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UTR untranslated region
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w Water
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For amino acids the standardized and commonly accepted single- and triple-letter and
for nucleotides the single-letter nomenclature is used. For bacteria the genus is used

abbreviated after the first entry.
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5. Zusammenfassung

Die steigende Zahl multi-resistenter pathogener Bakterien macht verfugbare
Antibiotika auf lange Zeit gesehen wirkungslos und erfordert eine umgehende
Erforschung neuer antimikrobieller Substanzen. Eine Vielzahl der aktuell klinisch
verwendeten Antibiotika hat das Ribosom als Ziel, spezifisch die Translation. In allen
lebenden Zellen synthetisiert das Ribosom wahrend der Translation die Proteine
basierend auf einer mMRNA-Vorlage. Jede Stufe der Translation wird von mindestens
einer Antibiotika-Klasse als Ziel genutzt und basierend auf einer grof3en Vielfalt
chemischer Verbindungen und Wirkmechanismen bietet sich ein gro3es Potential fur
zukunftiges strukturbasiertes Wirkstoffdesign. Eine der Methoden der Wahl fur das
strukturbasierte Wirkstoffdesign von antimikrobiellen Verbindungen, die das Ribosom
als Ziel haben, ist die Kryo-Elektronenmikroskopie. Die gro3en Ribosomen-Komplexe
konnen im schockgefrorenen Zustand, durch Vitrifizierung in einer amorphen
Eisschicht eingehdllt, in einem nahezu physiologischen Zustand analysiert und durch
,oingle Particle Analysis® in fast atomarer Auflosung 3-dimensional rekonstruiert
werden. In dieser Arbeit wurden zwei naturlich vorkommende antimikrobielle Peptide
im Komplex mit den Escherichia coli 70S Ribosomen aufgeklart, genauer die
Myxovalargin-Derivate MyxA/B aus Myxococcus fulvus und die Prolin-reichen und O-
glykosylierten Drosocin-Derivate aus Drosophila melanogaster. Wahrend beide
Peptide im ribosomalen Tunnel binden, verwenden sie sehr unterschiedliche
Mechanismen, die verschiedene Stufen der Translation behindern. MyxA/B flllen den
Tunnel in einer sehr kompakten Konformation aus und werden dabei durch direkte
und Wasser-vermittelte Interaktionen mit 23S ribosomalen RNA-Nukleotiden
stabilisiert. In Anwesenheit von MyxA/B kann die Initiator fMet-tRNA™et in der P-Stelle
des Ribosoms binden, wird jedoch durch die C-terminalen hydrophoben Reste von
MyxA/B an der korrekten Akkommodation des CCA-Endes gehindert. Aminoacyl-
tRNAs, die in der A-Stelle des Ribosoms binden, wiurden nahe dem
Peptidyltransferase-Zentrum sterisch mit MyxA/B uberlappen. Dies fuhrt zur
Inhibierung der letzten Stufe der Initiation. Wahrend Drosocine ebenfalls im Tunnel
binden und direkte sowie Wasser-vermittelte Interaktionen bilden, weisen diese
naturliche O-Glykosylierungen an ihrem Thr11 auf, welche das A752-U2609
Basenpaar der 23S rRNA-Nukleotide spalten und hierdurch die Bindung im Tunnel
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weiter verstarken. Drosocine verhindern die Dissoziation der ,Release” Faktoren von
den Ribosomen in einem Post-Hydrolyse Status und inhibieren die Terminierung und
das anschlieRende Recycling des Ribosoms.

Neben Antibiotika, die das Ribosom als Ziel haben, um mittels bakterizider
Effekte die Bakterien zu toten oder mittels bakteriostatischen das Wachstum zu
storen, ist auch die Untersuchung der Antibiotika, die zur Krebsbekampfung auf die
Translation von spezifischen Proteinen in eukaryotischen Zellen abzielen. In der
eukaryotischen Translation ist Kontextspezifitdt von Antibiotika essenziell, um die
Behinderung von genereller Proteinsynthese zu vermeiden. In dieser Arbeit wurde das
fur seine kontextspezifische Inhibierung der Peptidbildungs-Bildung in Bakterien
bekannte Makrolid-Antibiotikum Telithromycin, an mutierten Saccharomyces
cerevisiae Ribosomen getestet. Eine identische Bindungsstelle flr das Antibiotikum in
den eukaryotischen Ribosomen wurde identifiziert. Forschungspartner bestatigten
eine kontextspezifische Inhibierung der eukaryotischen Translation, welches eine
neue Basis fur diese Klasse von Antibiotika in Eukaryoten schafft.

Far die Zukunft der Antibiotika-Landschaft ist neben dem strukturbasiertem
Wirkstoffdesign von Verbindungen, die sowohl bakterielle als auch eukaryotische
Translation als Ziel haben, die Aufklarung der Mechanismen wichtig, die
Antibiotikaresistenz in Bakterien verursachen. In dieser Arbeit wurde die Struktur
eines neuartigen Resistenz-Homologes des ,Housekeeping Splitting“ Faktors
GTPase HflX aus Listeria monocytogenes, HflXr, aufgeklart. Diese zeigt, dass das
Arg149 aus der ,loop“-Region der N-terminalen Domane Il von HflXr deutlich tiefer in
das Peptidyltransferase-Zentrum eindringt, als nicht Resistenz-bringendes HflX,
dessen ,loop“ zwei Aminosauren kurzer ist. Der HflXr ,loop“ induziert
Konformationsanderungen in den 23S rRNA-Nukleotiden, welche die Bindung von
Antibiotika nahe dem Peptidyltransferase-Zentrum unmaoglich machen, wodurch im
geringem Mal3e Resistenz gegen diese Antibiotika erzeugt wird.

Die hier beschriebenen Arbeiten zur strukturellen Aufklarung verschiedener
antimikrobieller Verbindungen, sowie biochemischer und molekularbiologischer
Methoden an Ribosomen-spezifischen Antibiotika, vermitteln ein tieferes Verstandnis
in Mechanismen der Antibiotikaresistenz und bekraftigen die Wichtigkeit von
strukturellem Wirkstoffdesign im Kampf gegen multiresistente Pathogene und
Krankheiten.
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6. Summary

The rise in multidrug resistance in bacterial human pathogens may soon render our
current repertoire of antibiotics obsolete and it requires immediate action to research
new antimicrobial substances. Most clinically used antibiotics target the ribosome and
more specifically interfere with translation. In all living cells, during translation the
ribosome synthesizes proteins based on a mRNA template. Each step of this process
is targeted by at least one class of known antibiotics and provides a huge variety of
chemical scaffolds and mechanisms of action that have potential for future structure-
based drug design. One of the methods of choice for structure-based drug design of
antimicrobials targeting the ribosome is cryo-electron microscopy. Ribosomal
complexes can be analyzed in a flash-frozen, near-physiological state through
vitrification in a layer of amorphous ice and single particle analysis achieves near
atomic resolution of 3D reconstructions. In this study two naturally occurring
antimicrobial peptides were structurally investigated in complex with the Escherichia
coli 70S ribosome, namely the myxovalargins MyxA/B from Myxococcus fulvus and
the proline-rich and O-glycosylated drosocins from Drosophila melanogaster. While
both peptides bind within the nascent peptide exit tunnel of the ribosome, they have
very different mechanisms of inhibition and interfere with different stages of
translation. MyxA/B occludes the tunnel in a very compacted conformation and is
stabilized by both direct and water-mediated interactions with the 23S ribosomal RNA
nucleotides of the tunnel. In the presence of MyxA/B, the binding of an initiator fMet-
tRNAMet in the P-site of the ribosome is possible but the C-terminal hydrophobic
moieties of MyxA/B interfere with proper accommodation of the CCA-end. Incoming
amino acyl-tRNAs in the A-site would sterically clash close to the peptidyl transferase
centers with MyxA/B and as a result translation is inhibited at a late stage of initiation.
While drosocins also bind in the nascent peptide exit tunnel and form both direct and
water-mediated interactions with the ribosome, they are naturally O-glycosylated on
Thr11 which splits the base-pair of A752-U2609 of the 23S rRNA stabilizing their
binding in the tunnel. They lock the release factors on the ribosome in a post-
hydrolysis state and interfere with translation termination and subsequent recycling.
While antibiotics targeting bacterial translation are meant to kill the bacteria with

a bactericidal effect or stop their growth with a bacteriostatic effect, the use of
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antibiotics targeting the synthesis of specific proteins in eukaryotic cells to fight cancer
are similarly important. In eukaryotic translation the context-specificity of antibiotics is
essential to avoid interfering with general protein synthesis. In this study a macrolide
antibiotic, telithromycin, which is known to cause context-specific inhibition of peptide
bond formation in bacteria, was tested on mutant Saccharomyces cerevisiae
ribosomes, which revealed an identical binding site for the drug in the eukaryotic
ribosome. Additionally, collaborators confirmed context-specificity in eukaryotic
translation, opening a new scaffold for this class of antibiotics on eukaryotes.

While structure-based drug design of compounds targeting both bacterial and
eukaryotic translation is essential for the future of the antibiotic landscape, the
mechanisms conferring resistance in bacteria similarly deserve attention. In this study
a structure of a novel resistance homolog of the housekeeping splitting factor GTPase
HfIX in Listeria monocytogenes, HflXr, is presented. The structure revealed that
Arg149 of the loop region of the N-terminal domain Il of HfXr penetrates deeper into
the peptidyl transferase center than the non-resistance providing homolog HflX, which
has a loop that is two amino acids shorter. The loop of HfIXr induces a conformational
change in the 23S rRNA nucleotides of the PTC which is incompatible with antibiotic
binding near the PTC, thereby providing a low level of resistance to these antibiotics.

The structural investigation of different antimicrobial compounds presented in
this study, combined with other biochemical and molecular biology approaches, on
antibiotics targeting bacteria and eukaryotes, as well as a deeper understanding of
resistance mechanisms, could provide insight into the importance of structure-based
drug design efforts in the fight against multi-drug resistant pathogens and human

diseases.
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7. Introduction

7.1. The bacterial ribosome and its composition

central

o0 Z / r stem ¢ et
protuberance .~ Large subunit N . TYC-Arm o Acceptor ste .

N ’-
~ amino
{M Y@en
P :

L7/L12 " 15 ;__,\'"’ - dacnd

Wi\ stalk
‘)4(4::\:5 {{’ Y) N .c‘_;
=) —SRL Variable re C'
X ) gion 2D p-Am
L= =% ® 5 \ qﬁw\
stalk E-tRNA 3 - 3
. Vil : n
> (B
g‘*“ Anticodon stem
r‘; ? A
?/ e /Anhcodon

mRNA

Figure 1: An overview of the bacterial ribosome. a, The 70S Thermus thermophilus ribosome with the large
50S subunit (grey) and the small 30S subunit (yellow) (PDB ID 1VY4) (Polikanov et al., 2014a). Structural features
were highlighted. b, Binding sites of the mRNA (dark green) on the 30S subunit and the amino acyl-tRNA (A-tRNA,
purple) in the A-site, the peptidyl-tRNA (P-tRNA, light green) in the P-site and exit-site tRNA (E-tRNA, red) in the
E-site (PDB ID 1VY4) (Polikanov et al., 2014a). ¢, Peptidyl-tRNA (fMet-tRNA™et |ight green) with highlighted
structural features (PDB ID 1VY4) (Polikanov et al., 2014a).

The Central Dogma of molecular biology is describing the transfer of information in
living organisms in a directional way, which includes the three main steps of DNA
replication, RNA transcription and protein synthesis (translation) (Crick, 1970). The
ribosome is a large ribonucleotide complex composed of ribosomal RNA (rRNA) and
ribosomal proteins and can be found in the cytoplasm of every living organism through
all kingdoms of life and is essential to facilitate the protein synthesis (McQuillen et al.,
1959; Palade, 1955). High-resolution crystal structures of bacterial ribosomes have
been available for nearly two decades (Agrawal et al., 2000; Clemons et al., 1999;
Nissen et al., 2000; Schluenzen et al., 2000). Recent improvements in the cryo-EM
technology allowed reaching near atomic resolution, like the recently published cryo-
EM structure of an E. coli ribosome at 2 A and with structures of 1.55 A resolution on
the horizon, the gap to crystal structure resolutions closes further (Fromm et al., 2022;
Watson et al., 2020). The 70S bacterial ribosome consists of two subunits, the large
50S subunit (LSU) and the small 30S subunit (SSU) (Fig. 1a). The LSU consists of a
23S rRNA and a 5S rRNA and around 30 proteins and can be divided into domains |-
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VI, while the SSU consists of a 16S rRNA and around 20 proteins, dependent on the
organism and can be divided in domains I-IV. The SSU domains are more flexible to
each other and labeled as: 3’ major domain (head), 3’ minor domain (h44-45), the
central domain (platform) and the 5 domain (body) (Fig. 1a) (Ban et al., 2000;
Nierhaus, 1991). The rRNA builds the catalytic core of the ribosome with the peptidyl
transferase center (PTC) on the LSU being highly conserved through different species.
The nascent peptide exit tunnel (NPET) stretches through the LSU from the PTC to
the top with ribosomal proteins L4 and L22 forming the vicinity of the tunnel (Ban et
al., 2000; Cech, 2000; Hansen et al., 2002; Harms et al., 2001; Nissen et al., 2000;
Noller, 2012; Schluenzen et al., 2000). The SSU harbors the decoding center (DC)
that is decoding messenger RNA and recruiting transfer RNAs (tRNAs) through
different factors (Loveland et al., 2017; Loveland et al., 2020). The ribosome has three
designated binding sites for tRNAs, the amino acyl-site (A-site), the peptidyl-site (P-
site) and the exit-site (E-site) (Fig. 1b) (Rheinberger et al., 1981). The amino acids are
delivered by amino acylated-tRNAs that are charged on their CCA-end by aminoacyl-
tRNA synthetases (Arnez and Moras, 1997). tRNAs have a cloverleaf like secondary
structure, which is composed of an acceptor stem that is at 3’-position of the CCA-end
amino acylated, a variable loop region, a T- and a D-arm, as well as an anticodon stem
loop that is essential for the specificity of the tRNA (Fig. 1¢) (Holley et al., 1965; Kim
et al., 1974). The next chapters will introduce the processes of translation mediated
through the ribosome. Numbering of nucleotides and ribosomal proteins in this study
will be based on E. coli numbering if not otherwise specified.
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7.2. Translation

Translation is the highly controlled synthesis of a peptide chain through the ribosome.
This involves four major phases: Initiation, Elongation, Termination and Recycling.
The mRNA is translated sequentially and unidirectional in 5’ to 3’ direction from codons
of three nucleotides out of the pool of adenosine, guanosine, cytidine and uridine into
one of the 20 proteinogenic natural amino acids (Crick et al., 1961). Amino acids are
connected by a peptide bond, mediated through the ribosome during peptide bond
formation, from amino (N)- to carboxy (C)-terminus (Bishop et al., 1960; Dintzis, 1961).
Most steps of prokaryotic translation are facilitated by GTPases (Leipe et al., 2002).
An overview of the individual steps of translation is shown in Fig. 2.
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Figure 2: Schematic overview of bacterial translation cycle. a-g, Simplified overview of the different steps of
the bacterial translation cycle with 50S subunit (grey), 30S subunit (yellow), P-site tRNA (light green), A-site tRNA
(purple), E-site tRNA (red) nascent chain (light blue) and mRNA (green). a, Initiation — assembly of the 30S-IC
with initiation factors 1 (IF1, brown), IF2 (blue) and IF3 (pink). b, Subunit joining. ¢, Decoding - Ternary complex
formed by EF-Tu (orange), amino acyl-tRNA (purple) and GTP is delivering aa-tRNA. d, Peptide bond formation.
e, Translocation - EF-G translocates the peptidyl-tRNA in a rachet-like motion from A- to P-site in a multi-step
process, involving GTP hydrolysis and increasing amount of swivel of the SSU head. f, Termination — Upon

recognition of a stop codon, release factor 1/2 (RF1/2, dark blue) binding in the A-site, catalyzing the hydrolysis of

22



nascent chain (NC) followed by NC release. RF1/2 is recycled by RF3 (turquoise) and both RF1/2 and E-tRNA
dissociated. g, Recycling - Ribosome recycling factor (RRF, green) and EF-G (red) split the subunits. IF3 binds
and ejects both mRNA and deacylated-tRNA. Adapted and modified from (Korostelev, 2022; Nishima et al., 2022;
Schmeing and Ramakrishnan, 2009).

7.2.1.Initiation

7.21.1. 30S-preinitiation and 30S initiation complex

The initial step of initiation is the formation of an early intermediate 30S preinitiation
complex (30S-PIC) consisting of the small ribosomal subunit (SSU), the initiation
factors 1-3 (IF), messenger RNA (mRNA) and the initiator fMet-tRNA™et (Fig. 2a)
(Antoun et al., 2006; Milon et al., 2012). Initiation fidelity is only achieved with all three
initiation factors combined (Julian et al., 2011; Milon et al., 2008). The order in which
the complex assembles is not restricted but has a kinetically favored sequence. Initially
an unstable complex of 30S, IF3 and IF2 forms, which is joined by IF1 locking the
factors on the SSU and as a result stabilizing the complex (Milon et al., 2012; Simonetti
et al., 2008). IF1 binds the 30S A-site and by providing anchoring points, enhances
activity of IF2 and IF3, amplifying both stabilizing and destabilizing effects of the
complex, respectively (Antoun et al., 2006; Hussain et al., 2016; Wintermeyer and
Gualerzi, 1983). The GTPase IF2 recognizes the N-formylmethionine moiety (fMet) on
the CCA-end of the initiator tRNA and promotes the recruitment of the fMet-tRNAMet
to the 30S-PIC, protecting it from premature deacylation (Guenneugues et al., 2000;
Wu and RajBhandary, 1997). IF2 has a higher affinity for the initiator tRNA than for
other formylated tRNAs and by discriminating elongator tRNAs reducing the risk for
frameshifting (Antoun et al., 2006; Wu and RajBhandary, 1997). Additionally, IF3 can
distinguish the anticodon stem loop (ASL) of the initiator tRNA and prevents elongator
tRNA binding by destabilizing the tRNA in non-cognate initiation complexes or
leaderless mMRNA (Hartz et al., 1990; O'Donnell and Janssen, 2002; Petrelli et al.,
2001). IF3 protects the start codon in absence of the fMet-tRNA™et while IF1 blocks
the A-site (Hussain et al., 2016). The N- and C-terminal IF3 domains are connected
by a highly flexible linker necessary for its conformational changes (Elvekrog and
Gonzalez, 2013; Petrelli et al., 2001). IF3 prevents premature subunit joining by
destabilizing the tRNA binding sites in E- and P-site by positioning of N- and C-terminal
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regions of IF3 along the mRNA (Grigoriadou et al., 2007b; Grunberg-Manago et al.,
1975; Hussain et al., 2016). In absence of a canonical codon-anticodon interaction IF1
can alter h44 of the SSU into a unfavorable position for subunit joining, which can be
restored by placement of initiator tRNA in the P-site (Qin et al., 2012). Binding of the
mMRNA to the 30S-PIC can occur at any time and is promoted by conformational
changes of the mRNA entry tunnel in presence of IF1 and IF2 (Hussain et al., 2016;
Milon et al., 2012). However, the stability and secondary structures formed by the
mRNA in the ribosome-binding site, the cellular concentration and how abundant the
expressed gene is in the cell influences the rate in which the mRNA binds the 30S-
PIC (Milon et al., 2012; Studer and Joseph, 2006). Binding of the mRNA and start
codon recognition by codon-anticodon interactions of mMRNA and fMet-tRNA™et |eads
to transition from 30S-PIC to the stable 30S-IC undergoing a series of conformational
changes with a distinct rotational SSU head movement (Lopez-Alonso et al., 2017,
Milon et al., 2012). Additionally, in response to codon recognition IF3 undergoes
conformational changes stabilizing the 30S-IC (Elvekrog and Gonzalez, 2013;
Hussain et al., 2016).

7.21.2. 70S initiation complex

Following the formation of the stable 30S-IC the large 50S ribosomal subunit (LSU)
joins to form the 70S initiation complex (70S-IC) (Fig. 2b) (Milon et al., 2008). The
SSU head moves into a closed state closer to the body, stabilizing the tRNA and
triggering dissociation of IF3 C-terminal domain from the start codon and IF1 (Hussain
et al., 2016). The docking of subunits initially leads to the formation of an unstable
intermediate 70S-IC. Interactions of the H69 of the 50S subunit with IF3 and the
initiator tRNA lead to the rapid dissociation of IF3 and transition the 70S-I1C into a more
stable complex by forming intersubunit bridges (Liu and Fredrick, 2015). IF3
dissociating while subunit joining is highly influenced by the start codon and mRNA
secondary structures (Milon et al., 2008). Subunit joining in presence of IF3 becomes
reversible for a very short period by altering the stabilization of the SSU through
conformational changes (MacDougall and Gonzalez, 2015). IF2 is necessary to
coordinate the assembly of the 70S-IC. Positioning of IF2s GTP-binding domain in
close proximity to the 50S GTPase-activated center (Sarcin-ricin loop) allows rapid
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GTP hydrolysis triggered by the subunit joining and leads to accommodation of the
Initiator tRNA in the P-site with the fMet moiety in the PTC (Grigoriadou et al., 20073;
Simonetti et al., 2008; Tomsic et al., 2000). GTP hydrolysis by IF2 is essential for the
transition of the 70S-IC to an elongation-competent conformation (Marshall et al.,
2009). This is accomplished by a 10 A tilt of the SSU head and 25 A movement of the
CCA-end of the Initiator tRNA towards the body of the SSU allowing the interaction of
IF2 and tRNA. The head of the SSU has to swivel and rotate by about 4° while the
subunits join. The nonrotated 70S is adopted by the dissociation of IF2 and opening
of the L1 stalk (Kaledhonkar et al., 2019; Ling and Ermolenko, 2015). Dissociation of
IF2 from the initiator tRNA by GTP-hydrolysis is independent of the other IFs and
promotes the dissociation of IF1 and IF2 from the complex (Goyal et al., 2015;
Myasnikov et al., 2005).

7.2.1.3. Start codon selection

As mentioned before the start codon selection and correct placement of the mRNA is
essential for initiation fidelity and correct translation of an open reading frame. mRNA
secondary structures upstream of the initiation site, Shine-Dalgarno (SD) sequence,
interaction of start codon and ASL with the initiation factors are important checkpoints
to control stability of the 30S-IC (Fig. 2a) and therefore, efficient initiation (Milon et al.,
2008). This involves discrimination of cognate AUG and near-cognate GUG, CUG and
UUG start codons, achieved through a wobble-base pair in the first position (O'Connor
et al., 2001). The anticodon stem of the initiator tRNA contains three G-C base pairs
which are important for most efficient translation initiation by constraining the mRNA
position on cognate start codons (Roy et al., 2018). Shine-Dalgarno sequences are
conserved purine-rich sequences in the 5" untranslated region in the ribosome binding
site of prokaryotic mRNAs that support placing of the AUG start codon in the P-site of
the ribosome. This sequence on the mRNA base pairs with the anti-Shine-Dalgarno
(ASD) sequence in the 3’ end of the 16S rRNA and forms a helix docking into the
vicinity between head and platform of the SSU (Kaminishi et al., 2007; Korostelev et
al., 2007; Shine and Dalgarno, 1974; Steitz and Jakes, 1975). However, the SD
sequence is not essential for initiation as structured mMRNA sequences can be unfolded
by the highly mobile ribosomal S1 protein, which is located upstream of the E-site,
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which helps positioning the mRNA correctly. mRNAs lacking a 5" untranslated region
(5" UTR), so called leaderless mMRNAs can also be sufficiently translated (Byrgazov et
al., 2015; Duval et al., 2013; Nakagawa et al., 2010; Ringquist et al., 1995). The
expression levels of genes are predicted to be higher in presence of a SD sequence
in a context of a cognate AUG start codon (Ma et al., 2002). mRNA sequences without
a SD-anti-SD interaction are more susceptible to destabilization induced by IF3
(O'Connor et al., 2001).

7.2.2.Elongation

Elongation is the iterative process of decoding the mRNA, accommodating the correct
tRNA in the A-site, following peptide bond formation and translocation of the peptidyl-
tRNA from the A-site to the P-site and exit of the E-site tRNA. The individual steps are

explained in the following sections (Fig. 2c-e).

7.2.21. Decoding

After transition from initiation the 70S-elongation complex has an empty A-site that
allows delivery of an aminoacyl tRNA (aa-tRNA) delivered by the GTPase elongation
factor Tu (EF-Tu) (Fig. 2c). The ternary complex (TC) of EF-Tu, GTP and amino acyl-
tRNA is recruited initially independent of the mRNA sequence and is supported by
interactions with ribosomal proteins L7 and L12 (Diaconu et al., 2005; Nissen et al.,
1995; Rodnina et al., 1996). The delivered amino acyl-tRNAs ASL is, by
conformational changes in EF-Tu, placed in the decoding center of the SSU
(Schmeing et al., 2009). The cognate tRNA will be selected by the decoding center of
the ribosome based on the codon on the mRNA with up to 20 amino acids per second
and discriminates against non-cognate tRNAs (Liang et al., 2000). The ternary
complex initially binds the SSU without base pairing of the ASL of the tRNA with the
codon nor the direct contact of EF-Tu with the SRL on the LSU in a pre-hydrolysis
state. The tRNA stays in a relaxed T-tRNA position with the ASL 15 A distant to the
codon (Loveland et al.,, 2017). The decoding center in the SSU is formed by the
universally conserved 16S ribosomal RNA nucleotides A1492 and A1493 in h44 and

G530. In response to binding of a cognate tRNA and proper codon-anticodon
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recognition conformational changes of the SSU are induced. A1492 and A1493 flip
out and interact with the minor groove of the first two positions of the codon, forming
an A-minor motif and sensing the correct Watson-Crick base pairing geometry. G530
switches into an anti-conformation and interacts with all three positions (Ogle et al.,
2001). The third position of the codon can accommodate a wobble base pair (Crick,
1966a; Ogle et al., 2001). During this process EF-Tu stays distant from the SRL of the
LSU and the SSU remains in an open conformation while the tRNA kinks downwards
to reach the codon in a state known as A*/T-tRNA (Loveland et al., 2017). If cognate
codon-anticodon interactions are achieved, G530 functions as a latch and stabilizes
the codon-anticodon helix in the decoding center which induces SSU domain closure
by a 4 A movement of the SSU shoulder closer to the body and the LSU. If a near-
cognate tRNA is sensed, G530 disengages from the codon-anticodon helix and favors
a domain-open SSU, therefore suppressing GTP hydrolysis (Fislage et al., 2018;
Loveland et al., 2017). In the cognate state the tRNA adopts the A/T-state and
becomes distorted allowing simultaneous contact of the ASL with the codon and the
GTPase-domain of EF-Tu shifted towards the SRL in the LSU (Loveland et al., 2017,
Schmeing et al., 2009; Stark et al., 1997; Valle et al., 2003). The distortion of native
tRNAs and adaption of unique conformations is essential for accurate decoding
(Schmeing et al., 2011). The SRL functions as an activator upon positioning of EF-Tu
GTPase domain. Asp21 in the P-loop stabilizes GTP and the universally conserved
His84 in the switch Il region of EF-Tu interacts with A2662 of the SRL which positions
a catalytically important water in position for a nucleophilic attack on the y-phosphate
of GTP (Maracci et al., 2014; Voorhees et al., 2010; Wool et al., 1992). The hydrolysis
of GTP is irreversible and upon release of an inorganic phosphate (Pi) EF-Tu*GDP
undergoes conformational changes extending the switch Il domain away from its
switch | domain and disengaging the SRL. The tRNA remains stabilized by the switch
Il domain with the ASL in the decoding center. The SSU changes between open and
closed conformations and continuously samples as an additional step of EF-Tu
dependent proofreading potentially allowing dissociation of EF-Tu*GDP*tRNA. Finally,
EF-Tu releases from the ribosome, allowing the CCA-end of the tRNA to
accommodate in the A-site of the LSU by an 80 A movement from its EF-Tu bound
state and a 2.5° rotation of the SSU (Loveland et al., 2020).
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7.2.2.2. Peptide bond formation

Following tRNA accommodation the ribosome provides the essential catalytic steps
for peptide bond formation of the incoming aa-tRNA in the A-site and the peptidyl-
tRNA in the P-site (Fig. 2d). The peptide bond formation occurs in the peptidyl
transferase center (PTC) which is formed by 23S ribosomal RNA in domain V in the
LSU surrounding the CCA-ends of the P- and A-tRNA at the P- and A-loop,
respectively (Ban et al., 2000; Moazed and Noller, 1989; Nissen et al., 2000; Polikanov
et al., 2014a). The catalytic environment is provided by the rRNA making the ribosome
itself a ribozyme with the catalysis being mostly entropic by positioning reactive groups
closely together while facilitating a hydrogen bond network and thereby accelerating
the reactions 107-fold as compared to the same reaction in solution (Bieling et al.,
2006; Nissen et al., 2000; Sievers et al., 2004; Zaher et al., 2011). Accommodation of
the aa-tRNA in the A-site induces reorientation of G2583 and U2584 through hydrogen
bond interaction of U2585 with the tRNA’s A76. Additionally, A2602 is essential for
stabilizing the tRNAs in the active site (Kuhlenkoetter et al., 2011; Schmeing et al.,
2005).
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Figure 3: Schemes for peptide bond formation. a-b, P-tRNA shown in green, A-tRNA shown in purple, water in
blue and A2451 nucleotide in grey. Nucleophilic attack indicated by red arrows and proton transfer by black arrows.
a, Eight-membered proton shuttle (Kuhlenkoetter et al., 2011; Wallin and Aqvist, 2010). b, Proton wire (Polikanov
et al., 2014a). Adapted and modified from (Rodnina, 2018).

A nucleophilic attack on the carbonyl carbon of the ester bond of the P-tRNA by the
amino-group of the A-tRNA enables peptide bond formation. The rate limiting step of

the peptide bond formation is the movement of three protons (Kuhlenkoetter et al.,
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2011). Two potential models of proton transfer are currently proposed (Fig. 3a,b)
(Erlacher et al., 2006; Polikanov et al., 2014a; Wallin and Aqvist, 2010; Zaher et al.,
2011). The “proton shuttle’-model (Fig. 3a) describes the movement of the protons
through an eight-membered transition state after the initial nucleophilic attack of the
amino group on the ester carbonyl center (Kuhlenkoetter et al., 2011; Wallin and
Aquist, 2010). A proton from the attacking amino group is received by the 2’0 of A76
ribose of the P-tRNA which itself donates a proton to the carbonyl oxygen through an
adjacent water molecule bridging 2’0 and 3’0. Independent of the rate limiting step
the protonation of the 3’ OH occurs at rapid speed (Kuhlenkoetter et al., 2011; Wallin
and Aqvist, 2010). The more recent “proton wire’-model (Fig. 3b), involves the
ribosomal protein bL27 and the 2’0OH of 23S rRNA nucleotide A2451 (Polikanov et al.,
2014a). A water molecule bridges the attacking amine with the negatively charged 5’-
phosphate oxygen of the A76 of the A-tRNA, the 2’0OH of A2451 and the 2'0OH of the
A76 of the P-tRNA providing a proton wire for proton transfer. The water is further
stabilized by Ala2 of bL27 and N6 of A2602 and forming an ideal tetrahedral
intermediate for the proton transfer. An additional water molecule in the reaction
pocket allows delocalization of positive and negative charges. Reversal of the proton-
transfer leads to the breakdown of the tetrahedral intermediate and resulting in the
peptide on the A-tRNA with a deacylated tRNA in the P-site (Polikanov et al., 2014a).
However, deletion of bL27 does not affect the peptide bond formation giving a
reasonable doubt for the proton wire model, suggesting the proton shuttle model to be
more precise (Maracci et al., 2015).

7.2.2.3. Translocation

Upon successful peptide bond formation, the peptidyl-tRNA has to move into the P-
site while the deacylated-tRNA needs to shift into the E-site to accept the next tRNA
in the A-site (Fig. 2e). This movement has to keep base pairing of the mRNA and ASL
of the tRNA to keep the open reading frame while moving it in the 5’-direction, as
frameshifting in either direction would lead to non-functional or defective proteins (Choi
et al., 2020b; Gamper et al., 2021). Translocation of the tRNAs in prokaryotic
ribosomes is facilitated by the GTPase elongation factor G (EF-G) in a ratchet-like
fashion (Conway and Lipmann, 1964; Frank and Agrawal, 2000). Rotation of the SSU
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by 10-11° occurs independently of EF-G while the tRNAs sample from the classic P/P-
and A/A-state (PRE-C) to the hybrid P/E- and A/P-states (PRE-H state) (Blanchard et
al., 2004; Carbone et al., 2021; Moazed and Noller, 1989; Rundlet et al., 2021). EF-
G*GTP binds the ribosome with rotated SSU with the elbow of the peptidyl-tRNA
shifted by about 25 A in an A/P*-state. The tip of the translocase domain IV (loop 1) is
positioned near the tRNA and next to G530 in the DC. By shifting loop | towards A1493
the codon-anticodon-helix is disengaged from G530, and the DC is unlocked. A 5°-
rotation of the SSU shifts the domain 4 placed in the A-site deeper and moves the
peptidyl-tRNA about 20 A into the P-site and the deacylated-tRNA into the E-site of
the SSU leading to the chimeric (intra-subunit hybrid) states ap/P and pe/E (INT1)
(Carbone et al., 2021; Ramrath et al., 2013; Ratje et al., 2010; Rundlet et al., 2021).
Different from EF-Tu the GTPase domain | of EF-G is positioned near the SRL of the
LSU as soon as the factor arrives, adopting an elongated confirmation. However, Pi
release is not observed in the INT1 state probably resulting from the catalytic switch |
and |l domains staying well-ordered, encapsulating the GTP primed for hydrolysis.
Non-hydrolysable GTP showed reduced INT1 transition which leads to the assumption
that GDP is more likely to be present than GTP with the Pi stabilized by hydrogen
bonds with surrounding switch | and switch Il sidechains (Maracci et al., 2014; Rundlet
et al., 2021), which was supported by time-resolved cryo-EM structures (Carbone et
al., 2021). Rotation of the SSU head by 16° in the direction of the tRNA translocation
shifts loops | and Il of EF-G closer to mRNA and peptidyl-tRNA (INT2). In the final
state the SSU head is in a hyper swiveled position of 22° while the body stays at a
nearly nonrotated state (INT3). The tRNAs are translocated by additional 4 A to the
ap*/P for the peptidyl-tRNA (Carbone et al., 2021; Nishima et al., 2022). After complete
translocation, P; release allows EF-G to detach from the LSU while the translocase
domain stays in the SSU A-site. EF-G dissociation is concurrent with back swivel of
the SSU head preparing the ribosome for the next round of elongation decoding with
an empty A-site with the deacyl-tRNA likely dissociating from the E-site (POST-state)
(Carbone et al., 2021; Nishima et al., 2022; Rundlet et al., 2021). The findings in the
single molecule-FRET (Rundlet et al., 2021) and time-resolved cryo-EM (Carbone et
al., 2021) studies argue against EF-G generating force from GTP hydrolysis by large

scale conformational changes (Petrychenko et al., 2021), and rather propose the
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translocation mainly driven by conformational changes and movements of the SSU
head and body with EF-G functioning as a mostly rigid steric barrier.

7.2.3.Termination

Translation elongation cycles continue until a stop codon (UAA, UAG, UGA) (Crick,
1966Db) is recognized in the A-site (Fig. 2f). In prokaryotic termination the stop codon
UAG and UAA are recognized by class-1 release factor 1 (RF1) and UGA and UAA
by RF2. Upon stop codon recognition the RF bind in their open conformation at the A-
site of the ribosome with a recognition motif in domain IV at the DC. In both RFs the
uracil in the first position of the stop codons is recognized by two conserved glycines
in helix a5 in domain Il (Korostelev et al., 2008; Korostelev et al., 2010; WeixIbaumer
et al., 2008). The recognition motif in RF1 consists of Pro-Val-Thr and the threonine
contacts the first and second position of the stop codon in the DC by forming hydrogen
bonds. The third base stacks onto G530 of the 23S rRNA DC and interacts with a
neighboring isoleucine and glutamine (Korostelev et al., 2010; Rawat et al., 2006).
The recognition motif in RF2 consists of Ser-Pro-Phe, of which only the serine directly
interacts with the second base of the UAA or UGA stop codon. Discrimination of A at
the third position is achieved through a stacking interaction with G530 of the DC and
hydrophobic interactions with a surrounding valine of RF2 (Korostelev et al., 2008;
Rawat et al., 2003; Weixlbaumer et al., 2008). Both RFs have a conserved threonine
which interacts with the third position of the stop codon and helps recognizing
adenosine (Korostelev et al., 2008; Korostelev et al., 2010). Recognition of the stop
codon leads to stabilization of RFs switch loop placing the conserved GGQ motif of
domain Ill in the PTC essential for catalysis of the hydrolysis at the CCA-end of the
peptidyl-tRNA. Binding of the GGQ motif in the PTC induces conformational changes
to U2506 and U2585 in order to avoid steric clashing. U2585 protects the peptidyl-
tRNA in the uninduced state and allows a nucleophilic attack by water when opening
in the induced state which gets coordinated by the glutamines side chain of the RFs
GGQ motif, by the 220OH of A76 and N3 of A2451. A tetrahedral transition-state
intermediate formed during hydrolysis gets stabilized by the backbone amide of the
glutamine and upon release of the peptide stabilizes the deacylated tRNA (Jin et al.,
2010; Korostelev et al.,, 2008; Santos et al., 2013; Trobro and Aqvist, 2009;
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Weixlbaumer et al., 2008). Additionally, the efficiency of termination, especially for
RF2, is greatly enhanced by a methylation of the glutamine of the GGQ motif,
improving the RFs binding affinity and optimal geometry for ester hydrolysis (Dincbas-
Renquist et al., 2000; Mora et al., 2007; Trobro and Aqvist, 2009). The efficiency of
the termination is not only dependent on the RFs but also depends significantly on the
fourth nucleotide following the stop codon, with UAAU being the most and UGAC the
least strong stop codon (Poole et al., 1995). After peptide chain release the
dissociation of the RFs is promoted by the class-ll GTPase release factor 3 (RF3)
(Zavialov et al., 2001; Zavialov et al., 2002). RF3*GTP is supposed to bind the
ribosome and induce SSU rotation and head swivel while the P-site tRNA partially
rotates in the direction of the E-site and destabilizes the binding of RF1. The subunit
rotation also positions the GTPase domain of RF3 close to the SRL on the LSU and
facilitates the dissociation of RF3*GDP and RF1 (Graf et al., 2018; Jin et al., 2011;
Koutmou et al., 2014; Pallesen et al., 2013; Shi and Joseph, 2016).

7.2.4.Ribosome recycling

Following dissociation of RF1 and RF3, the ribosome needs to be recycled to reinitiate
translation (Fig. 2g). This process is called ribosome recycling which facilitates
disassembly of the 70S-termination complex and releases mRNA, tRNA and
separates the subunits. In eubacteria this process is catalyzed by the ribosome
recycling factor (RRF), EF-G and IF3. RRF binds after RF1 and RF3 dissociation from
the rotated ribosome in the A-site and stabilizes it with the deacylated-tRNA in the P-
site in a hybrid P/E-state (Dunkle et al., 2011; Gao et al., 2005; Prabhakar et al., 2017).
EF-G*GTP has to bind the ribosome after RRF to allow efficient subunit splitting, as
EF-G was found to inhibit binding of RRF if arriving prior to the ribosome and leading
to GTP hydrolysis without ribosome splitting (Borg et al., 2016). RRF domain Il moves,
supported by EF-G and subsequent GTP hydrolysis and slightly delayed P; release,
towards the inter-subunit bridge B2a of H69 on the LSU and h44 on the SSU, splitting
the 70S ribosome. EF-G*GDP and RRF dissociate rapidly from the split subunits (Fu
et al., 2016; Prabhakar et al., 2017; Savelsbergh et al., 2009). IF3 promotes tRNA
dissociation from the SSU as soon as the subunits are split and subsequent mRNA
leaves the SSU (Fu et al., 2016). However, mRNA sequences that have no SD
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sequence can leave the SSU prior to subunit splitting, resulting of tRNA dissociation
from the 70S ribosome without IF3 before subunit splitting is promoted by RRF and
EF-G (Chen et al., 2017).

7.3. Antibiotics and antimicrobial peptides targeting the ribosome

GTP hydrolysis
etracycline: Accomodation
~ EF-Tu release

Kasugamycin |
Edeine

GE81112 Initiation

GTP hydrolysis
IF dissociation

‘ etracyclines

IC Subunit IF1
assembly joining “ _ Ternary
{ head I ~ > I3 complex

f C IF27 binding  a Er
'” u=3 s0sic | 7‘0310 \ \‘ Decoding / Peptide bond

IF2 < formation
Klebsazolicin '\— ’
fMet- tRNAW "'RNA Type |-PrAMPs -
Onc112
Orthosomycins ‘:'\E‘ r
Thermorubin S

Stop codon <1 €N |Ketolides Elongation hiopeptides
recognition g
:s f
ﬁm‘k %
deacyl
tRNA @
GTP hydrolysis .

Subunit dissociation |~~~ Termination

—~J
Nascent
-Th\opephdes ; %RRF \\ N
peptide
\‘ Peptide /

| release

S

§

deacyl-
tRNA

| Hybrid states
‘ formation

Post
E/E PP —
x )

SSsuU / EF-G*
back '\
rotation

Pre

~3° head swivel
~11° SSU rotation
AP P/E-hybrid

\Q’)g EF-G binding
Int3

(T
V2

5
[
~11° SSU rotation
aplP pelE Int2 . ~3° head swivel
~16° head swivel ~11° SSU rotation
q ~8° SSU rotation ap/P pe/E
\ . a ap/P pe/E
Y = A cosides )
oJ N . GTP hydrolysis
4o A -

Translocation
deacyl- RF1/2 RF3°
tRNA

~22° head swivel

GTP hydrolysis oY
RF release
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A rising threat to humankind is multi-drug resistance of bacterial pathogens and
renders our current arsenal of available antimicrobials obsolete. The majority of
clinically used antibiotics target the ribosome and inhibit either translation by stalling
the ribosome in conformations incapable of peptide synthesis or targeting individual
proteins necessary for translation (Wilson, 2009, 2014). Antimicrobial resistance
highlights the need for investigation of new antibiotics utilizing unique chemical
scaffolds and novel modes of actions to interact and specifically inhibit bacterial

ribosomes (Arenz and Wilson, 2016b). Ribosome-targeting antibiotics either target the
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LSU, SSU or individual factors during the translation cycle and for most of them
structures have been readily available to provide insight into their mechanism of action
(extensively reviewed in (Arenz and Wilson, 2016a; Lin et al., 2018; Wilson, 2009)).
Additionally to antibiotics targeting the ribosome, there are a wide variety of ribosome-
targeting peptide antibiotics with different mechanisms of action and interfering with
distinct stages of translation (as reviewed in (Polikanov et al., 2018)). The following
provides a brief overview of relevant antibiotic classes and antimicrobial peptides
targeting the ribosome. Most of the antibiotics targeting the SSU are binding either to
the decoding center or the tRNA binding sites. Aminoglycosides, like kanamycin and
gentamycin, bind close to h44 and interfere with decoding and induce miscoding by
stabilizing A1492 and A1493 in their flipped-out conformation (Carter et al., 2000).
Other aminoglycosides like negamycin and hygromycin B increase the binding affinity
of A-tRNA and block translocation (Borovinskaya et al., 2008; Polikanov et al., 2014b).
Kasugamycin, while also being an aminoglycoside, binds close to P- and E-site and
overlaps with mRNA and fMet-tRNA™et  preventing formation of the 30S-IC
(Schluenzen et al., 2006; Schuwirth et al., 2006). Kasugamycin was found to exhibit
context-specificity based on the nature of the mRNA, especially with guanine
preceding the start codon (Zhang et al., 2022). Tetracyclines, including tigecycline and
eravacycline, interfere with translation by blocking accommodation of tRNAs in the A-
site (Jenner et al., 2013). Thermorubin is structurally related to tetracyclines but binds
at the intersubunit bridge B2a between h44 of the SSU and H69 of the LSU and
interferes with elongation and termination (Bulkley et al., 2012; Paranjpe et al., 2022).
In a recently published preprint, it has been suggested that thermorubin binding flips-
out C1914 of the 23S rRNA, which reduces A-tRNA binding affinity. This slows down
and destabilizes the accommodation of the A-tRNA, interfering both with decoding and
translocation. Additionally, thermorubin is suggested to interfere with RF
accommodation at the DC (Paranjpe et al., 2022). Tuberactinomycins, like viomycin
and capreomycin 1A, are circular peptide antibiotics that stabilize conformations of the
SSU head and body and interfere with dynamical changes necessary for translocation
(Brilot et al., 2013; Stanley et al., 2010). Edeine, a cationic peptide, prevents binding
of the fMet-tRNA™Me! to the P-site of the SSU and thereby blocks initiation (Pioletti et
al., 2001). GE81112, a tetrapeptide antibiotic, also interferes with initiation by binding
to the P-site but instead of preventing the binding of the initiator tRNA, it stabilizes the
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ASL in a distorted conformation blocking decoding (Fabbretti et al., 2016). While many
antibiotic classes target the SSU, a similarly large number of antibiotics and
antimicrobial peptides target the LSU. Chloramphenicol, a member of the phenicols,
binds the A-site crevice at the PTC and prevents peptide bond formation in a context-
specific manner with Ala, Ser or Thr as penultimate amino acids of the nascent chain,
and based on the nature of the amino acid residue of the incoming A-tRNA (Marks et
al., 2016). Chloramphenicol was shown to inhibit peptide bond formation through
specific interactions of the PTC and incoming tRNA stabilizing the drug and showed
inability of inhibition in presence of glycine in the A-site (Choi et al., 2020a; Syroegin
et al., 2022a; Syroegin et al., 2022b). Oxazolidinones, like linezolid, bind in a similar
fashion as the phenicols and also prevent peptide bond formation through A-site tRNA
accommodation in a context-specific manner, with an Ala-residue in the penultimate
position of the nascent chain stabilizing the drug within its binding site (Bozdogan and
Appelbaum, 2004; Eyal et al.,, 2015; Tsai et al., 2022; Wilson et al., 2008).
Lincosamides, like lincomycin and the semi-synthetically optimized clindamycin and
especially the recently described fully synthetic oxepanoprolinamide iboxamycin (IBX),
are highly potent against various Gram-positive and Gram-negative bacterial
infections and are either in clinical use or preclinical trial. They bind the A-site crevice
of the LSU and sterically clash with incoming A-tRNAs and, in case of IBX, prove the
concept of structure-based drug design against Erm-, Cfr- and ABCF-mediated
antibiotic resistance in bacteria (Dunkle et al., 2010; Mitcheltree et al., 2021; Tu et al.,
2005). Pleuromutilins, like tiamulin and lefamulin, bind at the PTC and disturb the
coordination of incoming A-tRNAs through steric hinderance and proper P-tRNA
positioning (Eyal et al., 2016). Orthosomycins, like evernimicin and avilamycin, are
large oligosaccharide antibiotics that bind the aa-tRNA accommodation corridor on the
LSU and sterically hinder the correct placement of the A-tRNA (Adrian et al., 2000;
Arenz et al., 2016b; Belova et al.,, 2001; Krupkin et al., 2016). Recently the
orthosomycins have been reported to exhibit a context-specificity based on the nature
of the incoming aa-tRNA and the C-terminal residues of the nascent chain (Mangano
et al., 2022). While these antibiotics bind mostly close to the PTC or interfere with
tRNA accommodation, many antibiotics bind within the NPET and occlude the path of
a growing nascent chain, inhibiting elongation or termination. Structurally similar to the

aforementioned tetracyclines, tetracenomycin X (TcmX) binds the NPET instead of
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the SSU, occluding the tunnel and interfering context-specific with peptide bond
formation of an incoming aa-tRNA and a C-terminal GIn-Lys-motif, by sequestering
the 3’-end of the peptidyl-tRNA (Leroy et al., 2022; Osterman et al., 2020). Macrolide
antibiotics are macrocyclic lactone ring systems, with erythromycin (Ery) being the
prototype for the class, occlude the NPET partially and inhibit elongation in a context-
specific manner described in detail later (Davis et al., 2014; Kannan et al., 2014,
Kannan et al., 2012). Some antibiotics function in a synergistic way, only partially
inhibiting translation alone, but fully disable the ribosome from protein synthesis when
combined. Streptogramin A (like virginiamycin M1 or dalfopristin), a class of 23-
membered unsaturated ring antibiotics with lactone and peptide bonds binds close to
the PTC spanning the P- and A-site blocking either proper CCA-end positioning or
interfering with tRNA accommodation and therefore blocking peptide bond formation.
Streptogramin B (like virginiamycin S1 or quinupristin) are depsipeptide antibiotics that
bind within the NPET similar to a macrolide antibiotic and occlude the tunnel (Chinali
etal., 1984; Hansen et al., 2002; Noeske et al., 2014; Osterman et al., 2017; Vannuffel
and Cocito, 1996). Dalfopristin and quinupristin are used clinically against MRSA in a
70/30 mixture (Manzella, 2001). Klebsazolicin, a ribosomally-synthesized and post
translationally modified peptide, binds through stacking interactions with rRNA bases
to the NPET and blocks translation by occluding the tunnel (Metelev et al., 2017).
Thiopeptides, like thiostrepton, different from other described antibiotic classes target
the GTPase functionality of essential factors during translation by binding close to the
GTPase-associated center of loop H43 and H44 and blocking P; and factor release
(Harms et al., 2008). EF-G is also a target for fusidic acid or Argyrin B. These
compounds trap the factor on the ribosome and block translocation (Gao et al., 2009;
Wieland et al., 2022; Zhou et al., 2013).

7.3.1.Antimicrobial peptide myxovalargin

Microorganisms, like the soil-dwelling predatory myxobacteria, are a major source for
research of novel antibiotics but are severely understudied, even though they have
proven to be a good source of compounds with antimicrobial activity (Baumann et al.,
2014; Herrmann et al., 2017). In 1983 members of the linear antimicrobial peptides

myxovalargins (Myx) from Myxococcus fulvus strain Mx f65 were isolated from soil of
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the Kaiserstuhl mountains (Germany). Four different myxovalargins MyxA-D were
originally identified. Additionally, myxovalargins were isolated from Myxococcus
xanthus strains (Mx x4 and Mx 48) as well as from an Archangium strain (Ar D8)
(Irschik et al., 1983).

R1,R2=CH, R3=H  Myxovalargin A

R1,R2=H  Ra=CH; Myxovalargin B -
] '\“ i ' T i I
H : H H H H
R b ©) © = /N ® i N N /\[/N\w)k w //N\ J ) /N\Q«) N
‘ H H : 1/( H
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Figure 5: Chemical structure of myxovalargin A/B colored by residues (Steinmetz et al., 1987).

MyxA and MyxB are chemically similar, revealed by acid hydrolysis experiments, and
are composed of 14 amino acids with a C-terminal agmatine residue and a N-terminal
3-methylbutanoic acid (MBA) or isobutric acid (IB), respectively (Fig. 5) (Steinmetz et
al., 1987). Myxovalargins contain, in addition to the canonical amino acids L-valine
and L-alanine, eight D-amino acids (D-alanine, D-arginine and D-B-tyrosine, D-B-
hydroxyvaline and three D-valines) and four highly modified amino acids, specifically
one N-methyl-alanine, one a,B-dehydroisoleucine and two a,3-dehydrovalines. The
presence of D-amino acids in myxovalargins suggests their production to be achieved
by a non-ribosomal peptide synthetase cluster (Hoffmann et al., 2018). MyxA was
described to display excellent activity against a broad panel of bacteria, including
Staphylococcus aureus and Mycobacterium tuberculosis, with minimum inhibitory
concentrations (MICs) between 0.3 to 5 pg/ml against Gram-positive and 6 to
100 pg/ml against Gram-negative bacteria (Irschik et al., 1983). Additionally, an
unspecific membrane effect was observed above 18 pg/ml causing damage to cells
including human erythrocytes (Irschik and Reichenbach, 1985). Mice infected with
Escherichia coli, Staphylococcus aureus and Streptococcus pyogenes in mouse
models shown the efficacy at median effective doses (EDso) of 2.3, 2 x 0.4 and 2 x
10 mg/kg subcutaneously (s.c.). A median lethal dose (LDso) in mice was determined
to be 10 mg/kg s.c.. MyxA was shown to target protein synthesis by metabolic labeling

experiments in S. aureus, which was further confirmed using E. coli in vitro translation
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assays monitoring poly(U)-dependent poly(Phe) synthesis. Myxovalargins were
shown to be poor inhibitors of eukaryotic in vitro translation systems, such as wheat
germ and rabbit reticulocyte lysate. Partial translation assays indicated that
myxovalargins do not affect binding of the initiator fMet-tRNA to the P-site, but rather
exert an inhibitory effect on binding of amino acyl-tRNAs to the A-site of the ribosome
(Irschik and Reichenbach, 1985). However, the binding site of myxovalargins on the

ribosome and the exact mechanism of action remain to be elucidated.

7.3.2.Proline-rich antimicrobial peptide drosocin

Proline-rich antimicrobial peptides (PrAMPs), different from the previously discussed
AMPs, kill bacteria by passing through the membrane and targeting intracellular
processes like protein synthesis (Castle et al., 1999; Graf et al., 2017; Graf and Wilson,
2019; Krizsan et al., 2014; Mardirossian et al., 2014; Scocchi et al., 2011). There are
two types of identified PrAMPs differing in their mechanism of action to inhibit protein
synthesis. PrAMPs blocking the accommodation of the aminoacyl-tRNA in the A-site
of the ribosome directly following translation initiation are type | and PrAMPs blocking
the dissociation of release factors RF1 and RF2 during translation termination and not
acting on initiation or elongation are type Il (Graf and Wilson, 2019). Structural analysis
of various type | PrAMPs originating from insects (metalnikowin |, oncocin and
pyrrhocoricin) or mammals (Bac7 and Tur1A) revealed binding sites overlapping with
their N-terminus at the A-site of the PTC and spanning through the NPET (Gagnon et
al., 2016; Mardirossian et al., 2018b; Mardirossian et al., 2020; Roy et al., 2015;
Seefeldt et al., 2016; Seefeldt et al., 2015). Translational arrest through type | PrAMPs
is proposed to arise from the steric clashing with an incoming aminoacyl-tRNAs CCA-
end in the A-site of the LSU (Gagnon et al., 2016; Graf et al., 2017; Graf and Wilson,
2019; Roy et al., 2015; Seefeldt et al., 2016; Seefeldt et al., 2015). Structural analysis
of the type Il PrAMP Api137, a synthetic derivative of apidaecin, a PrAMP naturally
originating from honeybees, showed a similar binding site spanning through the NPET
overlapping with the binding site of the type | PrAMPs. Different from the type II
PrAMPs Api137 is oriented with the C-terminus at the PTC and not encroaching on
the A-site. Api137 is known for stabilizing RF1 and trapping it right after peptidyl-tRNA
hydrolysis and peptide release (Chan et al., 2020; Florin et al., 2017; Graf et al., 2018).
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Drosophila melanogaster produces cecropins, defensins and diptericins, which are
classical membrane-targeting AMPs, but also produces the PrAMP drosocin. Drosocin
is composed of 19 amino acids and rich in prolines and arginine residues, similar to
other PrAMPs and shows good activity against Gram-negative bacteria like E. coli
(Bikker et al., 2006; Bulet et al., 1993; Bulet et al., 1999).

a Name Aminoacid sequence Sugar modification b

Dro GKPRPYSPRPTSHPRPIRV None 5
Dro-3P GKPRPYPPRPPPHPRPIRV None 2-a-D-Gal-NAc 2-f-D-Gal(1-3)-0-D-Gal-NAc 2-a-D-GleNAc 5
Drod GKPRPYSPRPT*SHPRPIRV 2-0.D-Gal-NAG o R
Dro2 GKPRPYSPRPT'SHPRPIRV __ 2.5-D-Gal-(1—+3)-0-D-Gal-NAc Y
Dro3 GKPRPYSPRPT*SHPRPIRV 2-p-D-Maltosyl s
Drod GKPRPYSPRPT'SHPRPIRV 2-0-D-GlcNAG R
Dro5 GKPRPYSPRPT*SHPRPIRV 2.-D-Gal o oy o P
Dro6 GKPRPYSPRPT'SHPRPIRV 2-8-D-Glc T s
Dro7 GKPRPYSPRPT'SHPRPIRV 2.p-D-Lactosyl H
Dro8 GKPRPYSPRPT*SHPRPIRV 2.p-D-Cellobiosyl Drot Dro2 Dro4 R
Dro-R18A GKPRPYSPRPTSHPRPIAV None R
Dro-R18K GKPRPYSPRPTSHPRPIKV None i
v

Figure 6: O-glycosylation of drosocin peptide on Thr11. a, Drosocin peptide sequences with varying O-
glycosylation highlighted by a T* and mutatations shown in blue. b, Chemical structures of modifications on the
Thr11 of Dro1, Dro2 and Dro4.

Unlike most other PrAMPs, drosocin is O-glycosylated with either the N-
acetylgalatocasmine (a-D-GalNAc) monosaccharide or N-acetylgalactosamine linked
to a galactose (B-Gal(1—3)-a-D-GalNAc) disaccharide on the Thr11 residue (Fig. 6a-
b) (Bulet et al., 1993; Uttenweiler-Joseph et al., 1998). Drosocin bearing two individual
monosaccharide modifications on residues Ser7 and Thr11 has been reported (Rabel
et al., 2004). Infected Drosophila hemolymph showed formation of both mono- and
disaccharide forms of drosocin with increasing concentrations of up to 40 uM for up to
24 hours. The monosaccharide was present for up to three weeks while the
disaccharide persisted for two weeks (Uttenweiler-Joseph et al., 1998). Decreased
activity of the synthetic unmodified drosocin lacking the O-glycosylation compared to
the naturally modified drosocin suggests the necessity of the post-translational
modification for full activity (Bulet et al., 1993; Bulet et al., 1999; Bulet et al., 1996;
Gobbo et al., 2002; Hoffmann et al., 1999). The unmodified form of drosocin showed
a generally reduced activity compared to modified ones with varying sugar
modifications in many studies (Ahn et al., 2011a; Ahn et al., 2011b; Gobbo et al., 2002;
Lele et al., 2015a; Marcaurelle et al., 1998; Otvos et al., 2000; Rodriguez et al., 1997;
Talat et al., 2011). While both forms, either modified or unmodified, adopt an extended

conformation in solution, the glycosylation was proposed to help establish a stable
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extended conformation when binding intracellular targets of drosocin. The exact role
of the modification for drosocin’s activity remains unclear, but improves solubility,
serum stability and increases biological activity (Bulet et al., 1999; Bulet et al., 1996;
Gobbo et al., 2002; Lele et al., 2015b; McManus et al., 1999; Talat et al., 2011).
Inhibition of protein synthesis both in vivo and in vitro were shown but the exact
mechanism of action of drosocin currently remains unclear (Lele et al., 2015b; Ludwig
et al., 2022). Pyrrhocoricin, a type | PrAMP, is known to be O-glycosylated at Thr11
with a N-acetylgalactosamine at the same position as drosocin and a less abundant
disaccharide modified form has been detected as well (Cociancich et al., 1994). Based
on the sequence similarities, drosocin was proposed to have a similar mechanism of
action analogously to pyrrhocoricin or metalnikowins (type | PrAMPs) and different
from abaecins or apidaecins (type |l PrAMPs) (Bulet et al., 1999). However,
unmodified pyrrhocoricin showed better activity than unmodified drosocin suggesting
that drosocin might be more similar to apidaecin (Hoffmann et al., 1999). Ribosome-
binding antibiotic competition assays of drosocin showed similarities to apidaecin-like
PrAMPs by competing better with type Il PrAMP Api137 and less with type | PrAMP
Onc-112, an oncocin derivative produced by the milkweed bug (Krizsan et al., 2015).
Additionally, the removal of drosocins C-terminal Arg18 and Val19 residues reduced
the antimicrobial activity drastically (Hoffmann et al., 1999), in a similar fashion as for
Api137 (Berthold and Hoffmann, 2014), and different from type | PrAMPs like Bac7 of
which truncations of N-terminal residues inactivated the antimicrobial activity
(Benincasa et al., 2004; Seefeldt et al., 2016).

7.3.3.Context-specific action of macrolide antibiotics on the

eukaryotic ribosome

The expression of defective and unwanted proteins is the cause of many human
diseases (Archacki and Wang, 2004; Goedert, 2015; Maxwell et al., 2005). Therapies
against these diseases usually block the functions of the proteins and thereby reducing
their harmful activities, but in many cases don’t actively remove them from the system.
A more suitable strategy to combat these diseases would be ribosome-targeting
compounds inhibiting the production of the malicious proteins. However, ribosome-
targeting compounds need to be very specialized not to inhibit the translation
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machinery of all proteins but discriminate healthy from unwanted proteins. PF846 is a
compound that was recently discovered, which is able to bind eukaryotic ribosomes in
the NPET and inhibit translation on a very specific set of nascent chains that
accommodate in a peculiar conformation in the NPET (Li et al., 2020b; Li et al., 2019).
The mechanism of action of PF846 still needs to be elucidated as the prediction of
targeted nascent chains is currently very difficult. Based on the selective inhibition of
PF846 the concept of small compounds targeting the eukaryotic ribosome similar to
the bacterial ribosome pushed it more into the focus of researchers. Bacteria are
known to have inducible resistance mechanisms against macrolide antibiotics by very
specific programmed translational arrest that targets only ribosomes translating
specific mMRNA codons and does not interfere with translation of other sequences
(Horinouchi and Weisblum, 1980; Shivakumar et al., 1980). Most of the known
antibiotics, with macrolides being the best understood, act on bacterial ribosomes in a
context-specific manner, which includes specific nascent chain sequences, nature of
the tRNA and mRNA sequences or structures that are beneficial for antibiotic activity
(Vazquez-Laslop and Mankin, 2018a, b). Macrolides are macrocyclic lactone ring
systems, that like their most known member erythromycin (Ery) and later developed
ketolides telithromycin (Tel) and solithromycin bind the NPET of the bacterial ribosome
in close proximity to the PTC (Bulkley et al., 2010; Dunkle et al., 2010; Schlunzen et
al.,, 2001; Tu et al., 2005). All three of the aforementioned macrolides contain a C5-
desosamine sugar, however, the improved ketolides have no cladinose sugar like Ery
but contain a keto group in the C3 position and are modified on the C12 with an alkyl-
aryl group (Svetlov et al., 2021a). All macrolides form interactions with 23S rRNA
residues, most importantly with the N6 of A2058, which coordinates a water molecule
that forms hydrogen bonds with the dimethylamino group of the desosamine sugar.
This water was shown to be essential for the binding of macrolides and is displaced in
resistant Erm-dimethylated 70S ribosomes (Svetlov et al., 2021b). While the A2058 is
conserved in bacteria, the equivalent adenosine is replaced by a guanine in eukaryotic
ribosomes (G2400 in Saccharomyces cerevisiae 25S rRNA) and is supposed to be an
important difference for bacterial selectivity of macrolide antibiotics (Tu et al., 2005).
Additionally, the ketolides C12 alkyl-aryl sidechain stacks onto A752 and U2609 in
bacteria improving the stability in the NPET which are conserved in eukaryotes and
bacteria (Dunkle et al., 2010). Macrolides were thought to occlude the NPET and block
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it for most amino acid sequences over a certain length by their bulky shape (Mankin,
2008; Tenson et al., 2003). However, subsequent studies of macrolides bound to the
ribosome revealed nascent chains in the macrolide occluded NPET are selectively
blocking specific amino acid sequences being translated by ribosomes while others
bypass the antibiotic instead. Besides the translated amino acid sequence, also the
chemical and structural features of the antibiotic in the NPET are important for the
context specificity. (Almutairi et al., 2017; Davis et al., 2014; Kannan et al., 2014,
Kannan et al., 2012; Vazquez-Laslop et al., 2011; Vazquez-Laslop and Mankin,
2018a). The context-specificity of macrolides arises not from the ability to bypass the
antibiotic but from the inability to execute peptide bond formation on specific amino
acid sequences being translated (Arenz et al., 2016a; Arenz et al., 2014a; Ramu et
al., 2011; Sothiselvam et al., 2014; Sothiselvam et al., 2016). The context-specific
properties of macrolides make them a promising target for selective eukaryotic
translation inhibitors. Currently, the set of available macrolides and context-specificity
could not be extrapolated for use in eukaryotic translation due to substantial
differences in structural and functional properties of the NPET in eukaryotic ribosomes
(Ben-Shem et al., 2011; Dao Duc et al., 2019; Ito and Chiba, 2013; Metelev et al.,
2017; Vazquez-Laslop and Mankin, 2011). And lastly the mutation of G2400
(EcoA2058) to an adenosine did not yield the eukaryotic ribosome susceptible to Ery
(Bommakanti et al., 2008).

7.4. Target protection

Similarly interesting as antibiotics and antimicrobial peptides targeting the ribosome
are antibiotic resistance mechanisms. Target protection is one of the mechanisms
allowing antibiotic resistance by physical interactions of a resistance protein with an
antibiotic target and thereby rescuing it from antibiotic-induced inhibition (Antimicrobial
Resistance, 2022; Wilson et al., 2020). Ribosome protection proteins (RRPs) are the
best characterized target protection mechanisms against ribosome-targeting
antibiotics. TetO and TetM are representatives of type | RRPs, which bind the target
and overlap with the antibiotic, in this case tetracyclines binding site and thereby
inducing its dissociation of the antibiotic (Arenz et al., 2015; Donhofer et al., 2012; Li
et al., 2013; Wilson et al., 2020). Type Il RRPs induce allosteric changes within a
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drug’s binding site by binding to a distinct site of the target and confer resistance by
promoting drug dissociation. Representatives of type I RRPS are adenosine
triphosphate (ATP) binding cassette type F (ABCFs) proteins which are members of
the large family of antibiotic resistance proteins (ARE) that are conferring resistance
to various antibiotics binding near the PTC of the LSU (Crowe-McAuliffe et al., 2022;
Crowe-McAuliffe et al., 2021; Ero et al., 2019; Mohamad et al., 2022; Murina et al.,
2018; Sharkey and O'Neill, 2018; Wilson et al., 2020). Lastly, type Ill RRPs restore the
activity of the target by conformational changes without actively displacing the bound
antibiotic, which fusidic acid resistance proteins FusB and FusC are examples of (Cox
et al., 2012; Tomlinson et al., 2016; Wilson et al., 2020).

7.4.1.HfIX and HfIXr

The resistance protein HflXr (encoded by the gene Imo0762) has recently been
identified in Listeria monocytogenes and has been shown to confer resistance to
lincosamides, such as clindamycin or lincomycin, and macrolides, such as
azithromycin or erythromycin, but did not confer resistance to chloramphenicol or
retapamulin. However, only in absence of the ARE-ABCF VgalL (encoded by gene
Imo0919) in L. monocytogenes the effect of the loss of HfIXr on the antibiotic
susceptibility was observable, suggesting a certain redundancy between these two
proteins that show a partially overlapping spectrum of antibiotics (Duval et al., 2018).
The more abundant GTPase HflX (encoded by the gene /mo7296 in
L. monocytogenes) is a homolog of HflXr, which is widely distributed in bacteria, and
shares a sequence identity of 37%, however, does not confer resistance to antibiotics
(Duval et al., 2018). HfIX is proposed to recycle 70S ribosomes by splitting them into
the individual subunits that have been stalled in stress conditions. Additionally, it was
shown to disassemble 100S hibernating ribosomes in S. aureus (Basu and Yap, 2017,
Coatham et al., 2016; Dey et al., 2018; Srinivasan et al., 2019; Zhang et al., 2015b).
Accumulation of 70S ribosomes was observed upon deletion of the gene encoding
HflXr, suggesting the mechanism of action of HflXr conferring resistance might be
splitting and recycling the antibiotic-stalled ribosomes (Duval et al., 2018). Structures
of HfIX from E. coli on the LSU and more recently the human mitochondrial HfIX
homolog GTPBP6 bound to the LSU biogenesis intermediate are available, however,
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the direct interaction of HflXr with either LSU or 70S ribosomes has not been
demonstrated (Dey et al., 2018; Hillen et al., 2021; Zhang et al., 2015b). Similar to
E. coliHfIX, the HfX homolog in L. monocytogenes does not show antibiotic resistance
functionality, which raises the question whether recycling of ribosomes by splitting the
subunits of antibiotic-stalled ribosomes is sufficient to confer resistance, or whether
HfIXr uses a different mechanism of action for its target protection role with the LSU
as a target for drug release (Duval et al., 2018). The cryo-EM structure of E. coli HfIX
bound to the ribosome in complex with GDPNP revealed the loop connecting two
helices of subdomain Il of the N-terminal HfIX domain is in close proximity to the
lincomycin binding site near the PTC. The L. monocytogenes HflXr was found to have
a two-residue longer loop than the E. coli HfX which offers, based on differences in
their sequence, a possibility to reach deeper into the PTC by adopting a distinct
conformation and thereby overlapping with the antibiotic binding sites. Based on these
observations, the HfIX and HflXr proteins that have longer loops could confer antibiotic
resistance similar to type | or type Il target protection mechanisms (Wilson et al., 2020;
Zhang et al., 2015b).
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8. Methods

8.1. Polymerase chain reaction

The polymerase chain reaction was used to amplify linear DNA from a pIVEX-2.3MCS
plasmid containing the firefly luciferase gene. A Phusion high fidelity (HF) polymerase
(New England Biolabs) was used, and the reaction mix and cycle based on a NEB
protocol (M0530, dx.doi.org/10.17504/protocols.io.cdjs4m). The composition of the

reaction mix is listed in table 1 and the PCR cycle is listed in table 2. The PCR was
performed in a thermocycler (peqStar, VWR peqglab).

Table 1: PCR reaction mix.

Components Volume (pL)

5x Phusion HF buffer 10

dNTP mix (10 mM) 1

T7 FWD primer (10 mM) 25

T7 REV primer (10 mM) 25

Fluc pIVEX-2.3MCS plasmid X (<250 ng)

Phusion HF polymerase 0.5 (1.0 units)

Water (ddH20, nuclease free) Xto 50 pL

Table 2: PCR cycle.

Step Temperature Time (sec)

Initial denaturation 98°C 30
98°C 5

32 x cycles 56°C 15
72°C 90

Extension 72°C 300

Hold 4°C o0
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8.2. In vitro transcription

Linear Fluc-DNA was in vitro transcribed using T7 polymerase and was upscaled and
optimized from a ThermoScientific user guide (EP0112, MAN0016017) as described
in (Krieg and Melton, 1984). In table 3 the components of the reaction mix are listed.
The 5x transcription buffer (200 mM Tris-HCI (pH 7.9 at 25°C), 30 mM MgCl2, 50 mM
DTT, 50 mM NaCl and 10 mM spermidine), T7 polymerase, NTP mix (25 mM each,
freshly prepared from NTP set) and RNase inhibitor were used from ThermoScientific.

Table 3: Reaction mix for in vitro transcription using T7 polymerase.

Component Volume (uL)
5x transcription buffer. 100

NTP mix (25 mM each) 40

T7 polymerase 15

RNase inhibitor 5

Linear Fluc-DNA X (~10 pg)
Water (ddH20, nuclease free) X to 500 pL

The reaction mix was incubated at 30°C for 16 hours. The mRNA was purified by LiCl
precipitation as described in (Barlow et al., 1963; Cathala et al., 1983). 500 pL LiCl
(7.5 mM + 1 mM EDTA, ThermoScientific) was added to the reaction mix and stored
for 30 min at -20°C. The frozen reaction mix was centrifuged for 10 min at 18,000 x g
at 4°C in a tabletop centrifuge (Eppendorf 5425R). The supernatant was discarded,
the resulting pellet was washed with 500 L of 75% Ethanol chilled at -20°C and again
centrifuged for 2 min at 18,000 x g at 4°C. The supernatant was discarded and the
pellet air dried for 45 min. The pellet was resuspended in 50 yL ddH>-O and the
concentration determined at optical density at 260 nm and the quality checked on an
agarose bleach gel (1% agarose with 0.5% NaOCI) as described in (Aranda et al.,
2012). The mRNA was stored at -20°C.
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8.3. Purification of mutant ribosomes

Escherichia coli Squires strains (Quan et al., 2015) SQ171AtolC bearing only one
rRNA operon from a plasmid pAM552 with either no, or a single A2503G or U2609C
mutation in the 23S rRNA were provided by Prof. Alexander S. Mankin from University
of lllinois (Chicago, lllinois, USA). Wildtype and mutant strains were grown in 2xYPTG
(16 g/L peptone, 10 g/L yeast extract, 5 g/L NaCl, 3 g/L NaH2POs, 7.1 g/L Na2HPOg4,
19.8 g/L glucose) until reaching an optical density (OD) 600 nm at 0.6 as described
for S12 extracts in (Kim et al., 2006). Cells were harvested at 8,000 x g in a JLA-
8.1000 fixed-angle rotor (Beckman Coulter) for 20 min at 4°C, supernatant removed
and cells resuspended in Hico buffer (60 mM HEPES-KOH (pH 7.2 at 4°C), 500 mM
KOAc, 10 mM Mg(OAc)2, 0.1% DDM), and spun down again at 3,000 x g for 10 min
at 4°C. The cells were resuspended again in Hico buffer with protease inhibitor
cOmplete (Roche) and RNase inhibitor (New England Biolabs) and lysed by three
iterative passes through a microfluidizer LM10 (Microfluidics) at 15,000 psi. The
lysates were cleared by centrifugation at 12,000 x g for 20 min at 4°C using a JA 25.50
fixed angle rotor (Beckman Coulter). The cleared lysate was layered onto a sucrose
cushion (Hico buffer, 25% sucrose) and centrifuged for 16 hours at 100 000 x g at 4°C
in a Ti45 fixed angle rotor (Beckman Coulter), the supernatant removed, the pellet
resuspended in Hico buffer and layered again onto a sucrose cushion (Hico buffer,
25% sucrose) and centrifuged for 3 hours at 70 000 x g at 4°C in a TLA110 fixed angle
rotor (Beckman Coulter). The pellet was resuspended in Hico buffer (50 mM HEPES-
KOH (pH 7.2 at 4°C), 100 mM KOAc, 10 mM Mg(OAc)2, 2 mM DTT) and adjusted to
an OD2e0/ ml of 800-100.

8.4. Firefly luciferase in vitro translation assay with mutant

ribosomes

The translation efficiency was monitored using a firefly luciferase (Fluc) template
(Mardirossian et al., 2018b; Seefeldt et al., 2015), which was in vitro transcribed as
described in methods section 8.2. The assays were performed in an E. coli
PURExpress® system Aribosome kit (NEB E3313) and ribosomes were substituted

by the purified wildtype, A2503G and U2609 mutant ribosomes (methods section 8.3)
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at the same concentration as the ribosomes provided by the kit. The assay was
performed in absence and presence of increasing concentrations of MyxB. 4.75 uL of
PURExpress® system Aribosome mix were mixed with 1 uL antibiotic solution,
10 ng/uL mRNA and 0.25 pL RNAse inhibitor (New England Biolabs) and incubated
at 32°C for 30 min while shaking (600 rpm). The reaction was stopped by adding 5 pL
kanamycin (50 mg/ml) and transferred into a 96-well microtiter plate (Greiner Lumitrac,
non-binding, white, chimney). Luminescence was measured using a plate reader
(Tecan Infinite®200 Pro) after addition of 40 pL luciferase substrate solution (Promega
E1501). The absolute luminescence was normalized against a reaction in absence of
antibiotic and in presence of nuclease-free water. To validate the function of the assay
both telithromycin and chloramphenicol were tested at increasing concentrations (data

not shown).

8.5. Complex preparation for Cryo-EM

The preparation procedure of the complexes for the individual projects are listed
below. Grids were prepared using a Vitrobot Mark 1V (FEI) at 4°C and 100% chamber
humidity. 3.5 pL ribosome complexes at 5-8 OD2so/ml were applied to cryo-grids and
blotted for 5s and vitrified immediately by plunge-freezing them in liquid ethane-
propane and stored under liquid N2 conditions. Cryo-grids were used from Quantifoil
with different specifications (R2/2 or R3/3) made from copper with holey or continuous
carbon of 2-3 nm thickness. Cryo-grids were glow-discharged before preparation.

8.5.1.Myxovalargin
8.5.1.1. MyxA-70S-complex

For the MyxA-70S-complex reassociated Escherichia coli Keio wildtype (strain K-12
BW2511370S) ribosomes were used. These were prepared as previously described
in (Blaha et al., 2000) by Dr. Bertrand Beckert (Koller et al., 2022a). 8 OD2so/ml of
ribosomes were mixed with 200 uM MyxA and incubated at 30°C for 15 min at 600 rpm
and applied to cryo-grids (Quantifoil R3/3 Cu300 3 nm holey carbon) at 8 OD2so/ml.
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8.5.1.2. MyxB-70S-complex

The MyxB-70S-complex was prepared by Maha Abdelshahid from our group as shown
in Fig. 7 and as described in (Koller et al., 2022a). Briefly, the complex was prepared
using a disome approach (Arenz et al., 2016a; Arenz et al., 2015; Arenz et al., 2014b),
by translating a 2XermCL dicistronic mRNA in presence of 100 yM MyxB in the Rapid
Translation System RTS 100 E. coli HY Kkit.

d  Antibiotic * e f
e.g. Myxovalargin

A254 nm

8 'r\-l - N
%.*E{rwlb [\

| Sucrose

g ) RNase H cleavage h i

708 Disomes
0
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RNase H | |
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Figure 7: Preparation of the MyxB-70S-complex. a-c, Schematic depiction of the translation of the dicistronic
ermCL mRNA construct in absence of MyxB, leads to single 70S peaks on a sucrose gradient (b) and results in
individual 70S ribosomes observed in negative stain electron microscopy (c). d-f, Schematic depiction of the
translation of the dicistronic ermCL mRNA construct in presence of MyxB, leads to both 70S peaks and disome
peaks on a sucrose gradient (e) and results in disomes being observed in negative stain electron microscopy (f).
g-i, Annealing a DNA oligonucleotide to the ermCL construct and cleavage by RNase H allows splitting of the
disomes to monosomes, supported by a shift of the disome peak (blue) to a monosome peak (red) on a sucrose
gradient (h) and individual 70S ribosomes observed by negative stain electron microscopy (i). Modified from (Koller
et al.,, 2022a).

The complex was purified by sucrose density gradient (10-55% sucrose) centrifugation
and analyzed by negative stain microscopy (80 kV). The complex was applied to cryo-
grids (Quantifoil R2/2 Cu300 3 nm holey carbon) at 5 OD2go/ml.
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8.5.2.E. coli 70S-Dro1-complex

The Escherichia coli 70S-Dro1-complex was prepared by in vitro transcription-
translation reaction on a linear DNA template with the sequence AUG-MLIF-UAA in
the PURExpress® system ARF123 (New England Biolabs, E6850S) with 10x release
factor 1 (RF1) and 1x RF3 added in presence of 30 uyM Dro1. The reaction was
incubated for 15 min at 37°C and isolated by layering on a sucrose cushion (40%
sucrose, Hico buffer (50 mM HEPES-KOH (pH 7.4 at 4°C), 100 mM KOAc, 25 mM
Mg(OAc)2, 0.01% DDM) supplemented with 10x RF1, 1x RF3 and 30 yM Dro1) and
centrifuged for 3 hours at 80,000 x g in an Optima™ Max-XP tabletop ultracentrifuge
in a TLA 120.2 fixed angle rotor. The ribosome pellet was resuspended in Hico buffer
(50 mM HEPES-KOH (pH 7.4 at 4°C), 100 mM KOAc, 25 mM Mg(OAc)2, 0.01% DDM)
supplemented with 10x RF1, 1x RF3 and 30 yM Dro1) and applied to cryo-grids
(Quantifoil R3/3 Cu300 3 nm holey carbon) at 8 OD2eo/ml.

8.5.3.G2400A mutant S. cerevisiae 80S-Tel-complex

The G2400A mutant S. cerevisiae 80S ribosomes were purified by Dr. Maxim Svetlov
as described in (Svetlov et al., 2021a) and incubated with 50 yM Tel for 15 min at 4°C
in Hico buffer (10 mM HEPES-KOH (pH 7.5 at 4°C), 50 mM KOAc, 10 mM NH4OAc,
5 mM Mg(OAc)2, 2 mM DTT). The complex was applied to cryo-grids (Quantifoil R3/3
Cu300 3 nm holey carbon) at 5 OD2eo/ml.

8.5.4.L. monocytogenes complexes

L. monocytogenes complexes were purified by Dr. Kathryn Turnbull and Prof. Vasili
Hauryliuk as described in (Koller et al., 2022b). Briefly, 70S ribosomes were purified
from L. monocytogenes EGDe strain through sucrose gradient centrifugation and
incubated with 100 yM lincomycin for 15 min at 4°C for the Lmo-70S-lincomycin
complex and applied to cryo-grids (Quantifoil R2/2 Cu300 with 2 nm continuous
carbon) at 5 ODaeo/ml. For both the HfIXr-50S-GDPNP-complex and HfIX-50S-
GDPNP-complex the L. monocytogenes EGDe strain AhfiXr were used and the factors

were over expressed from a pIMK3:hfIXr or pIMK3:hflX plasmid, induced by 0.5 mM
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IPTG, harvested, lysed and cell debris removed. The complexes were purified by
FLAG-M2 affinity purification in the presence of 0.5 mM GDPNP and the complex
eluted in presence of 0.2 mg/ml FLAG peptide in polymix buffer (20 mM HEPES-KOH
(pH 7.5 at 4°C), 5 mM Mg(OAc)2, 95 mM KCI, 15 mM NH4ClI, 0.5 mM CaClz, 8 mM
putrescine, 1 mM spermidine, 0.5 mM EDTA, 0.05% Nikkol) and applied to cryo-grids
(Quantifoil R2/2 Cu300 with 2 nm continuous carbon) at 5 OD2go/ml.

8.6. Cryo-electron microscopy data collection

All grids were screened using a 200 kV Talos Arctica (FEI) with a field emission gun
(X-FEG) and a Falcon 3EC direct detector at the Centre for Structural Systems Biology
(CSSB, Hamburg, Germany). Data collection was performed at four different facilities
with different setups of Titan Krios 300kV microscopes and exact specifications are
listed in table 4.

Table 4: Cryo-electron microscopy data collections.

Dataset Facility Detector Pixel size (A/px) | Movies
collected

MyxA-70S | CEITEC Gatan K2 summit | 0.828 8,208

Dro-70S DCI FEI Falcon 4 0.8 8,861

MyxB-70S | Gene Center | FEI Falcon 2 0.1053 5,132
LMU

Tel-80S Gene Center | Gatan K2 summit | 0.822 4,371
LMU

HfIXr-50S | UCEM Gatan K2 summit | 0.82 4,255

HfIX-50S UCEM Gatan K2 summit | 0.82 4,480

Lnc-70S UCEM Gatan K2 summit | 0.7725 14,982
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8.7. Single-particle reconstruction of cryo-EM datasets and

molecular modelling

8.7.1.Single-particle reconstruction of cryo-EM datasets

Processing was performed both in RELION 3.1 and RELION 4.0 (Zivanov et al., 2018)
on Linux-based GPU workstations. Motion correction of the collected multi-frame
movies was performed with RELIONS’s implementation of MotionCor2 with 5x5
patches in unbinned pixel size (Zheng et al., 2017). CTF values were estimated with
CTFFIND 4.1.14 using power spectra within RELION (Min. res. 30 A, Max. res 2 A,
Min. defocus 2500 A, Max. defocus 50,000 A, defocus step size 500 A) (Rohou and
Grigorieff, 2015). Particles were picked from the motion corrected micrographs using
crYOLO with a general model through the command line (cryolo_predict.py -c
config.json -w gmodel.h5 -i *.mrc -o picked_particles -t 0.2 -pbs 3 -gpu_fraction 1.0 -
nc-1-mw 100 -sr 1.4) (Wagner et al., 2019) and were manually inspected on a random
set of 10-30 micrographs using relion_display (relion_display --i micrograph.mrc --pick
--angpix --lowpass 20 --scale 0.2). Particles were imported to RELION and extracted
at 5x reduced pixel size, based on an appropriate box size for the pixel size used
during data collection. 2D classification was performed using RELIONs EM algorithm
with 50 classes for 100 iterations. Ribosome-like particles were selected manually in
RELIONSs subset selection. Particles were re-extracted at 3x reduced pixel size and
initially 3D refined. A cryo-EM map from the same organism was used as reference
adjusted to correct pixel size (relion_image handler --i reference.mrc --o
reference_pix_box.mrc --angpix --rescale_angpix --new_box). 3D classification, and
subsequent focus sorting, was performed until stable classes were observed. Particles
were selected and re-extracted at undecimated pixel size and subjected to 3D
refinement, followed by subsequent CTF refinement (4" order aberrations, beam-tilt,
anisotropic magnification, and per-particle defocus value estimation). For Bayesian
polishing a training was performed on a subset of 10,000 particles and optimized
parameters used for the final polishing (Zivanov et al., 2019). 3D refinements after
each step were performed to improve the overall resolution of the complexes. The
resulting maps after each 3D refinement were post-processed with a mask created at
appropriate threshold (extended by 6 px, with 6 px soft-edge) or from a molmap at 4 A

(created in ChimeraX (Goddard et al., 2018; Pettersen et al., 2021)), and automatically
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estimated B-factor applied. During 3D refinement steps the modulation transfer
function (MTF) of the detector was applied. The final resolution of the final masked
reconstructions was estimated at FSCo.143 (gold-standard) (Zivanov et al., 2018;
Zivanov et al., 2019). Some of the resulting maps were lowpass filtered for molecular
modelling skipping the FSC weighting step in RELION post processing and applying
an ad hoc filter.

8.7.2.Local resolution and local filtering calculations

Bsoft was used for local resolution calculations and local filtering (Heymann, 2018).
The half-maps were normalized (bimg -data float -rescale 0,1 half.mrc half_norm.mrc)
and a mask was created in ChimeraX 1.4 (volume onesmask) (Goddard et al., 2018;
Pettersen et al., 2021). Blocres was run with both normalized half-maps, mask and
max. resolution from the FSC curve created by RELION (Zivanov et al., 2018) (blocres
-maxres -box -sampling -cutoff 0.143 -verbose 1 -fill -origin 0,0,0 -Mask
half1_norm.mrc half2_norm). Maps were locally filtered with the calculated local
resolution (blocfilt -box -sampling -verbose -origin 0,0,0 -Resolution localres.mrc -
Mask). Coloring according to local resolution was performed in ChimeraX 1.4
(Goddard et al., 2018; Pettersen et al., 2021) (color sample map offset 0.1 update true
palette range X, Y) on the 3D refined and/or post-processed maps.

8.7.3.Molecular modelling

Modelling was performed in Coot (Emsley et al., 2010) from the CCP4 software suite
(Winn et al., 2011). Initial models were taken from the PDB database (Berman et al.,
2000; Burley et al., 2021) and are cited in the methods section and rigid body fitted in
ChimeraX (Goddard et al., 2018; Pettersen et al., 2021). Molecular restrains were
created using aceDRG within the CCP4 software suit (Long et al., 2017). Initial
refinements were performed in Phenix 1.19.2-4158 and 1.20.1-4487 (Liebschner et
al., 2019; Moriarty et al., 2009), and final refinements were performed with Refmac5
within Servalcat (Yamashita et al., 2021). Servalcat was also used to prepare
difference maps to place waters in Coot. The final model was validated in Phenix
comprehensive Cryo-EM validation (Chen et al., 2010; Liebschner et al., 2019)
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8.7.4.Single particle analysis of myxovalargin complexes

8.7.4.1. My
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Figure 8: In silico sorting for the MyxA-50S-complex. a, From 8,208 micrographs a total of 680,054 particles
were picked and subjected to 2D classification, resulting in 637,358 ribosome-like particles which were extracted
in three times decimated pixelsize (2.46 A/px) and initially 3D refined. b, Particles subjected to 100 iterations of 3D
classification yielded four classes of 70S ribosomes with a density in the NPET. c-e, Combined particles (580,425
particles) of well-resolved 70S ribosomes (despite the rotation of the 30S subunit) were 3D refined (c), CTF refined
(d, 4™ order aberration, beamtilt, anisotropic magnification and per-particle defocus value estimation) and Bayesian



polished (e). f-g, the final reconstruction of the MyxA-50S-complex reached a final average masked resolution of

2.08 A using a 508 solvent mask.

The E. coli-70S-MyxA dataset was processed at a pixel size of 0.828 A/px. A total of
8,208 movies were collected with a total dose of 44 e/A?, 40 frames and a defocus
range of -1.0 to -3.0 um. A box size of 360 px3 was used for the undecimated 3D
refinement. Motion correction, defocus value estimation and particle picking were
performed as described in method section 8.7.1. A total of 680,054 particles were
picked and extracted at 6x decimated pixel size (60 px®, 4.968 A/px) and subjected to
2D classification, resulting in 637,358 ribosome-like particles (Fig. 8a). Ribosome-like
particles were extracted at 3x decimated pixel size (120 px3, 2.484 A/px) and an initial
3D refinement was performed with the map of an E. coli-70S-ErmBL-complex (EMD-
8175 (Arenz et al., 2016a)) as reference, resulting in a 70S ribosome with P- and E-
site tRNAs (Fig. 8a). Non-aligning 3D classification was performed for 100 iterations
(Fig. 8b). Three classes containing high resolution 70S ribosomes (91.1%,
580,425 particles) with additional density in the NPET were combined, despite their
30S subunit rotation (Fig. 8c). The particles were brought to high resolution, as

described in methods section 8.7.1 and FSC curve are shown in Fig. 9a.
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Figure 9: FSC curves and local resolution of the MyxA-50S-complex. a, Fourier shell correlation (FSC) curves

local resolution

of unmasked (green) and masked (blue) reconstruction of the MyxA-50S-complex with indicated average

resolutions of 2.53 A and 2.1 A (at FSCy.143), respectively. b, Map-vs-model cross correlation curves for the cryo-
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EM half-maps 1 (green) and 2 (blue) and for the unmasked 3D refined (orange) and post processed (black) with
resolution indicated at FSCo 5. c-d, Cryo-EM map of the masked post-processed volume (c) and transverse section

(d) colored according to local resolution with binding site of MyxA indicated.

A final average resolution of 2.53 A for the unmasked and 2.1 A for the masked (50S
mask) reconstruction was reached. The local resolution was calculated as described
in methods section 8.7.2 and is shown in Fig. 9c-d with density in the NPET at a local
resolution of 1.8 - 2.1 A. Molecular modelling of MyxA was performed de novo with the
chemical structure prepared in Chemdraw (PerkinElmer Informatics) and molecular
restraints for modified residues and ligands were created using aceDRG within the
CCP4 software suit (Long et al., 2017). A high-resolution E. coli 50S subunit (PDB ID
7K00 (Watson et al., 2020)) was rigid body fitted and modelled and refined as
described in methods section 8.7.3 and final statistics are listed in table 5. The overall
quality of the cryo-EM density was very good (Fig. 10) and allowed placement of
putative magnesium ions and water molecules (Fig. 10b-c,e) and also revealed known
modifications of nucleotides, like the methylation of m?A2503 (Fig. 10d) (Watson et
al., 2020).

o Trp60

Figure 10: Quality of the cryo-EM map of the MyxA-50S complex. a-e, Isolated density of the cryo-EM map of
MyxA-50S-complex with molecular models of (a) Trp60 of ribosomal protein L4, (b) 746 of the 23S rRNA (blue)
with coordinated magnesium (Mg, green) and surrounding waters (red), (c) G2061 and A2062 with coordinated
magnesium (Mg, green), (d) methylation on A2503 (m?A2503) and (e) C2610 and G2505 with coordinated water

molecule (red).
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8.7.4.2. MyxB-70S-complex
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Figure 11: In silico sorting of the MyxB-70S-complex. a, From 5132 micrographs a total of 547,103 particles
were picked and subjected to 2D classification yielding 523,747 ribosome-like particles that subsequently were 3D
refined at three times decimated pixel size (3.159 A/px). b-c, 100 iterations of 3D classification yielded 6 classes
of 70S ribosomes with different tRNAs and high resolution particles of similar classes were combined (408,707
particles) and further subsorted for another 100 iterations (c). d-h, Combined particles of 70S ribosome with density
in the NPET and P- and E-tRNA (376,564 particles) were 3D refined, CTF refined (e, 4™ order aberration, beamtilt,
anisotropic magnification and per-particle defocus value estimation), Bayesian polished (f) and again CTF refined
(g), resulting in a reconstruction with a final average masked resolution of 2.96 A (at FSCg.143).
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The E. coli-70S-MyxB dataset was processed at a corrected pixel size of 1.053 A/px
as the detector pixel size of 1.067 A was found to be incorrect. A total of 5,132 movies
were collected with 2.54 e"/A? per frame, a defocus range of -0.7 to -1.2 ym. A box
size of 360 px® was used for the undecimated 3D refinement. Motion correction,
defocus value estimation and particle picking were performed as described in method
section 8.7.1. A total of 547,103 particles were picked and extracted at 6x decimated
pixel size (60 px?, 6.318 A/px) and subjected to 2D classification, resulting in 523,747
ribosome-like particles (Fig. 11a). These ribosome-like particles were extracted at 3x
decimated pixel size (120 px3, 3.159 A/px) and an initial 3D refinement was performed
with the map of an E. coli-70S-ErmBL-complex (EMD-8175 (Arenz et al., 2016a)) as
reference, resulting in a 70S ribosome with sub-stoichiometric A-, P-, and E-tRNAs
(Fig. 11a). Non-aligning 3D classification was performed for 100 iterations (Fig. 11c).
Four classes with high-resolution 70S particles (Fig. 11b, 78.0%, 408,707 particles)
were combined and further sub-sorted (Fig. 11c). Two classes containing 70S
ribosomes with P- and E-tRNA were combined (Fig. 11¢c, 71.9%, 376,564 particles)
and re-extracted at undecimated pixel size and brought to high resolution as described
in methods section 8.7.1. The final reconstruction contains density for a tRNA in the
P-site and additional density assigned to MyxB in the NPET, similar to the

aforementioned MyxA-70S-complex.
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Figure 12: FSC curves and local resolution of the MyxB-70S-complex. a, Fourier shell correlation (FSC) curves
of unmasked (green) and masked (blue) reconstruction of the MyxB-70S-complex with indicated average
resolutions of 3.2 A and 2.0 A (at FSCo.143), respectively. b-¢, Cryo-EM map of the masked post-processed volume
(b) and transverse section (c) colored according to local resolution with binding site of MyxB and the P-tRNA

indicated.
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A final average resolution for the unmasked reconstruction of 3.2 A and the masked
reconstruction of 3.0 A was reached (Fig. 12a) with local resolution (Fig. 12b-c) going
as low as 2.7 A in the core of the ribosome. Molecular modelling of MyxB was
performed de novo with the chemical structure prepared in Chemdraw (PerkinElmer
Informatics) and molecular restraints for modified residues and ligands were created
using aceDRG within the CCP4 software suit (Long et al., 2017). The high-resolution
E. coli 70S ribosome (PDB ID 7K00 (Watson et al., 2020)) and P-tRNA, taken from
the pre-attack state (PDB ID 1VY4, (Polikanov et al., 2014a)), were rigid body fitted,
modelled and refined as described in methods section 8.7.3 and final statistics are
listed in table 5. The sequence for the P-tRNA was adjusted in Coot (Emsley et al.,
2010).
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8.7.5.Single particle analysis of Escherichia coli-T0S-Dro1 complex
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Figure 13: In silico processing of the drosocin dataset. 715,455 particles were picked from 8,861 micrographs
and subjected to 2D classification resulting in 529,600 ribosome-like particles. b, Particles were extracted at three
times decimated pixel size (2.4 A/px) and 3D refined. ¢, 70 iterations of initial 3D classification resulted in six

classes of which classes containing 70S were combined and sub-sorted (356,671 particles). A class containing
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large 50S subunit (159,749 particles) was further processed. d, Partial particle subtraction of 70S ribosomes with
a mask around the A-site was performed and sub-sorted for 150 iterations. e, 3D refinement of the termination
complex containing RF1, P-tRNA and sub. E-tRNA density at undecimated pixel size, CTF refinement (4™ order
aberrations, beam-tilt, anisotropic magnification and per-particle defocus value estimation), Bayesian polishing and
another round of CTF refinement resulting in a final average resolution for the masked reconstruction of 2.3 A (at
FSCo.143). f, 3D refinement of the elongation complex containing A-tRNA and P-tRNA density at undecimated pixel
size and subsequent CTF refinement (4" order aberrations, beam-tilt, anisotropic magnification and per-particle
defocus value estimation), resulting in a final average resolution for the masked reconstruction of 2.8 A (at
FSCo.143). @, 3D refinement of the 50S complex at undecimated pixel size and subjected to CTF refinement (4"
order aberrations, beam-tilt, anisotropic magnification and per-particle defocus value estimation), resulting in a final

average resolution for the masked reconstruction of 2.1 A (at FSCo 143).

The E. coli-70S-Dro1 dataset was processed at a corrected pixel size of 0.8 A/px as
the detector pixel size of 0.83 A was found to be incorrect. A total of 8,861 movies
were collected with a total dose of 40 e/A? and with 40 frames, a magnification of
96,000x and a defocus range of -0.4 to -0.9 um. A box size of 600 px3 was used for
the undecimated 3D refinement. Motion correction, defocus value estimation and
particle picking were performed as described in method section 8.7.1. A total of
715,455 particles were picked and extracted at 5x decimated pixel size (120 px3,
4 A/px) and subjected to 2D classification, resulting in 529,600 ribosome-like particles
(Fig. 13a). These ribosome-like particles were extracted at 3x decimated pixel size
(200 px3, 2.4 A/px) and an initial 3D refinement was performed with the map of an
E. coli-70S-ErmBL-complex (EMD-8175 (Arenz et al., 2016a)) as reference, resulting
in a 70S ribosome with sub-stoichiometric P-tRNA and sub-stoichiometric release
factor 1 (RF1) (Fig. 13b). Non-aligning 3D classification was performed for 100
iterations (Fig. 13c). A class containing exclusively large 50S subunits (30.2%,
159,749 particles), with additional density in the NPET were further processed (Fig.
13g), while two classes containing high resolution 70S ribosomes (67.4%,
356,671 particles) with additional density in the NPET were combined and subjected
to focus classification (Fig. 13d). A circular mask was created around the binding
position of the release factor 1 in the A-site, observed in the initial refinement, and
used for partial particle subtraction. As reference a reconstruction from RELION was
used for the sub-sorting (relion_reconstruct --i particles_subtracted.star --o0
reconstruction.mrc --ctf). Two classes were selected, namely a 70S with RF1 and P-
tRNA (26.0%, 137,449 particles, termination complex) and a 70S with A- and P-tRNA

(16.0%, 84,697 particles, elongation complex). The termination complex (2.3 A, Fig.
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13e), elongation complex (2.8 A, Fig. 13f) and 50S (2.1 A, Fig. 13g) were brought to
high resolution, as described in methods section 8.7.1 and FSC curves are shown in
Fig. 14a-c, respectively.
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Figure 14: FSC curves and local resolution for the drosocin data collection. a-c, Fourier shell correlation
curves for the termination complex (a), elongation complex (b) and the 50S complex (c) with unmasked (green)
and masked (blue) FSC curves with resolution indicated at FSCq.143. d-f, Cryo-EM density of the termination
complex (d), elongation complex (e) and the 50S complex (f) colored according to resolution for the full ribosome
and transverse section. g-i, Molecular model of Dro1 in isolated density and colored according to local resolution
of the termination complex (g), elongation complex (h) and the 50S complex (i).

Local resolution was calculated as described in methods section 8.7.2 and is shown
in Fig. 14d-f. Density assigned to Dro1 was observed in all three models (Fig. 14g-i),
with the elongation complex having the lowest local resolution (Fig. 14h) and the
termination complex showing the highest (Fig. 14g). The molecular model of Dro1 was
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created de novo and the o-D-GalNAc (2-acetamido-2-deoxy-alpha-D-
galactopyranose) modification on Thr11 was taken from the ligand database (Ligand
A2G, PDB ID 1DOH,(Emsley et al., 2000)) and linked through Refmac 5 (Vagin et al.,
2004). For all three complexes a high-resolution E. coli 70S (PDB ID 7K00, (Watson
et al., 2020) was used as starting model. For the termination complex, the release
factor 1 was assembled from an AlphaFold model (AF-POA7I10-F1) (Jumper et al.,
2021; Varadi et al., 2022) and the deacylated Phe-tRNA from a crystal structure (PDB
ID 6Y3G (Bourgeois et al., 2020)) with the sequence adjusted. For the elongation
complex the fMet-tRNA was taken from the pre-attack state (PDB ID 1VY4, (Polikanov
et al., 2014a) and the Leu-tRNA from ErmDL-70S-complex (PDB ID 7NSQ, (Beckert
et al., 2021), both adjusted to their correct sequence. Starting models were rigid body
fitted into the individual cryo-EM maps, modelled, and refined as described in methods

section 8.7.3 and final statistics are listed in table 6.
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8.7.6.Single particle analysis of S. cerevisiae 80S-Tel-complex
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Figure 15: In silico processing of the G2400A mutant Tel-80S-complex. a, From 4,371 micrographs a total of
329,333 particles were picked and subjected to 2D classification, resulting in 242,959 ribosome-like particles, which
were initially 3D refined at three times decimated pixel size (2.466 A/px). b, 200 iterations of 3D classification
yielded six classes of 80S ribosomes with either E-tRNA (c, 75,303 particles) or sub-stoichiometric E-tRNA (d,
153,893 particles) which were 3D refined. e, The final reconstruction resulted from CTF refinement (4™ order
aberrations, beam-tilt, anisotropic magnification and per-particle defocus value estimation) with an average masked
resolution of 2.88 A (at FSCo 143). Modified from (Svetlov et al., 2021a).
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The G2400A mutant S. cerevisiae-80S-Tel dataset was processed at a pixel size of
0.822 A/px. A total of 4,371 movies were collected with a total dose of 40 e/A2, 40
frames, and a defocus range of -1 to -3 um. A box size of 420 px3 was used for the
undecimated 3D refinement. Motion correction, defocus value estimation and particle
picking were performed as described in method section 8.7.1. A total of
329,333 particles were picked and extracted at 5x decimated pixel size (70 px3,
4.932 A/px) and subjected to 2D classification, resulting in 242,959 ribosome-like
particles (Fig. 15a). These ribosome-like particles were extracted at 3x decimated
pixel size (140 px3, 2.466 A/px) and an initial 3D refinement was performed with the
map of an S. cerevisiae-80S-Xrn1-complex (EMD-4474 (Tesina et al., 2019)) as
reference, resulting in a 80S ribosome (Fig. 15a). Non-aligning 3D classification was
performed for 200 iterations (Fig. 15b). Classification resulted in one class containing
80S ribosome with E-site tRNA (31.0%, 75,303 particles) and three classes containing
80S ribosomes with sub-stoichiometric E-site tRNA (63,3%, 153,894 particles) all with
additional density in the NPET. Both sets of particles were brought to high resolution
(Fig. 15¢c-d), however, only the class with sub-stoichiometric E-site tRNA was CTF
refined (Fig. 15e). The FSC curve is shown in Fig. 16a.
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Figure 16: Quality of the G2400A mutant Tel-60S-complex cryo-EM map. a, Fourier shell correlation (FSC,
left) of the unmasked (orange) and masked (black) final reconstruction with resolution indicated at FSCq.143 and
map-vs-model cross correlation (right) of the half-map1 (green), half-map 2 (blue), 3D refined map (orange) and
post-processed map (black) with resolution indicated at FSCy 5. b-d, Cryo-EM map of the masked 60S-Tel-complex
(b, grey), colored according to local resolution (c) and as transverse section (d). e, molecular model of Tel (salmon)
and isolated density colored according to local resolution with scale from (c). f-g, Tel (salmon) with surrounding
23S rRNA nucleotides (grey), ribosomal protein uL4 (purple) and putative water molecules (light blue) in isolated
density (mesh). Modified from (Svetlov et al., 2021a).

A final average resolution of the unmasked 80S of 3.1 A and the masked 60S subunit
of 2.9 A was reached (Fig. 16a-b) with local resolution going as low as 2.5-2.7 A in
the core of the large subunit and for Tel in the NPET (Fig. 16c-e). The molecular model
of the 60S subunit was taken from the 80S-Xrn1-complex (PDB ID 6Q8Y) (Tesina et
al., 2019) and Tel was taken from the E. coli Tel-70S-complex (PDB ID 4V7S) (Dunkle
et al., 2010). Starting models were rigid body fitted into the cryo-EM map, modelled,
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and refined as described in methods section 8.7.3 and for Tel shown in Fig. 16e-g,
with additional putative waters W4-W3 modelled and final statistics are listed in table 7.

8.7.7.Single particle analysis of L. monocytogenes complexes

8.7.71. Lmo-70S-lincomycin-complex
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Figure 17: In silico processing of the L. monocytogenes lincomycin dataset. a, From 14,982 micrographs a
total of 561,654 particles were picked and subjected to 2D classification yielding 506,262 ribosome-like particles.
b, Initial 3D refinement with particles extracted at decimated pixel size. ¢, 3D classification (200 iterations) yielded
four high resolution classes of which two populations with P-tRNA (d, 172,106 particles) or E-tRNA (e, 285,330
particles) were further processed. d-e, The 70S with P-tRNA (d) and with E-tRNA (e) were 3D refined, CTF refined
(4" order aberrations, beam-tilt, anisotropic magnification and per-particle defocus value estimation), Bayesian
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polished and yielding final masked reconstructions at 2.25 A for the Lnc-70S-complex (d) and 2.09 A for the Lnc-
50S-complex (e) (at FSCo.143). Modified from (Koller et al., 2022b).

The L. monocytogenes-70S-Lnc dataset was processed at a 1.5x binned pixel size of
0.7725 Alpx as the data was collected in super-resolution mode with a pixel size of
0.515 A/px. A total of 14,982 movies were collected with a total dose of 40.3 e/A2 and
with 40 frames, a magnification of 270,000x and a defocus range of -0.4 to -1.4 ym. A
box size of 600 px® was used with 400 px® used for the 1.5x decimated final 3D
refinement. Motion correction, defocus value estimation and particle picking were
performed as described in method section 8.7.1. A total of 561,654 particles were
picked and extracted at 6x decimated pixel size (100 px3, 3.09 A/px) and subjected to
2D classification, resulting in 506,262 ribosome-like particles (Fig. 17a). These
ribosome-like particles were extracted at 4x decimated pixel size (150 px, 2.06 A/px)
and an initial 3D refinement was performed with the map of an L. monocytogenes-
70S-VgalL-complex (EMD-12334 (Crowe-McAuliffe et al.,, 2021)) as reference,
resulting in a 70S ribosome with E-site tRNA and sub-stoichiometric P-tRNA (Fig.
17b). Non-aligning 3D classification was performed for 200 iterations (Fig. 17¢). Two
class, one with 70S and sub-stoichiometric P-site tRNA (34.0%, 172,106 particles,
Fig. 17d), and one with 70S and E-site tRNA (56.4%, 285,330 particles, Fig. 17e).
Both classes were brought to high-resolution as described in methods section 8.7.1,
resulting in 2.3 A and 2.1 A for the Lmo-70S-Lnc-complex (Fig. 18a) and Lmo-50S-
Lnc-complex (Fig. 18b), respectively. For both complexes the local resolution in the
core of the 50S subunit is as low as 1.8 A (Fig. 18c-h) and density near the PTC,
assigned to lincomycin, was observed (Fig. 18i-k). Molecular modelling of lincomycin
was performed de novo with the chemical structure prepared in Chemdraw
(PerkinElmer Informatics) and molecular restrains for the ligand was created using
aceDRG within the CCP4 software suit (Long et al., 2017). The ligand and the 50S
subunit taken from the L. monocytogenes-70S-VgalL-complex were rigid body fitted,
modelled, and refined as described in method section 8.7.3 and final statistics are
listed in table 8.
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Figure 18: FSC curves and local resolution of the L. monocytogenes lincomycin dataset. a-b, Fourier shell
correlation (FSC) curves of the Lnc-70S-complex (a) and the Lnc-50S-complex (b) with unmasked (green) and
masked (blue) with resolution indicated at FSCo 143. c-f, Cryo-EM map of the Lnc-70S-complex (¢, grey) and Lnc-
50S-complex (f, grey), colored according to local resolution of the Lnc-70S-complex (d) and Lnc-50S-complex (g)
and transverse section of the Lnc-70S-complex (e) and Lnc-50S-complex (h) colored according to local resolution.
i-k, Molecular model of lincomycin (i, Lnc, turquoise), in isolated density (j, mesh) from the Lnc-70S-complex and
colored according to local resolution (k). Modified from (Koller et al., 2022b).
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8.7.7.2. Lmo-50S-HfIXr-GDPNP-complex
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Figure 19: In silico processing of the HfIXr-50S-GDPNP-complex, FSC curve and local resolution. a, From
4,255 micrographs a total of 402,944 particles were picked and subjected to 2D classification resulting in 206,159
ribosome-like particles. b, An initial model was calculated at 15 A and used as reference for initial 3D refinement
(c) and subjected to 200 iterations of 3D classification. d, Two classes of high resolution 50S with additional density
in the A-site were combined (204,545 particles) and 3D refined. e, CTF refinement (4" order aberrations, beam-
tilt, anisotropic magnification, and per-particle defocus value estimation) and Bayesian polishing yielded a final
masked reconstruction with an average resolution of 2.32 A (at FSCo.143). For modelling the map was low pass
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filtered at 3 A. f, Fourier shell correlation curves of the unmasked (green) and masked (blue) reconstruction with
resolution indicated at FSCo.143. g-k, Cryo-EM map (g, grey) and isolated density for HfIXr (h, grey) of the HfIXr-
50S-GDPNP-complex and colored according to local resolution for the full map (i), transverse section and isolated
density of HfIXr (k). Modified from (Koller et al., 2022b).

The L. monocytogenes-50S-HfIXr--GDPNP dataset was processed at 0.82 A/px. A
total of 4,255 movies were collected with a total dose of 35.022 e/A? and with 30
frames, a magnification of 165,000x and a defocus range of -0.8 to -2.0 um. A box
size of 360 px3 was used for the final 3D refinement. Motion correction, defocus value
estimation and particle picking were performed as described in method section 8.7.1.
A total of 402,944 particles were picked and extracted at 5x decimated pixel size
(72 px3, 4.1 A/px) and subjected to 2D classification, resulting in 206,159 ribosome-
like particles (Fig. 19a). These ribosome-like particles were extracted at 3x decimated
pixel size (120 px?, 2.46 A/px) and an ab initio model generated in RELION (Scheres,
2012) at 15 A and used as reference for 3D refinement. 3D refinement resulted in a
50S subunit with E-site tRNA and extra density in the A-site assigned to HflXr (Fig.
19¢c) which was subjected to non-aligning 3D classification for 200 iterations (Fig.
19¢). Two classes, one with and one without E-site tRNA, were combined (99.22%,
204,545 particles) and brought to high-resolution as described in methods section
8.7.1. The complex reached a final average resolution of 2.6 A for the unmasked and
2.3 A for the masked cryo-EM map (Fig. 19f) with local resolution of the ribosomal
core going as low as 2.0 A (Fig. 19i-j). The density assigned to HflIXr is overall well
resolved, however, the loop region close to the PTC is poorly ordered and for
modelling had to be low pass filtered to 3 A (Fig. 19h, k). The molecular model of HflXr
was calculated with AlphaFold (Jumper et al., 2021; Varadi et al., 2022), GDPNP was
taken from the ligand database (ligand GNP, PDB ID 1CTQ, (Scheidig et al., 1999)
and the 50S subunit from the L. monocytogenes-70S-VgalL-complex (PDB ID 7NHN
(Crowe-McAuliffe et al., 2021)). All starting models were rigid body fitted, modelled,
and refined as described in methods section 8.7.3 and final statistics are listed in
table 8.
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8.7.7.3.
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Figure 20: In silico processing of the HfIX-50S-GDPNP-complex. a, From 4,480 micrographs a total of 268,147

particles were picked and subjected to 2D classification, resulting in 242,816 particles. b, With the Lmo50S-Lnc

volume as reference an initial 3D refinement was performed. ¢, 3D classification for 100 iterations resulted in six

classes, of which three subpopulations with density for HfIX in the A-site were combined. d, 3D refinement, CTF

refinement (4™ order aberrations, beam-tilt, anisotropic magnification, and per-particle defocus value estimation)
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and Bayesian polishing yielded a post processed masked 50S volume with a final average resolution of 2.54 A (at
FSCo.143). €, The refined volume was sub sorted with partial particle subtraction with a mask around the factor
resulting in six classes. f, High resolution HflX (31.5% of the particles) was 3D refined and post processed resulting
in a final average masked reconstruction of 2.76 A (at FSCo 143). g, Fourier shell correlation (FSC) for the masked
(blue) and unmasked (green) reconstruction of the focus sorted HfIX-50S-GDPNP-complex. h, Cryo-EM map of
the post processed HfIX-50S-GDPNP-complex coloured by local resolution. i, Isolated density (grey mesh) of HfIX
low pass filtered at 3 A. j, as (i) but coloured according to local resolution. k, Angular distribution of the focused
sorted cryo-EM map of the HfIX-50S-GDPNP-complex. Modified from (Koller et al., 2022b).

The L. monocytogenes-50S-HfIX-GDPNP dataset was processed at 0.82 A/px. A total
of 4,480 movies were collected with a total dose of 30 e/A? and with 20 frames, a
magnification of 165,000x and a defocus range of -0.6 to -1.6 ym. A box size of
360 px® was used for the final 3D refinement. Motion correction, defocus value
estimation and particle picking were performed as described in method section 8.7.1.
A total of 268,147 particles were picked and extracted at 5x decimated pixel size
(72 px3, 4.1 A/px) and subjected to 2D classification, resulting in 242,816 ribosome-
like particles (Fig. 20a). These ribosome-like particles were extracted at 3x decimated
pixel size (120 px3, 2.46 A/px) and an initial 3D refinement was performed with the
map of an L. monocytogenes-70S-VgalL-complex (EMD-12334 (Crowe-McAuliffe et
al., 2021)) as reference, resulting in a 50S ribosome with extra density in the A-site
assigned to HfIX (Fig. 20b) which was subjected to non-aligning 3D classification for
100 iterations (Fig. 20c). Three classes with 50S subunit and density in the A-site
were combined (83.9%, 203,878 particles) and brought to high-resolution as
described in methods section 8.7.1. The complex reached a final average resolution
of 2.54 A for the masked cryo-EM map (Fig. 20d). However, the cryo-EM density for
the factor was poorly resolved, and did not improve by low-pass filtering at 3 A. Partial
particle subtraction with a mask around HflX density, created from a molmap of an
AlphaFold model (Jumper et al., 2021; Varadi et al., 2022), was used for focus sorting
(Fig. 20e). A class containing well-resolved density of the factor was brought to high-
resolution as described in methods section 8.7.1 and resulted in 3.03 A for the
unmasked and 2.76 A for the masked reconstruction (Fig. 20f) and local resolution for
both ribosome and factor in a similar range (Fig. 20h). Different from the Lmo-50S-
HflXr-complex, the Lmo-50S-HflX-complex suffered from severe orientation bias (Fig.
20k), not allowing the refinement of a proper molecular model. A rigid body fit and
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small adjustments of a vacant L. monocytogenes 50S subunit (PDB ID 8A63 (Koller

et al., 2022b) was used to compare the conformations of PTC nucleotides.

8.8. Figure making

Figures were prepared using Adobe lllustrator. ChimeraX was used to assemble
molecular models (Goddard et al., 2018; Pettersen et al., 2021). PyMol v2.5 was used
to align molecular models (Ribosomes based on their 23S5/25S/28S rRNA) and split
PDB files (Schrodinger inc). Local resolution was calculated using Bsoft (Heymann,
2018) or ResMap (Kucukelbir et al., 2014) and visualized with ChimeraX.

75



9. Aim of this thesis

The aim of this study can be separated into four individual projects. These projects
have the general target to investigate the mechanisms of actions and binding sites of
ribosome-targeting antimicrobial peptides, proving context-specificity for an antibiotic
binding a eukaryotic ribosome and a resistance mechanism that interferes with
antimicrobial activity. The method of choice for all projects is cryo-EM which provides
a detailed look at interactions at near atomic resolution and will be the core of the
work.

AMP myxovalargin A and B — Cryo-EM structures of MyxA on the vacant and
MyxB on the translating ribosome should give an insight into the binding mode and
mechanism of action of members of the antimicrobial peptide class of myxovalargins.
Of particular interest is the interaction of the mostly hydrophobic modified and D-amino
acids and if water-mediated interactions support the binding position on the ribosome.

PrAMP drosocin — Cryo-EM should be used to shed a light on the binding
mechanism of drosocin and how the inhibition of translation is facilitated, and which
factors are involved. The O-glycosylation on Thr11 is of particular interest as it seems
to have a direct impact on the activity of drosocin and other peptides in previous
studies.

Context-specificity of macrolide antibiotics — The eukaryotic S. cerevisiae 80S
A2400G (Eco2058) mutant ribosome in complex with the macrolide antibiotic
telithromycin should be analyzed by Cryo-EM to give a deeper insight into the binding
mode of macrolide antibiotics in eukaryotic ribosome and provide a basis for structural
based drug design of selective inhibitors for eukaryotic translation of defective or
unwanted proteins.

GTPase HflIXr — Target protection as an antibiotic resistance mechanism
increases the defense mechanisms that bacterial pathogens can use against
antibiotics. For structure-based drug design it is essential to understand the resistance
mechanisms facilitated by bacteria to directly prone compounds against these
mechanisms. A complex of HflXr, a homolog of ribosome-splitting factor HflX found in
various bacteria, on the ribosome should provide a structural basis for the mechanism
of action of target protection in L. monocytogenes.
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10. Results

10.1. Myxovalargins

10.1.1. Myxovalargin A - high resolution structure reveals

binding mode and molecular interactions
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Figure 21: MyxA bound to the large 50S subunit of the E. coli ribosome. a, Transverse section of the cryo-EM
map of the MyxA-50S-complex with MyxA (orange) bound within the NPET of the large 50S subunit (grey). b-c,
Two views of the molecular model of MyxA within isolated cryo-EM density shown as mesh. d, Isolated cryo-EM
density of seven putative water molecules W1-W7 (red) around the molecular model of MyxA (orange). e-f,
Structural investigation of D-Val7 and L-Val10 (orange) in isolated density shown as mesh to the previously

annotated stereocenter nomenclature of L-Val7 and D-Val10 (red) (Steinmetz et al., 1987).

To investigate the interactions of the myxovalargins with the ribosomes, a cryo-EM
structure of MyxA in complex with the vacant E. coli ribosome was determined at 2.1 A
for the masked 50S subunit (Fig. 21a and Fig. 8). An additional density was observed
in the NPET that was unambiguously assigned to MyxA (Fig. 21a-c). The map reveals
high-resolution information for the MBA moiety up to the dh-lle12 and allowed for the
majority to be modelled, however, D-Ala13 up to the terminal AG moiety are only
visible at lower map thresholds and are less well-resolved (Sup.Fig. 1). Additional
density was observed that was attributed to seven putative water molecules W4-W+7
(Fig. 21d). Two of these waters are present in wildtype E. coli ribosomes (Watson et

al., 2020) in the absence of MyxA, whereas the others seem to be stabilized by MyxA

78



binding (Sup.Fig. 2). The high-resolution map also revealed a structural revision of
the chemical structure of previous studies, with Val7 and Val10 having D- and L-
configurations as shown in Fig. 21e-f, rather than L- and D-configurations,
respectively (Gille and Kirschning, 2016; Irschik et al., 1983; Irschik and Reichenbach,
1985; Steinmetz et al., 1987).
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Figure 22: Interactions of MyxA with elements of the NPET on the E. coli ribosome. a-h, MyxA (orange) with
surrounding 23S rRNA nucleotides (grey), with highlighted possible resistance mutations identified in M.
tuberculosis mapped onto E. coli (A2503 (lime), U2609 (turquoise), C2611 (light blue)), putative waters W;-W7
(red) and ribosomal proteins L4 (yellow) and L22 (purple). b-h, Potential hydrogen bond and water mediated
interactions of MyxA with the ribosome are indicated by orange dotted lines, while intramolecular interactions of
ribosomal nucleotides are indicated by black dotted lines and stacking interactions by three lines. b, O1 of MBA
moiety of MyxA forms a potential hydrogen bond with N2 of G2061. ¢, the backbone of L-Ala2 and Nm-L-Ala3
forms water-mediated (W1 and W) interactions with N3 of G2505 and 2'OH of the ribose of A2062, respectively.
d, D-B-Tyr6 of MyxA is stabilized by stacking on A2062 which forms a water-mediated (W-) interaction with O1 of
D-Val11. The hydroxy group of D-B-Tyr6 of MyxA forms potential hydrogen bond interaction with N6 of m?A2503
and water-mediated (W3) interactions with N3 of G2061 and 2°0OH of A2062. e, O1 of D-Val7 forms a potential
water-mediated (Ws) interaction with 2’0OH of U2609. f-g, D-Arg9 is stabilized by stacking onto G2505 and N4 forms
potential water-mediated (Ws and We) interactions with C2610 (f) and C2611 (g) and forms intramolecular
interactions of N3 and N2 with O1 of L-Ala2 and O1 of D-Val5, respectively. h, the AG moiety forms a stacking
interaction with A751.

Myxovalargins bound within the NPET are overall oriented with their hydrophobic N-
terminus positioned at the PTC and the C-terminal AG moiety down the NPET close

to the constriction of ribosomal proteins L4 and L22 (Fig. 22a). MyxA adopts a highly
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compacted conformation, likely stabilized by stacking interactions of D-B-Tyr6 and D-
Arg9 with 23S rRNA nucleotides A2062 and G2505, respectively (Fig. 22d,f).
Intramolecular interactions within MyxA of D-Arg9 with the backbone carbonyls of L-
Ala2 and D-Val5 are further stabilizing this compacted conformation (Fig. 22f,g).
Additionally, two potential direct hydrogen bond interactions of MyxA with 23S rRNA
were observed, namely the OH group of D-B-Tyr6 with N7 of m?A2503 and the
backbone carboxyl of dh-Val 1 to N2 of G2061 (Fig. 22b,d). Both mentioned
interactions are the only observed direct hydrogen bond interactions, while nine
additional hydrogen bonds are predicted to be mediated by the seven putative water
molecules W+-W7 (Fig. 22c-g). As expected from the highly hydrophobic nature of the
myxovalargins sidechains (Ala, Val and lle) the majority of interactions of MyxA
mediated by waters involves the backbone carbonyls. Exceptions to this are the polar
sidechains of the OH group of D-B-Tyr6 (with W3, Fig. 22d) and nitrogen of D-Arg9
(with Ws and Ws, Fig. 22f-g). Some of the observed water mediated interactions are
abolished by potential resistance mutations in the 23S rRNA nucleotides of the
Mycobacterium tuberculosis ribosome provided by our collaborators from University
of Cape Town, South Africa (Valerie Mizrahi). The high structural conversion of the
PTC and NPET of the M. tuberculosis and E. coli ribosomes (Sup.Fig. 2c¢) (Cui et al.,
2022) suggest a similar binding mode of MyxA to both ribosomes, and allow a mapping
of these resistance mutations onto our structure. Mutations at position A2503G
(MtuA2741G, lime), U2609C (MtuU2847C, turquoise) and C2611G (MtuU2849G, light
blue) were highlighted in Fig. 22a,d-e,g and Sup.Fig. 3a and are predicted to induce
conformational changes and break potential water-mediated hydrogen bonds of 23S
rRNA and MyxA (Fig. 22d-e,g and Sup.Fig. 3b-d). While findings in prokaryotes seem
to explain the interactions and roles of rRNA mutation based-resistance nicely,
myxovalargins are reported to have a poor activity on eukaryotic ribosomes which
could result from conformational differences in rRNA and ribosomal protein
composition (Sup.Fig. 2d) (Chandrasekaran et al., 2019; Irschik and Reichenbach,
1985).
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10.1.2. Myxovalargin B - mechanism of action to inhibit

translation
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Figure 23: Mechanistic studies of translation inhibition of MyxB on the ribosome. a, Nucleotides protected
by 10 uM MyxB (light blue) and 100 uM (dark blue) from DMS modification in relative position to the P-tRNA (light
green) and erythromycin (Ery, cyan) (PDB ID 4V7U) (Dunkle et al., 2010). b, In vitro firefly luciferase translation
assay of wildtype (grey), A2503G mutant (lime) or U2609C mutant (turquoise) with increasing concentrations of
MyxB (0-100 uM). Translation efficiency was normalized to 100% luminescence in absence of drug. ¢, Scheme of
a toeprinting assay. Reverse transcription product (yellow) in presence of MyxB-mediated (orange), Ery-mediated
(cyan) and lle-catch-codon mediated (pink) translational arrest. d, Toepriniting assay on a ErmBI leader peptide
encoding mMRNA transcript, in presence of increasing concentrations of MyxB (1-100 yM) and with pre-incubation
of 5 uM Ery, and thiosprepton (ThS) as positive control and in absence (-) of drug. Sequencing lanes are labeled
C, T, A, G and colored arrows indicate translational arrest for MyxB (orange), Ery (cyan) and lle-catch-codon (pink).
e-f, NPET (grey) depicted as surface with P-tRNA (light green) and molecular model with surface representations
of MyxB (e, orange) and erythromycin (f, Ery, cyan) (PDB ID 4V7U) (Dunkle et al., 2010).

DMS-MaPseq (kindly provided by Boris Zinshteyn and Rachel Green, Johns Hopkins
University, United States) confirmed our findings of myxovalargins binding within the
NPET of E. coli ribosomes. In the DMS-MaPseq assay (Limbrick et al., 2020; Zubradt
et al., 2017) MyxB bound to the NPET of the E. coli ribosome protects different 23S
rRNA nucleotides in close proximity to the binding site of the AMP from chemical
modification, namely methylation, by dimethyl sulfate (DMS) at 10 uM (Fig. 23a, light

blue) or 100 uM (Fig. 23a, blue). Resistance mutations (Sup.Fig. 3a-d), DMS-MaPseq
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(Fig. 23a) and high resolution MyxA structure (Fig. 22a) included A2503 as important
interaction partner. To demonstrate the resistance mutation A2503G (M. tuberculosis
A2741G) and U2609C (M. tuberculosis U2847) a firefly luciferase in vitro translation
assay was performed as described in methods section 8.4. Ribosomes had to be
purified from a Squires-strains bearing a single rRNA operon with a single mutation of
A2503G or U2609C (methods section 8.3), as E. coli, and other Gram-negative
bacteria are naturally resistant to myxovalargins (Quan et al., 2015; Vazquez-Laslop
et al., 2010). Purified mutant and wildtype ribosomes were tested for their translation
activity in absence and presence of increasing doses of MyxB and revealed a dose-
dependent inhibition of wildtype and U2609C mutant ribosomes. On the opposite, the
E. coli ribosomes bearing the A2503G mutation showed a resistance against MyxB
even at concentrations of 100 uM. To investigate the mechanism of action a
toeprinting assay (Fig. 23c,d) was performed by a member of our group (Dr. Michael
Graf) which uses reverse transcription to monitor the position of stalled ribosomes on
a mRNA (Hartz et al., 1988). Using the Isoleucine (lle)-tRNA synthetase inhibitor
mupirocin in the reaction mix allowed the assays to be performed in the absence of lle
(Hughes and Mellows, 1978). The absence of lle was used as positive control. In the
absence of antibiotics, ribosomes can initiate translation at the AUG start codon, and
translate 15 amino acids until encountering the lle “catch-codon” in the A-site which
accommodates a deacylated-tRNA and therefore pauses translation (Fig. 23c-d). In
a dose-dependent manner MyxB reduces the amount of ribosomes reaching the lle
catch-codon and at 100 pM resulting in a loss of the band, while a new band can be
observed at the AUG start codon in the P-site, as seen for the antibiotic positive control
thiostrepton (Fig. 23d) (Harms et al., 2008). Additionally, the toeprinting reaction was
performed in the presence of 5 uM Ery, which leads to a stalling on the ErmBL mRNA
used in a context-specific manner (Fig. 23c-d) (Arenz et al., 2016a; Arenz et al.,
2014b). The translation mix was preincubated with 5 yM Ery and titrated with
increasing concentrations of MyxB (10-100 puM) resulting in a loss of the Ery-
dependent stalling band, with the appearance of the same initiation stalling band as
observed with MyxB alone (Fig. 23c-d). This can be explained with the overlapping
binding sites of MyxB and Ery in the NPET as shown in (Fig. 23e-f). Together with

previous studies on myxovalargins we suggest that myxovalargins do not prevent the
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fMet-tRNA from binding, but rather interferes with aa-tRNA accommodation to the A-
site (Irschik and Reichenbach, 1985).
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Figure 24: MyxB bound to the 70S E. coli ribosome. a, Cryo-EM map of the 70S-MyxB-complex with the large
50S subunit shown as transverse section with MyxB (orange) bound to the NPET, the P-tRNA (light green) and
the small 30S subunit (yellow). b, Molecular model of MyxB (orange) in isolated cryo-EM density shown as mesh.
c-d, Superimposition of the fMet-tRNA™et (grey) in the P-site and Phe-tRNAP"® (blue) in the A-site of the pre-attack
state (PDB ID 1VY4) with MyxB (c, orange) or MyxA (d, yellow), with steric clashes indicated by red lines and

spherical representation of the involved atoms.

To further investigate the mechanism of action, a second cryo-EM structure was
produced with an active translating ribosome stalled by MyxB. For this a disome
approach was established (Fig. 7) by a previous member of the group, as shown in
(Arenz et al., 2016a; Arenz et al., 2015; Arenz et al., 2014b) and yielded a MyxB-
stalled ribosome complex (70S-MyxB-complex) at a final masked resolution of 2.96 A
(Fig. 24a and Fig.11-12). Besides the difference in the N-terminal hydrophobic region
of MyxB bearing an IB-moiety instead of an MBA, the additional density in the NPET
has striking similarity to MyxA in the high-resolution structure on the vacant E. coli
ribosome consistent with their highly conserved chemical structure (Fig. 24b).
Similarly, to MyxA, the AG was poorly resolved and even in lower resolution some of
the putative waters were visible supporting the findings in the MyxA structure. The
70S-MyxB-complex also revealed an accommodated tRNA in the P-site that was
identified as an fMet-tRNA™et representing an initiation complex, but no additional
presence of A-tRNA density (Fig. 24a and Sup.Fig. 4a-c). In comparison to a fully
accommodated pre-attack state P-site tRNA, the P-tRNA in the 70S-MyxB-complex
has not fully accommodated and the acceptor arm has shifted by 1.5 A to prevent
steric clashing of the fMet moiety with the D-Val4 of MyxB (Sup.Fig. 4d-f) (Polikanov

et al., 2014a). The flexibility of the CCA-end allowing to avoid sterically clashing also
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results in poor density for the fMet moiety in the 70S-MyxB-complex (Sup.Fig. 4d-e).
Both MyxA and MyxB are suggested to clash with both the P-tRNA in the fully
accommodated state, but also with their hydrophobic IB (MyxB) and MBA (MyxA)
moieties with the incoming amino acid of the fully accommodated A-site tRNA as
shown in (Fig. 24c-d).

10.2. Cryo-EM structures of the O-glycosylated proline-rich
antimicrobial peptide drosocin
10.2.1. Drosocin inhibits in vitro translation during termination

by trapping ribosomes at stop codons
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Figure 25: Translation inhibition by drosocin derivatives. a, In vitro firefly luciferase translation assay with
increasing concentrations of Dro (green), Dro-3P (purple), Dro1 (blue), Api137 (red) and 1 yM Bac7 (gold). The
residual luminescence was normalized to 100% in absence of each compound in triplicates. b-d, Toeprinting assay
of ribosomes translating a MLIF*-mRNA in presence of 30 uM of different drosocin derivatives, 30 uM Api137 and
either 1x release factor 1 (b), 10 x release factor 1 (c) or 10x release factor 2 (d). Start codon (green) and stop
codon (red) position are indicated by arrows. Histograms represent relative band intensity corresponding to the
stop codon.

Wildtype drosocin without the sugar modification and the mutated Dro-3P have been
shown to inhibit in vitro translation reactions, while the naturally produced O-

glycosylated drosocin has not been tested (Lele et al., 2015b; Ludwig et al., 2022). In
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preparation for the structural elucidation of drosocin on the ribosome, our group
performed experiments to understand the conditions necessary for proper complex
formation. Increasing concentrations (0-150 uM) of a-D-GalNAc-modified Dro1 were
compared to unmodified Dro, the mutant Dro-3P and the synthetic Api137 in a cell-
free in vitro translation system (Fig. 25a). Firefly luciferase (Fluc) mRNA was used as
template to demonstrate translation activity as shown in previous publications
(Mardirossian et al., 2018a; Mardirossian et al., 2018b; Mardirossian et al., 2019;
Mardirossian et al., 2020; Seefeldt et al., 2016; Seefeldt et al., 2015; Sola et al., 2020).
These assays were prepared by Martino Morici from our group. Dose-dependent
inhibition was observed for Dro1, with a maximum of 60% at the highest tested
concentration of 150 yM and with an ICsp of 78 uM (Fig. 25a). Dro and Dro-3P were
shown to be poor inhibitors, exhibiting a maximum of 20% inhibition at 150 yM, while
Api137 was more effective with 40% inhibition at 150 uM (Fig. 25a). In comparison to
these results, the type-I PrAMP Bac7 and the reported inhibition of Onc112 in the
same system displaying ICsp values of <1 uM suggest drosocin to be a similar inhibitor
to Api137, rather than oncocin, as suggested in previous studies (Krizsan et al., 2015).
To investigate which step during translation is affected by drosocin, toeprinting assays
were performed by Max Berger, that use reverse transcription to monitor the stalling
of ribosomes on a defined mMRNA template (Fig. 25b) (Hartz et al., 1988). In the
presence of RF1, the translation reaction without drosocin shows no band
corresponding to the UAA stop codon, while the addition of 25 yM Api137 shows a
significant stalling of ribosomes on the stop codon (Fig. 25b), as shown in previous
studies (Florin et al., 2017). A stop codon band of differing intensities was also
observed for all drosocin derivatives at 30 uM, which intensified with 10-fold increased
RF1 concentrations, which is consistent with drosocin acting on translation termination
in a similar fashion as Api137 (Fig. 25c) (Florin et al., 2017; Graf et al., 2018). The
reaction was repeated with 10-fold RF2, and lead to a similar stalling band, but with
much lower efficiency (Fig. 25d). Dro1 showed the strongest stalling efficiency in all
toeprints, followed by Dro4, a trend which was most evident in presence of
aforementioned 10-fold RF2 (Fig. 25b-d). Very weak stalling was observed for Dro-
3P mutant (Fig. 25b-d), also seen in the in vitro translation assay. Contrary to
expected behavior, the unmodified Dro still showed good stalling activity in the
toeprints (Fig. 25b-d), suggesting the O-glycosylation to be important for cellular
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uptake. Both assays provide a base for the cryo-EM structures, revealing drosocin
trapping ribosomes during translation termination involving RFs, a mechanism
observed in type Il PrAMP apidaecin, and different from type | PrAMPs, like Bac7 and
Onc112.

10.2.2. Cryo-EM structure of O-glycosylated Dro1 on the

ribosome

The structural elucidation of drosocin on the ribosome was prepared as described in
Methods section 8.5.2 using the same mRNA template used in the toeprint assay in
presence of a 10-fold excess of RF1 and 30 uM Dro1 (Fig. 25c). In silico processing
and extensive sorting of the data set lead to three high resolution sub-populations,
namely, a 70S terminating ribosome with RF1 and P-site tRNA (26.0%), a 70S
elongating ribosome with A- and P-site tRNAs (16%), as well as a vacant 50S
ribosomal subunit (30.2%), which yielded a masked final average resolution of 2.3 A,
2.8 A and 2.1 A, respectively (Fig. 26a-c and Fig. 13-14). For all three classes an
additional density was observed in the NPET that was unambiguously assigned to
drosocin peptide (Fig. 26a-f). This drosocin density was particularly well-resolved in
the terminating 70S ribosome containing RF1 and allowed the modelling of all 19
amino acid sidechains of drosocin, including the observed a-D-GalNAc modification
linked to Thr11 (Fig. 26a,d,f). The ribosomal subunit was very well resolved in the 50S
cryo-EM map, with the drosocin density being slightly less resolved on the N- and C-
terminal regions compared to the terminating ribosome (Fig. 26¢,f,i). In contrast to
these two, the elongating 70S cryo-EM was generally less well resolved and especially
the a-D-GalNAc modification was poorly resolved, suggesting the drosocin peptide to
be less stably bound as in the other states (Fig. 26b,e,h and Fig. 14g-i). The overall
orientation of drosocin in the NPET is remarkably similar to the type Il PrAMP Api137,
with the C-terminus located at the PTC and the N-terminus extending deeper into the
tunnel, similar to an elongating nascent polypeptide chain (Sup.Fig. 5a-b) (Chan et
al., 2020; Florin et al., 2017; Graf et al., 2018). This is opposite to the type | PrAMPs
Bac7 and pyrrhocoricin (Sup.Fig. 5c-d) (Gagnon et al., 2016; Mardirossian et al.,
2018b; Mardirossian et al., 2020; Roy et al., 2015; Seefeldt et al., 2016; Seefeldt et
al., 2015).
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Figure 26: Cryo-EM structures of drosocin bound to different ribosomal complexes. a-c, Cryo-EM maps of

Dro1 bound to the terminating (a) and elongating ribosome (b), and to the large 50S subunit (c), with the 50S
subunit (grey) shown as transverse section and highlighted NPET to reveal the Dro1 binding site and the 30S
subunit in yellow. Structural elements colored: (a) P-tRNA (green), release factor 1 (orange) and Dro1 (blue), (b)
P-tRNA (green), A-tRNA (purple), Dro1 (teal), (c) Dro1 (dark purple). d-f, Dro1 in isolated density (shown as mesh)
from the (d) the terminating ribosome (blue), (e) the elongating ribosome (teal) and (f) the large 50S subunit (dark
purple). g-l, Isolated density of the a-D-GalNAc modification (shown as mesh) from (g) the terminating ribosome

(blue), (h) the elongating ribosome (teal) and (i) the large 50S subunit (dark purple).
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10.2.3. Cryo-EM structure of the elongating 70S ribosome in

complex with drosocin

—/ Dro1

fMet1

-
Ausuap
ureyo JuasseN

Va2 B\
W
&

{ rv & -

] @
rr" \ A-tRNA ¥ A-tRNA -
“ O” deacylated C74 A-tRNAPm :tQ::POS'
\: "~ vl 3\ P-tRNA PrtRNAD\m Dro1 P‘tRNAD,(_,rl N -t Dro1

Figure 27: Cryo-EM structure of the elongating ribosome with drosocin bound in the NPET. a, Molecular
models for P-tRNA (light green), A-tRNA (purple) and Dro1 (teal) in isolated cryo-EM densities of the elongating
70S Dro1-complex. Density connected to the A-site tRNA is highlighted but was not modelled due to poorly ordered
and less-well resolved density. b, Superimposition of the pre-attack state (P-tRNApe (blue) and A-tRNApe (dark
purple) (PDB ID 1VY4) (Polikanov et al., 2014a) with P-tRNApo1 (light green), A-tRNApro1 (purple) and Dro1 (teal)
from (a). C-terminus of Dro1 is predicted to clash with the fMet of the pre-attack peptidyl-tRNA in the P-site. c,
Superimposition of the post-attack state (P-tRNApost (dark green) and A-tRNAp.st (red)) (PDB ID 1VY5) (Polikanov
et al., 2014a) with P-tRNAp+ (light green), A-tRNApo1 (purple) and Dro1 (teal) from (a). The C-terminus of Dro1
is predicted to clash with fMet-Phe of the post-attack peptidyl-tRNA in the A-site.

The observed density in the elongating 70S-Dro1-complex (Fig. 27a) for the P-site in
comparison with the pre- and post-attack state tRNAs (Fig. 27b,c) reveals a
deacylated CCA-end, while the A-site tRNA seems to carry the nascent chain,
suggesting the ribosome being in post-peptide bond formation state, but prior to
translocation (Polikanov et al., 2014a). The anticodon-interactions, revealed by well
resolved cryo-EM density, suggest an initiator tRNA™et in the P-site decoding an AUG
codon, while a tRNA"® is in the A-site decoding a UUC codon on the mRNA (Sup.Fig.
6a-b), suggesting that the density on the CCA-end of the A-tRNA was for the dipeptide
fMet-Leu, which is consistent with the reduced space available with drosocin bound in
the NPET and occluding most of the space of the tunnel and PTC.
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Figure 28: Potential steric clash of the fMet-Leu nascent chain with Dro1. a,b, Hypothetical molecular model
of fMet-Leu nascent chain on the A-site tRNAp1 (purple) based on the post-attack state (a) (PDB ID 1VY5)
(Polikanov et al., 2014a), and on the P-tRNApr1 (light green) based on a canonical peptidyl-tRNA (b) (PDB ID
7RQE) (Syroegin et al., 2022b) predicted to sterically clash with the C-terminus of Dro1.

A tentative model was generated for the dipeptide fMet-Leu nascent chain based on
the post-peptide bond formation structure of fMet-Phe reported previously (Fig. 27c)
(Polikanov et al., 2014a) but was not properly modelled de novo due to the poorly
resolved density near the CCA-end of the A-tRNA (Fig. 27a) but allowed to observe a
different positioning of the sidechains compared to the post-state that would clash with
the fMet moiety and the Val19 of drosocin (Fig. 28a). The apparent shift of the fMet in
our model towards the Arg18 would provide an explanation as to why both the Arg18
as well as the dipeptide nascent chain were poorly ordered (Fig. 27a). Based on the
insights from the elongating complex, it can be suggested that drosocin allows
translation initiation, despite the predicted steric overlap of fMet with VVal19 of drosocin,
and subsequent accommodation of an amino acylated-tRNA in the A-site and proper
peptide bond formation, but severely interferes with translocation. To highlight the
steric clash and translocation inhibition of a dipeptide on the P-tRNA with drosocin in
our structure, a fMet-Leu nascent chain was modelled based on available P-site
peptidyl-tRNAs (Syroegin et al., 2022a), supporting our predictions (Fig. 28b). In
previous studies on apidaecin, similar to our findings on drosocin, a strong termination
inhibition but also a moderate effect on initiation has been reported and given the
similar binding position of the C-terminus of Api137 an interference with the first step
of translocation similar to drosocin may be predicted (Sup.Fig. 5b) (Mangano et al.,
2020).
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10.2.4. Interactions of drosocin within the NPET of the

terminating 70S-Dro1-complex

\ ~

-

Figure 29: Interactions of Dro1 with the terminating 70S ribosome. a-g, Overview of Dro1 (blue) in the NPET

e &

surrounded by ribosomal proteins uL4 (green) and uL22 (dark blue) and P-tRNAp+ (light green), release factor 1
(orange), waters (red) and 23S rRNA nucleotides (grey). Stacking interactions are indicated by three lines,
hydrogen bond interactions by black dotted lines. b, Hydrogen bond interactions mediated by water of Gly1 and
Lys2 od Dro1 with U1258 and G1259. ¢, Hydrogen bond interactions of the backbone of Pro3 and Tyr6 of Dro1
with Arg61 and Arg67 of uL4. d, Stacking interaction of Arg9 with A751 and direct and water-mediated interactions
of Tyr6é and Arg9 of Dro1 with uL22 side chains Lys90, Gly91, Arg92 and Arg93. e, Direct and water-mediated
interactions of the backbone of Pro10 and hydroxy-group of Ser12 of Dro1 with uL22 side chains Lys90 and Arg92,
as well as 23S rRNA nucleotides Y746 and G748. f, Stacking interactions of His13 and Arg15 of Dro1 with C2611
and A2062, respectively. g, Direct and water-mediated interactions of Arg15 and Pro16 of Dro1 with backbone of
A2059, A2062 and A2503.

The high resolution of the terminating 70S-Dro1-complex and the well resolved Dro1
in the NPET allowed molecular descriptions of interactions of the drosocin peptide with
the 23S rRNA nucleotides and ribosomal proteins (Fig. 29). The N-terminus of
drosocin extends deep into the NPET near the constriction of uL4 and uL22 (Fig. 29a).
N7 of 23S rRNA nucleotide G1259 is forming potential hydrogen bond interactions
with the N-terminal amino group of drosocin (Fig. 29b). Lys2 forms interactions from
the backbone amine to the phosphate-oxygen of U1258 and another water mediated
contact between O4 of U1258 and the e-amino group of Lys2 (Fig. 29b). Dro1
establishes multiple interactions with the ribosomal proteins uL4 and uL22 with the

residues Pro3 to Pro10 located closely (Fig. 29c-e). uL4 sidechains Arg61 and Arg67
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are within hydrogen bond distance of the backbone carboxyl of Tyr6 and Pro 3 of Dro1,
respectively (Fig. 29¢). Dro1 sidechains Tyr6 and Arg9 interact through potential
hydrogen bonds with the backbone of uL22 sidechains Ala3, Lys90 and Gly91,
respectively (Fig. 29d). While removal of the first five N-terminal residues (GKPRP)
abolishes Dro1 activity completely, the Tyr6 interaction appears not to be critical since
replacing it with a Phe that lacks the hydroxy group essential for the hydrogen bond
interaction does not lead to loss of antimicrobial activity (Bulet et al., 1996; de Visser
et al., 2005). Lys90 of uL22 forms an additional hydrogen bond interaction and an
indirect water mediated interaction from Arg92 with the backbone carboxyl of Pro10 of
Dro1 (Fig. 29e). Potential altering of the drosocin peptide conformation by mutation of
Pro10 to Ala does also abolish antimicrobial activity (Ahn et al., 2011b). U746 forms a
direct and G748 a water-mediated hydrogen bond interaction with Ser12 of Dro1 (Fig.
29e). The Thr11 modification establishes multiple hydrogen bond interactions with
U2609 which will be discussed later in this study. Dro1 residues Arg9, His13 and Arg15
stack onto 23S rRNA nucleotides A751 (Fig. 29e), C2611 and A2062 (Fig. 29f-g),
respectively, and mutation of both stacking Arg9 and Arg15 to Lys reduces the
antimicrobial activity significantly by 4- and 8-fold (Lele et al., 2013).

5
Api137
Tyr7

stacking

Drof

23S rRNA,

23S rRNAApi137

Figure 30: Interactions of Api137 within the NPET compared to Dro1. a-d, Stacking interactions of Api137
(salmon) indicated by three lines with 23S rRNA nucleotides (dark red) (PDB ID 502R) (Florin et al., 2017)
superimposed with Dro1 (blue) and 23S rRNA nucleotides (grey). e-f, Comparison of Dro1 (blue) with 23S rRNA
nucleotides (grey) with (e) 23S rRNA nucleotides (yellow) of the canonical termination complex (PDB ID 4V63)

91



(Laurberg et al., 2008) and (f) Api137 (salmon) with 23S rRNA nucleotides (dark red) (PDB ID 502R) (Florin et al.,
2017).

In comparison, Api137 forms similar stacking interactions with A751 and C2611 but
show distinct differences in sidechains and mode of interaction (Fig. 30a-d) (Chan et
al., 2020; Florin et al., 2017; Graf et al., 2018). Both our structure and the Api137
structure show a rotated conformation for A2062 in comparison to a canonical RF1-
bound terminating ribosome (Fig. 29g and Fig. 30e-f) (Chan et al., 2020; Florin et al.,
2017; Fu et al., 2019; Graf et al., 2018; Laurberg et al., 2008; Pierson et al., 2016;
Zhou et al., 2012). A2059 and A2503 are known to confer resistance to Api137 when
mutated and are both interacting with A2062 (Fig. 30g), suggesting a similar behavior
for Dro1 which needs to be further investigated (Florin et al., 2017).

,:::";_: stacking

Q

Gln235/>

Figure 31: Interactions of Dro1 and Api137 with release factor1. a-c, Dro1 (blue) interacting with 23S rRNA
nucleotides (grey), release factor 1 (orange) and water (red) indicated by dotted lines, while stacking interaction is
indicated by three lines. a, Stacking interaction of Arg15 of Dro1 with A2062 and hydrogen bond interactions of
lle17 and Arg18 of Dro1 with G2061, A2062 and U2506. b-c, Direct and water-mediated interactions of Arg18 of
Dro1 with GIn235 of release factor1 viewed from two sides with surrounding 23S rRNA nucleotides (b) Y2504,
U2506 and C2452 and (c) G2061, A2451 and ¥2504. d-e, Superimposition of (b-c) with Api137 (salmon) and
GIn235 of RF1api137 (dark green) and surrounding 23S rRNA (dark red) (PDB ID 502R) (Florin et al., 2017). f-g,
Superimposition of (b-c) with canonical termination complex GIn235 of RF 1 (olive) and surrounding 23S rRNA
nucleotides (yellow) (PDB ID 4V63) (Laurberg et al., 2008).
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Three backbone interactions of residues lle17 and Arg18 of Dro1 with 23S rRNA
nucleotides U2506, G2061 and A2062 stabilize the C-terminus of Dro1 (Fig. 31a). The
nucleotides U2506 and C2452 form additional direct hydrogen bond interactions with
Arg18, which inserts into this pocket (Fig. 31b), and forms water-mediated interactions
with U2504, G2061 and A2451 (Fig. 31b-c). In this pocket Arg18 of Dro1 comes in
hydrogen bond distance of 2.9 A with the conserved GGQ motif of RF1, more
specifically the GIn235, which also forms another water-mediated interaction
stabilizing RF1 on the ribosome (Fig. 31b-c). This interaction is very similar to the
Arg17 of Api137 with the same GIn235 of RF1 in previous studies (Fig. 31d-e),
supported by the decrease of ribosome affinity and antimicrobial activity in mutational
studies of Arg to an Ala, highlighting the importance of Arg in this position to stabilize
the RFs (Chan et al., 2020; Florin et al., 2017; Graf et al., 2018; Krizsan et al., 2014).
This is also supported by deletions in Dro1 of Arg18 and Val19 which showed a
complete loss of in vitro biological activity (Hoffmann et al., 1999). Additionally, the
nucleotide positioning is identical in the canonical termination state (Fig. 31f-g) (Fu et
al., 2019; Laurberg et al., 2008; Pierson et al., 2016; Zhou et al., 2012).

’

Figure 32: P-tRNA in the termination complex with Dro1 bound in the NPET. a-d, CCA-end of the deacylated
P-tRNAbro1(rr1) (light green), Dro1 (light blue) and 23S rRNA nucleotides (grey). b, Superimposition of the canonical
termination state P-tRNAgr+ (brown) and 23S rRNA nucleotides (yellow) (PDB ID 4V63) (Laurberg et al., 2008) with
(a). The C-terminus of Dro1 displaces the CCA-end of the deacylated P-tRNAp1(rF1), keeping the canonical base-
pairing interactions of G2252 and G2251 with C74 and C75, respectively, compared to the canonical state. c,
Superimposition of the P-tRNAxi137 (dark green) and 23S rRNA nucleotides (dark red) in presence of Api137 (PDB
ID 502R) (Florin et al., 2017) with (a). d, Superimposition of the P-tRNApr1(Eiong) (dark teal) and 23S rRNA
nucleotides (cyan) in presence of Dro1eieng (teal) in the elongation complex. The CCA-end of the deacylated P-

tRNADro1(EI0ng) is Not displaced, as Val19 of Dro1giong is poorly ordered.
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The C-terminus of Dro1 with the Val19 is poorly ordered in the cryo-EM map but at
lower thresholds shows a position at the PTC overlapping with the CCA-end of a
canonical P-site tRNA (Fig. 32a). The CCA-end of the bound P-site tRNA in this
complex is as a consequence also poorly ordered, but shows a 2-3 A shifted
deacylated CCA-end compared to a canonical P-site tRNA in a terminating ribosome
(Fig. 32b) (Fu et al., 2019; Laurberg et al., 2008; Pierson et al., 2016; Zhou et al.,
2012). Despite the shift of the CCA-end the nucleobases of C74 and C75 maintain
their canonical Watson-Crick base-pairs with nucleotides G2252 and G2251 of the P-
loop, respectively (Fig. 32a). Api137 on the other hand is known to interact directly
with A76 of the P-site tRNA stabilizing it in the canonical position, which is similar to
the position observed in the elongating 70S-Dro1-complex, but as observed in the
terminating 70S-Dro1-complex does not interact directly with the tRNA (Fig. 32d). The
binding position and other interactions of RF1 in the terminating 70S-Dro1-complex
are identical those observed in canonical termination complexes, including the
decoding of the stop codon (Sup.Fig. 6¢c-e). The high resolution of our structure
allowed us to observe additional water-mediated interactions of RF1 and the UAA stop
codon (Sup.Fig. 6f-i), which have not been reported in the lower resolved structures
from previous studies (Fu et al., 2019; Laurberg et al., 2008; Pierson et al., 2016; Zhou
et al., 2012).

10.2.5. Interactions of the Dro1 glycosylation with the ribosome
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Figure 33: Interaction of U2609 of the 23S rRNA with the O-glycosylation of Dro1. a, Direct interactions and
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water mediated interactions of the a-D-GalNAc modification of Thr11 of Dro1rr1 (blue) with 23S rRNA nucleotide
U2609 (grey) of the terminating 70S Dro1-complex. The two putative water molecules Wy and W, (red) form
potential hydrogen bond interactions with both the a-D-GalNAc modification of Dro1 and U2609. b-d,
Superimposition of (a) with (b) the Watson-Crick-base-pair of A752,,: with U2609,: (yellow) from the canonical RF1-
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bound termination complex (PDB ID 4V63) (Laurberg et al., 2008), with (c) Dro1ses (dark blue) bound to the large
50S subunit with 23S rRNA nucleotides (purple), and with (d) Dro1 (white outline) from the elongating 70S Dro1-
complex with A752 and U2609 in both opened and closed state (dark teal). Dro1 was poorly ordered in the
elongating 70S Dro1-complex and depicts Dro1gr1 as reference, which is incompatible with U2609 in the closed

state.

Multiple interactions of the a-D-GalNAc modification linked to Thr11 of Dro1 with
U2609 of the 23S rRNA in both the terminating 70S drosocin-complex and the 50S
drosocin-complex were observed (Fig. 33a). The C3 hydroxyl of the a-D-GalNAc
comes in 2.6 A distance with N3 and 2.7 A with O2 of the base of U2609 (Fig. 33a).
The C4 hydroxyl potentially forms a weak hydrogen bond with the 3.5 A distant O4 of
U2609 (Fig. 33a). The a-D-GIcNAc modification of Dro4 would maintain the
interactions with O2 and N3 but lose the weaker O4 interaction with U2609, which is
consistent with activity of Dro4 in the toeprinting assays (Fig. 25b-d and Sup.Fig. 7d-
e). We propose based on the structure and the toeprinting results that the 3-D-linked
drosocin variants Dro3 and Dro5-8 are incompatible to form the aforementioned
interactions leading to their reduced translation inhibition activity. In canonical E. coli
termination complexes (Fu et al., 2019; Laurberg et al., 2008; Pierson et al., 2016;
Zhou et al., 2012) and vacant 70S ribosomes (Watson et al., 2020) the U2609 appears
base-paired with A752 (Fig. 33b). In the terminating and 50S-Dro1-complexes the o-
D-GalNAc modification overlaps with the base-paired position of these nucleotides
and forces U2609 to shift away from A752 stabilizing two water molecules that form
indirect hydrogen bond interactions between the sugar and U2609 (Fig. 33a-c and
Sup.Fig. 7a-b). Surprisingly, in the elongating 70S drosocin-complex we observed a
very poorly resolved a-D-GalNAc modification that allowed both the closed base-
paired and a shifted conformation of U2609 which presumably is the reason why Dro1
cannot fully accommodate within the NPET due to higher flexibility (Fig. 33d and
Sup.Fig. 7c).
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10.3. Cryo-EM structure of telithromycin bound to the G2400A

mutant 80S S. cerevisiae ribosome

RSc60S-Tel (G2400A)
Ec70S-Tel (PDB: 4V7S),

Figure 34: Cryo-EM structure of TEL bound to the G2400A mutant S. cerevisiae ribosome. a, Transverse
section of the cryo-EM density (grey) of the TEL-60S-complex with TEL (salmon) bound in the NPET. b, Molecular
model of TEL (salmon) in isolated cryo-EM density (mesh) with the chemical structure in the same orientation. c,
TEL bound in the NPET with surrounding 25S rRNA nucleotides (grey), ribosomal protein uL22 (purple) and two
putative water molecules W4 and W (light blue). Water-mediated and direct interactions are indicated by dotted
lines. W1 bridges an interaction of N6 of A2400 (EcA2058) with the dimethylamine of the desosamine of TEL, while
N1 of A2400 (EcA2058) forms a direct interaction with the Hydroxy group. The alkyl-aryl side-chain of TEL stacks
onto the base-pair of A884 (EcA752)- U2978 (EcU2609) and forms a water-mediated interaction with G880
(EcG748). d, TEL bound to G2400A mutant S. cerevisiae 60S with 25S rRNA nucleotides (grey) superimposed
with TEL (salmon) bound to E. coli 70S ribosome (green) with surrounding 23S rRNA nucleotides (teal) (PDB ID
4V7S) (Dunkle et al., 2010). Modified from (Svetlov et al., 2021a).

The S. cerevisiae G2400A (EcA2058) mutant 80S ribosome was engineered and
purified by Maxim Svetlov from Mankin lab at University of lllinois at Chicago, IL, USA
as described in methods section 8.5.3 (Svetlov et al., 2021a). In silico processing
(methods section 8.7.6) resulted in a final reconstruction with an average resolution of
the masked of 2.9 A extending to 2.5 A in the core (Fig. 15-16a-d). In the NPET a
density was located that was assigned to Tel (Fig. 16e-g) based on superimposition
of an E. coli Tel complex (Dunkle et al., 2010). The positions of the 14-membered
macrolactone ring, the C5-desosamine sugar and the arm-like C10-C11 alkyl-aryl side
chain were placed unambiguously in the well-resolved density (Fig. 34b and Fig. 16e-
f). Within the mutant G2400A yeast ribosome, Tel binds in the NPET adjacent to 25S
rRNA nucleotides A2400 (EcA2058) and A2401 (EcA2059) with the desosamine
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sugar, present in all macrolides, extending towards the PTC (Fig. 34a,c). A potential
hydrogen bond interaction of the desosamine sugar’s hydroxyl group with N1 of A2400
(EcA2058). A putative water molecule (W+1) observed in our structure mediates the
hydrogen bond interactions of N6 amino group of A2400 with the dimethylamino group
of Tel (Fig. 34c and Fig. 16f), which has been shown to be essential for macrolide
binding (Svetlov et al., 2021b). A stacking interaction of the alkyl-aryl side chain’s
aromatic moieties of Tel, which is stretched in the opposite direction, with the Watson-
Crick base-pair of U2978 (EcU2609) and A884 (EcA752) can be observed, as seen in
E. coli (Fig. 34d) (Dunkle et al., 2010), B. subtilis (Schlunzen et al., 2003), and T.
thermophilus (Bulkley et al., 2010) Tel complexes (Sup.Fig. 9c-d, e-f), and distinct
from TEL bound to the bacterium Deinococcus radiodurans (Berisio et al., 2003) or
archaeon Haloarcula marismotui (Sup.Fig. 8a-b) (Tu et al., 2005). An additional
density for a putative water (W2) has been observed that mediates a potential
hydrogen bond interaction of O6 of 25S rRNA nucleotide G880 (EcG748) and the
alkyl-aryl side chain of Tel stabilizing the stacking interaction of Tel with U2978
(EcU2609) and A884 (EcA752) (Fig. 16g). Interestingly, the observed density for the
aromatic rings of the alkyl-aryl side chain suggests a non-planar and slightly rotated
orientation with respect to each other, which supports the optimal stacking on the
slightly angled position of the nucleobases of U2978 (EcU2609) and A884 (EcCA752)
(Fig. 34c). Previously reported structures of Tel bound to bacterial or archael
ribosomes showed a planar conformation of the alkyl-aryl side chain, regardless of
planarity of the base-pair (Sup.Fig. 9). However, limited resolutions while modelling
or species-specific differences in previous structures cannot be ruled out (Berisio et
al., 2003; Bulkley et al., 2010; Crowe-McAuliffe et al., 2018; Dunkle et al., 2010;
Schlunzen et al., 2003; Tu et al., 2005). Superimposition of our structure with a vacant
S. cerevisiae ribosome revealed no significant conformational changes of 25S rRNA
nucleotides around the Tel binding site, rather Tel adjusting to the ribosomal binding
pocket in the NPET (Sup.Fig. 8c) (Tesina et al., 2019).
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Figure 35: Impact of G2400A mutation on the coordination of a water molecule. a, G2400A (EcA2058)
mutation coordinates Water W which can form a potential hydrogen bond interaction with dimethylamine group of
the desosamine sugar of Tel (salmon) shown in sphere representation. b, The O6 of the canonical G2400
(EcA2058) forms a water-mediated interaction with G2874 (EcG2505). This does not allow a water-mediated
interaction with the dimethylamino group of the desosamine of Tel (salmon). Additionally, the N2 amino group
clashes into Tel (indicated by a red line). Modified from (Svetlov et al., 2021a).

An in silico mutation of A2400G (EcA2058) (Fig. 35a) back to G2400 (EcA2058)
interfered with the putatively placed water (W+) and perturbs the water-mediated
interaction between the 25S rRNA nucleotide and the dimethylamino group of Tel (Fig.
35b), as seen for Ery bound to bacterial ribosomes and Erm-mediated macrolide
resistance (Svetlov et al., 2021b). Additionally, a steric clash of the N2 of the
unmutated G2400 (EcA2058) with the desosamine sugar of Tel is predicted.
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10.4. L. monocytogenes structures

Collaborators of our group from Gemma Atkinsons lab from Lund University in Sweden
did phylogenetic analysis, and Vasili Hauryliuk’s labs in vivo assays on HflXr with
different antibiotics that supported the work of this thesis and purified all
L. monocytogenes complexes with data collection performed at UMCE. The
resistance homolog of E. coli and L. monocytogenes HflX, HflXr, has a loop region in
the N-terminal domain 2 that is extended by two additional amino acids. Bacteria
containing two HfIX homologs were found to have one homolog from the paraphyletic
HfIX group with a shorter loop and one homolog that shows an extended loop from
HfIXr group as shown in (Fig. 36). It should be noted that there are distinct exceptions
to this, with bacteria having no HfLXr homolog, like Mycobacterium species, and others
having an extended loop in HfIX homologs that have a resistance phenotype, like
S. fradiae HfIX (Karray et al., 2007). Phyla found to have long loop homologues, both
HfIX and HflXr, tend to be the ones carrying additional ARE versions of ABCFs (Koller
et al., 2022b).
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HfIXr WP_056947102.1 Amylolactobacillus amylophilus
WP_012199117.1 Lachnoclostridium phytofermentans
WP_005936530.1 Faecalibacterium duncaniae
YP_004888852.1 Lactobacillus plantarum WCFS1

YP 536324.1 Lactobacillus salivarius UCC118
WP_011373832.1 Latilactobacillus sakei
YP_001088723.1 Clostridioides difficile 630
WP_024028511.1 Bacillus vireti

NP_831536.1 Bacillus cereus ATCC 14579
WP_015075769.1 Car ium
WP_010990592.1 Listeria innocua
NP_464289.1 Listeria monocytog
NP_464821.1 Listeria monocytog
WP_010990932.1 Listeria innocua
WP_015076650.1 Carnobacterium maltaromaticum
NP_833435.1 Bacillus cereus ATCC 14579
WP_024028348.1 Bacillus vireti

YP_001087265.1 Clostridioides difficile 630

NP_418594.1 HfIX Escherichia coli str. K-12 substr. MG1655
NP_389625.2 Bacillus subtilis str. 168

NP_815823.1 Enterococcus faecalis V583

YP_499815.1 Staphylococcus aureus NCTC 8325
YP_143832.1 Thermus thermophilus HB8

WP_053138172.1 Streptomyces ambofaciens
WP_079030798.1 Streptomyces ambofaciens

NP_217241.1 Mycobacterium tuberculosis H37Rv
WP_003894120.1 Mycolicibacterium smegmatis
YP_001703774.1 Mycobacteroides abscessus
WP_031127852.1 Streptomyces fradiae

NP_293865.1 Deinococcus radiodurans R1

NP_601147.2 Corynebacterium glutamicum ATCC 13032
YP_097954.1 Bacteroides fragilis YCH46

YP_001654707.1 Chlamydia trachomatis 434/Bu
YP_003764587.1 Amycolatopsis mediterranei U32
YP_003985631.1 Gardnerella vaginalis ATCC 14019

EGD-e
EGD-e

HfIX

HfIX
ext.
loop

Figure 36: Analysis of aligned sequences of HfIX and HflXr proteins. Alignment of the loop region of the N-
terminal subdomain Il of selected HflXr (red),

have both HfIX and HfIXr homologs. The red asterisk highlights the conserved R/Q residues, corresponding to

*
LARLQYELPRLHTAENSGLDQQRGSGTGGSGGGGLANRGSGETKLELNRRTLGKQ
VVRLQYELPRL - IGANENLSRQ-AGG | GGGTGAGGRNKGAGETKLELDKRRVEEK
LALLRYRLPRL -QGMGESLSRQ- - - - GGGGGGGGGARRGAGETKLELDRRHVHAR
I AQLQYQLPRLRTSI SNRLDQQ- - AGAAAGGGGGF TNRGAGETQLELNRRT I QDR
| AKLQYQLPRLRTSSINRMDQQ- - - - TAGNTGGGYTNRGSGETKLELNKRV I EKR

| AEAKYQLPRL -HPSENKLDQQ- - - - - - - - GGGGSTNRGAGETQLELDRRL | EKR
VASLKYMLPRL - IGSNENLGRQ- - - - - - - SGGVGTKNRGSGEKKLELDRRR | EEK
VAHLKYMLPRI - TGQRESLGRQ- - - - - - - GGGVGLKNRGAGETKLELDRRKI EAK
VAHLQYMMPRL - IGLRESLGRQ- - - - - - - SGGVGTKNKGVGEKKLELDRRKI EEQ
| AQLNYEMPRLRTDQGTTLDQQ- - - - - - - GGGSGLNNRGSGEKQI ELDRRT I KNQ
| AKLQYELPRI - FGQGEDMDQQ- - - - - - - SGKGGL SNRGSGEKKI ETDRRT | KHQ
| AKLQYELPRI - FGQGEDMDQQ- - - - - - - SGKGGLSNRGSGEKKI ETDRRT | KHQ
YAQYKYLLPRL - SGQGI SLSKL--------- GGG I GSRGPGESKLEMDKRH IREK
YAQYKYLLPRL - SGQGASLSKL--------- GGG | GSRGPGESKLEMDKRH IREK

LAQLHYLLPRL - AGQGKNL SKL
LAQLQYTMPRL - MGQGL SL SRL
LAQLQYILPRL - AGQGVALSRL

--------- GGGIGTRGPGETKLETDRRH IRDQ
--------- GGGIGTRGPGETKLETDRRH IRSR
......... GAGIGTRGPGETKL ESDRRH I RRR

LAQLKYRLPRL - YGMGGEMSRT - - - - - - - - - GAGIGTRGPGEQKLEIDKRH I LNK
LAQLRHLATRL - VRGWTHLERQ- - - - - - - - - KGGIGLRGPGETQLETDRRLLRNR
LAQLQYALPRL-TGQGINLSRQ--------- GGG I GARGPGETKLETDRRH IRNR
LAQLDYLLPRL - AGQGKQLSRL--------- GGGIGTRGPGETKLESDRRH IRNK
LAQLDYLLPRL -QGHGKSLSRL--------- GGG IGTRGPGETKLEMDRRHIRTR
LAQLRYLLPRL - VGKGKEMSRL - - - - - - - - - GGG IGTRGPGETKLEVDRRRLQDR

LAQMQYMLPRL -RGWGQSL SRQ- - - -MGGGKGGGLATRGPGETKI ETDRRR IREK
LAQMQYMLPRL -RGWGQSL SRQ- - - -MGGGGGGGMATRGPGETKI ETDRRR INDK
LAQMEYMLPRL -RGWGESMSRQ - AGGRAGGSGGGVGLRGPGETKI ETDRRRIRER
LAQMEYMLPRL -RGWGESMSRQ - AGGRAGGAGGGVGTRGPGETKI ETDRRR IRER
LAQMEYMLPRL -RGWGESMSRQ - AGGRAGGAGGGVGTRGPGETKI ETDRRRIRER
LAQMQYMLPRL -RGWGQSL SRQ- - - -MGGGG SGGMATRGPGETKI ETDRRR IREK
LAQLRYMKPRL - LGAGAQL SR | -GGGGGSAGGGA | GTRGPGETKLELDRRR INDR
LAQMEYL | SRV-RGWGGNL SRQ- - AGGRAGSNGGVGLRGPGETKI| EADRRRLRSD
LAQYKYMLPRL -QRLWTHL ERQ-GGGSGSGKGGSVGLRGPGETQLEMDRR | | LNR
LAQARYLLPRL - KRMWGHL SRQ- - - - - KSGGSGGGFVKGEGEKQI ELDRR | VRER
LAQLQYL I PRL -RGWGASL SRQ- AGGRAGGANGGVGLRGPGETKLETDRRR INKR
LAQLQYMLPRL -RGWGAAL SRQ- - AGGRAAGDAG I GSRGPGETKI EMDRRAIRNR
L

Loop

HfIX (blue) and extended loop HflX (grey) proteins. Bold organisms

Arg149 in L. monocytogenes HfIXr. Modified from (Koller et al., 2022b).

In L. monocytogenes where the ARE-ABCF protein VgalL confers resistance to a
variety of antibiotics, namely lincosamides, pleuromutilins and streptogramin As, the
HfIXr mediated resistance is masked (Brodiazhenko et al., 2022; Chesneau et al.,
2005; Crowe-McAuliffe et al., 2021; Dar et al., 2016; Duval et al., 2018). The array of
in vivo assays is shown in Fig. 37. The assays performed in Avgal AhflXr strains with
HfIXr being overexpressed from a plasmid revealed an increase of resistance for

macrolides, pleuromutilins and streptogramin Bs, but did not affect phenicols,

lincosamides, oxazolidinones or tetracyclines (Koller et al., 2022b).
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Avgal

Avaal. Avgal
Avgal A h?/Xr AhfiXr /AI'I\’/’;% )
/PIMK3 | K3 | /PIMK3: f’hﬂXr_-

Erythromycin 1 g 0.125 NS 186
Macrolides Azithromycin 0.125 4 ] 0.03125 R 4
Leucomycin 0.5 £ @ 2
o Tiamulin 0.125
Pl til
edromutins Retapamulin 0.03125 ® 1}2
- - Lincomycin 0.25 0.0625 E=E=
L d 1/4
incosamides I ndamycin 0.125 0.03125 [N 1;8
Phenicols Chloramphenicol 2 @
Oxazolidinones | Linezolid 0.5 0.5 0.5 0.5
. Virginiamycin M1 2 1 2 1
Streptogramins
ptog Virginiamycin S1 1 1 0.5
Tetracyclines | Tetracycline 0.125 0.125 0.125 0.125

Figure 37: Minimum inhibitory concentration data from in vivo assays. Minimum inhibitory concentration
(MICs) of antibiotics targeting the ribosome by class against L. monocytogenes EGDe strains Avgal in absence
(AhfIXr) or overexpression of HflXr from a plasmid (pIMK3::hfIXr), and with a HfIXr R149A mutant (pIMK3::hflXr-
R149A). Modified from (Koller et al., 2022b).

10.4.1. Cryo-EM structure of Lincomycin on the

L. monocytogenes 50S subunit

In order to compare antibiotic binding sites with the target protection capabilities of
GTPase HflXr it was necessary to prepare an antibiotic bound ribosome of the same
species. Purified L. monocytogenes ribosomes were incubated with 100 uM
lincomycin (Lnc) and applied to cryo-EM grids (methods section 8.5.4). The data
collection and in silico processing (methods section 8.7.7.1) yielded two major classes
with 56.4% of particles with E-site tRNA and 34% of particles with P-tRNA with a final
average resolution of the masked reconstruction of 2.1 A and 2.3 A, respectively (Fig.
38d and Fig. 17-18).
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galactopyranosy

carboxamide
HO,

HO™

methylsulfanyl

Lincomycin

Lmo 23S rRNA

Figure 38: Cryo-EM structure of lincomycin bound within the NPET of the L. monocytogenes ribosome. a,
Chemical structure of lincomycin (Lnc), with galactopyranosyl (yellow), methylsulfanyl (turquoise), hydroxypropyl
(orange), carboxamide (green) and propylpyrrolidine (purple) moieties highlighted. b, Molecular model Lnc (light
blue) in isolated cryo-EM density (mesh). ¢, Putative water molecules W1-W, (red) around Lnc (light blue) in isolated
cryo-EM density (mesh). d, Cryo-EM map of L. monocytogenes 70S-Lnc-complex with the large 50S subunit shown
as transverse section (grey) with Lnc (light blue) bound at PTC near the NPET. e, 23S rRNA nucleotides (grey)
surrounding the Lnc (light blue) binding site with putative water molecules W4-W, (red). f-g, Water-mediated
interactions of lincomycin (light blue) with 23S rRNA nucleotides (grey) indicated by orange dotted lines. f, The
hydroxypropyl-group of Lnc interacts through W, with N2 of G2094 (EcG2061) and through W, with N7 of A2536
(EcA2503). g, The galactopyranosyl moiety forms a water-mediated (W3) interaction with A2091 (EcA2058) and
the sulphur atom another with W4 and C2644 (EcC2611). Modified from (Koller et al., 2022b).

Lnc was assigned unambiguously in both cryo-EM maps to a density within the A-site
crevice of the PTC (Fig. 38b,d) as seen in previous studies for both Lnc and the semi-
synthetic derivative clindamycin (CIn) that differs only by a C7 steroinverted
desoxychlorination of the amino sugar residue (Dunkle et al., 2010; Matzov et al.,
2017; Tu et al., 2005). The observed orientations of the 23S rRNA nucleotides in the
PTC around the Lnc binding site were identical to the ones observed in S. aureus 50S
Lnc complex at 3.66 A (Matzov et al., 2017). However, a slight rotation in the methyl-
sulfanyl group of the galactopyranosyl ring as well as a different orientation of the
pyrrolidinyl ring of Lnc were observed (Sup.Fig. 10a-b). Available structures of Cin
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bound to the E. coli 70S (Sup.Fig. 10e-f) (Dunkle et al., 2010) and H. marismortui 50S
(Sup.Fig. 10c-d) (Tu et al., 2005) ribosome at 3.3 and 3.0 A, respectively, revealed a
strong resemblance to the observed structure of Lnc bound to L. monocytogenes 70S
in our structure and also differed from the S. Aureus complex, which may arise from
limited resolution. Additionally, the structure of CIin bound to the 50S ribosomal subunit
of Deinococcus radiodurans (Sup.Fig. 10g-h) (Schlunzen et al., 2001) at a resolution
of 3.1 A was reported to have a 180° degrees rotated propyl pyrrolidinyl tail compared
to other CIn or the here reported Lnc structure. The high resolution of both our
structures allowed the modelling of four putative water molecules (W1-W4) that seem
to stabilize Lnc in the binding pocket by additional hydrogen bond interactions with
23S rRNA nucleotides (Fig. 38e). Waters W1 and W2 mediate two interactions with the
C7-hydroxyl of Lnc with the N7 of A2536 (EcA2503) and N2 of G2094 (G2061) (Fig.
38f). Waters W3 and W4 mediate two additional possible interactions with the sulphur
atom of the galactopyranosyl moiety with the N4 of C2644 (Ec2611) and the non-
bridging oxygen with N1 of A2091 (EcA2058) (Fig. 38g). The importance of the water-
mediated interactions are not known yet but it should be noted that the dimethylation
of A2058 of the 23S rRNA nucleotide by Erm-methyltransferase displaces a water
molecule essential for macrolide binding and confers resistance to that antibiotic class
(Svetlov et al., 2021Db).

10.4.2. Cryo-EM structure and modelling of the GTPase HfIXr in

complext with L. monocytogenes 50S subunit

The L. monocytogenes HflXr-50S complex for structural analysis was generated using
an in vivo pulldown-approach within the aforementioned AhfIXr strains with a plasmid
overexpressing a C-terminally FLAGz-tagged HflXr protein (method section 8.5.4), as
described for ARE-ABCF-ribosome complexes (Crowe-McAuliffe et al., 2022; Crowe-
McAuliffe et al., 2021). In silico processing yielded a final reconstruction of Lmo-50S-
HfIXr-GDPNP with an average resolution of the masked reconstruction of 2.3 A (Fig.
191, i-j).
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193 363 414

Lmo

50S 3A lowpass

Figure 39: Cryo-EM structure of HfIXr bound to the L. monocytogenes large 50S subunit. a, Cryo-EM density
(lowpass filtered at 3 A) of the 50S-HfIXr-GDPNP complex with HfIXr (orange) bound to the 50S subunit (grey).
Inset shows relative orientation of (a) to the crown view. b, HfIXr in isolated density (lowpass filtered at 3 A, mesh)
colored according to N-terminal subdomain | (NTD1, blue), N-terminal subdomain Il (NTD2, red), G-domain (GD,
green) and C-terminal domain (CTD, orange). ¢, Interactions of HflIXr (orange) NTD1 with H69 (light blue), H70
(cyan), H71 (dark green), the a-helices of NTD2 with H89 (dark purple) and H91 (light purple), NTD2-loop with the
PTC (lime) and the CTD with uL11 (blue). Modified from (Koller et al., 2022b).

The core of the 50S subunit was well-resolved and well reflected by the estimated
resolution, however, the HflXr density was less well-resolved and was low pass filtered
at 3 A for modelling (Fig. 39a). The overall density of the factor was good enough for
a generous model based on the AlphaFold generated model for the two NTD
subdomains, the central GTPase domain (GD) and the C-terminal domain (CTD), in
contrast to this the loop of the N-terminal subdomain Il formed by two a-helices
seemed to be flexible and was poorly ordered (Fig. 39b). As expected by the
phylogenetic analysis and the high sequence conservation, the structure and overall
conformation of the HflXr is very similar to the previously reported E. coli 50S-HflX-
GDPNP complex (Zhang et al., 2015b)and the more recently reported structures of
homologs of HflX, GTPBP6 bound to the large subunit biogenesis intermediate of
human mitochondria (Sup.Fig. 11) (Hillen et al., 2021). As shown in Fig. 39¢c, the NTD
subdomain | is in interaction distance with H69-H71, while the two a-helices of NTD
subdomain Il run parallel to H89 and H91 with the loop region extending into the PTC,
and the CTD close to the stalk base interacting with uL11.
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HfIXr-50S8

Figure 40: Cryo-EM structure of HfIXr bound to the L. monocytogenes large 50S subunit. a, GDPNP (grey)
in isolated density (mesh) with a putative magnesium-ion (green) coordinated in the GD binding pocket of HflXr
(orange). b, HflXr (orange) binding to the ribosome induces a shift of H69 (grey) in comparison to the wildtype
L. monocytogenes ribosome (cyan) by 6-7 A. ¢, Shift of H69 (grey) induced by HflXr (orange) would sterically clash
with h44 of the L. monocytogenes 30S subunit (yellow) (PDB ID 7NHN) (Crowe-McAuliffe et al., 2021). Modified
from (Koller et al., 2022b).

Similar to HfIX and different from translational GTPases, the nucleotide-binding pocket
of the GTPase domain of HflXr is oriented away from the SRL (Fig. 39c). As expected,
a density for a nucleotide triphosphate within the GTPase domain was observed and
based on the preparation of the complex assigned to GDPNP in complex with a
coordinated putative magnesium ion (Fig. 40a). Similar to the mode of action of HfIX
splitting the ribosome, we propose HflXr being able to induce a similar effect by
causing a shift of H69 (Fig. 40b) that would be incompatible with a binding 30S to form
a 70S ribosome by a steric clash with h44 of the SSU and inducing subunit splitting
(Fig. 40c) (Zhang et al., 2015b).

LmoS50S-HfIXr
Eco50S-HfIX

HfIXr

Figure 41: Binding position of the HfIXr NTD2 at the PTC overlaps with tRNAs. a, Molecular model of Arg149
of the NTD2-loop of HflXr (orange) in isolated cryo-EM density (mesh). b, Superimposition of P-site and A-site
tRNA (PDB ID 1VY4) of the pre-attack state with NTD2-loop of HflXr (Polikanov et al., 2014a). ¢, Superimposition
of E. coli HfIX (PDB ID 5ADY) with NTD2-loop of HflXr (Zhang et al., 2015b). Arg149 of HflXr reaches deeper into
the PTC than Arg153 of HfIX. Modified from (Koller et al., 2022b).
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The poorly resolved loop region at the tip of the two a-helices of the NTD subdomain
Il only allowed tracking of the backbone in this region (Fig. 41a). However, the position
of both A- and P-site tRNAs CCA-end overlap significantly with the NTD2-loop at the
PTC (Fig. 41b), which shows the incompatibility of HflXr binding to actively translating
ribosomes, like observed for HfX (Fig. 41c) (Zhang et al., 2015b). Superimposition
with HfIX revealed that the HfIXr NTD2-loop reaches deeper into the PTC, likely
resulting from the longer loop with its additional two amino acids in L. monocytogenes
HfIXr compared to E. coli and L. monocytogenes HfIX (Wilson et al., 2020). Due to the
poorly ordered NTD2-loop finding the register of the amino acids sequence was
challenging but a strong density was located at the tip of the NTD2-loop region which
was assigned to the Arg149 that is equivalent to E. coli HfX Arg153 found in a similar
location in the HfIX-50S-GDPNP structure (Zhang et al., 2015b), however, lacking the
two additional residues preceding the Arg less deep in the PTC (Fig. 41c).

10.4.3. Conformational changes in the PTC induced by HfIXr is
incompatible with drug binding

W gy

Figure 42: Position of Arg149 of the NTD2-domain of HflXr at the PTC. a-c, Arg149 of the NTD2-loop of HfIXr
(orange) in sphere representation superimposed with (a) lincomycin (Lnc, purple) bound to the Staphylococcus
aureus ribosome (PDB ID 5HKV)(Matzov et al., 2017), with (b) erythromycin (Ery, yellow) bound to the E. coli
ribosome (PDB ID 4V7U) (Dunkle et al., 2010) and with (c) virginiamycin S1 (VgS1, blue) on the E. coli ribosome
(PDB ID 1YIT) (Tu et al., 2005). Steric clashing is indicated by red lines. Modified from (Koller et al., 2022b).

The HfIXr-50S-GDPNP structure was aligned with the S. aureus Lnc structure to
access the spatial relationship of PTC binding antibiotics and the NTD2-loop of HflXr,

which revealed a significant overlap of the supposed position of the loops Arg149 and
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the binding position of Lnc (Fig. 42a) (Matzov et al., 2017). As shown in our
publication, the mutation of Arg149 to an Ala residue plays a critical role in conferring
antibiotic resistance (Koller et al., 2022b). However, the Arg149 by itself is not able to
confer resistance to macrolides, like Ery (Fig. 42b), nor streptogramin Bs, like
virginiamycin S1 (Fig. 42c) as it does not overlap with these.

a b c d

> A /< A >x A

Figure 43: Conformational changes induced by HflXr at the PTC are incompatible with lincomycin binding.
a, Arg149 of NTD2-loop of HflXr (orange) with surrounding L. monocytogenes 23S rRNA nucleotides (grey). b,
Superimposition of (a) with 23S rRNA nucleotides (dark blue) of the vacant L. monocytogenes ribosome.
Conformational changes induced by HflXr are indicated by black arrows. ¢, Superimposition of the 23S rRNA
nucleotides (dark blue) of the vacant L. monocytogenes ribosome with lincomycin (Lnc, light blue) bound to the
L. monocytogenes ribosome with 23S rRNA nucleotides (teal). d, Superimposition of Lnc (light blue) bound to the
L. monocytogenes ribosome with 23S rRNA nucleotides (teal) with (a) Arg149 of NTD2-loop of HfIXr and G2538
(EcG2505) represented as spheres and steric clashes indicated by red lines and conformational changes by black
arrows. Modified from (Koller et al., 2022b).

The superimposition of the HfIXr-50S-GDPNP complex (Fig. 43a and Sup.Fig. 13a-
b) with a vacant L. monocytogenes 70S ribosome (Fig. 43b and Sup.Fig. 13c-d)
revealed conformational changes of individual nucleotides within the PTC following
HfIXr binding (Koller et al., 2022b). 23S rRNA nucleotides U2539 (EcU2506) seemed
to have shifted away from the NTD2-loop of HflXr to avoid clashing while rotating (Fig.
43a-b and Sup.Fig. 13c-d). Undergoing a dramatic shift of up to 10 A, G2538
(EcG2505) has to avoid clashing by the shifted U2539 (EcU2506) (Fig. 43a-b and
Sup.Fig. 13c-d). A shift that might not directly correlate with HflXr binding but was
observed, is a change in position of A2095 (EcA2062), which was previously reported
in structures bearing peptidyl-tRNA mimics within the PTC (Sup.Fig. 14e-f) (Syroegin
et al., 2022b). Due to the poorly ordered loop region, and therefore resulting less well-
resolved density a molecular description of the direct interactions of the loop with the
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rotated A2095 (EcA2062) is not possible, but it is suggested to stabilize the loop.
Directly comparing the vacant L. monocytogenes 70S ribosomes PTC with the Lnc-
bound structure discussed in a previous chapter, it was observed that binding of Lnc
did not induce conformational changes to the rRNA nucleotides (Fig. 43c and
Sup.Fig. 13e-f) (Koller et al., 2022b). Superimposition of the HfIXr-50S-GDPNP with
antibiotic bound ribosome structures strongly suggests the steric overlap of the shifted
G2538 (EcG2505) with the macrolide antibiotics Ery and azithromycin (Azy), the
pleuromutilins tiamulin (Tia) and retapamulin (Ret), as well as the streptogramin A
virginiamycin M1 (VgM) (Sup.Fig. 14a-d, f-h) consistent with our reported MICs
(Koller et al., 2022b). However, the steric overlap of the shifted G2538 (EcG2505)
would not directly occur with streptogramin B antibiotics, like virginiamycin S1 (VgS),
but the A2095 (EcA2062) which usually forms stacking interactions with the aromatic
C18 moiety is stabilized in the rotated conformation by HflXr disturbing this interaction
(Sup.Fig. 12i and Sup.Fig. 14g-h) (Li et al., 2020a; Tu et al., 2005). The binding sites
of oxazolidinone antibiotic linezolid and phenicol antibiotic chloramphenicol are
strongly overlapping with the shifted position of G2538 (EcG2505) (Sup.Fig. 12e,i),
however, the in vivo assays from our publication suggest HflIXr to not confer resistance
to these antibiotic classes (Koller et al., 2022b). Superimposition of the HflXr structure
with the L. monocytogenes 70S-Lnc complex shows an incompatibility of Lnc binding
to the ribosome upon HflXr binding with G2538 (EcG25095) in its shifted conformation
suggesting HfIXr to confer resistance to Lnc by perturbing the drug binding site by
altering the PTC conformations (Fig. 43d and Sup.Fig. 13g-h).

Cc
Eco50S-HfIX

Lmo70S

Figure 44: Conformational changes induced by HflXr at the PTC compared to HflX. a-b, Superimposition of
Arg149 of NTD2-loop of HflXr (orange) bound to the L. monocytogenes ribosome with 23S rRNA nucleotides (grey)
with (a) Arg153 of NTD2-loop of HfIX (teal) bound to the E. coli ribosome with 23S rRNA nucleotides (dark teal)
(PDB ID 5ADY) (Zhang et al., 2015b) or with (b) 23S rRNA nucleotides (purple) from the vacant L. monocytogenes
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708 refined into the HfIX-50S-GDPNP complex. ¢, Arg153 of NTD2-loop of HflX (teal) bound to the E. coli ribosome
with 23S rRNA nucleotides (dark teal) (PDB ID 5ADY) superimposed with 23S rRNA nucleotides (purple) from the
vacant L. monocytogenes 70S refined into the L. monocytogenes HfIX-50S-GDPNP complex (Zhang et al., 2015b).
d, Superimposition of 23S rRNA nucleotides from the vacant L. monocytogenes ribosome (dark blue) with 23S
rRNA nucleotides (purple) from the vacant L. monocytogenes 70S refined into the HfIX-50S-GDPNP complex.
Modified from (Koller et al., 2022b).

These conformational changes are not observed in E. coli HfIX structure (Zhang et al.,
2015b) and support the idea of a specific mode for antibiotic-resistance protein HflXr
in difference to the non-resistance HflX protein (Fig. 44a and Sup.Fig. 14a-b). An
additional cryo-EM data collection was prepared on a L. monocytogenes HflX-50S-
GDPNP complex, that was prepared similarly to the HfXr-50S-GDPNP complex, in
order to rule out species specific differences that may arise from the E. coli HfIX
structure. Similar to the HflIXr data processing, the majority of particles picked from the
4,480 micrographs contained density for HfIX in the A and P-site of the 50S subunit
(Fig. 20). In silico processing yielded a final reconstruction with an average resolution
of the masked reconstruction of 2.6 A (Fig. 20d). However, the density for the factor
was very poorly resolved and a subsorting approach with partial signal subtraction was
used (Fig. 20e) to bring a class with high resolution HfIX density and with 31.5% of
particles (76,519 particles) to a final average resolution of 2.8 A (Fig. 20f-h). The map
exhibited strong orientation bias, presumably originating from preferred orientation of
the 50S particles on the cryo-grids, that did not allow proper refinement of a molecular
model (Fig. 20k). A rigid body fit of the molecular model of the vacant
L. monocytogenes 70S ribosome and small structural adjustments allowed to access
the conformational state of the PTC nucleotides in the HfIX-50S-GDPNP complex
(Sup.Fig. 14c-d) (Koller et al., 2022b). As expected, no conformational changes were
observed upon binding of HfIX to the ribosome (Fig. 44b and Sup.Fig. 14c-d),
identical to what was observed in the E. coli HfIX complex (Fig. 44c) and in the vacant
L. monocytogenes 70S structure (Fig. 44d).
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11. Discussion

11.1. Mechanism of action of the antimicrobial peptide MyxA and
MyxB.

The combination of cryo-EM structures of both MyxA on the vacant E. coli 50S subunit
(Fig. 21a) and MyxB on the translating E. coli 70S ribosome (Fig. 23a) with DMS
protection assays (Fig. 22a), in vitro translation inhibition assays (Fig. 22b), and
resistance mutations in Mycobacterium tuberculosis (Sup.Fig. 3) by our collaborators
lead us to determine the ribosome as molecular target of the antimicrobial class of the
myxovalargins. Despite the myxovalargins showing a very similar binding site in the
ribosomal NPET (Fig. 21a and Fig. 22a-g) to other antimicrobial peptides, like Api137
(Fig. 45a) (Florin et al., 2017), Bac7 (Fig. 45b) (Gagnon et al., 2016; Seefeldt et al.,
2016), klebsazolicin (Klb, Fig. 45¢c) (Metelev et al., 2017) and phazolicin (Pha, Fig.
45d) (Travin et al., 2019), the binding mode, conformation and interactions with the

tunnel are significantly different.
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Figure 45: Antimicrobial peptides binding to the NPET. a-d, MyxA (orange) bound to the vacant E. coli 50S
subunit with P-tRNA (light green, PDB ID 1VY4) (Polikanov et al., 2014a) superimposed with PrAMPs (a) Api137
(dark teal, PDB ID 502R) (Florin et al., 2017) and (b) Bac7 (yellow, PDB ID 5HAU) (Gagnon et al., 2016) and with
post-translationally modified antimicrobial peptides (c) klebsazolicin (Klb, light blue, PDB ID 5W4K) (Metelev et al.,
2017) and (d) phazolicin (Pha, dark blue, PDB ID 6U48) (Travin et al., 2019). Alignments are based on the 23S
rRNA.

Unlike from Drosocin, which has been discussed in detail in results section 10.2 and
Api137, neither MyxA nor MyxB require an additional factor, such as a release factor
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to inhibit translation (Florin et al., 2017; Graf et al., 2018). In contrast to both Klb and
Pha which are ribosome-synthesized post-translationally modified peptides (Metelev
et al., 2017; Travin et al., 2019), myxovalargins cannot be produced by the ribosome
due to the presence of D- and modified-amino acids that originate from an extensive
biosynthetic cluster that has been investigated by our collaborators (Koller et al.,
2022a). Studying this biosynthetic cluster together with our structural analysis of the
high resolution vacant MyxA-50S-complex (Fig. 21a-c) also revealed the wrong
annotation of two stereocenters in MyxA/B, namely D-Val7 (Fig. 21e) and L-Val10
(Fig. 21f) (Steinmetz et al., 1987).

Figure 46: Tunnel binding antibiotics occluding the NPET. a-d, NPET shown as surface (grey) with P-t{RNA
(light green, PDB ID 1VY4) (Polikanov et al., 2014a) and (a) MyxA (orange, surface), (b) erythromycin (Ery, cyan,
PDB ID 4V7U) (Dunkle et al., 2010), (c) dalfopristin (Dal, orange) and quinupristin (Qin, blue, PDB ID 4U26)
(Noeske et al., 2014) and (d) tetracenomycin X (TcmX, green, PDB ID 6Y69) (Osterman et al., 2020). Alignments
are based on the 23S rRNA.

The myxovalargins bind the NPET in a very compacted conformation (Fig. 46a) that
completely occludes the tunnel, unlike Ery or tetracenomycin X (Fig. 46b,d) (Dunkle
et al., 2010; Leroy et al., 2022; Osterman et al., 2020). The blockage of the tunnel by
MyxA is very similar to the one by the synergistic streptogramin antibiotics dalfopristin
and quinupristin (Fig. 46¢) (Noeske et al., 2014).
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Figure 47: a-d, MyxA (orange) bound to the vacant E. coli 50S subunit with P-tRNA (light green, PDB ID 1VY4)
(Polikanov et al., 2014a) superimposed with nascent polypeptide chain stallers (a) TnaC (dark red, PDB ID7019)
(van der Stel et al., 2021), (b) MifM (pink, PDB ID 3J9W) (Sohmen et al., 2015), (c) SecM (grey, PDB ID
3JBV)(Zhang et al., 2015a) and (d) ErmBL (green, PDB ID 5JU8) (Arenz et al., 2016a). Alignments are based on
the 23S rRNA.

MyxA stretches similarly deep into the tunnel as the nascent chain stallers TnaC, MifM,
SecM and ErmBL. The toeprinting assay (Fig. 47c-d) revealed that MyxB stalls
ribosomes during translation initiation and together with the cryo-EM structure of the
MyxB-70S-complex of a translating ribosome confirmed the presence of an
accommodated initiator fMet-tRNA™et in the P-site of the ribosome (Fig. 47a and
Sup.Fig. 4). However, the CCA-end was displaced by the N-terminal hydrophobic 1B
moiety of MyxB and shifted by 1.5 A compared to a canonical initiator tRNA. Both
myxovalargins tested in our cryo-EM studies showed significant overlap with pre-
attack state P-site and A-site tRNAs (Fig. 24c-d). This supports the previous findings
of myxovalargins being able to partially allow tRNA binding in the P-site but not
accommodating tRNAs in the A-site (Irschik and Reichenbach, 1985). Based on our
findings and results presented in this thesis, we propose a mechanism of action for
the myxovalargins shown in Fig. 48.
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Figure 48: Mechanism of action of myxovalargin to inhibit translation initiation. Scheme to illustrate the
proposed mechanism of myxovalargin inhibiting translation initiation by binding to the ribosomal NPET. a, Subunit
joining of the 30S initiation complex, with fMet-tRNA™et (light green), initiation factors 1 (IF1, brown), IF2 (purple),
IF3 (blue) and mRNA (yellow) with the large 50S subunit (grey) with MyxA/B (orange) in the NPET, upon release
of the IFs. The hydrophobic N-terminal moieties of MyxA/B interfere with the proper placement of the CCA-end of
the initiator tRNA. b, Ternary complex (EF-Tu, purple) delivers an amino acyl-tRNA (orange) to the A-site. c,
Accommodation of the delivered amino acyl-tRNA in the PTC is sterically hindered by MyxA/B, arresting translation

after initiation.

Prior to formation of the 70S-initiation complex (70S-1C), MyxA/B can prime the 50S
subunit by binding in the NPET (Fig. 48a). Upon formation of the 70S-IC the fMet-
tRNAMet would sterically clash with MyxA/B leading to the shift of both the CCA-end
and the fMet-moiety preventing full accommodation. The ternary EF-Tu*aa-tRNA*GTP
complex can deliver an amino acyl-tRNA to the A-site. However, the accommodation
of the acceptor-arm of the A-tRNA at the PTC is not possible and ultimately traps the
ribosome during the late steps of translation initiation (Fig. 48b-c). Besides the
potential of myxovalargins to inhibit translation initiation, the unspecific membrane
effect and resulting toxicity against eukaryotic cells has to be addressed (Irschik and
Reichenbach, 1985). From the chemical structure the length and large number of
hydrophobic sidechains could explain why myxovalargins supposedly intercalate into
membranes. Removing D-Ala13, D-3-OH-Val14 and the AG moiety on the C-terminus
of MyxA would hypothetically not interfere with the binding mode of the myxovalargins
but could reduce the length of the molecule as most of the interactions are facilitated
around the D-B-Tyr6 (Fig. 22d) and D-Arg9 (Fig. 22f-g), with the activity coming
mostly from the N-terminus sterically clashing with both canonical P- and A-site tRNAs
(Fig. 24c-d). Altering the hydrophobic chemical nature of myxovalargins is more
challenging than simply removing hydrophobic sidechains and needs both extensive

chemical synthesis and structural analysis followed by an array of additional in vivo
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and in vitro assays. Introduction of hydrophilic sidechains would potentially reduce
specificity in the NPET and open a variety of other binding sites. A much more
promising direction would be a fully synthetic route as previously shown for iboxamycin
(Mitcheltree et al., 2021), by using the structure-guided insights provided by our cryo-
EM maps to extensively redesign the chemical structure of myxovalargins but keeping
their binding mode and therefore overcoming the unspecific membrane-effect and
keeping the antimicrobial activity.
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11.2. Proline-rich antimicrobial peptide drosocin and importance of

O-glycosylation for translation inhibition.

Based on the structural elucidation of Dro1 on the ribosome and supported by in vitro
translation and toeprinting assays from our group we propose a mechanism of action
of drosocin, highlighting the importance of the O-glycosylation on the Thr11 residue
(Fig. 49).
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Figure 49: Scheme of the mechanism of action of O-glycosylated Dro1 inhibition during translation. a, Stop
codon recognition by release factor RF1/2 (orange) which catalyzes the hydrolysis and subsequent release of the
nascent chain (NC) from the peptidyl-tRNA (lime). Dro1 (light blue) binds within the NPET, inducing the open
conformation of U2609 (grey) by stabilizing water-mediated and direct interactions with the a-D-GalNAc on Thr11
of Dro1. Arg18 of Dro1 forms interactions with GIn235 of the conserved GGQ motif of RF1/2 (orange) and
surrounding 23S rRNA (grey), stabilizing the RF1/2 on the ribosome and preventing subsequent ribosome recycling
and re-initiation. b, Dro1 (purple) binds the free 50S subunit (grey) inducing the open conformation of U2609 (grey)
by stabilizing water-mediated and direct interactions with the a-D-GalNAc on Thr11 of Dro1, however, Arg18 is not
fully stabilized in absence of GIn235 of RF1/2 but forms both direct and water-mediated interactions with 23S rRNA
nucleotides (grey). ¢, Dro1 does not interfere with formation of translation initiation complexes, despite the overlap
of the C-terminus of Dro1(purple) with the fMet moiety of the P-site tRNA. d, Peptide bond formation is not interfered
with by Dro1 presence but translocation of the dipeptidyl-tRNA from the A-site (purple) into the P-site (lime) is
blocked. Both conformations of U2609 have been observed (dark teal) suggesting the dipeptidyl moiety (white) on
the A-site destabilizing the C-terminus of Dro1 in the PTC. e, For subsequent translocation and elongation cycles

the Dro1 (light blue) has to dissociate from the NPET of the ribosome until a stop codon is recognized in the A-site.
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Drosocin inhibits translation termination in similar fashion as Api137, by trapping RFs
on the ribosome following nascent polypeptide chain release and stabilizing the
GIn235 of the conserved GGQ motif of the RF1 with direct and water-mediated
interactions with Arg18 of the C-terminus of Dro1 (Fig. 31a-c) (Chan et al., 2020; Florin
et al., 2017; Graf et al., 2018). A very important difference between Api137 and Dro1
is the O-glycosylation of Thr11 that from structural elucidation establishes a network
of direct and water-mediated hydrogen bond interactions with U2609 of the 23S rRNA
(Fig. 49a). These interactions support the previous findings that native modified
drosocin has generally higher antimicrobial activity compared to unmodified or
mutated variants (Ahn et al., 2011a; Ahn et al., 2011b; Gobbo et al., 2002; Lele et al.,
2015b; Marcaurelle et al., 1998; Otvos et al., 2000; Rodriguez et al., 1997; Talat et al.,
2011). Additionally, the shift of U2609 induced by the sugar modification breaking the
canonical U2609-A752 base-pair underlines the importance of the sugar.
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Figure 50: Nature of the A752-U2609 base-pair impacts binding ability of the O-glycosylated Dro1. a-b, In
vivo assays of Squires strains SQ171 wildtype and mutants A752G, U2609G, U2609C and the double mutant
A752G and U2609C in presence of 5 um or 30 uM of Dro (a, green) without the Thr11 O-glycosylation and Dro1
(b, blue) with a-D-GalNAc modification on Thr11. Assays were performed in three biological replicates indicated

as dots.

Additional in vivo assays on single and double mutants of U2609 and A752 were
performed by Martino Morici of our group that should help understanding the role of
the sugar modification. Mutant ribosomes carrying A752G, U2609G, U2609C or a
double mutation U2609C-A752G mutations were tested in presence of 5 yM or 30 uM
modified Dro1 and unmodified Dro (Fig. 50). Collectively these results showed that

strains bearing a single mutation are more susceptible to Dro1 but not to Dro at 5 yM
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with lower effects on higher concentrations of the peptides. The double mutation was
more tolerant to higher doses of Dro1 underlining the breaking of the U2609-A752
base-pair as a key feature of O-glycosylated Dro1 mode of action. The same base-
pair has been shown to be important in the binding activity of the ketolide Tel (Dunkle
et al., 2010; Svetlov et al., 2020) and especially for its bactericidal activity. It is not
known to be broken in E. coli but has been observed in an unpaired state in other
bacterial ribosomes, like Mycobacterium tuberculosis (Yang et al., 2017), suggesting
these ribosomes to be more susceptible to the O-glycosylated Dro1. Two more
drosocin bound ribosome states, the vacant 50S and an elongating ribosome with A-
and P-site tRNAs, were observed in the data collection. Given that the drosocin
interactions formed in the NPET of both the vacant 50S and the terminating complex
are identical, it implies that drosocin can potentially interact with the recycled 50S
subunit following subunit splitting after recycling. As expected from the terminating
complex the a-D-GalNAc modification on Thr11 of Dro1 inserted in between the base-
pair of U2609 and A752, inducing the shift of U2609 and stabilizing a potential water-
mediated hydrogen bond interaction (Fig. 49b). In the absence of the GIn235 of RF1
the C-terminus of the drosocin on the vacant 50S is less well-resolved due to flexibility.
A similar pattern was observed for Api137 being stabilized by RF1 on 70S ribosomes
when compared to vacant ribosomes (Florin et al., 2017). The lack of initiation
complexes within our data collection suggests that the initiator fMet-tRNA can actively
compete with the C-terminus of drosocin and adopt unimpeded its canonical position
in the P-site of the PTC (Fig. 49¢). The presence of the major population of elongating
post-peptide bond formation pre-translocation ribosomes, containing deacylated P-
site tRNA™et and a dipeptide fMet-Leu-tRNAV in the A-site, suggest that drosocin
inhibits the first translocation step and blocks the movement of the peptidyl-tRNA from
the A-site to the P-site of the PTC (Fig. 49d). The toeprinting assays support the
hypothesis that this state is likely temporary as ribosomes are observed to translate
the entire ORF and finally become trapped on the stop codon during termination (Fig.
25b-d). Drosocin is unstably bound in the elongating step and poorly resolved leading
to the presence of both the closed (base-paired) and open (unpaired) conformations
of the U2609-A752 base-pair and a poor density of the a-D-GalNAc modification of
Dro1 (Fig. 49d and Sup.Fig. 7c). In our proposed model the translocation event is
triggered by the steric interference of the dipeptide fMet-Leu-tRNA®Y and the drosocin
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Arg18 and Val19 at the P-site of the PTC, forcing a drosocin dissociation and
subsequent elongation steps to occur (Fig. 49e). The extending nascent polypeptide
chain interferes with a rebinding of drosocin to the NPET and only rebinds following
the recognition of the stop codon and RF induced hydrolysis and dissociation of the
nascent chain (Fig. 49a). While drosocin and apidaecin show a strong similarity in
their mechanism of action to inhibit translation by trapping the RFs on the ribosome,
the interactions of both peptides and binding mode within the NPET of the ribosome
are completely distinct. Especially the O-glycosylation of the Thr11 plays a critical role
for drosocin to exhibit its antimicrobial potential but is completely absent in apidaecin.
As described earlier, other AMPs are glycosylated in a similar fashion, namely
diptericin, formaecins, lebocin and pyrrhocoricin, with the latter being the most similar
bearing the identical a-D-GalNAc modification on Thr11 and was also found to have
minor forms with naturally occurring disaccharide modifications (Bulet et al., 1999;
Cociancich et al., 1994). Structures of the unmodified pyrrhocoricin revealed an
inverted orientation in the NPET compared to drosocin in our structure, however, the
superimposition highlights the close proximity of both modified Thr11 (Gagnon et al.,
2016; Seefeldt et al., 2016), allowing the assumption that glycosylated pyrrhocoricin
could establish analogous interactions as observed in our structures. This shines a
light on how eukaryotic and prokaryotic organisms through convergent evolution can
develop very similar techniques to target bacterial infections by inhibiting translation
efficiently that are facilitated by unique scaffolds of antimicrobial (and proline rich)
peptides that ultimately lead to the same result.
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11.3. Context-specificity of macrolide antibiotics on eukaryotic

translation

The cryo-EM structure of Tel on the G2400A (EcA2058) mutant S. cerevisiae ribosome
reveals an identical binding mode of macrolides, more specific ketolides on eukaryotic
ribosomes (Fig. 34a-d and Sup.Fig. 9) and provides an insight in the conservation of
the ribosomal core, mainly the PTC and NPET between prokaryotes and eukaryotes
in the context of macrolide binding. Macrolides have been shown to induce stalling in
bacteria in a context-specific manner previously (Almutairi et al., 2017; Davis et al.,
2014; Kannan et al., 2014; Sothiselvam et al., 2016). This functionality is utilized by
Erm-resistance mechanisms to induce methylation of 23S rRNA nucleotide A2058 in
response to macrolide binding (Arenz et al., 2016a; Arenz et al., 2014b; Beckert et al.,
2021) and has been shown to interfere with coordination of a water molecule that was
found to be essential for macrolide binding (Svetlov et al., 2021b). The same water-
mediated binding-mode was found in the G2400A (EcA2058) mutant (Fig. 35a) and
revealed the base of the species-specificity as the G2400 (EcA2058) in wildtype S.
cerevisiae 25S rRNA coordinates the water in a different orientation and perturbs the
interaction with the macrolide (Fig. 35b). Additionally, the N2 of G2400 (EcA2058)
potentially clashes with the bound macrolide (Fig. 35b). In other eukaryotic ribosomes,
like the 80S ribosome of Oryctolagus cuniculus (Sup.Fig. 2d) (Chandrasekaran et al.,
2019), the 28S rRNA harbors G3904 (EcA2058) in the same position as the wildtype
S. cerevisiae and based on our structural findings a reasoning behind certain
antibiotics not being able to bind properly in the NPET can therefore be extended to
other eukaryotic ribosomes. To support the structural findings and test context-
specificity for macrolides on translation inhibition in eukaryotes our collaborators did
Ribo-seq (Ingolia et al., 2009) to find specific motifs that stalling preferentially occurred
on (Svetlov et al., 2021a). This revealed the classic +X+ motif to interferes with
translation (Almutairi et al., 2017; Davis et al., 2014; Kannan et al., 2014; Sothiselvam
et al., 2016), but additionally revealed PDX motif that also seemed to be problematic
in yeast with Tel (Svetlov et al., 2021a). The findings support that eukaryotic translation
gets interrupted during peptide bond formation between the specific donor and
acceptor substrates and not by discrimination of the identity of the nascent

polypeptide. In vitro assays performed on these arrest motifs with a variety of
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macrolides found a strong impact on the chemical structure of the used macrolide,
especially in ketolides on the efficiency of the inhibition (Svetlov et al., 2021a).
Additionally, both of the macrolide arrest motifs were also found in cells depleted of
eukaryotic initiation factor 5A (elF5A) (Pelechano and Alepuz, 2017; Schuller et al.,
2017), which supports the ribosome in polymerizing problematic sequences, like poly-
proline stretches in yeast (Gutierrez et al., 2013; Pelechano and Alepuz, 2017,
Schuller et al., 2017), suggesting that macrolides like Tel intensify sequences that are
more difficult to be polymerized in the first place (Svetlov et al., 2021a). So far only
PF846 has been identified as a compound to be highly selective on protein synthesis
in eukaryotic ribosomes (Li et al., 2020b; Li et al., 2019; Lintner et al., 2017), and
superimposition reveals a partially overlapping binding site with Tel in the NPET (Fig.
51a-d).

Figure 51: PF846 binding site compared to Tel in the G2400A mutant Tel-60S-complex. a, Transverse section
of the G2400A mutant 60S-Tel-complex with Tel (salmon) bound in the NPET superimposed with Pf846 (turquoise)
bound to the human 80S (PDB ID 60LZ) (Li et al., 2019). b, Chemical structure of PF846. c, Tel (salmon) and
PF846 (turquoise, PDB ID 60LZ) molecular models superimposed based on 25S and 28S rRNA (Li et al., 2019).
d, Tel (salmon) with surrounding 25S rRNA nucleotides (grey) in the G2400A mutant Tel-60S-complex
superimposed with PF846 (turquoise) with 28S rRNA nucleotides (light blue) of the PF846-80S-complex (Li et al.,
2019). Modified from (Svetlov et al., 2021a).

The specificity and mode of action of PF846 is significantly different from Tel, by being
less dependent on the PTC substrates by allowing a variety of interactions in the NPET
to induce translational slow down on several consecutive mMRNA codons inhibiting
translation elongation during translocation and termination (Li et al., 2020b; Li et al.,

2019; Lintner et al., 2017), while macrolides induce translation inhibition at specific
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MRNA motifs (Almutairi et al., 2017; Arenz et al., 2016a; Arenz et al., 2014b; Beckert
et al., 2021; Davis et al., 2014; Kannan et al., 2014; Sothiselvam et al., 2016). Despite
the differences in mechanism of action the placement in the NPET in overlapping sites
and both achieving context-specificity is promising for structure-based drug-design.
Together with the findings of drugs like tetracenomycin X that was found to bind both
bacterial and eukaryotic ribosomes on the opposite side of the NPET compared to the
macrolides (Fig. 46b,d) and a sequence-specific inhibition of bacterial translation
(Leroy et al., 2022; Osterman et al., 2020), the NPET in close proximity to the PTC
emerges as the best suited target for structure-based drug design of compounds with
high context-specificity targeting expression of unwanted and highly problematic
nascent chains and proteins in human diseases like cancer. Structural alteration and
fully synthetic routes for macrolides have been achieved previously (Seiple et al.,
2016) and together with our findings a pathway for targeting wildtype eukaryotic
ribosomes lies at hand.
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11.4. Target protection by GTPase HfIXr

The direct mechanism of how HflXr utilizes splitting of ribosomes and recycling them
for subsequent rounds of translation while conferring resistance to lincomycin and
erythromycin has not been conclusively demonstrated (Duval et al., 2018). The
structure in this thesis shows that HflXr can stably bind to the 50S ribosomal subunit
in presence of GDPNP (Fig. 19) and as shown in our publication also with the natural
unmodified GTP (Koller et al., 2022b). Similar to the previously reported structure of
E. coli HfIX (Zhang et al., 2015b) the L. monocytogenes HflXr binds to the LSU and
occupies the A- and P-site overlapping with the binding sites of the tRNAs (Fig. 41b-
c). Different from HflX, the NTD2-loop of HflXr, which includes an additional two amino
acids, penetrates deeper into the PTC and was observed to induce conformational
changes to 23S rRNA nucleotides G2538 (EcG2505), U2539 (EcU2506) and A2095
(EcA2062) which are incompatible with antibiotic binding (Fig. 43a-d).
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Figure 52:Scheme for the proposed mechanism of action of HflXr. a, A 70S ribosome during translation
initiation (a) is stalled by binding of an antibiotic (b), like lincomycin (Lnc, red) with the canonical position of 23S
rRNA nucleotides G2538 (EcG2505) and A2095 (EcA2062). ¢, For HfIXr-GTP to bind the 70S ribosome the
peptidyl-tRNA has to leave the ribosome through a currently unknown mechanism (ArfA/ArfB, tRNA drop off or
hydrolysis), followed by ribosome splitting induced by HfIXr-GTP and subsequent subunit dissociation. d, The loop
of the HfIXr NTD2-loop induces rearrangement of 23S rRNA nucleotides G2538 (EcG2505) and A2095 (EcA2062)
in the PTC, leading to antibiotic dissociation. e, HfIXr-GDP is released after GTP hydrolysis, resulting in a free 50S
subunit (f) that is available for re-initiation (a). Modified from (Koller et al., 2022b).
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HflXr is proposed by us to be a type Il ribosome protection protein and our model for
the mechanism of action (Fig. 52) expands the one reported previously (Duval et al.,
2018). 70S ribosomes with an antibiotic bound near the PTC are recognized by HflXr
and subsequently split into 30S (Fig. 52a-c) and 50S with HflXr remaining stably
bound (Fig. 52d). Conformational changes are induced by the NTD2-loop of HflXr and
make drug binding incompatible with the rearranged 23S rRNA nucleotides leading to
the dissociation of bound drug (Fig. 52d-e). The dissociation of HflXr is triggered by
the hydrolysis of GTP to GDP and allows the free 50S subunit to be recycled and
reintroduced to a next round of translation (Fig. 52e-f). At this point, a general
overview of the mechanism of action of HfIXr was presented, however, the initial
substrate of HfXr remains unclear. The recognition of antibiotic-stalled ribosomes
seems impossible in presence of ribosome stalled during elongation with either or both
A- and P-site tRNAs. The low splitting activity reported for HfIX of polysomes and
ribosomes bearing peptidyl-tRNA and an increased efficiency for splitting vacant 70S
ribosomes or post-release ribosomes with tRNAs adopting hybrid P/E conformation
(Zhang et al., 2015b) support this hypothesis. It was also suggested that other factors
could be involved, like ArfA or ArfB, prior to HfIX splitting (Zhang et al., 2015b).
Interestingly, HflXr confers resistance mainly to antibiotic classes that are able to
trigger peptidyl-tRNA ‘drop-off’ (Menninger and Coleman, 1993; Tenson et al., 2003)
which may explain the resulting stalled ribosomes as suitable substrate. As noted in
our scheme, the GTP-hydrolysis seems to be unnecessary for HflXr induced splitting
but might be essential for dissociation from the 50S subunit after splitting, analogous
to E. coli and Mycobacterium HflX (Rudra et al., 2020; Zhang et al., 2015b). However,
HfIXr might act directly on antibiotic-stalled complexes, inducing conformational
changes at the PTC which makes it incompatible with drug binding, but it remains
unclear if HfIXr binding and drug release requires GTP hydrolysis. Experiments that
would support this hypothesis were performed for other RPPs, such as ARE-ABCFs
LsaA (Sharkey et al., 2016), MsrE (Su et al., 2018) and TetO/TetM (Burdett, 1996;
Connell et al., 2002; Trieber et al., 1998), but require soluble active protein for in vitro
assays that our collaborators were not able to provide in time. It remains unclear what
would keep antibiotics off the ribosome after dissociation and if the conformational
changes induced in the PTC are stable after dissociation of the factor as shown for

123



TetM/TetO (Connell et al., 2003a; Connell et al., 2003b; Connell et al., 2002). This
would be rather inefficient as the conformational changes would need to be compatible
with multiple rounds of elongation following proper translation initiation. An alternative
mechanism would be the rapid efflux of the dissociated antibiotic through an efflux
pump out of the living cell. Extended loop HfIX and HflXr variants, unlike the short
looped exclusive splitting factor HflX, can confer resistance in addition to their splitting
factor capabilities that stimulate drug dissociation from the LSU and is supported by
rapid drug efflux through an efflux pump. The allosteric mechanism we proposed in
this thesis for HfIXr is strikingly similar to the proposed mechanism shown for the ARE-
ABCF proteins, like L. monocytogenes VgaL which confers resistance to the PTC
inhibitor antibiotic classes lincosamides, pleuromutilins and streptogramin As (Crowe-
McAuliffe et al., 2021; Wilson et al., 2020).

|~
E-tRNA P-tRNA A-tRNA

E-tRNA P-tRNA A-tRNA
P-tRNA,

Figure 53: ARE-ABCF protein VgaL superimposed with HfIXr. a-b, A- (blue), P- (green) and E-site (red) tRNAs
(PDB ID 1VY4) superimposed with L. monocytogenes HflXr (orange) and L. monocytogenes VgaL (purple, PDB
ID 7NHN) (Crowe-McAuliffe et al., 2021; Polikanov et al., 2014a). ¢, L. monocytogenes HflXr (orange)
superimposed with L. monocytogenes VgaL (purple) and P-tRNAvgaL (dark red, PDB ID 7HNH) (Crowe-McAuliffe
et al., 2021). Modified from (Koller et al., 2022b).

The binding sites of HflXr and VgalL are very distinct, with HfIXr entering from the A-
site and Vgal entering from the E-site, but both contain a loop region extending from
two a-helices that encroaches into both A- and P-site at the PTC (Sup.Fig. 16)
(Crowe-McAuliffe et al., 2021). The conformational changes induced by VgalL in the
PTC are also proposed to promote drug dissociation but are mechanistically distinct
from the conformational changes induced by HflXr, as they do not affect resistance to
macrolides or streptogramin Bs in VgaL bound ribosomes as seen for our HflXr
structure. For ARE-ABCFs like Pseudomonas aeruginosa MsrE, it is known that

resistance to the mentioned classes is conferred through longer loop regions that can
124



penetrate deeper into the NPET and locally interfere with drug binding (Ero et al.,
2019; Su et al., 2018). Interestingly, HfIXr and VgaL both overlap with the binding sites
of oxazolidinones and phenicols of which they are unable to confer resistance to that
share binding sites with PTC inhibitory antibiotics that they are able to confer
resistance to, such as Lnc and Tia (Crowe-McAuliffe et al., 2021). A possible
explanation for HflXr is that while lincosamides and macrolides can stimulate peptidyl-
tRNA drop-off (Menninger and Coleman, 1993; Tenson et al., 2003) and become
targets of HflXr, both chloramphenicol- and linezolid stalled ribosomes are persistent
to peptidyl-tRNA release and do not become a substrate for HflXr-mediated splitting.
As shown in a previous publication, the resistance conferred by HflXr is relatively
modest and antibiotic sensitivity is not affected by loss of HflXr in strains with VgaL
(Duval et al., 2018; Koller et al., 2022b). Increased resistance could only be shown in
absence of VgalL and overexpression of the protein was necessary to have observable
resistance to some antibiotic classes. This emphasizes that in L. monocytogenes the
dissociation of antibiotics by ARE-ABCF protein VgalL renders the ribosomes that
continue translation elongation phase immune to effects of translation inhibitors, while
HfIXr induced ribosomal splitting forces 50S subunits to re-enter translation through
translation initiation providing a longer time frame for antibiotics to rebind the ribosome
(Crowe-McAuliffe et al., 2021). From the evolutionary standpoint it is questionable that
the low level of resistance conferred by HflXr, compared to other ARE-ABCFs, as to
why bacteria retained homologs of HflX proteins. We propose based on the results in
this thesis and our corresponding publication that HflXr may keep its splitting function
as a stress factor in an analogous way to HfIX with the added benefit of antibiotic
resistance and/or on another set of stalled ribosomes as substrates (Koller et al.,
2022b).
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13. Supplementary Information

13.1. Myxovalargin

Table 5: Cryo-EM data collection, modelling, and refinement statistics of the

myxovalargin-ribosome complexes.

Data collection MyxA-50S complex | MyxB-70S complex
PDB ID 7QQ3 PDB ID 8B7Y
EMDB EMD-14121 EMDB EMD-15905
Microscope Titan Krios Titan Krios
Detector K2 DDC Falcon |l DDC
Pixel size (A) 0.828 1.053
Defocus range (um) -1.0t0-3.0 -0.7t0-1.2
Voltage (keV) 300 300
Electron dose (e/A?) 1.1 2.5
FSC threshold 0.143 0.143
Initial particle images (no.) 680,054 523,747
Final particle images (no.) 580,425 376,564
Model composition
Initial model used (PDB code) 7K00 7K00
Protein residues 2896 5307
RNA nucleotides 3016 4614
Magnesium 145 237
Water 28 28
Ligand 1 1
Refinement
Resolution (A) 2.1 2.96
Map sharpening B factor(A?) -10 -40
Validation: proteins
Poor rotamers (%) 4.22 3.80
Ramachandran outliers (%) 0.42 0.79
Ramachandran allowed (%) 3.55 5.68
Ramachandran favored (%) 96.03 93.54
Bad backbone bonds (%) 0 0.005
Bad backbone angles (%) 0.825 0.737
Validation: RNA
Correct sugar puckers (%) 99.44 97.69
Good backbone conformations (%) 87.17 80.65
Bad bonds (%) 0.04 0.03
Bad angles (%) 0 0
Scores
MolProbity 1.81 2.14
Clash score, all atoms 2.7 5.22
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Supplementary Figure 1: Modelling of MyxA into cryo-EM density of the MyxA-50S-complex. a-b, Molecular
model of MyxA (orange) from two perspectives in isolated cryo-EM density (mesh). Residues numbered from 3-
methylbutanoic acid (MBA) to agmatine (AG) from 1-14. c-f, Zoomed views of molecular modelling of MyxA in
isolated density (mesh) with surrounding coordinated water molecules (red). ¢, MBA, dh-Val1, L-Ala2, Nm-L-Ala3
and D-Val4 with waters W1 and W». d, D-Val5, D-3-Tyr6, D-Val7 with waters W3 and W;s. e, dh-Val8, D-Arg9 and
L-Val10 with waters Ws and We. f, D-Val11 and dh-lle12 with water W>. g, Isolated density of MyxA of the MyxA-
50S-complex colored according to local resolution. h, Isolated density from the 3D refined map at lower threshold
with molecular model of MyxA. i, Zoomed view of molecular modelling of D-Ala13, D- -OH-Val14 and AG moiety
in isolated density (mesh) at lower threshold.
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Supplementary Figure 2: Superimpositions of the MyxA-50S-complex. a, MyxA-50S-complex 23S rRNA
nucleotides (light grey) with MyxA (orange) in the NPET and surrounding water molecules superimposed with the
vacant 70S E. coli ribosome (dark grey, PDB ID 7K00) (Watson et al., 2020). b, Waters W3 and W5 (red) observed
in MyxA-50S-complex are also present in the vacant 70S E. coli ribosome (Weco, blue, PDB ID 7K00) (Watson et
al., 2020). ¢, MyxA-50S-complex 23S rRNA nucleotides (light grey) with ribosomal proteins L4ec, (yellow) and
L22¢¢, (Eco, purple) superimposed with 23S rRNA nucleotides (brown), L4mw, (olive) and L22yy, (dark purple) from
vacant M. tuberculosis 70S ribosome (Mtu, PDB ID 7MT7) (Cui et al., 2022). d, MyxA-50S-complex 23S rRNA
nucleotides (light grey) with MyxA (orange) in the NPET and ribosomal proteins L4gc, (yellow) and L22g, (Eco,
purple) superimposed with 28S rRNA nucleotides (green), L4oc, (dark turquoise) and L22¢¢, (dark olive) from
vacant O. cuniculus 70S ribosome (Ocu, PDB ID 6SGC) (Chandrasekaran et al., 2019).

Supplementary Figure 3: Impact of MyxAR resistance mutations on water-mediated interactions. a,
Resistance mutations detected in M. tuberculosis (PDB ID 5V93) mapped onto E. coli 23S rRNA nucleotides A2503
(lime, MtuA2741), U2609 (turquoise, MtuU2847) and C2611 (cyan, MtuU2849) shown as spheres, surrounding
MyxA molecular model (orange) represented as surface (Yang et al., 2017). b, A2503G (lime, MtuA2741G (brown))
mutation is predicted to break potential hydrogen bond interaction of N6 of m?A2503 (grey, A2741(brown)) with N3
of A2062 (grey, MtuA2300 (brown)). This is hypothesized to break hydrogen bonding with W3 destabilize the
stacking of D-B-Tyr6 of MyxA with A2062 (MtuA2300). ¢, U2609C (turquoise, MtuU2847C (brown)) mutation is
predicted to abolish potential hydrogen bond interactions with W4 and to break the Watson-Crick-base pair with
A752 (grey, MtuA881 (brown)). d, C2611G (light blue, MtuU2849G (brown)) mutation is predicted to abolish
hydrogen bond interaction with N4 of D-Arg9 with We and break the Watson-Crick-base pair with G2057 (MtuA2295
(brown)). In this position E. coli and M. tuberculosis have different residues but the predicted impact of the mutation
impacts both.
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Supplementary Figure 4: P-tRNA bound to the MyxB-70S-complex. a-c, Isolated density of the initiator fMet-
tRNAMet shown as density (a, green), mesh with molecular model (b, green) and colored according to local
resolution (c). d-e, Molecular model of MyxB (orange) in relative position compared to the isolated density of the
CCA-end of the tRNA (d) colored according to local resolution (e) and with molecular model (mesh). f, Initiator
fMet-tRNAMet from the MyxB-70S-complex (green) superimposed with the fMet-tRNA™e! from the pre-attack state
(grey, PDB ID 1VY4) (Polikanov et al., 2014a) with MyxB (orange) shown as surface. The CCA-end of the tRNA in
the MyxB-70S-complex is shifted by 1.5 A to avoid sterical clashing with N-terminal residues of MyxB.
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13.2. Drosocin

Table 6: Drosocin data collection, modelling, and refinement statistics.

Termination | Elongation 50S
complex complex complex

EMDB ID EMD-15488 | EMD-15523 | EMD-15533
PDB ID 8AKN 8AM9 8ANA
Magnification (%) 96,000 96,000 96,000
Electron fluence (e7/A?) 40 40 40
Defocus range (um) -0.4t0-0.9 -04t0-09| -04t0-0.9
Pixel size (A) 0.80 0.80 0.80
Initial particles 529,600 529,600 529,600
Final particles 137,449 84,697 159,749
Average resolution (A) 2.3 2.8 2.1
(FSCo.143)
Model composition
Atoms 146,523 142,038 86,889
Protein residues 5,960 5,606 3,196
RNA bases 4,552 4,554 2,872
Refinement
Map CC around atoms 0.69 0.82 0.84
Map CC whole unit cell 0.65 0.70 0.77
Map sharpening B factor (A?) -4.7 -26.7 -7.2
Bond lengths (A) 0.015 0.009 0.011
Bond angles (°) 1.863 1.014 1.659
Validation
MolProbity score 1.88 2.00 1.40
Clash score 3.77 5.60 212
Poor rotamers (%) 215 3.55 1.23
Ramachandran statistics

Favoured (%) 92.76 95.91 94.95

Outlier (%) 1.06 0.27 0.8
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Supplementary Figure 5: Dro1 binding compared to Api137, Pyr and Bac?7. a, Position of Dro1 (light blue) in
the NPET of the E. coli ribosome of the termination complex with P-tRNA (lime), RF1 (orange), uL4 (green) and
uL22 (dark blue). b-d, Superimposition of Dro1 (light blue) with (b) Api137 (salmon) from the Api137-ArfB complex
(PDB ID 6YSS) (Chan et al., 2020), and (c) Pyrrhocoricin (Pyr, purple) from the Pyr-70S complex (PDB ID 5FDV)
(Seefeldt et al., 2016) and (d) Bac7(1-16) (lime) from the Bac7-70S complex (PDB ID 5F8K) (Seefeldt et al., 2016).
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Supplementary Figure 6: Interactions of the mRNA with 23S rRNA in the elongation and termination
complex. a, UAC anticodon stem loop (lime) of the P-site fMet-tRNA interacting with the AUG start codon of the
mRNA (light brown) shown in isolated density (mesh). b, AAC anticodon stem loop (purple) of the A-site Leu-tRNA
interacting with the UUG codon of the mRNA (light brown) shown in isolated density (mesh). ¢, Release factor 1
(RF1pro1) of the termination complex superimposed with a canonical RF 1 (olive, PDB ID 4V63) (Laurberg et al.,
2008). d, Molecular models of RF1pr1 (orange), UAA stop codon (lime) of the mRNA and 23S rRNA nucleotides
(grey) in isolated density of the termination complex. e, RF1pr01 (orange), mRNA (lime) and 23S rRNA nucleotides
of the termination complex essential for the stop codon recognition superimposed with a canonical termination
complex RF14 (olive, PDB ID 4V63), mRNA (purple) and 23S rRNA nucleotides (grey) (Laurberg et al., 2008). f,
Isolated density of four putative water molecules in close proximity to RF1pr01 (orange), mRNA (lime), and 23S
rRNA nucleotides (grey) within the termination complex. g-i, Potential direct and water-mediated interactions
indicated by dotted lines and stacking indicated by three lines. Interactions of the UAA nucleotides of the mRNA
stop codon (lime) with side chains G120, T190, H197, T198, S199 and R303 of RF1p01 (orange) as well as A1492,
A1493 and G530 nucleotides of the 23S rRNA (grey).
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Supplementary Figure 7: Drosocin sugar modifications. a-c, Molecular model of the O-glycosylation (a-D-

GalNAc) of Thr11 of Dro1 in the termination (a), 50S (b) and elongation complex (c) in isolated density with 23S

rRNA nucleotides A752 and U2609 with coordinated waters W (red). d-f, Comparison of the open base pair of
A752 and U2609 in presence of a-D-GalNAc in Dro1 (d) compared to a in silico model of a-D-GIcNAc in Dro4 (e)
with an orange asteriks indicating the loss of a potential hydrogen bond in Dro4. In absence of the O-glycosylation

in an in silico model of Dro (f) the base pair is proposed to be closed, indicated by A752 and U2609 from the vacant
E. coli ribosome (brown, PDB ID 7K00) (Watson et al., 2020).
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13.3. Telithromycin 80S

Table 7: S. cerevisiae 80S-Tel-complex data collection, modelling, and

refinement statistics.

S. cerevisiae Tel-80S-complex

EMDB ID EMD-11951
PDB ID TAZY
Data collection
Electron dose (e7/A?) 1.0
Defocus range (um) -1.0t0 -3.0
Pixel size (A) 0.822
Initial particles 329,333
Final particles 153,893
Average resolution (A) (FSCo.143) 2.877
Model composition
Protein residues 6127
RNA bases 3440
Refinement
Map sharpening B factor (A?) -10
R.M.S. deviations
Bond lengths (A) 0.00
Bond angles (°) 0.02
Validation
MolProbity score 1.58
Clash score 2-76
Poor rotamers (%) 0.14
Ramachandran statistics
Favoured (%) 91.17
Outlier (%) 8.40
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Supplementary Figure 8: Alkyl-aryl side chain of Tel is placed differently in different species. a-c, Tel
(salmon) and surrounding 25S rRNA nucleotides (grey) of the G2400A mutant 60S-Tel-complex superimposed
with Tel (lime) bound to D. radiodurans 50S with 23S rRNA nucleotides (a, light green, PDB ID 1P9X) (Berisio et
al., 2003), Tel bound to the H. marismortui 50S with 23S rRNA nucleotides (b, pink, PDB ID 1YIJ) (Tu et al., 2005)
and the vacant S. cerevisiae 60S with 25S rRNA nucleotides (c, green, PDB ID 6Q8Y) (Tesina et al., 2019).
Modified from (Svetlov et al., 2021a).

169



Hm50S-Tel (PDB: 1YIJ)| [Tt70S-Tel (PDB: 4V7Z)

Supplementary Figure 9: Alkyl-aryl rings of Tel stack onto A752-U2609 base pair. a, Molecular model of Tel
(salmon) with 25S rRNA nucleotides (salmo) in isolated density of the G2400A mutant Tel-60S-complex. b,
Molecular model of Tel (purple) with 23S rRNA nucleotides (purple) of H. marismortui (PDB ID 1Y1J) in isolated
density (Tu et al., 2005). c-d, Molecular model of Tel (green) with 23S rRNA nucleotides (green) of E. coli (PDB ID
4V7S) with isolated density at two thresholds (Dunkle et al., 2010). e-f, Molecular model of Tel (yellow) with 23S
rRNA nucleotides (yellow) of T. thermophilus (PDB ID 4V7Z) in isolated density (Bulkley et al., 2010). Modified
from (Svetlov et al., 2021a).
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13.4. Listeria monocytogenes complexes

Table 8: Listeria monocytogenes data collections, modelling, and refinement

statistics.

LmoHfIXr- | Lmo70S | Lmo70S- | Lmo50S- | LmoHfIX-
50S Inc Inc 50S

EMDB ID 15161 15204 15175 15864 15670

PDB ID 8A57 8A63 8A5I

Data collection

Magnification (x) 165,000 165,000 | 270,000 270,000 165,000

Electron fluence | 35.022 30.255 40.3 40,3 30

(e7/A?)

Defocus range (um) -0.8 to -0.5 to -0.4 to -0.4 to -0.6 to
-2.0 -1.5 -1.4 -1.4 -1.6

Pixel size (A) 0.82 0.82 0.7725 0.7725 0.82

Initial particles 206,159 110,725 | 506,262 506,262 266,147

Final particles 204,545 14,097 172,106 285,330 76,519

Average resolution | 2.3 3.1 2.3 21 2.76

(A) (FSCo.143)

Model

composition

Atoms 92,760 88,390 | 89,799

Protein residues 3,527 2,973 2,973

RNA bases 3,022 3,022 3,022

Refinement

Map CC around|0.75 0.81 0.73

atoms

Map CC whole unit | 0.61 0.69 0.49

cell

Map sharpening B | -38.6 -55 -47.2

factor (A?)

R.M.S. deviations
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Bond lengths (A) | 0.011 0.011 0.011
Bond angles (°) 1.727 1.662 1.734
Validation
MolProbity score 1.92 1.65 1.86
Clash score 3.27 2.93 3.32
Poor rotamers (%) | 2.49 1.8 2.48
Ramachandran
statistics
Favoured (%) 91.72 94.62 93.21
Outlier (%) 1.21 0.89 1.37
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Supplementary Figure 10: Superimposition of lincomycin and clindamycin bound to ribosomes from
different organisms. a-h, Lincomycin (Lncimo, light blue) from the Lnc-70S-complex with surrounding
L monocytogenes 23S rRNA nucleotides (grey) superimposed with (a-b) lincomycin (Lncsay, purple) bound to S.
aureus with surrounding 23S rRNA nucleotides (light purple) (PDB ID 5HKV) (Matzov et al., 2017), with (c-d)
clindamycin (Clnxma, green) bound to H. marismortui with surrounding 23S rRNA nucleotides (light green) (PDB ID
1YJN) (Tu et al., 2005), with (e-f) clindamycin (Clngco, dark blue) bound to E. coli with surrounding 23S rRNA
nucleotides (blue) (PDB ID 4V7V) (Dunkle et al., 2010) and with (g-h) clindamycin (Clnpr, brown) bound to D.
radiodurans with surrounding 23S rRNA nucleotides (light brown) (PDB ID 1JZX) (Schlunzen et al., 2001).
Additionally, two views of lincomycin (Lncimo, light blue) with the antibiotics bound to other structures is shown.
Modified from (Koller et al., 2022b).

Supplementary Figure 11: Superimposition of HfIXr with homologs. a, L. monocytogenes HflXr (orange)
superimposed with (b) E. coli HfIX (teal, PDB ID 5ADY) (Zhang et al., 2015b), with (¢) human mitochondrial
GTPBP6 in PTC conformation 1 (purple, PDB ID 70F4) and with (d) human mitochondrial GTPBP6 in PTC
conformation 2 (pink, PDB ID 70F6) (Hillen et al., 2021), aligned based on 23S rRNA. Modified from (Koller et al.,
2022b).
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Supplementary Figure 12: a-j, Arg149 of the NTD2-loop of L. monocytogenes HflXr (orange) shown as sphere
with surrounding 23S rRNA nucleotide G2538 shown as sphere (dark orange) superimposed with (a) lincomycin
(Lnc, teal), (b) clindamycin (Cln, light green, PDB ID 4V7V) (Dunkle et al., 2010), (c) erythromycin (Ery, yellow,
PDB ID 4V7U) (Dunkle et al., 2010), (d) azithromycin (Azi, purple, PDB ID 4V7Y) (Bulkley et al., 2010), (e) tiamulin
(Tia, pink, PDB ID 1XBP) (Schlunzen et al., 2004), (f) retapamulin (Ret, dark purple, PDB ID 20GO) (Davidovich
et al., 2007), (g) virginiamycin M (VgM, dark blue, PDB ID 1YIT) (Tu et al., 2005), (h) virginiamycin S1 (VgS1, lime,
PDB ID 1YIT) (Tu et al., 2005), (i) chloramphenicol (Cam, blue, PDB ID 4V7W) (Syroegin et al., 2022a) and (j)
linezolid (Lnz, light pink, PDB ID 7S1H) (Syroegin et al., 2022b). Modified from (Koller et al., 2022b).
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Supplementary Figure 13: HfIXr induces 23S rRNA nucleotide movements at the PTC. a-b, Arg149 of the
NTD2-loop of L. monocytogenes HflXr (orange) with surrounding 23S rRNA nucleotides (grey) superimposed with
(c-d) vacant L. monocytogenes 70S ribosome 23S rRNA nucleotides (dark blue). e-h, Superimposition of
lincomycin (Lnc, light blue) bound to L. monocytogenes 70S with 23S rRNA nucleotides (teal) with (e-f) vacant
L. monocytogenes 23S rRNA nucleotides (dark blue) and with (g-h) Arg149 of the NTD2-loop of L. monocytogenes
HflXr (orange) with surrounding 23S rRNA nucleotides (grey). Modified from (Koller et al., 2022b).
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Supplementary Figure 14: HfIXr induces 23S rRNA nucleotide movements at the PTC. a-h, Arg149 of the
NTD2-loop of L. monocytogenes HflXr (orange) with surrounding 23S rRNA nucleotides (grey) superimposed with
(a-b) Arg153 of the NTD2-loop of E. coli HflX (cyan) with surrounding 23S rRNA nucleotides (dark green, PDB ID
5ADY) (Zhang et al., 2015b), with (c-d) vacant L. monocytogenes 70S 23S rRNA nucleotides (purple) refined into
the HfIX-50S-GDPNP complex, with (e-f) T. thermophilus 23S rRNA (dark green, PDB ID 7RQA) (Syroegin et al.,
2022a) in presence of tRNA-analogs and with (g-h) H. marismortui 50S 23S rRNA (light green) with Virginiamycin S
(VgS1, green, PDB ID 1YIT) (Tu et al., 2005). Modified from (Koller et al., 2022b).

a LmoS50S-HfIXr b Lmo50s-HfiX . C Lmo70S d Lmo50S-Lnc

Eco2506

P | 2540
> 4\ Eco2507

Supplementary Figure 15: Conformational changes of PTC nucleotides are not induced by HfIX. a, Arg149
of NTD2-loop of HfIXr (orange) with 23S rRNA nucleotides in cryo-EM density (grey mesh). b, 23S rRNA
nucleotides (purple) of the vacant L. monocytogenes 70S refined into the cryo-EM density (purple mesh) of the
50S-HfIX-GDPNP-complex. ¢, 23S rRNA nucleotides (dark blue) of the vacant L. monocytogenes 70S in cryo-EM
density (blue mesh). d, Lincomycin (Lnc, light blue) with 23S rRNA nucleotides (teal) of the Lmo-70S-Lnc-complex
in cryo-EM density (teal mesh). Modified from (Koller et al., 2022b).
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Supplementary Figure 16: Superimposition of HfIXr with ARE-ABCF protein VgaL from L. monocytogenes.
a-f, Arg149 of NTD2-loop of HflXr (orange) with surrounding 23S rRNA nucleotides (grey) of the 50S-HfIXr-GDPNP-
complex superimposed with (b) lincomycin (Lnc, light blue) with surrounding 23S rRNA nucleotides (teal) from the
Lmo-70S-Lnc-complex, with (c) VgaL (dark purple) with surrounding 23S rRNA nucleotides (purple) Lmo-VgaL-
70S-complex (PDB ID 7NHN) (Crowe-McAuliffe et al., 2021), with (d) Lincomycin (Lnc, light blue) with surrounding
23S rRNA nucleotides (teal) from the Lmo-70S-Lnc-complex, with (e) chloramphenicol (Cam, blue, PDB ID 4V7W)
(Bulkley et al., 2010), and with (f) linezolid (Lnz, pink, PDB ID 7S1H) (Tsai et al., 2022). g-i, VgaL (dark purple)
with surrounding 23S rRNA nucleotides (purple) from the Lmo-VgalL-70S-complex (PDB ID 7NHN) (Crowe-
McAuliffe et al., 2021), with (g) lincomycin (Lnc, light blue) with surrounding 23S rRNA nucleotides (teal) from the
Lmo-70S-Lnc-complex, with (h) chloramphenicol (Cam, blue, PDB ID 4V7W) (Bulkley et al., 2010), and with (i)
linezolid (Lnz, pink, PDB ID 7S1H) (Tsai et al., 2022). Modified from (Koller et al., 2022b).
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14. Auflistung der Gefahrstoffe nach GHS

Table 9: Gefahrstoffe nach GHS.

Chemikalie GHS-Symbol | H-Satze P-Satze
Ammoniumacetat - - -
Ammoniumchlorid @ 302, 319 305+351+338
202, 280,
318, 351, 305+351+338, 310,
Chloramphenicol 361fd 405, 501
Dinatriumhydrogenphosphat - - -
264, 270, 280,
302, 315, 301+312, 302+352,

Dithiothreitol @ 318 305+351+338
261, 264,

315, 319, 303+361+353,

Dodecyl-beta-D-maltoside @ 335 305+351+338+310
280, 304+340, 312,

319, 332, 305+351+338,

EDTA @@ 373 337+313,

Ethan @@ 220, 280 210, 377, 381, 403
210, 240,
305+351+338,

Ethanol @@ 225, 319 403+233

HEPES-Puffer - - -

Kaliumacetat - - -

Kaliumchlorid - - -

280, 301+330+331,
290, 302, 305+351+338,
Kaliumhydroxid @ 315 308+310
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201, 202, 280,

Kanamycin @ 360 308+313
302, 315, 302+352,
Lithiumchlorid @ 319 305+351+338
Luciferase-Substrat 373 314, 501
Magnesiumacetat - -
Magnesiumchlorid - -
Natriumchlorid - -
Natriumdihydrogenphosphat - -
260, 273, 280,
303+361+353,
290, 314, 305+351,338, 310,
Natriumhypochlorit @ 9 |335,410 390, 403+233
NTP-mix - -
210, 280,
226, 302, 303+361+353,
311, 314, 304+340+310,
Putrescine @6 330 305+351+338
Rnase inhibitor - -
Saccharose - -
290, 314, 280, 303+361+353,
Salzsaure @ 335 305+351+338+310
260, 280,
303+361+353,
305+351+338, 321,
Spermidine 314 501
Stickstoff, flussig @ 281 282, 336+315, 403
302, 315,
Telithromycin @ 319, 335 261, 305+351+338

Tris-Puffer
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15. Eidesstattliche Erklarung

Hiermit erklare ich an Eides statt, die vorliegende Dissertation selbst verfasst und

keine anderen als die angegebenen Hilfsmittel benutzt zu haben.

Timm Oliver Koller %%Mburg, den 13.03.2023
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