blocks the conformational

change of EF-G required for release from the ribosome (Gao et al., 2009; Ratje et al., 2010).
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To achieve higher resolution and molecular understanding of the 70S-tmRNA-EF-G structure,
the remaining cryo-EM grids of the study in Ramrath et al., 2012 were used for data collection

at a Titan Krios electron microscope and re-analysis (see chapter 2.4).

In total 6584 micrographs were collected; a representative micrograph is shown in Figure 40
A. Image processing was done in CryoSPARC (Punjani et al., 2017) and SPIDER (Frank et al.,
1996). Using multiparticle sorting (Loerke et al., 2010) and focused classification (Penczek et
al., 2006), the particle images representing ribosomal subpopulations with well-defined factor
densities were separated from subpopulations lacking or poorly resolved tmRNA densities.

The data processing strategies are described in detail in Figure 40B.

The technically advanced microscopy conditions in combination with state-of-the-art image
processing allowed the reconstruction of cryo-EM maps with global resolutions of 3.5 Ato 3.8
A resolution (Figure 42). Compared to the previous cryo-EM study (Ramrath et al., 2012) re-
vealing only one substate of intermediate resolution, the cryo-EM re-analysis of the 70S-
tmRNA-EF-G-FA specimen revealed five substates (Figure 40) and each with improved resolu-
tion (Figure 42). Based on the presence or absence of the EF-G densities and position of the
tmRNA densities, the final cryo-EM maps were assigned to distinct translocation states (Figure
40B, colored maps at the bottom of the classification scheme): the PAST-E Tl POST (class
2.1.2.1), the PAST-E POST state (class 2.1.2.2), the tmRNA-PRE state (class 2.2.3), the tmRNA-
TI-POST I state (class 3.3.3) and the tmRNA-TI-POST Il state (class 3.4.3).

The final maps were further refined and used for modelling (see chapters 2.4.5 and 2.5). The
structural details of the states are further described in the following chapter 3.7. In this work,
the structures obtained from the 70S-tmRNA-EF-G-FA specimen were designated as tmRNA-
PRE and tmRNA-TI-POST states to distinguish them from the canonical PRE and TI-POST states.
Since the PAST-E states are unique for the tmRNA pathway, their names are kept in the next

chapters.
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Figure 40: Representative micrograph and classification scheme for the cryo-EM data set obtained
from the 70S-tmRNA-EFG-FA sample . A) Representative micrograph collected at the Titan Krios TEM.
B) Classification scheme with indicated umber of particle images used for the 3D classification in each
class. The initial 3D reconstruction of the 70S-tmRNA-EF-G-FA sample was obtained using the homog-
enous refinement of CryoSPARC (Punjani et al., 2017). In the first sorting step, the particle images were
separated into three classes by applying a mask covering the ribosomal 30S subunit, tmRNA and EF-G:
class 1 - an empty 70S substate, class 2 - unrotated 70S-tmRNA substate, and class 3 - rotated 70S-
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tmRNA substate. The rotated and unrotated states were further classified separately using masks for
the tmRNA-SmpB density. The unrotated state (class 2) split into two classes (2.1 and 2.2). The class
2.2 substate revealed a 70S ribosome with tmRNA in the ribosomal A-site. Further improvement of
resolution and definition, achieved by classification of the class 2.2 particle images using a tmRNA-
SmpB mask revealed the final cryo-EM map (class 2.2.3) and exclusion of particle images showing
empty 70S ribosomes or maps consisting of images of bad quality (broken particle images or images
with bad resolution, indicated as junk). The class 2.1 substate is a 70S with a 90° rotated tmRNA, a
tmRNA configuration which was not seen before. The particles images in this class 2.1. were classified
using a mask for the 90° rotated tmRNA which resulted into two substates, one empty 70S reconstruc-
tion and another 70S showing a strong density for the 90° rotated tmRNA and a weak density for EF-
G. The differences in the intensities of the bound ligands, EF-G and tmRNA suggesting the class 2.1
substate is composed of more than one state (compositional heterogeneity). Therefore, the particles
images were classified using a mask for EF-G. Indeed, this allowed the separation of a 70S with 90°
rotated tmRNA with either presence of EF-G (class 2.1.2.1) or absence of EF-G (class 2.1.2.2). The par-
ticle images of the rotates states (class 3.1, and 3.2) were each subjected to focused classification using
the tmRNA-SmpB mask to further improve their definitions achieved by exclusion of bad quality im-
ages. This resulted into the final populations (class 3.3.3 and 3.4.4) differing in the position of the
tmRNA density at the first glance. The final maps (boxed) were further refined and used for modelling.
The densities for the 70S ribosome (grey) tmRNA (magenta) and EF-G (red) in the initial and final maps
are shown. The particle images in each class are indicated in italics.

3.7 Structural characterization reveals distinct 70S-tmRNA states

All extra-ribosomal densities could be identified, using appropriate models for each map (see
also chapter 2.5 and table S2). The final maps with colored densities for their ligands (tRNAs,
tmRNA, SmpB and/or EF-G) can be seen as an overview in Figure 41. In all five states, the full
tmRNA molecule is resolved, albeit at different resolutions (Figure 42), caused by its confor-
mational flexibility.

The tmRNA elements with poor or no ribosome contact, such as the mRNA-like domain (MLD),
the pseudoknots (PKs) or only in case of the PAST-E-states, the tRNA-like domain (TLD), pos-
sess a higher degree of flexibility (indicated by its fragmented density and lower resolution,
see Figure 42) than ribosome-bound tmRNA elements. The TLD of the tmRNA is associated
with the core structure of SmpB in all states. The TLD/SmpB module is positioned at the 50S
ribosomal A-site in the tmRNA-PRE state and at the 50S ribosomal P-site in the tmRNA-TI-POST
states. In the PAST-E states, the TLD/SmpB module has left the ribosome and stays mostly

associated via its MLD that occupies the complete mRNA channel.
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Figure 41: Overview of the cryo-EM maps of all 70S-tmRNA states. A) tmRNA-PRE, B) tmRNA TI-POST
I, C) tmRNA-TI-POST II, D) PAST-E-TI-POST, E) PAST-E-POST. The densities were colored using their re-
spective models built in this study.

The overall resolution of the final cryo-EM maps obtained from the 70S-tmRNA-EF-G-FA spec-
imen range between 3.5 A (tmRNA-TI-POST 1), 3.7 A (PAST-E-POST) and 3.8 A (tmRNA-PRE, -
TI-POST Il and PAST-E-TI-POST) (Figure 42). Coloring the cryo-EM maps according to their local
resolution revealed that the core elements of the ribosome reach local resolutions of 3 A,
while the resolution of the surface-exposed, flexible regions of the ribosome, and bound lig-
ands (tmRNA-pseudoknots (PKs)/mRNA-like domain (MLD), tRNAs and small protein B
(SmpB)) vary from 4 A to 8 A (Figure 42). The resolution allowed building of the atomic model
for each ribosomal substate with a reasonable statistics and good map-to-model correlations

(see Table S4).
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Figure 42:

resolution ranging from 3 A to 10 A indicated by the color scale bar.
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PAST-E-POST

Map quality of all 70S-tmRNA states. A, C, E, G, and I: Fourier shell correlation (FSC) curves
showing the global resolution of the maps. B, D, F, H, and J: Finale cryo-EM maps colored by their local
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To characterize the precise binding position of canonical tRNAs and tmRNA’s TLD/SmpB mod-
ule, their interaction with ribosomal 50S (23S rRNA) and 30S (16S rRNA) residues that contact
the tRNA in A, P-, and E-site were analyzed. The classical A/A-tRNA binding position involves
interaction of U955 (head a-site) of the 16S rRNA and G2553 of the 23S-RNA (Yusupov et al.,
2001) (Figure 43). In the classical P/P-position the tRNA is contacted by A1229, G1338, G1339
(head p-site), and A790 (body p-site) of the 16S rRNA and G2551 as well as G2552 (A-loop) of
the 23S rRNA. The classical E/E-tRNA position includes contacts of U788, A695 (body E-site) of
the 16S rRNA and C2394, G2421 of the 23S rRNA.

In the tmRNA-PRE and PAST-E states the tRNAs are bound in classical P/P- and E/E - tRNA
binding positions (Figure 43A, D and E). The ribosomal A-site in the PAST-E-states is empty,
while in the tmRNA-PRE state it is occupied by the 3’CCA-end of the TLD at the 50S subunit
and SmpB at the 30S subunit. Classical tRNA binding positions are observed in nonrotated
ribosomes (as described in the introduction (chapter 1.2.3.1) as this is the case for the tmRNA-

PRE and the PAST-E states.

In the tmRNA-TI-POST states, the 3’CCA- end of the TLD and canonical tRNA interact with the
P-site (G2251 and G2252) and E-site (C2394 and G2421) of the 50S subunit, respectively (Fig-
ure 43B and C). From the perspective of the 30S subunit, the SmpB of the tmRNA-TI-POST
states contact the p-site of the 30S body (A790) while maintaining 30S head a-site contact
(U955). The canonical tRNA has p-site contact to the 30S head (A1229, G1338, and G1339),
while binding the e-site of the 30S body (U788 and A695). Respectively, in the tmRNA-TI-POST
states, the tRNA or tRNA-like entities are bound in intra-subunit ap/P and pe/E hybrid state

conformation.

The formation of chimeric bound ap/P and pe/E tRNA-tRNAs is accompanied with the reversal
movement of 30S head and body during EFG-induced translocation (as described in chapter
1.3.2.3). The characteristics of rotation in the tmRNA-TI-POST states are described in chapter

3.7.2.
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Figure 43: Ribbon presentation of the individual tRNA binding sites in the 70S-tmRNA states A)
tmRNA-PRE, B) tmRNA-TI-POST |, C) tmRNA-TI-POST Il, D) PAST-E-TI-POST, E) PAST-E-POST with indi-
cated tRNA binding position on the ribosomal 50S and 30S subunit (left column). Middle column: The
23S (blue) rRNA residues of the 50S subunit that contact the tRNA in the A-site (G2553), P-site (G2251,
G2252) and E-site (C2394, G2421) are displayed as sticks. Right column: The 16S (yellow) rRNA residues
of the 30S subunit that contact the tRNAs in the A-site (pink, U955), P-site (green, A790, A1229, G1338,
G1339) and E site (orange; A695, U788) are shown as spheres. The canonical E- and P-site tRNA are
colored in orange and green, respectively. The tmRNA is colored in magenta and the SmpB protein is

deep blue.
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3.7.1 The tmRNA-PRE translocation shows TLD-SmpB mimicking a A/A-tRNA

The tmRNA-PRE translocation complex was produced by adding alanine-tmRNA-SmpB-EF-
Tu—GTP to ribosomes with a fMet-tRNA™et at the P site and a truncated mRNA at the A site
(see chapter 2.3.3). The subsequent EF-Tu-induced GTP hydrolysis and EF-Tu-GDP release
form the 70S ribosome with tmRNA bound to the ribosomal A-site. This complex was used for
the subsequent EF-G-induced translocation reaction, which was stalled using fusidic acid (FA)
in order to form translocation intermediate states (defined, for example, by the presence of

EF-G), therefore called 70S-tmRNA-EFG-FA sample.

However, the presence of a tmRNA-PRE translocation state indicates that the EF-G induced
reaction did not fully lead to the turnover of the PRE complex reactant. But the high-resolution
information of this by-product provide additional information about a structurally relevant
state that forms before the translocation starts. The additional tRNA was bound in the riboso-

mal E-site (Figure 44A) due to the excess of deacylated tRNA™et in the reaction mix.

The comparison with a canonical PRE state (Demeshkina et al., 2012; PDB ID: 4v87) shows that
overall binding and conformation of the bound tRNAs or TLD/SmpB are similar (Figure 44A).
The acceptor end and elbow region of the canonical A-site tRNA is taken by the TLD of the
tmRNA, while the anticodon stem loop is replaced by the core structure of SmpB. The mRNA
of the tmRNA-PRE state interacts with the anticodon of the E-tRNA at position C34 and base-
pairs with the anticodon of the P-tRNA via its start codon, A12, U13 and G14 (Figure 44B). The
truncated codon (U15, A16) at the 3’end of the mRNA is positioned at the empty A-site (Figure
44B).
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Figure 44: Comparison of the tRNA and TLD/SmpB in the tmRNA-PRE with the tRNAs in the canonical
PRE state. A) Left: Orientation help showing the structure of the tmRNA-PRE state with the tRNA in
the E-site (orange) and P- site (green) as well as TLD (magenta)-SmpB (blue) in the ribosomal A-site.
Right: Comparison of the atomic models of the tmRNA-PRE structure (colored) and canonical PRE struc-
ture (grey; Demeshkina et al., 2012; PDB-ID: 4V87) upon an 50S alignment. B) Atomic model of the
MRNA (red) extends along the binding sites of the E- tRNA (orange) and P-tRNA (green) and reaches
the A-site via its 3’end.

The A-site binding of tmRNA-SmpB is stabilized by the interaction of the conserved residues,
His22 and His136 of SmpB (Dong et al., 2002) and nucleotides A1493 and G530 of the 16S
rRNA at the decoding center (DC), respectively (Figure 45A and B). The interaction of SmpB at
the DC is supported by biochemical experiments showing that binding of SmpB at the A site
protects DC nucleotides (Kurita et al., 2007; Nonin-Lecomte et al., 2009). However, compared
to canonical decoding of tRNA, where G530, A1493 as well as A1492 participate in anticodon-
codon recognition (Ogle et al., 2001), the tmRNA-PRE state does not involve A1492 the inter-

action with SmpB (Figure 45C).

Beside the imitation of the tRNAs ASL by SmpB’s body, the C-terminal tail of SmpB mimics the
MRNA by occupying its channel downstream of the A-site codon (Figure 45D). Similar to the
mRNA (Wimberly et al., 2000), SmpB first passes through the RNA layer (h28, h34, h18), then
reaches the proteins uS4 and uS5, and finally ends at the tmRNA-H5. The interaction of SmpB
with the C1397 (h28) and U1196 (h34) may help to position SmpB correctly in the ribosomal
A-site. Moreover, the interaction of charged residues in the C-terminal SmpB helix with the
channel proteins uS4 and uS5, as well as with H5 stabilizes the tmRNA-SmpB in the PRE state

in overall (Figure 45D).
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Figure 45: Interactions of SmpB within the tmRNA-PRE state. A) SmpB (blue) interacts at the riboso-
mal A-site (upper box) and the mRNA channel (lower box). B) Close-up views of the interaction of
SmpB’s residues His22 and His136 with the decoding nucleotides A1493 and G530, respectively. The
map is presented as mesh. C) Comparison of the conformational configuration of A1492/A1493 and

G530 at the decoding center in the present tmRNA-PRE state (colored) and a canonical decoding state
(grey) after 50S alignment. D) The C-terminal tail of SmpB with its charged residues (blue sticks) inter-
act with the mRNA channel downstream of the A-site codon and contact 16S RNA helices (h28, h34
and h18; yellow), ribosomal proteins uS5 (cyan), uS4 (olive) as well as tmRNA’s H5 (orchid). The canon-
ical mMRNA (grey) after 50S alignment is shown for comparison. The map is shown transparent and in
light grey.

Both, PK2 and H5 of the tmRNA contact the ribosome via proteins uS3, uS4 and uS5 at the
ribosomal solvent side (Figure 46A). The interaction between the single-stranded RNA region
from PK2 (nucleotides 183-185) and ribosomal protein uS3 (residues 73-84) anchors the
tmRNA to the small subunit. The interactions of uS3 (residues 141-132), uS4, uS5, and SmpB'’s
C-terminus (residue N157) with the tip of tmRNA’s H5 blocks the entrance of the mRNA chan-

nel. The density emerging from H5 and extending to the PK1 corresponds to the MLD (Figure
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46B) which is too fragmented for building an atomic model. However, considering the electron
density alone, one can see clear interaction between the MLD and ribosomal helix h16 at

A412-G413 and G423-G424 (Figure 46B, close-up view).

Figure 46: Interaction of PK2/H5 and MLD in the tmRNA-PRE complex. A) PK2 (sky blue) and H5 (or-
chid) is stabilized by uS3 (green), uS4 (tan), uS5 (cyan) as well as SmpB’s C-terminus (blue) at the sol-
vent side of the ribosome. B) Close-up of the MLD-h16 interaction, where helix h16 nucleotides A412,
G413, G423, and G424 are represented as yellow sticks, embedded into their grey cryo-EM map. The
maps were low-pass filtered (width: 5 A) for clarity.

3.7.2 The tmRNA-TI-POST states show the tmRNA-SmpB during translocation

In comparison to the previous study of the same 70S-tmRNA-SmpB-EF-G-FA specimen that
revealed only one TI-POST state (Ramrath et al., 2012), in the current cryo-EM study this state
split into two substates, the tmRNA-TI-POST | and | state (Figure 40 and 41B and C). The pres-
ence of two substates allows a more accurate description of the tmRNA-TI-POST state as well
as the molecular interactions of its bound ligands since both states are much better resolved

(Figure 42C-F).

The two structures reveal that the translocation steps are dominated by movements of the

30S subunit relative to the 50S subunit, aimed for reestablishing the unrotated conformation
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of a classical POST state: From tmRNA-TI-POST-|, the 30S body/platform rotates back reaching
the tmRNA-TI-POST-Il state that is very similar to the previously published tmRNA-TI-POST
(30S subunit rotation: ~5°; 30S head swivel: ~19°; 30S head tilt: ~12°) at intermediate resolu-
tion obtained from the same sample (Ramrath et al., 2012). This conclusion was made after
comparison of the degrees in 30S subunit and head rotation of the two translocation interme-
diates obtained from the 70S-tmRNA-SmpB-EF-G-FA sample (Figure 47A and B), which is de-

scribed in the following text.

The structure of the tmRNA-TI-POST | state, is characterized by a 9° rotation of the 30S
body/platform, measured relative to the 50S subunit as well as by the large 30S head swivel
movement of about 20°, measured relative to the 30S body/platform (Figure 47A). These di-
mensions are compared with the dimensions of the classical/unrotated conformation of a E.
coli 70S ribosomal complex (Dunkle et al., 2011). In contrast to the tmRNA-TI POST | (Figure
47A), the tmRNA-TI-POST Il state (Figure 47B) reveals a less intensive rotation of the 30S
body/platform of 4° and a similar 30S head swivel movement of about 20° in relation to the

same unrotated 70S ribosomal complex as mentioned above (Dunkle et al., 2011).

Compared with a canonical TI-POST state (Ramrath et al., 2013), both states, the tmRNA-TI-
POST | and Il, exhibit an additional head tilt of 9° and 13°, respectively. The 30S head tilt meas-
urement was performed around an axis that is roughly parallel to the mRNA, near the A- and
P-site codons. The tilt movement distances the 30S head further from ribosomal 50S subunit.
Compared to the classical state (Dunkle et al., 2011), the combination of all three motions
(30S head tilt, swivel and intersubunit rotation) in the presented tmRNA-TI-POST states

achieves a shift of the ribosomal elements of up to 50 A (Figure 47A and B).

The conformation of the presented tmRNA-TI-POST-states resembles the canonical TI-POST
state, which is characterized by a 4° 30S subunit rotation and 18° 30S head swivel (Ramrath et
al., 2013) and it is in good agreement with related structural information (Zhou et al., 2013,
2014; Ratje et al., 2010). The head tilt was originally thought to be unique to tmRNA-70S struc-
tures, but has also been found in canonical 80S complexes (Flis et al., 2018) and predicted in
MD simulation experiments with 70S translocation intermediate structures (Nguyen and

Whitford, 2016).


https://www.ncbi.nlm.nih.gov/pubmed/?term=Nguyen%20K%5BAuthor%5D&cauthor=true&cauthor_uid=26838673
https://www.ncbi.nlm.nih.gov/pubmed/?term=Whitford%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=26838673

Results 89

Notably, during the 5° 30S subunit back-rotation, the 30S head continues the tilt forward
movement of about 4° (Figure 47C). The enlarged tilt in the TI-POST Il state enables overcom-

ing barriers required for MLD loading during translocation (see chapter 4.2.4).

A tmRNA-TI-POST | B tmRNA-TI-POST Il C Transition of TI-POST | to TI-POST I

~13°

Figure 47: Rotation and tilting of the 30S elements in the tmRNA-TI-POST states. The 30S subunit
viewed from the intersubunit space. A) and B) Shown are the degrees of the 30S subunit rotation, the
30S head swivel movement as well as 30S head tilt for the tmRNA-TI-POST | (A) and Il (B), compared to
the classical/unrotated conformation (Dunkle et al., 2011). C) Comparison of 30S head and body rota-
tion of the tmRNA-TI-POST states by common 50S alignment. The intersubunit rotation happens along
the vertical axis and the head rotation along the horizontal axis. Arrows indicate the direction of the
rotations. Ribosomal elements are colored according to their structural movements relative to the
classical conformation, from blue (less movement) to red (more movement) (Dunkle et al., 2011).

Interaction of SmpB within the tmRNA-TI-POST states

The superposition of the ligands from the tmRNA-TI-POST states and canonical TI-POST state
upon a 50S alignment reveals similar position and conformation of the bound pe/E tRNAs,
ap/P-tRNA or TLD and EF-G proteins (Figure 48C). However, there are small-scale differences

to mention.

In contrast to the canonical TI-POST state (Ramrath et al., 2013), the anticodon steam loops
(ASLs) of the pe/E-tRNA in the tmRNA-TI-POST states are slightly shifted (Figure 48C). The
shifts are a consequence of the larger 30S body and head rotation in the tmRNA-TI-POST states
(Figure 47), compared to the canonical TI-POST (2.5° 30S subunit rotation and 18° 30S head
swivel). By following the 30S body rotation, ASL of the tRNA maintains the chimeric pe/E tRNA

binding position on the 30S subunit.
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The overlay of the ap/P site bound TLD/SmpB module with a canonic al ap/P tRNA shows a
good overlap of their acceptor arms (Figure 48C). The difference in conformation within the
elbow region/TWC could result from the tmRNA-specific D-loop structure lacking the D-stem,
which is becoming apparent in the tmRNA-TI POST states. The D-loop interacts with SmpB that

matches the position of the ASL of the canonical ap/P tRNA.

In the canonical TI-POST state (Ramrath et al., 2013), the ASL of the ap/P-tRNA contacts the
conserved loop | (residues 507-514 in E. coli EF-G) in domain IV of EF-G (Gao et al., 2009). In
the presented tmRNA-TI-POST states, the SmpB mimics the ASL of the ap/P tRNA (Figure 48A
and B) and thereby replaces the tRNA binding interface for EF-G as it was observed for the

intermediate resolution tmRNA-TI-POST structure (Ramrath et al., 2012).

The improved resolutions of the present tmRNA-TI-POST states allows a visualization of the
molecular details of the EFG/SmpB interaction around the decoding center (Figure 48A and
B): EF-G is contacted at residue Y514 of domain IV by the residues F66 and Y55 of SmpB. The
aromatic character at amino acid position 66 and 55 in SmpB is conserved among bacteria

(Bessho et al., 2007) which indicates their importance during translocation.

The C-terminal tail of SmpB occupies the space which is normally taken by the mRNA upstream
the A-site codon in the canonical TI-POST state (Figure 48C). The cryo-EM density correspond-
ing to the C-terminal tail exhibits a helical form and is partially fragmented, indicating struc-
tural flexibility. Therefore, the model of SmpB’s C-terminal helix was placed as a rigid body
and refined once overall together with the final model. Like the mRNA in the canonical TI-
POST (Ramrath et al., 2013), the SmpB C-terminal tail in the presented tmRNA-TI-POST struc-
tures interact with the anticodon loop of the bound tRNA (Figure 48A and B). In the rigid body-
docked SmpB model of both tmRNA-TI-POST states | and Il, SmpB’s residue W147 and the
conserved residue F25 are potential candidates for interaction with the E-site tRNA (Figure

48A and B).
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tmRNA-TI-POST |

Canonical TI-POST
tmRNA - TI-POST I
tmRNA - TI-POST I

Figure 48: Interaction of SmpB’s core structure within the tmRNA-TI-POST states. A and B: cryo-EM
maps (gaussian low-pass filtered using a width of 2 A) with corresponding model show the interaction
of EF-G (red) and SmpB (blue). The nucleotide A1493 of the 30S decoding center at the A-site is indi-
cated with an asterisk. The interacting residues of SmpB and E-tRNA as well as EF-G are displayed. C)
Superposition of the ribosomal ligands in the presented tmRNA-TI-POST (state | in purple, state Il in
green) and the canonical TI-POST (in grey, Ramrath et al., 2013) after a 50S alighment.

Similar to the mRNA in the canonical TI-POST state (Ramrath et al., 2013), the C-terminal tail
of SmpB in the presented tmRNA-TI-POST states passes through the 16S rRNA layers compris-
ing helices h45, h28, h23, h24, and h44 (Figure 49). The C-terminal tail contacts the ribosomal



92 Results

A-site (h44-C1400), P-site (h24-A790; h28-G926), and E-site (h23-G693; h45-A1534). The C-
terminus of SmpB interacts with ribosomal protein uS7 (Figure 49A and B). In addition, there
is an unassigned cryo-EM density which follows SmpB’s C-terminus and occupies the space
above the Shine-Dalgarno (SD) sequence of the 16S rRNA (pink density in Figure 49A and B).
The unoccupied density close to the SD sequence may correspond to the truncated mRNA,
which was displaced from the mRNA channel during the transition from the tmRNA-PRE to
tmRNA-TI-POST state. Since the C-terminal residues of SmpB can interact with RNA as ob-
served in the tmRNA-PRE state (Figure 45D), one can speculate that they are involved in the
displacement of the mRNA in the tmRNA-TI-POST states. The SmpB C-terminal tail itself may
bind the mRNA during its occupation into of the mRNA channel and thereby navigating the

MRNA towards the mRNA exit channel.

A B
tmRNA-TI-POST | tmRNA-TI-POST II

h23 h24 h23 h24

Figure 49: Interactions of SmpB’s C-terminal tail within the tmRNA-TI-POST states. Cryo-EM maps
(gaussian low-pass filtered using a width of 2 A) for the tmRNA-TI-POST | (A) and tmRNA-TI-POST Il (B)
with atomic models for the SmpB’s C-terminal region that goes through the 16S rRNA layer consisting
of helices h45, h28, h23, h24, and h44 (yellow). The SmpB interacting residues of the 16SrRNA helices
h44 (C1400), h28 (G926), h23 (G693), h24 (A790), and h45 (A1534) are represented as sticks. The un-
assigned density at SmpB’s C-terminus is shown in pink.
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Interaction of the mRNA-like domain within the tmRNA-TI-POST states

The mRNA-like domain (MLD) of the tmRNA is a key region of tmRNA, which contains an open
reading frame that encodes a tag added to the incomplete peptide, thereby targeting it for
proteolytic degradation. During translocation it is suggested that the MLD is loaded into the
mMRNA channel (Ramrath et al., 2012), required for resuming the translation of the open read-
ing frame of the tmRNA. However, the MLD in Ramrath et al., 2012 couldn’t be visualized.
Notably, in both tmRNA-TI-POST states the density for the single-stranded MLD is visible, al-
beit its fragmentation and low-resolution of 5-10 A (Figure 42C-F). This gives novel insights

into the process of MLD loading during translocation.

The density for MLD in the tmRNA-TI-POST | and Il structures can be clearly distinguished from
the well-defined density of the ribosomal environment and therefore, suitable for tentative
modeling (Figure 50A-D). The models of both tmRNA-TI-POST states reveal differences in the
ribosomal environment and in position of their MLDs relative to the mRNA entry channel,

which is located between the head and body of the small subunit (Figure 50).

The MLD of the tmRNA-TI-POST Il state extends deeper into the mRNA channel as the MLD of
the tmRNA-TI-POST | state (Figure 50E-F). Compared to the MLD of tmRNA-TI-POST | state that
makes contact to 16S RNA helices, h16 and h18 and ribosomal protein uS3, the MLD of tmRNA-
TI-POST Il establishes additional contacts to protein uS4, uS5 and EF-G and helix h44. These
MLD interactions within the mRNA channel observed for the tmRNA-TI-POST Il state have also
been found in the POST state tmRNA structure (Rae et al., 2019). This suggests that the
tmRNA-TI-POST Il state represents a later step in translocation than the tmRNA-TI-POST |

state. This will be discussed further in chapter 4.2.5.
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Figure 50: Structure and position of the MLD in the tmRNA-TI-POST states: A, B) cryo-EM maps of
the tmRNA-TI-POST | (A) and tmRNA-TI-POST Il (B) for orientation help with colored densities for the
16S rRNA (yellow), tmRNA (magenta), MLD (black, mRNA-like domain) and EF-G (red). C), D) Tentative
model for MLD (black) and its corresponding density (black, mesh presentation) of the tmRNA-TI-POST
I (C) and Il (D). E), F) The extracted density of the MLD (same presentation as in C and D) of the TI-POST
| (E) and TI-POST Il (F). The molecular environment of the MLD on the ribosome (grey maps) are shown
with their atomic models (ribbon presentation): 16S rRNA helices (yellow) h16, h18 and h44, ribosomal
proteins uS3 (green), uS4 (pink), uS5 (purple) and EF-G (red). The nucleotides (U421, G530, U531, A532;
A1394) and residues (Argl25, Arg43, Argl9, Phe32 and Lys540) that interact with the MLD are dis-
played as sticks. The map for the MLD in C-F) was obtained by Segmentation of the full map at a thresh-
old of 0.5 using the Segger method (Pintilie and Chiu, 2012). The MLD maps were gaussian low-pass
filtered (width: 4.0 A). The grey maps were gaussian low-pass filtered (width: 1.0 A).


https://www.ncbi.nlm.nih.gov/pubmed/?term=Pintilie%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22696409
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chiu%20W%5BAuthor%5D&cauthor=true&cauthor_uid=22696409

Results 95

The MLD in the tmRNA-TI-POST states is stably associated via PK2/H5 on the ribosome. In both
tmRNA-TI-POST states, PK2 and H5 of the tmRNA maintain the contact to the same region of
ribosomal proteins uS3 (Figure 51), as observed in the tmRNA-PRE state (Figure 46A). How-
ever, compared to the tmRNA-PRE state, the H5 of tmRNA additionally establishes a new in-

teraction with ribosomal protein uS2 (Figure 51).

A tmRNA-TI-POSTI

Figure 51: Interaction of PK2/H5 within the tmRNA-TI-POST states. A, B) Left: Cryo-EM maps of the
tmRNA-TI-POST | (A) and tmRNA-TI-POST Il (B) as orientation help with colored densities for the tmRNA
(magenta) and EF-G (red). Right: Close-up views showing the models for the PK (blue) and h5 (orchid)
of the tmRNA and ribosomal proteins uS3 (green), uS2 (purple) together with its corresponding density
map (grey). The density maps in the close-ups were gaussian low-pass filtered (width: 2.0 A).

3.7.3 The PAST-E states show tmRNA-SmpB in a next translocation round

The data analysis of the 70S-tmRNA-SmpB-EF-G-FA specimen revealed states with canonical
tRNAs in the ribosomal E- and P-site and the tmRNA-SmpB located off the ribosome (Figure
53 A and C). This suggests that the TLD-SmpB must have passed at least a second translocation
step. A further translocation would require the presence of an Ala-tRNAA"? to decode the re-

sume codon of the MLD in the A site. After binding of the Ala-tRNA*?2, EF-G would then trans-
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locate the peptidyl-tRNAA? into the P-site, moving tmRNA-SmpB to the E-site. However, in-
stead binding of tmRNA-SmpB into the E-site, the TLD-SmpB module has moved past the E site
resembling PAST-E states (Figure 53A and C).

Theoretically a second translocation cannot occur, since to Ala-tRNA”? is not present in the
translocation reaction mix (see chapter 2.3.3). Only tRNA™et js available for a further translo-
cation. However, the complementary AUG codon, required for tRNA™et binding, is not present
in the ORF of the tmRNA (see chapter 1.4.1, Figure 13). The occurrence of a -1 or +1 frameshift-
ing within the tmRNA also does not lead to the formation of an AUn codon. Another explana-
tion for proceeding the translation using tRNA™et only could be the ribosomal bypassing, an
EFG-mediated process where the ribosome slides along the noncoding mRNA (Klimova et al.,
2019). This assumption is supported by the structural features specifying the initiator tRNA,
tRNAMet observed in the PAST-E states (Figure 52).

A unique feature of the tRNA™et js three consecutive guanine cytosine (G:C) base pairs in its
anticodon stem that form A-minor groove interactions with 16S rRNA nucleotides G1338 and
A1339 (Figure 52; Lancaster and Noller, 2005; Moazed et al., 1995; Selmer et al., 2006). Thus,
the PAST-E states do not represent physiological complexes but provide as models structural

information about how a complex could form after second or later translocation.

Figure 52: Specific feature of the initiator tRNAM®* of the PAST-E-TI-POST state. The density of the
PAST-E-TI-POST state (as mesh) and atomic model showing the interaction of three G:C base pairs (G:
pink; C: green), G29:C41, G30:C40, and G31:C39 of the initiator tRNAM®",

The presented PAST-E states have reached the unrotated ribosomal conformation during the

translocation. The PAST-E state, in which EF-G is dissociated from the ribosome (Figure 53C),
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forms a POST translocation state, and therefore was referred to as PAST-E-POST state. The
POST state formation in presence of fusidic acid is possible because this antibiotic was found
to be a “slow inhibitor of the EF-G-GTPase” allowing a series of GTPase turnovers before com-
plete inhibition of the 70S-EFG-GDP state (Seo et al., 2005). The second PAST -E state contain-
ing EF-G (Figure 53A), is an intermediate state (assigned as PAST-E-TI-POST) of a very late
translocation step. Here fusidic acid has trapped EF-G in its GDP-bound-state on the PAST-E-
TI-POST ribosome.

The PAST-E states are structurally almost identical, except for the presence or absence of EF-
G (Figure 53). Compared to the tmRNA-PRE and TI-POST structures of this study, most parts
of the tmRNA lost the connection to the ribosome explaining their high degree of fragmenta-
tion and low resolution (Figure 42G-J). Only areas associated with the ribosome, namely the
PK2/H5 region and the MLD were suitable for tentative modelling. Therefore, the complete
tmRNA was fitted as a rigid body, but manually refined only H5 (nucleotides G108-C137), MLD
region (nucleotides G87-C107), and the single-stranded RNA of PK2 (nucleotides A177-C191).

The density occupying the mRNA channel was unambiguously assigned to the MLD (Figure
53A and C). In both PAST-E states the MLD makes interaction with the ribosomal elements
(proteins uS3, uS4 and uS5 and 16SrRNA helices h23, h44, h28, and h16) and contact the an-
ticodon stem loop of the P- and E-tRNAs. Based on the tentative MLD model, the resume co-
don (nucleotides G90, C91, A92) contacts the anticodon loop of the P-site tRNA at nucleotides
A37 and A35 via base-stacking interactions (Figure 53B and D) indicating that the PAST-E states

went through a second translocation.
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Figure 53: Interaction of the MLD within the PAST-E states. A, C) Left: cryo-EM maps of the PAST-E
TI-POST | (A) and PAST-E POST (C) as orientation help with colored densities for the tmRNA (magenta
with its MLD in black), SmpB (blue), E-tRNA (orange), P-tRNA (green) and EF-G (red). Right: Close-up
view showing the extracted density (grey, gaussian low-pass filtered with width: 3.0 A) and atomic
models for the mRNA-like domain, MLD (black, 3’end and 5’end are indicated), E-tRNA (orange), P-
tRNA (green), 16S rRNA (yellow) with indicated helices h23, h28, h44 and h16, EFG loop | of domain IV
(red), ribosomal proteins uS5 (cyan), uS3 (lime green), and uS4 (brown). B), D) Density maps in mesh
presentation and atomic models showing the interaction of the MLD with the P-site tRNA in the PAST-
E TI-POST I (B) and PAST-E POST (D).

In both PAST-E states the tmRNA maintains contact to the ribosome via SmpB and PK2/H5.
SmpB was assigned to a cryo-EM density, which connects the TLD and h26 and uS18 (Figure
54 A and B). Due to the high fragmentation of that density, only the core structure SmpB could
be rigid body docked. The C-terminal region of SmpB is presumably very flexible since binding

partners seem to be absent at this ribosome position. As observed for the tmRNA-TI-POST
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structures in this study, the ribosomal proteins uS2 and uS3 anchor the PK2/H5 of the tmRNA

at the solvent side of the ribosome (Figure 54C and D).
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Figure 54: Interaction of SmpB and PK2/H5 within the PAST-E states. A, B) Left: cryo-EM maps of the
PAST-E-TI-POST (A) and PAST-E-POST (B) as orientation help with colored densities for the tmRNA (ma-
genta) and SmpB (blue). Right: Close-up views showing the atomic models for the SmpB (blue), TLD
(orange), h2 (grey) and ribosomal protein uS18 (brown), 16SrRNA helix h26 (yellow) together with its
corresponding density map (grey). C), D) Left: cryo-EM maps of the PAST-E-TI-POST (C) and PAST-E-
POST (D) as orientation help with colored densities for the tmRNA (magenta). Right: Close-up views
showing the models for the PK (blue) and H5 (orchid) of the tmRNA and ribosomal proteins uS3 (green),
uS2 (purple) together with its corresponding density map (grey). The density maps in the close-ups
were gaussian low-pass filtered (width: 2.0 A for SmpB-TLD/h2 and uS3/uS2-PK2/h5, width: 1.0 A for
h26 and uS18).

Apart from the presence of tmRNA, both the ribosomal conformation and ligands (tRNAs and
EF-G) are almost identical to the canonical TI-POST complex of a very late translocation step
(Gao et al., 2009; Figure 55). As in the canonical TI-POST state, EF-G interacts with the P-tRNA
and mMRNA/MLD in the PAST-E-TI-POST state (Figure 55).
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PAST-E-TI-POST (this work)
Late stage TI-POST (Gao et al., 2009)

P-site tRNA

Figure 55: Comparison of the models of the PAST-E-TI-POST state with a canonical late-stage TI-
POST state models. Superposition of PASTE-TI-POST state (purple) and the canonical late-stage TI-
POST state (in grey, PDB-ID: 4V5F, Gao et al., 2009) upon a common 50S alignment.

The barriers within the PAST-E states which must be overcome for completion of MLD loading

into the mRNA channel will be discussed in chapter 4.2.6.
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4 Discussion

In this work, cryo-EM was used to investigate the structures involved in key translational sur-
veillance pathways in bacteria: the trans-translation and ribosome-associated quality control
(RQC). Both pathways result in the release of the stalled ribosomal complexes and degradation
of the nascent polypeptide. In trans-translation, the ribosomes stalled on truncated mRNA are
rescued by the tmRNA and its accessory protein SmpB (see also chapter 1.4.1). In RQC, the
ribosomal P-tRNA-50S complexes stalled by the attached nascent chain are rescued under in-

volvement of RqcH (see also chapter 1.4.2).

In this chapter the results of the structural and biochemical analysis of the RqcH-50S com-
plexes (chapter 4.1) and cryo-EM analysis of the 70S-tmRNA complexes (chapter 4.2) will be

discussed and put in context with the existing structures.

4.1 RqcH

RqcH functions in degradation of stalled ribosomal subunits (Lytvynenko et al., 2019). Similar
to the yeast rescue factor Rqc2, RgcH mediates an mRNA-independent elongation of nascent
chains blocking the 50S subunit but by adding C-terminal alanine extensions (Ala tailing) that
marks the nascent chain for proteolytic degradation. As part of the study in Lytvynenko et al.,
2019, the presented cryo-EM analysis of wild-type RqcH-co-immunoprecipitated 50S subunit
purified from B. subtilis lysates indicated that RqcH binds large ribosomal subunits. The result-
ing cryo-EM structure with a resolution of 3.8 A represented a 505 subunit bound to a P-tRNA

that is associated with a nascent chain.

Even though RqgcH density was lacking, this structure indicated that RqcH recognizes nascent
chain stalled 50S subunits since this ribosomal complex co-immunoprecipitated with RqcH

(Lytvynenko et al., 2019).

The subsequent analysis of mutant RqcH-co-immunoprecipitated 50S subunit complex and its
additional crosslinking prior cryo-EM allowed visualization of the RqcH on the ribosomal 505
subunit. The structure with a resolution of 3.1 A revealed how RqcH recognizes stalled riboso-
mal 50S subunits. Additional mutation experiments confirmed the essential 50S binding inter-

faces in RgcH observed in the structure.
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After completion of our structural analysis, two publications appeared showing several bacte-
rial RQC structures that differ in the binding mode that RqcH can adopt during the Ala-tail
elongation cycle (Filbeck et al., 2021; Crowe-McAuliffe et al., 2021). These independent stud-
ies reached similar conclusions, namely that RqcH remains anchored to the 50S stem base via
its CC1-M-CC2 region spanning the ribosomal A site, whereas its NFACT and HhH domains are
more flexible and move around the bound tRNA. However, the presented mutant RgcH-50S

structures differ in the details from the current available RQC structures.

4.1.1 RqcH recognizes the P-tRNA-50S complex as substrate

The analysis of the wild-type sample confirmed that RqcH co-immunoprecipitated with the
50S subunit. About 30% of the 50S particle images contained P-site tRNA density (Figure 26)
and structural analysis revealed that the P-site tRNA was connected to nascent-chain density
in the ribosomal peptide exit tunnel (Figure 28C). This suggests that the 50S subunit was in-

volved in translation before it was bound by RqcH.

Therefore, RqcH was assumed to recognize the association of a P-tRNA with the ribosomal 50S
subunit as a characteristic of the 50S blockade, in a similar way as observed for Rqc2 and NEMF

that function in the eukaryotic RQC (Lyumkis et al., 2014; Shen et al., 2015; Shao et al., 2015).

The density that might correspond to RgcH was not apparent after in silico sorting (Figure 26).
However, since the association of RqgcH to 50S subunits was not affected (Lytvynenko et al.

2019), it was assumed that the RqcH is bound in a very flexible state to the 50S subunit.

4.1.2 Visualization of RqcH binding on the ribosomal 50S subunit

In the second attempt to visualize B. subtilis RqcH on the 50S subunit, RqcH with a mutation
(E121A,1122G, M123G) in the NFACT-N domain (NFACT-N*) was used for the EM analysis. The
initial low-resolution structures of the mutant (Figure 31A) revealed a stronger density for
ligands at the 50S subunit interface compared to the low-resolution structure obtained from
wild-type RqcH-co-purified particles (Figure 24). This indicated that the mutant RgcH has de-

creased the flexibility of RqcH when bound to the 50S surface.

But additional crosslinking using glutaraldehyde facilitated the visualization of RqcH binding
to the nascent-chain stalled 50S subunit (Figure 31B substate | and Figure 34A-C). Like the

wild-type (Figure 28B), the map of the mutant shows an extra density at the ribosomal subunit
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interface (Figure 34D). This density may correspond to the missing helices H68, H69, and H71
which might have alternatively conformed as it was observed in 50S assembly intermediates
(Nikolay et al., 2018). The key contacts of RqcH to the P-tRNA-50S complex are shown in Figure
56, which can be used as an overview for the following text. In the next chapters the domain
rearrangement of RqcH observed in the presented mutant RgcH-50S complex is compared to

similar structures found in the eukaryotic and prokaryotic RQC pathway.
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Figure 56: Key contacts of mutant RqcH with ribosomal elements and P-site tRNA. Shown is the
atomic model of the mutant RqcH-50S complex from this work with ribosomal elements in grey, ele-
ments of RqcH are colored as indicated, and the P-site tRNA is green.

4.1.3 Comparison of the mutant RqcH-50S complex with current structures

The overall binding on the ribosomal LSU of the mutant RqcH, wild-type RqcH as well as eu-
karyotic orthologues (Rqc2 or NEMF) are similar (Figure 56 and Figure 57). They bind to the
ribosomal large subunit (LSU) by spanning from the stalk base helices to the P-tRNA binding
sites. In the prokaryotic RQC complexes, especially the M-CC2 region and the C-terminal lobe
(NFACT-R) of RqgcH interact in a highly similar manner with the stalk base/SRL and the helix
H38 of the 23S rRNA of the LSU, respectively (Figure 56 and Figure 57).
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Both eukaryotic RQC complexes are bound by the E3 ligase (Ltn1 in yeast or Listerin) which
ubiquitylate the nascent polypeptide leaving the LSU as described in chapter 1.4.2. Compared
to the mammalian RQC complex which binds only tRNA in the P-site, the yeast RQC complex
contains both, a P-site and A-site tRNA. The two structures each represent likely a different

functional state in the eukaryotic RQC.

The prokaryotic RQC structures differ regarding the binding of the N-terminal domains,
NFACT-N and HhH (Figure 57). These domains are shifting relative to the anticodon arms of
the bound tRNAs during Ala-tailing cycle. The C-terminal domain, NFACT-R was seen always
bound to the 23S rRNA helix, H38, in all bacterial RQC structures (Filbeck et al., 2021; Crowe-
McAuliffe et al., 2021, this work). Moreover, the recent studies observed an additional factor,

RgcP which is bound to certain states occurring during the prokaryotic Ala-tailing cycle.

B. subtilis (Filbeck et al., 2020); B. Subtilis (Crowe-McAuliffe et al., 2020)
Decoding state o Nl e

0 ASF

A e R
SO >

State A

B. Subtilis (Filbeck et al., 2020),
Translocation state

ASF

Figure 57: Current RQC structures. Dashed lines surround eukaryotic RQC structures. Equals sign in-
dicate similar RQC states. The domains of RqcH (B. subtilis), NEMF (H. sapiens), Rqc2 (S. cerevisiae) are
colored as followed: NFACT-N: cyan, HhH: yellow, CC1-M-CC2: magenta, NFACT-R: blue, NFACT-R+C
(only in eukaryotic structures): dark blue. RqcP (is only present in prokaryotes) is red. The A-site tRNA
is pink, P-site tRNA is green, E-site tRNA is orange and the ribosomal large subunit is light grey. The E3
ligase (Ltn1 or Listerin in grey) is only present in eukaryotic structures. The A-site finger (ASF), stalk
base (Sb) and sarcin-ricin loop (SRL) are indicated for orientation. The M-domain in all structures is
indicated with an asterisk.
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In the next chapters | am going to describe all domains in detail and include the conclusion of
the mutation experiment performed based on our structural results as well as the structural

features of RQC complexes observed in independent studies.

4.1.4 RqcH M-CC2 region docks via stalk base/SRL/uL11 the 50S subunit

The CC1-M-CC2 domains itself do not require the N- and C-terminal domains of RqcH for 50S
binding as shown by the preserved association to 50S after purification of FLAG-tagged CC1-M-
CC2 truncation (Figure 37D and E). The mutation of the highly conserved Y376, F377 did not
severely affect RqcH binding to the 50S subunit, either (Figure 37A and B). However, the func-
tionality is impeded when those residues are mutated (Figure 37C). In particular, the F377-H43-
A1113 stacking interaction (Figure 36A middle panel) appears to be essential for the Ala-tailing
process, since this interaction was observed in all functional states in prokaryotes (Filbeck et

al., 2021; Crowe-McAuliffe et al., 2021).

The binding of M-CC2 region to the same region on the 50S subunit (sb=CC2 contact,
SRL/uL11=M domain contact) was found in all available structures (Figure 57; Filbeck et al.,
2021; Crowe-McAuliffe et al., 2021; Shen et al., 2015, Shao et al., 2015) which indicates the
significance of the M-CC2 region for both, prokaryotic and eukaryotic RQC. The stalk base/SRL
occupied by the M-CC2 region in RQC-complexes is usually essential for binding of several

GTPases during translation and ribosome biogenesis (Sergiev et al., 2005; Sato et al., 2005).

Consequently, structural superpositions of RqcH with two canonical GTPases (EF-G and ObgE)
on the 50S subunit show a large steric clash (Figure 58). This shows that RqcH binding to the
50S subunit would prevent docking of canonical GTPases during the tailing reaction by occupy-
ing their binding interface (GTPase-associated center, GAC: H43, H44, uL11 and SRL). This im-
plies that canonical translation factors are likely not involved in the cycle, because RqcH-M-CC2
stays bound to the GAC during the whole cycle. This is consistent with the finding that GTP
binding, and hydrolysis were not required for CAT tail synthesis in yeast extracts (Defenouillére

et al., 2013).
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Figure 58: RqcH’s CC1-M-CC2 and canonical GTPases interact with the GTPase-associated center. Su-
perimposition of CC1-M-CC2 from the mutant RqcH-50S structure and Obgk (khaki) from an E. coli 505
structure (PDB ID: 4SCU) or EF-G (light blue) from an E. coli 70S structure (PDB ID: 4V5F) by a 23S rRNA
alignment. The coiled-coil helices (CC1 and CC2, magenta) and M domain (black) clash with ObgE or
EF-G, both positioned at the GTPase-associated center. The components, 23S rRNA helices H43, H44,
the sarcin-ricin loop (SRL, grey) and uL11 (orange) of the GTPase-associated center are indicated.

4.1.5 RqcH NFACT-R domain docks via H38 to the 50S subunit

The rigid-body docked NFACT-R domain fits well the density that is located at H38, adjacent
to the ribosomal A-site (Figure 36B). At this position, the NFACT-R domain would clash with
the ribosomal protein uS13, a component of the 30S subunit that interacts with helix H38
(Figure 59) in order to form the inter-subunit bridge Bla within a 70S ribosome (Cukras and

Green; 2005; Liu and Fredrick, 2016).

Like uS13, NFACT-R possesses arginine residues (R476, R480, R534) at the H38 interaction sur-
face (€932, C933, U934, A935) (Figure 59 and 36B) suggesting the involvement of predomi-
nantly unspecific electrostatic interactions with the rRNA backbone. This is consistent with
NFACT-R predicted to function in RNA binding (Burroughs and Aravind, 2014). Moreover, the
identified H38 binding surface in the docked NFACT-R model is in perfect agreement with the
binding surface observed in the decoding state of the wild-type RqcH-50S complex that in-
volves the same arginine residues (R476, R480, R534) in the interaction with the tip of H38

(Filbeck et al. 2021).
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Figure 59: RqcH’s NFACT domains overlap with uS13 protein within a 70S structure. Superimposition
of the NFACT domains (NFACT-N*: cyan, NFACT-R: blue) from the mutant RqcH-50S structure and ri-
bosomal protein uS13 (orange) from a B. subtilis 70S complex (PDB ID: 3J9W) by a 23S rRNA alignment.
The arginine residues of uS13 (yellow), which interact with H38 (grey) in order to form inter-subunit
bridge Bla, clash with NFACT-R. The N-terminal loop of uS13 involved in the formation of bridge Blb
(that includes uL5 (brown) and bL31 (light brown) as further bridge components) overlaps with NFACT-
N*.

While the globular domain of NFACT-R is interacting with H38, its loops are well positioned to
replace A-tRNA-interacting nucleotides of ribosomal helix H38 during Ala-tailing (Figure 38).
This suggests that NFACT-R’s loops might be able to sense and stabilize the tRNA in the A-site
in the absence of the small ribosomal subunit. This view is supported by the mutational anal-
ysis of flexible loops in the NFACT-R domain that would project towards an A-site tRNA (Figure
39). The double loop mutant shows a strong defect in rescuing growth of the ArqcH AssrA
double deletion strain (Figure 39C) without affecting RqcH binding (Figure 39A and B). This
suggests that the NFACT-R loops are critical for the function of RqcH, presumably mediated
by A-tRNA positioning.
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4.1.6 RqcH NFACT-N-HhH domains and CC1 contribute to P-tRNA binding

The introduction of the EIM mutation (NFACT-N*) did not destabilize the interaction of RqcH
with the 50S subunit (Lytvynenko et al., 2019). The NFACT-N* mutant of RqcH is defective in
tRNA binding, it thus appears that the NFACT-N domain is dispensable for recognizing ob-
structed 50S subunits, whereas an intact NFACT-N domain is essential for Ala-tRNA binding
(Lytvynenko et al., 2019).

In the present structure NFACT-N was placed near but not in binding distance to the anticodon
arm of the tRNA (Figure 35A). Due to the limited resolution of the NFACT-N-HhH density (Fig-
ure 33C) only surface-exposed residues are used for the interpretation of the binding mode of
the NFACT-N-HhH domains. The structure reveals a state in which the NFACT-N domain would
be available to recruit Ala-tRNA via the exposed residues D97 and R98 (Figure 35A). The DR
residues, together with the EIM residues of NFACT-N were shown to form a binding pocket for
the anticodon loops of P-tRNAs (Shao et al., 2015; Crowe-McAuliffe et al., 2021) or A-tRNAs
(Filbeck et al., 2021).

The tRNAs that are interacting with NFACT-N are found to be additionally stabilized by CC1 as
well as HhH in all structures. The binding pattern of the N-terminal CC1 region and HhH resi-
dues interacting with the anticodon loop of the tRNA (Figure 35B) is very similar to that ob-
served in wild-type RqcH structures (Crowe-McAuliffe et al., 2021; Filbeck et al., 2021). How-
ever, compared to wild-type structures, the P-site tRNA does not interact with NFACT-N* in
the presented structure (Figure 35). This may prevent an interaction with the factor RqcP,
which was seen in interaction with NFACT-N in prokaryotic wild-type RqcH complexes (Crowe-

McAuliffe et al., 2021; Filbeck et al., 2021).

4.1.7 Mutant RqcH-50S complex represents an initial recognition state

Recent cryo-EM studies identified the action both protein factors, RqcH and RqcP on peptidyl-
tRNA obstructed 50S subunits as sufficient to execute the whole elongation cycle without the
small ribosomal subunit or mRNA. Even though some states of the elongation are discovered,
the mechanistic details are poorly understood. For example, it is not clear how the Ala-tRNAA?
is recruited to the stalled 50S complex resulting after splitting or resulting from a previous Ala
tailing cycle (Crowe-McAuliffe et al., 2021). Moreover, it remains unclear how the completion

of the translocation cycle is achieved, where it is assumed that RgcP rebinding shifts the A/P
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bound tRNA into the ribosomal P-site in order to form the POST state (Filbeck et al., 2021;

Crowe-McAuliffe et al., 2021).

The two independent studies obtained one common structure - the 50S-RqcH complex with a
A/P-like tRNA and both defined it as a state before final translocation which requires RqcP for
completion. Their model mechanism for the formation of the A/P-like state involves the action
of both, RqcH and RqcP and start with the tRNA delivery to a stalled 50S complex in which the
P-site tRNA is supposed to be stabilized by RqcP (Filbeck et al., 2021; Crowe-McAuliffe et al.,
2021).

In both Ala-tailing models they assume that binding of RqcP is required to fully translocate the
A/P like tRNA attached to RqcH to the P-site, thereby resembling a post-translocation like state
(state B) observed in Crowe-McAuliffe et al., 2021 only. This state is most similar to our struc-
ture with the difference that RqcP is not bound (Figure 60A). Compared to the RgcH in state
B, the RqcH in the presented structure is about 31 A rotated relative to the tRNA. This differ-
ence may be caused by the absence of RqcP, which stabilizes the NFACT-N domain around the

anticodon of the P-tRNA (Figure 60B).
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Figure 60: Comparison of RqcH in translocation state B and in the presented mutant RqcH-50S state.
A) Superimposition of RqcH (present work, purple) with RqcH of state B (PDB-ID: 7ASS, grey) by tRNA
alignment (P-tRNA: blue, present work). The NFACT-N and HhH domains and C-terminal NFACT-R are
shifted by about 31 A relative to the P-site bound tRNA. B) This figure was taken from Crowe-McAuliffe
et al., 2021 and shows in the close-up view that YqbO (=RqcP) binds both the H69 and RqcH’s NFACT-
N domain. Left: Overview of the 50S ribosomal subunit (grey) bound to RqcH (purple), P-site tRNA
(blue) and YabO (=RqcP, yellow).

Compared to the state B, defined as post-translocation like state in Crowe-McAuliffe et al.,
2021, the presented state most likely represents an initial recognition state since the RqcH
NFACT-N* mutant is defective in tRNA binding and Ala-tailing (Lytvynenko et al., 2019). This
implies, unlike to what is proposed in Crowe-McAuliffe et al., 2021, the P-tRNA do not require
stabilization by RqcP before RqcH binding. This is also consistent with the biochemical exper-

iments in Filbeck et al., 2021, which showed that RqcP is not required for RqcH recruitment.
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Therefore, it can be assumed that RqcP becomes important only after the recognition of the

P-tRNA-50S complex.

However, it has been shown that RqcP is required together with RqcH for Ala synthesis (Filbeck
et al., 2021). RgcP was observed to contact 23S rRNA helices H68 and H69, NFACT-N and the
P-tRNA (Filbeck et al., 2021; Crowe-McAuliffe et al., 2021; Figure 60B and C). In our structures,
the binding of RqcP is probably not possible, because these 23S rRNA helices exhibiting an
alternatively conformation which most likely formed due to a low the concentration of mag-
nesium used for sample preparation (see chapter 2.2.6). A sufficient magnesium environment
is mandatory for the formation of the RNA tertiary structure (Draper, 2004). In the other stud-
ies (Filbeck et al., 2021; Crowe-McAuliffe et al., 2021), a much higher magnesium concentra-

tion was used, which prevented the formation of the state we have observed.

Although it cannot be excluded that our complex is an artificial complex, because RqcH is mu-
tated and the functional helices are missing, this structure may represent a complex that

shows how the binding of RqcH to the 50S may look like.

The assumption that the presented mutant RqcH-50S complex is an initial recognition state,
together with the observation that the NFACT domains have a dynamic character, which was
also observed in the other studies (state B* in Crowe-McAuliffe et al., 2021, or translocation
state, Figure 57), leads to an alternative hypothesis. In this hypothesis, the elongation in pro-
karyotic RQC starts at an initial recognition RqcH-P-tRNA-50S state, unlike the other studies
that begin with a RgqcP-RqcH-PtRNA-50S state. In the initial recognition state, the CC1 domain

forms a primary barrier preventing the delivery or binding of an A-tRNA (Figure 61).

This barrier may be removed by the cooperative interaction of RgcH and RqcP on the stalled
50S complex. Binding of RqcP may induce movement of the NFACT-N domain only towards
the anticodon of the P-tRNA. The domain rearrangement in RqcH similarly as observed in state
B* with highly flexible NFACT-domains (Crowe-McAuliffe et al., 2021) might be followed by
the adjacent CC1 helix. This results in a hypothetical PRE tRNA sensing state - a likely transient
state since it was not observed yet (Figure 61). In this state, the NFACT-R loops that replace
helix 38 are accessible to sense and/or coordinate an incoming A-tRNA (Figure 38) which ap-

pears necessary for a processive tailing reaction (Figure 39C).

Sensing the occupancy of a tRNA in the A-site may trigger rearrangement in RqcH, leading to

re-blocking of the ribosomal A-site and formation of A-tRNA sensing state (Figure 61) with



112 Discussion

tRNA bound to the ribosomal A-site, like the decoding complex in Filbeck et al., 2021 (Figure
57). Additional experiments are needed to show how a newly delivered tRNA is sensed within

the prokaryotic RQC.

'-',‘l,‘ .. Mdomain
P-tRNA =
;!g SRL
P-tRNA Recognition PRE AtRNA Sensing A-tRNASensing

Figure 61: A hypothetical PRE A-tRNA sensing state might be result after RgcP binding and movement
of the NFACT-N-HhH domains only towards the anti-codon of the P-tRNA. Consequently, the adjacent
CC1 helix would follow, thereby providing space which is required to for sensing a new A-tRNA.

4.2 Discussion tmRNA

The structural analysis of the 70S-tmRNA-EF-G-FA sample revealed five different structures
with resolutions between 3.5 A and 3.8 A. The tmRNA-PRE state represents a state before the
first translocation starts. The two tmRNA-POST states are intermediates formed during the
first translocation. The PAST-E states, the PAST-E-TI-POST and PAST-E-POST, are derived from
later translocation steps. The structures provide detailed molecular insights into the process
by which the large tmRNA and its adapter protein SmpB pass through the ribosome and ac-

complish correct MLD loading.

However, when our structural analysis of the 70S-tmRNA-EF-G-FA sample completed, a publi-
cation appeared showing cryo-EM maps tmRNA-structures from E. coli at resolutions of 3 A to
4 A (Rae et al., 2019). They obtained three tmRNA structures: one state that formed before
translocation, the A-site complex, and two states that formed after the first translocation, and

second translocation, the P-site complex, and the PAST-E site complex, respectively.

The PAST-E-site complex and A-site complex in Rae et al., 2019 are very similar to our PAST-E-
POST and tmRNA-PRE state, respectively. Comparison of these structures revealed comple-

mentary results. However, the translocation has not been explored in this study and also the
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process of MLD loading were elusive. The MLD of the tmRNA replaces the dysfunctional mRNA
of stalled ribosomes and encodes a resume codon and a stop codon required for performing
the translation in trans. The MLD is fully loaded within the mRNA channel by two translocation
steps: first tmRNA translocation into the P-site and second, tmRNA translocation through the

E-site.

Moreover, during the translocation, the intermediate tmRNA states must overcome the fol-
lowing barriers: (i) intersubunit bridges Bla and Blb for the passage of tmRNA’s helix H2, (ii)
the 30S-site latch for MLD-loading into the mRNA entry channel and (iii) the E-site latch for
MLD-loading into the mRNA exit channel.

The structural rearrangement required for translocation and MLD loading are accomplished
by a combination of 30S subunit rotation and 30S-head swiveling/tilting as well as EF-G re-

lease.

4.2.1 The tmRNA-PRE structure - the state before translocation starts

The tmRNA-PRE complex represents the state right after accommodation of TLD/SmpB into
the ribosomal A-site and thus it is also referred to as the accommodation state. Comparison
with a high-resolution crystal structure of the pre-accommodated tmRNA complex from T.
Thermophilus reveals that the binding position of the C-terminal helix of SmpB is maintained
during accommodation, while the TLD and SmpB body moves into the A/A-position to place
its 3’CCA-end into the peptidyl transferase center (PTC) (Neubauer et al., 2009) (Figure 62A
and Figure 44A).

Comparison of the presented tmRNA-PRE structure with the A-site complex (also referred to
as accommodated state) from E. coli described in an independent study (Rae et al., 2019) show
that the position of SmpB is in good agreement, while the acceptor ends of the TLD at the
ribosomal 50S subunit differ (Figure 62A). The overlay of the A-site complex with a canonical
hybrid PRE complex (Rundlet et al., 2021) indicates that the position of the acceptor ends
match suggesting that the A-site complex is an accommodated state with the TLD-SmpB in
A/P hybrid binding position (Figure 62B). Thus, the tmRNA-PRE structure presented here with
TLD-SmpB module in classical A/A binding position forms another high-resolution structure in

the trans-translation pathway.
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TLD and SmpB of PRE = accommodated state A/P tRNA of hybrid PRE Classical PREstate
(this work) (Rundlet et al., 2021) (Demeshkina et al, 2014)

TLD and SmpB of PRE = accommodated state
(Raeetal., 2019)

Figure 62: Comparison of TLD/SmpB of the tmRNA-PRE and pre-accommodated tmRNA state and
canonical PRE state tRNAs. A) Overlay of the atomic models of the TLD-SmpB module of accommo-
dated states (this work and Rae at al., 2019; PDB-ID: 6Q97) and pre-accommodated state (Neubauer
at al., 2012; PDB-ID: 4v8Q) upon a common 50S alignment. B) Overlay of the atomic models of the
TLD-SmpB module of accommodated states (this work and Rae at al., 2019; PDB-ID: 6Q97) and A/P
hybrid-tRNA Rundlet et al., 2021; PDB-ID: 7N2U) upon a common 50S alignment. C) Comparison of the
conformational configuration of A1492/A1493 and G530 at the decoding center in the present tmRNA-
PRE state (colored), the accommodated state (green, Rae et al., 2019) and a canonical PRE state (grey;
Demeshkina et al., 2012; PDB ID: 4v87) after 50S alignment.

The process by which the tmRNA-SmpB is delivered to stalled ribosomes by EF-Tu was de-
scribed in Neubauer et al., 2012. In this study, they observed that in the absence of codon-
anticodon base pairing, the interaction of SmpB core residues His22 and His136 with the de-
coding nucleotides G530, A1493, respectively, are sufficient to facilitate decoding (see also
chapter 1.3.2.1). After decoding they observed the tRNA-like entity (tmRNA-TLD and SmpB
core) in the A/T-position (Figure 62A, Neubauer et al., 2012) in complex with EF-Tu stalled with
kirromycin that prevents EF-Tu release and the accommodation of the 3’CCA-end of the
tmRNA into the PTC of the ribosomal A-site. However, it was not clear what happens after

accommodation with tmRNA-SmpB at the decoding center.
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In the presented tmRNA-PRE state, the accommodated state, the residues His22 and His136
of SmpB interacts with the decoding center nucleotides A1493 and G530, respectively (Figure
45A and B). This observation is in good agreement with the interaction of SmpB and
A1493/G530 observed in the A-site complex (Rae et al., 2019). Since the interaction of SmpB
with the same decoding nucleotides is also observed in the pre-accommodated tmRNA com-
plex (Neubauer et al., 2009), it is suggested that the G530/A1493 interaction is maintained
during TLD-SmpB accommodation. However, compared to canonical decoding of tRNA, where
G530, A1493 as well as A1492 participate in anticodon-codon recognition (Ogle et al., 2001),
the SmpB interaction in the pre-accommodated (Neubauer et al., 2009) and accommodated

tmRNA states (present work and Rae et al., 2019) do not involve A1492 (Figure 62C).

4.2.2 tmRNA-SmpB translocation into the P-site requires an open bridge Bla

The movement of the tmRNA from the ribosomal A-site to the P-site requires the disruption
of the intersubunit bridge Bla, which is formed by the A-site finger (ASF) and ribosomal pro-
tein uS13 (see also chapter 1.2.3.3). The tmRNA-PRE state shows a closed Bla conformation
that prevents the passage of helix 2 (H2) of the tmRNA (Figure 63A). However, the tmRNA-TI-
POST states exhibit an open Bla conformation, which allows tmRNA-H2 movement into the
P-site (Figure 63B and C). The distances measured between the Bla-forming elements is 51 A

in the tmRNA-TI-POST | and 43 A in the tmRNA-TI-POST Il state, respectively.

The smaller space in the tmRNA-TI-POST Il state results from the 5° 30S body back-rotation
(Figure 47). In comparison with canonical TI-POST (Ramrath et al., 2013), where the 30S head
swivel of 19° alone causes a 25 A separation of the Bla elements, the additional 30S head tilt
in tmRNA-TI-POST states enlarges the Bla gap significantly. This extra-wide Bla opening is
essential for tmRNA-H2 passage during the ratchet movement as proposed in Weis et al., 2010

and Ramrath et al., 2012.

After translocation of the TLD-SmpB module into the P-site, the Bla gap amounts back to 25
A as it is observed in the tmRNA-POST state in Rae et al., 2019 (Figure 63D). However, com-
pared to a classical POST state (Dunkle et al., 2011), where the Bla bridge is closed (~ 7 A), the
tmRNA-POST state (Rae et al., 2019) still exhibits a larger Bla gap providing the space required

for stabilization and positioning the tmRNA-H2 between the two ribosomal subunits.
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Notably, during and after tmRNA-H2 passage through bridge Bla, the pseudoknot 1 (PK1) re-
mains associated with the ASF (Figure 63B-D). The importance of the PK1-ASF contact has al-
ready been demonstrated by PK1/ASF mutation experiments, which showed that PK1, but not
other PK ring elements, and a functional ASF are required for tmRNA function (Nameki et al.,

2000, Crandall et al., 2010).

A tmRNA - PRE B tmRNA - TI-POST |

10 A (closed B1a) 51 A (open Bla)
; . ASF H

D tmRNA — POST (Rae et al., 2019) C tmRNA - TI-POST Il
25A (closed B1a) 43 A (open B1a)

Figure 63: Conformation of bridge Bla in the tmRNA structures. A) tmRNA-PRE (this work), B)
tmRNA-TI-POST state | (this work), C) tmRNA-TI-POST state Il (this work) and D) tmRNA-POST state
(Rae et al., 2019). Shown are the cryo-EM densities (grey) and corresponding atomic models for the
tmRNA helix H2 (green), PK1 (yellow) and Bla-forming elements uS13 (orange) and the ASF (blue). The
distances were measured between the Bla forming elements, uS13-Arg92 (orange spheres) and H38-
C889 (blue spheres). The density maps were gaussian low-pass filtered (width: 1.0 A for tmRNA-PRE, -
TI-POST states and width: 2.0 A for tmRNA-POST state).

4.2.3 During translocation the SmpB C-terminal tail leaves the mRNA entry channel

During tmRNA translocation into the P site, the C-terminal tail of SmpB flips into the mRNA exit
channel and vacates the space of the mRNA entry channel for occupation by the mRNA-like
domain (MLD). In both tmRNA-TI-POST states the C-terminal tail remains alpha-helical and is

positioned within the mRNA exit channel in a similar manner as observed in the tmRNA-POST
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state (Rae et al., 2019; Figure 64). However, in contrast to the tmRNA-POST state (Rae et al.,
2019) there is a significant difference in the position of SmpB’s loop K131-H136 (Figure 64). The
loop has shifted towards the A-site after translocation in order to position the MLD resume
codon properly into the empty A-site to form the tmRNA-POST state (Figure 67B; Rae et al.,
2019).

Since both tmRNA-TI-POST structures representing a certain temporary state and further inter-
mediates states are likely to be present as observed for the canonical TI-POST states (Ramrath
et al. 2013; Zhou et al., 2013, 2014, 2019), it cannot be excluded that SmpB tail takes over
additional intermediate positions. As soon as the C-terminal tail of SmpB leaves the mRNA
channel, it can be occupied by the mRNA-like domain (MLD) of the tmRNA, which occurs in a

stepwise manner (see next chapters).

E-site P-site A-site

SmpB -TI-POST |
SmpB -TI-POST 1l
SmpB -POST
(Rae et al., 2019)

mRNA exit channel

mRNA entry channel

Figure 64: Comparison of SmpB’s C-terminal tail before, during and after translocation of the tmRNA
into the P-site. A) In the tmRNA-PRE state (orange), the C-terminal tail of SmpB is positioned in the
mRNA-entry channel in a similar way as observed for the hybrid PRE state (blue, Rae at al., 2019). In
the tmRNA-TI-POST states (purple, green) and POST state (grey, Rae et al., 2019), the SmpB C-terminal
tail is located within the mRNA exit channel.
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4.2.4 tmRNA movement before MLD enters the ribosomal 30S latch

A physical barrier that prevents the mRNA-like domain (MLD) to enter the mRNA channel is
formed by helix H5 of the tmRNA in the PRE-translocation state (see tmRNA-PRE state in Fig-
ure 65). During translocation, the tmRNA-H5 moves by about 20 A freeing the mRNA entrance
and subsequently interacting with uS2 at the surface of the 30S subunit (Figure 65). The inter-

action of H5 with uS2 may stabilize the PK ring during MLD loading.

Together with PK2, the helix H5 of the tmRNA is additionally stabilized at the ribosomal solvent
side by uS3 (Figure 46A, Figure 51, Figure 54C and D). The high conservation of uS3 (Ramrath
et al., 2012) and PK2 (Hudson et al., 2014) as well as their maintained interaction observed in
all tmRNA states (Ramrath et al., 2012; Weis et al., 2010; Neubauer et al., 2014; Rae et al.,

2019) highlights their function during the movement of the tmRNA through the ribosome.

tmRNA - PRE
tmRNA - TI-POST |
tmRNA - TI-POST Il
tmRNA - POST
(Rae et al., 2019)

Figure 65: Position of helix H5 and MLD of the tmRNA before, during and after translocation. Super-
position of helix H5 of the tmRNA by a common 505 alignment. The tmRNA’s H5 moves about 20 A
during the transition from the tmRNA-PRE state complex (orange) to the tmRNA-TI-POST complexes
(state I: purple and state Il: green), facilitating the MLD to pass through the space which was previously
filled by the tail of SmpB (orange). The interaction between H5 and uS2 observed in tmRNA-TI-POST
states is maintained in the tmRNA-POST state (grey, Rae at al., 2019).

As seen in previous cryo-EM reconstructions of pre-accommodated (Neubauer at al., 2012),
PRE-translocated (Rae et al., 2019) and fully translocated tmRNA (Weis et al., 2010; Fu et al.,
2010), the conformation of the pseudoknots (PK1-4) in the presented tmRNA-PRE and -TI-

POST states mostly remains the same (Figure 41A-C). However, during tmRNA transition from
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the A-site (Figure 66A) towards the P-site (Figure 66B-D), the tmRNA’s H5 enlarges its dis-
tances relative to PK1, providing more space for the MLD extension. Both, the tmRNA-H5 and
PK1 anchor the MLD on the solvent exposed side and intersubunit side on the ribosome, re-

spectively.

The tentative MLD models for the tmRNA-TI-POST states reveal differences in their position
relative to the ribosomal 30S latch (Figure 66B and C). The 30S latch is a dynamic area of the
MRNA entry channel that is formed by helix h34 in the 30S head and the G530 nucleotide of
h18 in the 30S body, respectively. Opening of the 30S latch is a consequence of the 30S head
movement in the tmRNA-TI POST states that allows the MLD to enter the mRNA channel (Fig-
ure 66B and C). This is similar to eukaryotic translation initiation complexes, in which enlarging
the gap between the 40S head and body latch components facilitates mRNA docking into the

mMRNA entry binding channel (Sokabea and Frasera, 2017; Passmore et al., 2007).

The presented tmRNA-TI-POST states show an open 30S latch conformation defined by the
distance of more than 20 A between G530 of h18 and h34 seen in the previous tmRNA-TI-
POST structure (Ramrath et al., 2012). In contrast, the tmRNA structures with unrotated ribo-
somal conformation, such as tmRNA-PRE (Figure 45), in which the mRNA channel is occupied
by the C-terminal tail of SmpB, or tmRNA-POST (Rae et al., 2019), in which the channel has
just been loaded with MLD, do not require access to the mRNA entry channel and open 30S

latch conformation (Figure 66A and D).

Even though the 30S latch of both tmRNA-TI-POST states is sufficiently wide open for the MLD
to enter the mRNA channel, the MLD passed the 30S latch is only observed in the tmRNA-TI-
POST Il state. The combination of a larger 30S head rotation and starting back rotation in the

tmRNA-TI-POST Il state (Figure 47B) likely causes the MLD entry into the mRNA channel.
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A tmRNA - PRE B tmRNA-TI-POST |
PK1
"> 50A .3
h34
}(z Closed 30S latch
13A ’3?' h18 Open 30S latch
0
D tmRNA -POST C tmRNA -TI-POST Il

(Raeetal. 2019)

Open 30S latch

Closed 30S latch

Figure 66: 30S-latch opening and MLD unfolding. A) tmRNA-PRE state, B) tmRNA-TI-POST | state, C)
tmRNA-TI-POST Il and D) tmRNA-POST state (Rae et al., 2019). Shown are the models for the 30S latch
components h34 and h18 (yellow) and the tmRNA (magenta). The 30S latch distances were measured
between nucleotide C1055 of h34 and G530 of the h18, both shown as yellow spheres. The nucleotides
C78 of PK1 and G108 of H5 enclosing the MLD (black) used for measurement are shown as pink
spheres.

4.2.5 MLD loading requires 30S subunit/head rotation and EF-G-release

The sustained interaction of MLD with protein uS3 observed in the tmRNA-TI-POST (this study
and Ramrath et al., 2012) suggest that particularly this 30S head protein contribute to MLD
navigation into the mRNA channel during translocation (Figure 67A). In contrast, the 30S body
elements, uS4, uS5, h18, and h44 participate in MLD stabilization only after initial (tmRNA-TI-
POST Il in Figure 67A) or completed MLD insertion (tmRNA-POST in Figure 67A; Rae et al.,
2019). Moreover, the ribosomal proteins uS3, uS4 identified to have helicase activity, are likely

to involve in MLD unwinding as suggested for the mRNA (Takyar et al. 2005).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6120702/#A032664C149
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To finalize MLD loading in the first translocation step, the resume codon of the MLD must be
positioned correctly into the decoding site for restarting the translation in trans. Biochemical
experiment with tmRNA mutants of E. coli showed that five nucleotides upstream of the re-
sume codon in the MLD are critical for establishing the reading frame (Lee et al., 2001; Konno
et al., 2007). This region of the resume codon was shown to interacts with SmpB at the ribo-

somal A-site within the tmRNA-POST structure (Figure 67B; Rae et al., 2019).

Comparison with the tmRNA-POST state (Rae et al., 2019) shows that EF-G in the tmRNA-TI-
POST states clashes with the MLD five nucleotides upstream the resume codon (Figure 67B).
Moreover, the upstream nucleotides contacting SmpB’s residues, Thr110 and Lys134, ob-
served in the tmRNA-POST state (Rae et al., 2019) are too far away to interact with MLD during
translocation (Figure 67B-C). This suggests that an interaction of MLD with SmpB within the
ribosomal A-site is achieved during back-rotation and after EF-G-release from the tmRNA-TI-
POST states. Since the EF-G-release in canonical translocation occurs after finalized 30S body
and head back rotation, it is obvious that the EF-G-release in the presented tmRNA TI-POST
states represents one of the last steps of MLD loading and subsequent initiation of the trans-

translation process.
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A
tmRNA-TI-POST | —
tmRNA-TI-POST I -
tmRNA - POST — MLD completed loaded (PDB ID: 6q98)
B
A ;‘;\ Resume codon
17
3‘end MLD
C

Resume
codon

Figure 67: Comparison of MLD and SmpB position in the presented tmRNA-TI-POST states and a
tmRNA-POST state. A) Superposition of MLD of tmRNA-POST | (pink), tmRNA-TI-POST Il (green), and
tmRNA-POST state (grey, PDB-ID: 698, Rae et al., 2019) by common 30S body alighment. The 30S
elements surrounding the MLD are indicated. B) Superposition of the tmRNA-POST (grey, PDB-ID:
6098, Rae et al., 2019) and the tmRNA-TI-POST Il (MLD in magenta, EF-G in red, SmpB in blue, A-site in
yellow) upon a 50S alignment. The resume codon (black) and 3’end of the MLD are indicated. C) Close
up view from B) shows the residues of SmpB, Tyr110 and Lys134 of the tmRNA-TI-POST Il state are not
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in binding distance to interact with the MLD upstream of the resume codon. The same Color code was
used as in B).

4.2.6 Second translocation completes MLD loading into the mRNA channel

The conformation and binding of tmRNA-SmpB in both PAST-E states are in good agreement
with the recently published PAST-E state of in vitro constituted tmRNA-SmpB-P-tRNA-70S com-
plex (Rae et al., 2019) (Figure 68). This reinforces the hypothesis that the ribosome slide along
the mRNA without requiring interaction anticodon shifted the tRNA into the P-site, thereby

forming a state that resembles a physiological state.

P-site tRNA

\

E-site tRNA \‘ e

PAST-E-TI-POST (this work)
PAST-E-POST (this work)
PAST-E -POST (PDB-ID: 6q9a)

Figure 68: Comparison of tmRNA-PAST-E models with a similar model. Superposition of the tmRNA,
SmpB, P-site and E-site tRNA in the PAST-E-TI-POST state (purple), PAST-E-POST state (green) and PAST-
E-state (in orange; Rae et al., 2019) upon a common 50S alignment reveal a good match.

The first translocation cycle brings the tmRNA in the P site and the translation resume codon
of the tmRNA in the A-site (Figure 69A, Rae at al., 2019). The second translocation moves the
resume codon of MLD into the P-site but resembles an unexpected state where the tmRNA has
passed the E-site (Figure 69A; Figure 53A and C). However, even though tmRNA-SmpB-binding
in the E-site is skipped in the trans-translation, the presence of EF-G in the intermediate PAST-
E state (Figure 53A) indicates that the translocation of MLD into the P-site occurred in a canon-

ical manner.

For tmRNA translocation from the P-site towards the E-site, the most obvious ribosomal barrier

to overcome is the intersubunit bridge B1b formed by protein uS13 of the small subunit and
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uL5 as well as bL31 of the large subunit (Figure 69B, see also chapter 1.2.3.3). The larger gap
between the Bl1b-forming elements observed in the tmRNA-TI-POST-II of this study would ste-
rically favor the movement of the tmRNA towards the E-site (Figure 69C). This suggest that the
same structural rearrangement occurring during the first step, may take place during the sec-
ond translocation, too, allowing the tmRNA-SmpB in the P-site (Rae at al., 2019) to pass through
bridge B1b. However, a binding into the E-site would require structural rearrangement within
the tmRNA. Assuming the ribosome adopts the unrotated conformation as observed in the
tmRNA-POST state after the second translocation, the PK1 domain of the tmRNA would steri-
cally clash with the central protuberance when fitting the TLD of the tmRNA into the ribosomal

E-site (Rae et al., 2019).

For complete MLD loading, a structural constriction, called the E-site latch, has to be opened.
The E-site latch is formed by the 30S head protein uS7 and 30S body elements, protein uS11
and G693 of 16S rRNA helix h23 (Figure 69D). The E-site latch in the tmRNA-TI-POST Il states
exhibits a larger distance separating G693 and protein uS7, compared with the PAST-E-POST
state (Figure 69E). Similar to the 30S latch, the widening of the E-site latch is probably accom-
plished by the large tilting movement of the 30S head allowing the tmRNA to pass the E-site.

P-site tmRNA
(Rae et al., 2019)

YoV
N

P-site tmRNA |
(Rae et al., 2019)|

A} PAST-E-POST tmRNA

Figure 69: The overcoming barriers, bridge B1lb and E-site latch, for the tmRNA to complete MLD
loading and to form the PAST-E states. A) Superposition of the P-site tmRNA (in grey, Rae et al., 2019)
with its MLD (red) and resume codon (red spheres) and the PAST-E-POST tmRNA with its MLD (black)
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and resume codon (black spheres) by a common 50S alignment. The ribosomal tRNA binding sites are
indicated as A, P and E. B) Conformation of bridge B1b (uL5 in brown, bL31 in cyan, uS13 in orange) of
the POST state (Rae et al., 2019). C) Superposition of the B1b bridges of the POST state (Rae et al.,
2019; same coloring as in B)) and tmRNA-TI-POST Il state (green) by a 50S alignment. D) Conformation
of the E-site latch (nucleotide G693 of the 16S rRNA helix h23 in yellow, uS11 in blue, uS7 in purple) of
the PAST-E-POST state. E) Superposition of the E-site latch components of the PAST-E-POST-state
(same coloring as in D) and tmRNA-TI-POST Il state (green) after 50S alignment.
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5 Conclusions

This work focused on the structural investigation of key steps involved in the prokaryotic path-
ways to rescue stalled ribosomal complexes - the ribosome-associated quality control (RQC)

and the trans-translation.

The cryo-EM structure obtained from wild-type RqcH co-purified 50S subunits lacked RqcH
density but suggested that the nascent chain-stalled 50S complex is a bound by RgcH. These
results provided complementary evidence for RqcH’s role in prokaryotic RQC in Lytvynenko et
al. 2019. The following cryo-EM analysis of the mutant RqcH-50S complex crosslinked with
glutaraldehyde enabled the visualization of all domains of RqcH (NFACT-N-HhH, CC1-M-CC2
and NFACT-R) on P-tRNA-nascent chain-50S subunits.

Docking of RqcH to the ribosomal 50S subunit is achieved largely by the M-CC2 region, with
the functional analysis suggesting that the CC1-M-CC2 region alone is able to anchor RqcH to

the 50S subunit and CC2-ribsomal stalk base interaction as essential for the function of RqcH.

Comparison with all existing RQC structures shows that the M-CC2 region is always bound
around the GTPase associated center which suggest this region in all Rqgc2 homologous (NEMF,
Rqc2 and RqcH) generally forms a stable anchor to the large ribosomal subunit. Whereas the
N- and C-terminal lobes (NFACT-N-HhH and NFACT-R/C) in prokaryotic and eukaryotic RQC
complexes seem to have a dynamic character and can move around more during the catalysis

cycle.

The interaction of the NFACT-R domain with the ribosomal A-site finger was observed in all
prokaryotic structures which indicate its functional relevance for RqcH during the whole ca-
talysis cycle. Moreover, our structure-function analysis suggests that the NFACT-R domain as-

sists in tRNA positioning during the tailing reaction.

Compared to prokaryotic wilde-type RQC structures, the P-tRNA binding by mutant RqcH oc-
curs without the involvement of the NFACT-N* domain that is defective in tRNA binding. This
implies that the NFACT-N domain is dispensable for RqcH binding to the P-site tRNA bound to
50S subunits. Since the RqcH mutant is disabled in its function (Lytvynenko et al., 2019), the

structure likely represents an initial recognition state within the Ala-tailing cycle. However,
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appropriate experiments must follow in order to prove the presence of such an initial recog-

nition state within the prokaryotic RQC pathway.

The cryo-EM structures obtained from the 70S-tmRNA-EF-G-FA specimen provide insights of
the structural barriers which must overcome during the translocation of the trans-translation.
Moreover, the tmRNA-TI-POST structures answer one outstanding question, namely what
conformational changes of SmpB takes place during translocation. The C-terminal tail of SmpB
in the tmRNA-TI-POST states remains a-helical, but flips to the empty A-site, and occupies the
MRNA exit channel and thereby anchoring tmRNA-SmpB in the ap/P position on the ribosome.
However, whether the C-terminal SmpB tail also occupies other intermediate positions not

seen in our structures remains to be investigated.

During the first translocation tmRNA-H5 moves away from its position at the A-site in the
tmRNA-PRE state facilitating the MLD to enter the mRNA entry channel before occupied by
the SmpB C-terminal tail. The MLD is subsequently threaded through the 30S-latch into the
mMRNA channel in a stepwise manner. This occurs during 30S head tilting in the tmRNA-TI-POST
states and is assisted by ribosomal elements (uS3, uS4, uS5, h16, h18, and h44). The position-
ing of the resume codon of the MLD properly into the P-site is accomplished by a complete

30S back rotation and subsequent EF-G-release, thereby ending the first translocation cycle.

The second EF-G mediated translocation moves the tRNAs and mRNA forward by one codon.
However, the tmRNA in the resulting state does not mimic a tRNA in the E-site since it was
found passed the ribosomal E-site which is consistent with similar structures. To accomplish
full MLD loading, the tmRNA’s passage through the intersubunit bridge B1b and MLD insertion
through the E-site latch is achieved in the second translocation. However, it is unclear whether
complete mRNA loading requires an extra-large 30S head rotation during the second translo-

cation, too but it would be one option to disrupt the E-site latch barrier.

However, many questions remain about the exact nature of MLD loading during the tmRNA-
SmpB translocations withing the trans-translation. The results presented here provide a struc-

tural framework for designing future experiments to address these unanswered questions.
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6 Supplement

Supplementary tables.

Table S1: Used templates for building the mutant RqcH-50S model.

Factor Chain ID Source of the model

23S rRNA A PDB ID: 3j9W

5S rRNA PDB ID: 3j9W

tRNA PDB ID: 3WQZ

O o | ®

ul2

ul3

m

ul4

-

ul5

I | o

ulL6

uL10 |

ulLll J

ulLl3 K

uL14 L

ulL15

ulLl6

bL17

PDB ID: 3j9W
uL18

bL19

bL20

bL21

ul22

ul23

uL24

S| <|c|d|w m|p|lwv|lo|z|=Z

bL27

ulL29 X

uL30 Y

bL31 z
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Factor Chain ID Source of the model

bL32 1
bL33 2
bL34 3
bL35 4
bL36 5

Nascent chain 6 Built de novo

PDB ID: 5H3X

Rigid-body dock
RqcH 7 PDB ID: 5H3W

M: Built de novo

PDB ID: 5H3W
Rigid body dock

RgcH-Sequence

Uniprot ID: 034693
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Table S2: Used templates for building the tmRNA-70S models.

Source of model (PDB-ID)

Factor

Chain ID

PRE

TI-POST-1 and Il

PAST-E- TI-POST
and POST

23S rRNA

5S rRNA

16S rRNA

6097

6997

609a

mRNA

W N e

Sequence shown in
chapter 2.3.3

n.p.

n.p.

P-tRNA

6997

E-tRNA

6097

6098

6997

6997

tmRNA

6097

6098

609a

SmpB

6097

6098

609a

ul2

ul3

ul4

ul5

O  O|m | > | 0| N | o | u

ulL6

m

bL9

ulL10

uLl1l

I | &

ulL13

uL14

ulL15

uLl6e

bL17

ulL18

L19

bL20

bL21

ulL22

ul23

uL24

bL25

bL27

<|lclHd4 | wvw| = plvwlo|l=z <2

6097

6098

609a
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Source of model (PDB-ID)

Factor

Chain ID

PRE

TI-POST-1and I

PAST-E- TI-POST
and POST

bL28

ulL29

ulL30

bL31

w
X
Y
z

bL32

bL33

bL34

bL35

bL36

uS2

uS3

uS4

uS5

bS6

uS7

uS8

uS9

uS10

usll

uS12

us13

uSi4

uS15

bS16

us17

bS18

uS19

bS20

bS21

EF-G

n.p.

4v9m

For POST only:4vOm

n.p.: not present
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Table S3: Statistics for the atomic models of mutant RqcH-50S structure.

Mutant RqcH-50S

Cross-resolution

FSC cutoff at 0.5 3.2A
(Map-to-Model)
All-Atoms Contacts Clashscore, all atoms 4.59
Poor rotamers 7.07%
Favored rotamers 84.47%
Ramachandran outliers 0.05%
Ramachandran favored 93.00%
Protein Geometry Rama distribution Z-score -0.61+0.11
Molprobity score 2.33
CB deviations >0.25 A 0.03%
Bad bonds 0.00%
Bad angles 0.04%
Cis Prolines 0.00%
Peptide Omegas Cis nonProlines 0.19%
Twisted Peptides 0.08%
Probably wrong sugar puckers 0.40%
Nucleic Acid Bad backbone conformations 18.12%
Geometry Bad bonds 0.00%
Bad angles 0.02%
CaBLAM outliers 5.0%
Low-resolution Criteria
CA Geometry outliers 1.25%
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Table S4: Statistics for the atomic models of tmRNA-70S structures.
tmRNA- tmRNA- tmRNA- PAST-E- PAST-E-
PRE TI-POST | | TI-POST Il TI-POST POST
Cross-resolu-
tion (Map-to- | FSC cutoff at 0.5 3.8A 3.6A 3.9A 3.8A 3.8A
Model)
All-Atoms Clashscore, all at-
Contacts oms 9.92 9.45 11.81 9.95 9.4
Poor rotamers 1.42% 1.18% 0.28% 2.15% 1.64%
Favored rotamers 92.47% 93.22% 93.52% 91.90% 93.26%
Ramachandran
outliers 0.03% 0.02% 0.09% 0.03% 0.00%
Ramachandran
favored 97.04% 93.60% 93.37% 96.57% 97.33%
Protein .
Geometr Rama distribution -0.61 ¢ -0.46 £ -0.54 -0.17 -0.56
¥ Z-score 0.11 0.11 0.11 0.11 0.11
Molprobity score 1.80 1.98 2.0 1.99 1.79
CB deviations >
0.254 0.00% 0.00% 0.03% 0.00% 0.00%
Bad bonds 0.00% 0.00% 0.00% 0.00% 0.00%
Bad angles 0.00% 0.03% 0.03% 0.00% 0.00%
Cis Prolines 1.60% 0.00% 0.00% 1.28% 1.49%
Peptide
On:)egas Cis nonProlines 0.00% 0.02% 0.02% 0.02% 0.02%
Twisted Peptides 0.00% 0.02% 0.02% 0.01% 0.00%
Probably wron
cugar p:c‘l'("ers & 0.00% 1.26% 1.24% 0.89% 0.89%
i i Bad backbone
Nucleic Acid e 21.45% | 16.57% | 21.98% | 20.34% | 19.87%
Geometry
Bad bonds 0.00% 0.00% 0.00% 0.00% 0.00%
Bad angles 0.01% 0.03% 0.03% 0.01% 0.00%
Low- CaBLAM outliers 2.3% 4.9% 4.8% 2.7% 2.7%
resolution | CA Geometry
Criteria outliers 0.62% 1.35% 1.30% 0.94% 0.78%
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