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Abstract

1 ABSTRACT

Classically, life is divided into three phylogenetically interconnected groups of organisms, the
archaea, bacteria and eukarya. However, they all share a central and universally conserved molecular
component of the cell, a ribonucleoprotein complex known as the ribosome. The assembly of this
molecular machine is an orchestration of RNA folding/modification events, hierarchical and
cooperative incorporation of ribosomal proteins, and the association, dissociation, and interplay of
various ribosomal biogenesis factors. Remarkably, this process has become increasingly complex
over the course of evolution and has been studied best in bacterial and eukaryotic model organisms.
In contrast, the in vivo archaeal ribosome biogenesis pathway(s) lack this detailed insight. Previous
in vitro and in silico studies suggested bacterial as well as eukaryotic-like aspects of archaeal
ribosome biogenesis. In this work, | have functionally characterized the archaeal homologue of the

almost universally conserved ribosomal RNA dimethyltransferase KsgA/Dim1 in vivo.

We could show that this ribosome biogenesis factor is dispensable in the Euryarchaeon Haloferax
volcanii and Pyrococcus furiosus, as well as in the Crenarchaeon Sulfolobus acidocaldarius. The loss
of this ribosome biogenesis factor in H. volcanii is associated to a decreased cellular fitness and stress
adaptation, as well as a differential translational landscape which may correlate with altered
translation initiation. Moreover, in this and phylogenetically related organism we observed an
unusual heterogeneous/ hypomethylated KsgA/Diml dependent methylation pattern. Using
phylogenetic-based comparison and genetic analysis, we show that the molecular determinant of this
unusual methylation status is based on a single nucleotide exchange within the KsgA/Dim1 targeted
rRNA substrate. The structural consequences of this variability could be verified with chemical RNA
foot-printing and support a model where KsgA/Diml-dependent modification disrupts local
intramolecular interaction and promotes inter-molecular interaction of 16S/18S rRNA helices. Based
on these observations and in vitro reconstitution experiments, this study suggests that release
competence of KsgA from the 30S subunit is not dependent on full methylation completion but rather
on cooperative local and distant rRNA conformational changes controlled by methylation-induced
(intra-molecular) destabilization of the KsgA/Diml substrate. Finally, and in addition to this
functional analysis, | have implemented and applied chemical RNA foot-printing and 4TU pulse

(chase) labelling protocol for H. volcanii and S. acidocaldarius.

Together, this work contributes to a better understanding of archaeal ribosome biogenesis,

KsgA/Dim1 biology, and also expands the archaeal tool-box to study RNA metabolism.
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2 ZUSAMMENFASSUNG

Die klassischen Lebewesen sind in drei phylogenetisch verbundene organismische Gruppen aufgeteilt,
den Archaeen, Bakterien und Eukaryonten. Was alle drei miteinander verbindet ist eine Zentrale
konservierte molekulare Maschine der Zelle, ein ribonuklearer Protein-Komplex, besser bekannt als das
Ribosom. Die Assemblierung einer solchen molekularen Maschine ist eine Orchestrierung von RNA
Faltung/Modifizierung, dem hierarchischen und kooperativen Einbau ribosomaler Proteine, sowie die
Assoziierung, Dissoziierung und das Zusammenspiel vieler ribosomaler Biogenesefaktoren.
Bemerkenswerterweise ist dieser Prozess im Verlauf der Evolution zunehmend komplexer geworden und
am besten in Bakterien und Eukaryonten untersucht. Im Vergleich zu Bakterien und Eukaryonten, fehlen
detaillierte in vivo Studien zur archaeellen Ribosomenbiogenese. Friihere, in vitro und in silico
Untersuchungen wiesen auf sowohl bakterielle als auch eukaryontische Merkmale der archaeellen
Ribosomenbiogenese hin. In dieser Arbeit présentiere ich eine funktionelle Charakterisierung des
archaeellen Homologes, der fast universell konservierten ribosomalen RNA Methyltransferase

KsgA/Diml in vivo.

Wir konnten zeigen, dass dieser Biogenesefaktor in den Euryarchaeota Haloferax volcanii und
Pyrococcus furiosus, sowie im Crenarchaeoten Sulfolobus acidocaldarius nicht essenziell sind. Der
Verlust dieses Faktors fiihrt in H. volcanii zu reduzierter zellul&rer Fitness und Stresstoleranz sowie einer
differenziellen Proteinexpression, die vermutlich mit einer verdnderten Translations-Initiation assoziiert
ist. Zusatzlich haben wir in diesem und anderen verwandten Organismen einen unerwarteten,
heterogenenen bzw. hypomethylierten, durch KsgA/Dim1 induzierten, Methylierungszustand entdeckt.
Wir konnten anhand von phylogenetischen Vergleichen und genetischen Analysen den molekularen
Ursprung dieses unerwarteten Methylierungszustandes, auf einen einzelnen Basenaustausch im rRNA
Substrat von KsgA/Dim1 zuriickfihren. Die strukturellen Konsequenzen dieser Verdnderung konnten wir
mithilfe von ,,chemical RNA foot-printing nachweisen. Diese bestirken ein Modell, in dem die
KsgA/Diml vermittelte RNA Modifizierung lokale intramolekulare Interaktionen destabilisiert und
dadurch intermolekulare Interaktionen zwischen Helices der 16S/18S rRNA herstellt. Diese
Beobachtungen, sowie in vitro Rekonstitutionsexperimente deuten darauf hin, dass die
Dissoziationskompetenz von KsgA/Dim1 von der 30S Untereinheit nicht von der vollen Methylierung
abhéngig ist, sondern eher von kooperativen, lokalen und entfernten strukturellen Veranderungen, die aus
der methylierungsinduzierten Destabilisierung des Substrats resultieren. Zu guter Letzt und zusétzlich zu
der funktionellen Analyse, habe ich ,,chemical RNA foot-printing* und ,,4TU-Pulse (chase) labelling*

Protokolle fir H. volcanii und S. acidocaldarius etabliert.

Zusammenfassend tragt diese Arbeit zu einem besseren Verstandnis der archaeellen Ribosomenbiogenese
und der Beschreibung von KsgA/Dim1 bei, sowie eine Erweiterung des Werkzeugkastens zur Analyse

des archaeellen RNA Metabolismus.
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3 INTRODUCTION

3.1 A brief archaeal history

Given the vast diversity of organisms, discovering a new one has always been a great success for
scientists. However, the classification and how a newly discovered species fits in with the already
discovered organisms, has been, and still is, a challenging and highly debated endeavor (Balter, 2004;
Da Cunhaetal., 2018; Laurentii Salvii. and Linné, 1753; MacLeod et al., 2019). Especially proposing
a new kingdom, the Archaebacteria (now archaea) (Woese and Fox, 1977), sparked controversy back
in the earlier times of modern microbiology (Puhler et al., 1989; Zillig, 1991; and reviewed in Albers
et al., 2013). This spark however, led to a new age in modern microbiology and classification using
the 16S/18S ribosomal RNA (rRNA) as a phylogenetic marker (Fox et al., 1977; reviewed in Olsen
et al., 1994 and; Woese, 1994) and to several advances in many fields of research and industry
(Breithaupt, 2001; Chien et al., 1976; Jenney Jr and Adams, 2008; Synowiecki et al., 2006). At the
end of the 20" century Carl Woese proposed the three domain of life model based on sequence
homology analysis of the 16S/18S rRNA (Woese et al., 1990). It established bacteria, eukaryotes and
archaea as independent monophyletic groups. Novel large scale homology analysis of RNA
polymerase genes have renewed support to this model (MacLeod et al., 2019) and is shown in Figure
3.1
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Figure 3.1 Three Domains of life tree.
Phylogenetic analysis of RNA Polymerase genes, reproduced from MacLeod et al., 2019.

However, this model and especially the placement of the eukaryotic origin have been a matter of
debate early on. Based on structural comparison of bacterial, archaeal, and eukaryotic ribosomes, the
Eocyte hypothesis proposed that eukaryotes emerged from within archaea (Lake et al., 1984).
Especially, the recent renaissance of archaeal phylogeny, on the basis of sequence analysis from
metagenomes, added support for the Eocyte hypothesis and further challenged the placement of
eukaryotes in the tree of life (Dombrowski et al., 2019; Spang et al., 2015; Zaremba-Niedzwiedzka

et al., 2017). Early metagenomic studies have placed eukaryotes next to the TACK superphylum
3
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(Guy and Ettema, 2011), but with increasing numbers of metagenomes newer studies revealed a
large, closer related group of deep see sediment archaea, the Asgard archaea (Dombrowski et al.,
2019; Zaremba-Niedzwiedzka et al., 2017). Within this group it is proposed that the eukaryotes arose
as a sister group to the Asgard archaea, specifically the Heimdallarchaeota (see Figure 3.2) (Zaremba-
Niedzwiedzka et al., 2017). If the two domain of life tree is correct, it puts the kingdom of eukaryotes
and our own deep ancestry within archaea (Liu et al., 2018; Lopez-Garcia and Moreira, 2020). The
additional data can be used to elucidate the origin of eukaryotes perhaps even by testing ideas about
the origins of single constituents of eukaryotic cells. But in the end, additional genomic data will
strengthen the correct model and it makes these somewhat overlooked organisms even more
interesting to study. Independently of which tree is correct, at the base of either lies the last universal
common ancestor (LUCA) (Theobald, 2010). The ability to discover and sequence unculturable
novel organisms from remote habitats expands our knowledge of phylogeny and cellular diversity

and will inevitably help to paint a clearer picture of LUCA.
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Figure 3.2 Eukaryo-archaeal ancestry.
[A] Phylogenetic overview based on conserved markers: rRNA and ribosomal proteins from MacLeod et al., 2019 [B]

Detailed phylogenetic ancestry based on ribosomal proteins reveal Eukaryotes as a sister group to the Heimdallarchaeota.
(Zaremba-Niedzwiedzka et al., 2017)

However, archaea are not only comprised of rare unculturable species in inaccessible habitats. It is
believed that roughly 20% of the marine biomass is comprised of archaea (DeLong and Pace, 2001).
Furthermore, the increasing focus on (gut-) microbiomes has revealed an omnipresence of archaea
in multicellular eukaryotic hosts (Koskinen et al., 2017; Moissl-Eichinger et al., 2018). Especially,
anaerobic methanogens are a crucial part of our gut microbiome (Nkamga et al., 2017). Contrary, to
bacteria and eukarya, pathogenic archaea are virtually nonexistent (Gill and Brinkman, 2011) with
some proposed exceptions (Vierbuchen et al., 2017). With growing relevance and popularity, archaea

now have found their way into laboratories around the world and are increasingly feasible to work

with.
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3.1.1 From untamed to genetically tractable

The first thing that comes to mind when talking about archaea are the diverse environments they can
inhabit (Merino et al., 2019). Basically, no niche no matter how extreme, is left uninhabited. Ranging
from high pressure to high temperature, down to freezing temperatures (Mancinelli et al., 2004), very
high and low pH and also extreme salinity (Bowers and Wiegel, 2011; Rampelotto, 2013). A closer
look at the phylogeny of archaea reveals that the class and family name are generally a good indicator
to the environmental conditions they thrive in (see Figure 3.3). Pyrococcus furiosus enjoys
temperatures of 100 °C (Fiala and Stetter, 1986), Thermococcus barophilus lives at very high
pressure (Marteinsson et al., 1999), Sulfolobus acidocaldarius is able to survive in acidic conditions
(Brock et al., 1972), Natronorubrum bangense is located on the other side of the pH scale
accompanied by a high salinity tolerance (Xu et al., 1999). However, not all extremophiles are reliant
on extreme conditions, some also are able to grow in “normal” conditions but tolerate extreme

variances in for example temperature and salt (Moissl-Eichinger et al., 2012).

Thermococcus kodakaraensis

Thermococcales

Pyrococcus abyssi

Methanocaldococcus jannaschii Methanococcales

Archaeoglobus fulgidus Archeoglobales Euryarchaeota
Methanosarcina mazei Methanosarcinales

Haloferax sp.

Haloarcula hispanica Halobacteriales

Halobacterium sp.

Nitrosopumilus maritimus Thaumarchaeota ]
Caldiarchaeum subterraneum Aigarchaeota ©

Pyrobaculum calidifontis Thermoproteales % TACK
Aeropyrum pernix Desulfurococcales '(S group
Sulfolobus sp. Sulfolobales g

Korarchaeum cryptofilum Korarcheota bl

Lokiarchaeum

Lokiarcheota

Figure 3.3 Archaeal groups with representative species.
(Ausiannikava and Allers, 2017)

Implementing these organisms into laboratories means adapting culture conditions (Imachi et al.,
2020; Sun et al., 2020). This can involve using pressure flasks, high temperature incubators, creating
pH adjusted media or large amounts of salt. Depending on the facility, using anaerobic organisms
might be impossible. Luckily, pioneers have established cultivation techniques and genetic tools for
a selected range of archaea (Allers et al., 2004; Hileman and Santangelo, 2012; Huber et al., 2002;
Kreuzer et al., 2013; Waege et al., 2010; Wagner et al., 2012). Among the genetically tractable
organisms, the majority is found in the phylum of Euryarchaeota while the Sulfolobales are the only

genetically tractable Order of the Crenarchaeota (reviewed in Peng et al., 2017). In our lab we have
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established to work with both, Haloferax volcanii (Euryarchaeota) and Sulfolobus acidocaldarius
(Sulfolobales/TACK) (Figure 3.4).

¥ ’,- 1’_-“-" 9"

Py 2y .. 5

Haloferax volcanii . S.L.Jlf&obu.;acid caldariu§

Figure 3.4 Electron micrographs of Haloferax volcanii and Sulfolobus acidocaldarius.
(Holzle et al., 2008) and (alchetron.com/Sulfolobus), respectively

3.1.2 Haloferax volcanii

The formerly called Halobacterium volcanii (Hv) was named after Benjamin Elazari Volcani who
was the first to discover microorganisms in the Dead Sea (Elazari-Volcani, 1943). As a member of
the Euryarchaeota phylum, it inhabits the most saline environments on earth and lives an aerobic,
mesophilic and heterotrophic lifestyle. The cells display pleiomorphism depending on their growth
phase (Duggin et al., 2015) and maintain an osmotic balance with the surrounding medium by
accumulating salt in the cytoplasm (Gunde-Cimerman et al., 2018; Oren, 2008). They show a high
tolerance for varying salt concentrations, ranging from 1.5 to ~5 M NaCl, with an optimum of 1.5 -
2.5 M NaCl and 75 mM MgCl; at 45 °C (Boone, 2001, pp. 1089-1105; Oren, 2008; Oren et al.,
2009). Based on its high radiation and salt tolerance, this organism was curated for astrobiology as a
model organism to test on Mars by researchers at University of California, Berkeley (DasSarma,
2006).

The genome of the strain type “DS2” contains a polyploid genome ranging from 15 to 30 copies
which was fully sequenced in 2010 (Breuert et al., 2006; Hartman et al., 2010). The polyploidy
changes with growth phase, exponential cells have a higher copy number than stationary cells
(Breuert et al., 2006). The genome is composed of a circular chromosome (2.8 Mb) and four plasmids
pHV1 (85kb), pHV2 (6.3 kb), pHV3 (437 kb) and pHV4 (635 kb) with a total of about 4100 predicted
genes on 4 Mb with a GC content of 65 %. This high GC content is a potential mechanism to avoid
UV induced thymidine dimers (Hartman et al., 2010). The overall amino acid composition is adapted
to the hypersaline cytoplasm by favoring acidic amino acids (Aspartate/Glutamate) and thus lowering

the isoelectric point to an average of 5.2 (Hartman et al., 2010).

Haloferax volcanii has been a model organism for roughly 30 years and the genetic toolbox has

steadily expanded. The introduction of proto-/auxotrophic markers has opened the organisms to easy
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shuffle plasmid transformation that enable overexpression systems as well as gene knock outs (Allers
et al., 2010; Cline et al., 1989; Lam and Doolittle, 1989; Leigh et al., 2011; Sowers and Schreier,
1999). Recent advances in CRISPR technology have added the possibility to knock down (essential)
genes (Stachler and Marchfelder, 2016).

3.1.3 Sulfolobus acidocaldarius

The second species used in this work is Sulfolobus acidocaldarius (Saci). It is part of the only
genetically tractable group (Sulfolobales) in the phylum of Crenarchaeota (Peng et al., 2017). It was
first isolated by Thomas Brock in 1972 in the hot springs of Yellowstone National Park (Brock et
al., 1972). It is cultured aerobically at 70 — 85 °C with a pH of 2 — 3, underlining its thermo- and

acidophile properties.

The strain used in this study, MWOQ0O0L1, also has a fully sequenced genome available (Chen et al.,
2005). The circular genome consists of 2.3 Mb with a low GC content of only 37 % and a predicted
gene count of 2,292.

Similarly to H. volcanii, the introduction of proto-/auxotrophic markers enabled easy gene deletion
as well as plasmid-based gene expression (Wagner et al., 2012).

3.2 The Ribosome

While ribosome research predates the discovery of archaea, the 16S/18S sequence homology analysis
has created a historical link between the two fields of research (Fox et al., 1977; Palade, 1955). This
history, the conserved biological relevance of the ribosome (translation) and being an archetype
ribonucleoprotein particle (RNP) is one of the many fundamental reasons to study the biogenesis of
this complex machine in detail. The assembly of such a large and essential macromolecule is
subjected to heavy evolutionary pressure, where small mistakes can have grave consequences for the

cell, e.g. ribosomopathies (Nakhoul et al., 2014).

The conserved function of translation is also reflected in the architecture of the ribosome. All three
kingdoms of life have a large (LSU) and a small (SSU) ribosomal subunit that join to form the mature
ribosome (see Figure 3.5) (Fox, 2010). These ribosomal subunits consist of rRNA and ribosomal
proteins. The rRNA is not only the scaffold to which the ribosomal proteins bind but also serves as
the catalyst for peptide bond formation (Alberts, 2002, chap. 6; Moore, 2003). The SSU is made up
of 5 subs-structures (see Figure 3.6A-D): ‘head’, ‘body’, ‘platform’, ‘beak’ and ‘shoulder’ (Barandun
et al., 2017). At the interface sits the decoding center, which is responsible for codon/anti-codon
recognition, as well as the base of the three tRNA binding sites A, P and E (Aminoacyl, Peptidyl,
and Exit) (Alberts, 2002, chap. 6). A tunnel between the head and the SSU shoulder conducts the
MRNA through the translating ribosome to exit at the head and the platform (Yusupova et al., 2001).
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The sub-structures of the LSU (see Figure 3.6E-H) are the ‘central protuberance’, ‘L1-stalk’ and the
‘L7/L12-stalk’ (‘P-stalk’ in eukaryotes) (Klinge et al., 2011). The complementary tRNA binding
pockets are located at the interface of the LSU (opposing the SSU). Here the peptide bonds are
formed in the peptidyl transferase center and nascent peptides exit the ribosome through the peptide
exit tunnel (Voss et al., 2006). These sites are essential for proper translation and are found in all

ribosomes.

small subunit

Bacterial “core” ribosome

Eukaryotic ribosome

with extensions
. universally conserved . in eukaryotes only

. in bacteria only |:| in archaea and eukaryotes

Figure 3.5 Structural comparison of the bacterial and Eukaryotic ribosome.
(“The Ban Lab ETH Zurich,” 2020)

However, when comparing the ribosomes from all the kingdoms, the differences in size and mass
were visible early on (Lake et al., 1984). Not only the nomenclature for the individual subunits (the
sedimentation coefficient “Svedberg”, 30S : 50S and 40S : 60S) already indicates a different size and
mass, but when isolating the individual components (RNA and protein) the differences become

apparent (see Table 3.1).

In bacteria and archaea, the rRNA shows a sedimentation coefficient of 16S for the small and 23S
and 5S for the large subunit. The eukaryotic ribosomes have a higher variance in size, the SSU
consists of 18S rRNA, and the large subunits contains 5S, 5.8S and 25S (28S in higher eukaryotes)
rRNA. In archaea and eukarya the rRNA shows varying amounts and sizes of rRNA expansion
segments which are not present in bacteria (Armache et al., 2013; Fujii et al., 2018; Greber et al.,
2012; Klinge et al., 2011; Penev et al., 2019; Rabl et al., 2011).
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Figure 3.6 Comparison of the individual subunits from bacteria and eukarya.

Left [A]- [D] the small and right [E]- [H], the large subunit. The common core is shown in white (rRNA) and light orange
(proteins); bacteria-specific moieties are shown in green; eukaryote-specific moieties are shown in red. (Modified from
Melnikov et al., 2012)

The amount of ribosomal proteins that comprise the ribosome shows variance within and among the
kingdoms (see Figure 3.7). Depending on growth phase, stress or life cycle the composition of the
ribosome may also vary (Gilbert, 2011; Gunderson et al., 1987; Mcintosh and Warner, 2007; VVesper
et al., 2011). Yet the “standard” mature ribosome is assembled from 78-80 ribosomal proteins in
eukarya, 58-68 in archaea and 49-59 in bacteria. Of these only 34 r-proteins are conserved throughout
all three domains of life (Lecompte et al., 2002; Wilson and Nierhaus, 2005; Yutin et al., 2012).

Table 3.1 Ribosome composition in the three domains of life.
Modified from (Ferreira-Cerca, 2017; Melnikov et al., 2012; Yip et al., 2013)

Bacteria Archaea Eukarya
Mass (Megadalton) 2.3 +2.3 33-45
rRNAs (LSU/SSU) 23S, 5S; 16S 23S, 5S (LSU); 16S 255/28S, 5.8S, 5S; 18S
rDNA repeats 1-16 1-4 ~150 - 1000
Expansion segments No Yes Yes
r-proteins 49-59 58-68 78-80
Ribosome 70S 70S 80S
Large subunit (LSU) 50S 50S 60S
Small subunit (SSU) 30S 30S 40S

The translation initiation system in archaea also, but not exclusively, uses the bacteria typical (anti-)
Shine-Dalgarno (SD) sequence to bind the 5° untranslated region (UTR) of mRNAs (Benelli and
Londei, 2011, 2009) before starting translation on the start codon. While leaderless (lack of 5> UTR)
translation initiation is more frequent in the phylum of Crenarcheota (Benelli et al., 2017; Wurtzel et

9
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al., 2010), it is rarer in Euryarchaeota with the exception of Haloarchaea (Benelli et al., 2017;
Kramer et al., 2014). Eukaryotic initiation, on the other hand, mostly starts by recognizing the 5’-
CAP structure of the mRNA following scanning until the start codon is reached (Hinnebusch, 2014).
In regard to initiation factor usage, archaeal ribosomes use a set of 5 factors (alF1, alF1A, alF2, alF6,
alF5B) of which homologues are found in eukarya (3) or bacteria (2), while the latter is universally
conserved (Benelli et al., 2016). The usage of proprietary translation initiation factors is very likely
a result from the evolution of ribosomal composition of each domain or organism, i.e. different

ribosomal proteins provide different interaction interfaces (Melnikov et al., 2012).

Interestingly bacteria does not share any ribosomal constituents exclusively with archaea or eukarya,
yet some r-proteins are exclusively shared among archaea and eukarya, emphasizing the common

ancestry as discussed earlier (Liu et al., 2018; Zaremba-Niedzwiedzka et al., 2017).

With the increasing number of structural components, the assembly process becomes increasingly

complex and has occupied scientists for the last 60 years.

Eukarya: 78 (32;46)  Archaea: 68 (28;40)

BAE: 34
(15;19)

Bacteria: 57 (23;34)

Figure 3.7 Venn diagram of shared ribosomal proteins of all three kingdoms.
Number in brackets: SSU;LSU (Lecompte et al., 2002)

3.2.1 Ribosome Biogenesis

Ribosome biogenesis is one of the most energy demanding processes in a cell and thus must be highly
efficient and optimized (Warner, 1999). The flawless orchestration of a complex event such as
ribosome assembly involves numerous hierarchical steps and is aided by several additional
biogenesis factors along the way. To disentangle the steps and identify the factors involved, a solid
genetic system and applicable biochemistry are of great value. Both and more can be found in the
two model organisms Saccharomyces cerevisiae and Escherichia coli, which helped elucidate this
complex matter, that is ribosome biogenesis. From a historical standpoint, bacterial ribosome

biogenesis was studied first and thus will be discussed first (Traub and Nomura, 1968).

10
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3.2.1.1 Ribosome biogenesis in Escherichia coli

Back in 1968 a major milestone in the ribosome biogenesis field was set by Traub and Nomura, with
the complete assembly of an active 30S subunit in vitro from free 16S rRNA and purified ribosomal
proteins (Traub and Nomura, 1968). The complementary milestone was achieved a few years later
by Nierhaus and Dohme with the in vitro assembly of the 50S subunit (Nierhaus and Dohme, 1974).
Both painted the picture of a hierarchical assembly pathway, illustrated in the famous Nomura and
Nierhaus maps (see Figure 3.8) (Held et al., 1974a; Herold and Nierhaus, 1987; Mizushima and
Nomura, 1970; Réhl and Nierhaus, 1982). This hierarchy indicated that the assembly process follows
an encoded blueprint in the rRNA and the r-proteins, revolving around assembly check points that
facilitate progression (Nierhaus, 1991, 1980).

To produce a mature ribosome in vivo with correctly cleaved, folded and modified rRNA as well as

the correct binding of all the ribosomal proteins, indicates that the cell has evolved a system that

catalyzes this process.
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Figure 3.8 Assembly maps of the 30S and 50S subunits, reinterpreted from Nomura and Nierhaus.

Left panel: “Assembly map of the 30S subunit [...]. The 16S rRNA is represented by a rectangle, and the binding order of
the ribosomal proteins is shown. The dark gray area indicates the primary binding proteins, the light gray area indicates the
secondary binding proteins, and the white area indicates the tertiary binding proteins. The thick, thin, and dashed arrows
show strong, weak, and very weak interactions between the proteins, respectively. Proteins S6 and S18 bind as a complex
and are therefore enclosed in a dashed box. Red arrows indicate the assembly of the body, green arrows indicate the
platform, and blue arrows indicate the head.” Right panel: “Assembly map of the 50S subunit. The 23S rRNA is
represented by a rectangle with its main fragments and the binding order of the ribosomal proteins and 5S rRNA. The red
arrows indicate strong dependence for binding, and the black arrows indicate weaker dependence. The blue line encloses
proteins essential for RI*50(1) complex formation, and the green triangle encloses proteins essential for 55 rRNA
integration. The horizontal orange line shows the division between the RI50(1) and RI50(2) proteins.” (Reproduced from
Kaczanowska and Rydén-Aulin, 2007)
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In E. coli the rRNA is transcribed as one primary transcript by the RNA polymerase and is processed
by at least 9 nucleases (see Figure 3.9). The first cleavage by RNAse 11 yields the precursor- 17S
rRNA, pre-23S rRNA and 9S rRNA. The 17S rRNA is then further cleaved by RNAse G, AM, E, R
PH, 11, PNPase and YbeY to mature 16S rRNA (Jain, 2020; Zhongwei Li et al., 1999; Sulthana and
Deutscher, 2013; Vercruysse et al., 2016; Young and Steitz, 1978). The 23S precursor is further

processed by RNAse 111, T and AM (Jain, 2020; Z. Li et al., 1999; Song et al., 2011). The 9S particle
11
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is cleaved by RNAse E, T, Il and AM (Jain, 2020; Li and Deutscher, 1995; Misra and Apirion, 1979;
Roy et al., 1983).

23S rRNA

16S rRNA

YbeY

AM RPHI 5SS rRNA
e g AM T
B I Il .
AM
Pl P2 PSE? E E TIT2
5 — . H—>3

Figure 3.9 Schematic drawing of the rrnB operon.

Nucleolytic processing of the rrnB primary transcript. The rRNA and tRNA species, promoters P1 and P2, and terminators
T1 and T2 are indicated, as well as the processing sites of RNase 111 (111), RNase G (G), RNAse AM (AM), RNase E (E),
RNase P (P), RNase T (T), RNAse R (R), RNase PH (PH), RNAse Il (I1), PNPase, YbeY. Modified from Kaczanowska
and Rydén-Aulin, 2007

While the rRNA is being transcribed, cleaved, and is folding, early ribosomal proteins bind in a co-
transcriptional manner and thereby chaperone the rRNA for subsequent binders (Duss et al., 2019;
Rodgers and Woodson, 2019). The early in vitro experiments of Nomura and Nierhaus classified the
ribosomal proteins based on their binding dependency (“primary, secondary and tertiary” binders)
(Mizushima and Nomura, 1970; Rohl and Nierhaus, 1982; and reviewed in Nierhaus and Wilson,
2004, chap. 3). This classification was later confirmed in vivo (Davis et al., 2016; Mulder et al.,
2010).

To avoid pitfalls, such as premature or non-native r-protein binding, RNA misfolding or other errors,
assembly factors (AF) aid to prevent these. These ribosome biogenesis factors (AFs) include
GTPases (Britton, 2009), ATP-dependent RNA helicases (Fuller-Pace et al., 1993), rRNA
modification enzymes (Lesnyak et al., 2006) and other maturation factors (Davis and Williamson,
2017).

Most of these assembly factors are very low abundant and have a very short “intermezzo” with the
maturing ribosome (Li et al., 2014; Thurlow et al., 2016). This, in combination with a very low
affinity to mature ribosomes increases specificity and rapid transition from one immature ribosome
to the next. Interestingly, many of these factors are not essential and their absence may only cause
assembly defects under stress conditions, indicating alternative pathways (Bubunenko et al., 2006;
Gupta and Culver, 2014; Talkington et al., 2005). Traceable interactions are left behind in the mature
ribosome by RNA modifying enzymes. The 16S rRNA is modified 11 times (1 pseudouridylation
and 10 methylations) and the 23S rRNA undergoes 25 modifications (1 unknown, 14 methylations,
9 pseudouridylation, and 1 methylated pseudouridylation) (Chow et al., 2007; Decatur and Fournier,
2002; Kaczanowska and Rydén-Aulin, 2007).

12
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For bacteria in general it needs to be noted, that there are some processing differences between gram
negative and positive species (Britton et al., 2007; O’Farrell and Rife, 2012; Uicker et al., 2006).
However, these differences are marginal when comparing bacterial and eukaryotic ribosome

biogenesis.

3.2.1.2 Ribosome Biogenesis in Saccharomyces cerevisiae

Cell compartmentalization in eukaryotes is one of the major differences to bacteria. As a
consequence, eukaryotic ribosomes must travel from the nucleolus through the nucleoplasm, exit the
nuclear membrane through the nucleopore to reach the cytoplasm, whilst being correctly assembled.
The highly complex interplay of biogenesis factors during the assembly is reviewed and updated
regularly (Henras et al., 2015; Klinge and Woolford, 2019; Konikkat and Woolford, 2017; Thomson
et al., 2013; Tschochner and Hurt, 2003; Woolford and Baserga, 2013) and a less detailed summary

of S. cerevisiae ribosome biogenesis (unless stated otherwise) will be given here.

The encoding information for the rRNA is stored in 150-200 copies on the rDNA loci on chromosome
12, which concentrate in a sub-compartment of the nucleus, the nucleolus. The RNA Polymerase |
transcribes the polycistronic 35S precursor rRNA encoding for the 18S, 5.8S, 25S rRNA, while the
RNA polymerase Il transcribes the 5S rRNA in the opposite direction (see Figure 3.10). Each rRNA
is separated by Internal and/or flanked by External transcribed spacers (ITS/ETS) which are then
further processed by (in part co-transcriptional) endo- and exonucleolytic cleavages (Kos and

Tollervey, 2010; Venema and Tollervey, 1995).

The processing of this large precursor (defined as the 90S pre-ribosome (Trapman et al., 1975)) is
initiated by cleavage at the 3” end (Kufel et al., 1999), followed by two consecutive cleavage steps
in the 5° ETS (Beltrame et al., 1994; Beltrame and Tollervey, 1992) before the particle is separated
into the precursors for the small (20S) and large subunit (27SA>) (Kos and Tollervey, 2010), the 43S-
and 66S pre-ribosome respectively (see Figure 3.11 and Figure 3.12). After that, the small subunit
has only one remaining processing step, while the large subunit requires 5-6 additional steps,
depending on the processing pathway (see Figure 3.11 and described later).

150 - 200 repeats

— [ (|

5S 358
RNA Pol i RNA Pol |
- >
NTS2 NTS1
SETS ITs1 ITs2 I'ETS
188 5.88 258

Figure 3.10 Schematic representation of the yeast rDNA locus.
ETS: External transcribed spacers, ITS: Internal transcribed spacers NTS: Non transcribed spacer (Woolford and Baserga,
2013)
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The correct assembly, modification and folding of the rRNA in the ribosome requires at least 64
ribosomal proteins (Steffen et al., 2012) and all of them interact directly with the rRNA of the mature
ribosome. The importance of these interaction surfaces is highlighted by the corresponding rRNA
processing defects when certain r-proteins are absent (Ferreira-Cerca et al., 2005; Ohmayer et al.,
2013; Poll et al., 2009). In addition to the core ribosomal proteins, around 200 different assembly
factors play a pivotal role in ribosome completion (Ebersberger et al., 2014; Thomson et al., 2013).
Most of these proteins are usually conserved throughout eukaryotes and are commonly essential for
cell viability (Woolford and Baserga, 2013, chap. 6). The broad spectrum of functional classes ranges
from RNA-Helicases, ATPases, GTPases, kinases, phosphatases, diverse types of RNA-modification
enzymes, snoRNPs (small nucleolar RNPs) and even to some homologs to r-proteins (reviewed in
Woolford and Baserga, 2013 Table 3). These enzymes are in a strict interplay with each other and
the maturing ribosomal subunit (Lamanna and Karbstein, 2009; Woolls et al., 2011). These assembly
factors act as check points, placeholders, export factors and inhibitors of progression that tightly
regulate the maturation by timely associating and dissociating from the maturing ribosome to avoid
errors (e.g. Ferreira-Cerca et al., 2014; Lafontaine et al., 1995; Strunk et al., 2011; Turowski et al.,
2014) (see Figure 3.12). Most assembly factors have already associated to the 90S pre-ribosome, and
both the 60S and 40S precursor start out as very complex particles (Kornprobst et al., 2016). Both
pathways experience extensive remodeling of rRNPs by the addition of ribosomal proteins and by
the association and dissociation of assembly factors as they progress to maturity. This remodeling
increases the binding strength of the r-proteins to its core (Ferreira-Cerca et al., 2007; Ohmayer et
al., 2013). Additional structural rigidity is conferred by rRNA modification from RNA modifications
enzymes and snoRNPs (Sloan et al.,, 2016). The latter produce the most prominent rRNA
modifications, 2'-O-methylation (Kiss-Laszl6 et al., 1996) of the ribose and pseudouridylation (¥)
(Ni et al., 1997), ranging from 55 (yeast) — 100 (human) and 45 (y) — 100 (h) per ribosome
respectively (Sloan et al., 2016).

The 43S pre-ribosome is believed to be processed in only three major steps (see Figure 3.12 lower
pathway or in detail Figure S1). The first step is the binding of the tUTP/UTP-A complex to the
5’ETS of the 90S precursor particle, enabling the binding of the Mpp10 complex, UTP-B complex
and U3 snoRNP (Cheng et al., 2017; Dragon et al., 2002; Gallagher et al., 2004; Pérez-Fernandez et
al., 2007; S&-Moura et al., 2017). Early studies have termed the 90S, 5S’ETS containing particle the
SSU-processome (Grandi et al., 2002; Phipps et al., 2011), however newer studies show that the SSU
processome contains only pre-18S rRNA, i.e. after A, cleavage (Chaker-Margot et al., 2017; Sun et
al., 2017). Independent of the confusing terminology, all SSU processome particles contain the U3-
snoRNP. The U3 is the major structural organizer for SSU and base pairs in both the 5° ETS and the
pre-18S rRNA, conferring structural rigidity (Barandun et al., 2018; Beltrame and Tollervey, 1992;
Dragon et al., 2002; Marmier-Gourrier et al., 2011). The UtpA- and UtpB-complexes act in
cooperation with U3 as RNA chaperons (Hunziker et al., 2016). Aside from these three complexes,
14
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numerous other assembly factors aid in the correct folding of all the structural subdomains (Phipps
etal., 2011; Zhang et al., 2016). Once every subdomain of the SSU has been folded correctly, a large
number of AFs dissociate and the pre-43S particle is ready for export through the nucleopore
(Barandun et al., 2017). On the way to the nuclear pore complex the particle is further matured and
additional AFs associate to the particle, facilitating export through the nuclear pore complex (Pefia
etal., 2017).The immature pre 40S subunit in the cytoplasm still lacks some r-proteins and translation
initiation is inhibited by AFs occupying positions at the subunit interface (Strunk et al., 2011). These
AFs further mature the 40S, while also being dependent on the correct maturation of the 60S subunit
(Garcia-Gémez et al., 2014; Gregory et al., 2019; Tamm et al., 2019). As a final “test-drive” before
translation is initiated, the (late-AF-bound) pre-40S binds the mature 60S with the help of elF5B
forming the “80S-like” particle for functional proofreading. If everything is in order final maturation
of the pre-40S takes place and the remaining AFs are released and translation can be initiated (Strunk
et al., 2012a, 2012b).
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Figure 3.11 Schematic representation of the pre-rRNA processing pathways in S. cerevisiae.
Precursors are colored dark red, mature in light red. SSU cleavage sites are colored red, LSU cleavage sites are colored in
blue. (Adapted from Braun et al., 2020)

The 66S precursor on the other hand undergoes a more gradual processing in all three compartments

of the cell due to its higher complexity (see Figure 3.12 upper pathway or in detail Figure S 2)
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(Harnpicharnchai et al., 2001; Milkereit et al., 2001; Nissan et al., 2002). In the beginning the nascent
35S pre-rRNA is being co-transcriptionally modified by snoRNPs while folding into a more compact
structure (Kos and Tollervey, 2010; Sloan et al., 2016). Interestingly, cleavages in ITS1 and the 3’
ETS are dependent on an sufficient distance or even termination of RNA Polymerase | (Allmang and
Tollervey, 1998; Kos and Tollervey, 2010; Turowski and Tollervey, 2015), suggesting that most AFs
and r-proteins cannot bind stably co-transcriptionally (Chaker-Margot and Klinge, 2019; Chen et al.,
2017). The very early steps (before A; cleavage) have not been resolved as well as later steps and the
very early binders (AFs and r-proteins) are thought to compact the structure and convey structural
rearrangements that lead to a stable precursor RNP (de la Cruz et al., 2004; Rosado et al., 2007b,
2007a). The individual domains are then assembled, including the addition of the 5S rRNA, in a
hierarchical manner with the help of several domain specific AFs (Hierlmeier et al., 2013; Kater et
al., 2017; Sanghai et al., 2018; Zhang et al., 2007; Zhou et al., 2019). Before being exported to the
cytoplasm, no longer required biogenesis factors are stripped from the precursor (Ho et al., 2000;
Kressler et al., 2012, 2008; Stage-Zimmermann et al., 2000). The final steps are performed in the
cytoplasm, including complete trimming of the 3” end of the 5.8S (Thomson and Tollervey, 2010)
and removing the remaining assembly factors, that also inhibit binding to the 40S subunit (Gartmann
et al., 2010; Sengupta et al., 2010). After the last r-proteins have been assembled and the catalytic
centers are folded correctly, the large subunit is ready for translation and/or functional proofreading
(Lebaron et al., 2012; Lo et al., 2010; Ma et al., 2017).

release of
assembly factors

60S
subunit

25.55+7S 255+ 65 255 + 65 255+5.85

nucleoplasm cytoplasm

Figure 3.12 Ribosome assembly and maturation pathway.
Dark blue: Assembly factors, Light blue: r-proteins (Woolford and Baserga, 2013)

The “widespread” availability of Cryo-EM and the advances in electron detector quality in
combination with the historically grown biochemical experience in yeast ribosome biogenesis have
facilitated the visualization of precursor ribosomal particles and even intermediate processing steps
of both the SSU (Heuer et al., 2017; Scaiola et al., 2018) and LSU (Kater et al., 2017; Sanghai et al.,
2018; Zhou et al., 2019) as well as even earlier 90S (Cheng et al., 2017; Sun et al., 2017). With novel
methods allowing for time resolved Cryo-EM (Kontziampasis et al., 2019), the temporal interplay of
assembly factors can potentially be pushed even further (Kaledhonkar et al., 2019).
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3.2.1.3 Ribosome biogenesis in archaea

Archaeal ribosome biogenesis is not as well documented as bacterial or eukaryotic ribosome
biogenesis. Archaea, as bacteria, only have one RNA polymerase to transcribe the polycistronic
rRNA precursor. The 16S and 23S pre-RNA in Euryarchaeota are sometimes spaced by an internal
tRNAA? and an external tRNA®* following the 5S rRNA at the 3’ end (see Figure 3.13A). Many
species from the TACK superphylum are missing these tRNAs and have externalized the 5S rRNA
to another genomic region (Durovic and Dennis, 1994; Elkins et al., 2008; Hallam et al., 2006; Ikeda
et al., 2017; Nunoura et al., 2011). In some rare cases each rRNA gene is transcribed individually
(Ree and Zimmermann, 1990; Waters et al., 2003).

Another highly variable part of the rRNA composition is the amount and types of rRNA
modifications that are present in archaea. Like eukaryotes, these modifications are mediated by
sRNPs (no nucleolus in archaeal cells # eukaryotes: snoRNPs) and standalone RNA modification
enzymes alike (Yip et al., 2013). The types of modification are similar to those found in bacteria and
eukaryotes. However, the amount of modifications, ranges from very abundant in thermophilic- (S.
acidocaldarius: >70) to very low in halophilic archaea (H. volcanii: ~13) (Dennis et al., 2015; Sas-
Chen et al., 2020).

A Euryarchaeota

§ | 165 RNA | 1 235 RNA | 55 RNA

5 l 165 rRNA | | 235 RNA ' . W ¥

3
N\. Y7 / “SRNasez
RNaseZ RNaseP

Figure 3.13 Polycistronic organization of two representative archaeal rDNA loci.
[A] and processing scheme in H. volcanii [B]. (modified from Clouet-d’Orval et al., 2018)
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The pre-rRNA is structured similarly to bacteria. Each rRNA forms a loop that is “sitting” on a
dsRNA processing stem formed by flanking inverted repeat regions at the 5'-leader and 3'-
trailer of the respective rRNA (see Figure 3.13B). The tRNA and 5S pre-rRNA on the polycistronic
rRNA precursor are cleaved by the RNAse Z and P (Frank and Pace, 1998; Vogel et al., 2005) and
for the 5S pre-rRNA an additional unknown endonuclease. Contrary to bacteria there is no clear
RNAse 111 homolog present to perform the initial cuts at the two major rRNAs, this is supposedly
replaced by the tRNA endonuclease endA that recognizes bulge helix bulge (bhb) structures that
form in the processing stems (Clouet-d’Orval et al., 2018). The resulting nick is most likely ligated
by another component of the tRNA splicing machinery, the tRNA ligase rtcB (Clouet-d’Orval et al.,
2018; Ferreira-Cerca, 2017). This results in circular pre-rRNAs that could be detected in both Eury-
and Crenarchaeota (Danan et al., 2012; Juttner et al., 2020; Qi et al., 2020; Tang et al., 2002). The
functional significance behind this circulation is unclear. It could be a strategy to prematurely bring
the 3” and 5” ends into close proximity as observed in the mature structure, thus perhaps providing a
stabilized structure that serves as a processing scaffold for (early) maturation events (Ferreira-Cerca,
2017). Moreover, it could be a method to avoid unspecific exonuclease degradation. The processing
of this circular intermediate is not fully understood (see Figure 3.13B). However, gene orthology
analysis (Ebersberger et al., 2014), initial in vitro, and some in vivo studies (Jia et al., 2010; Knippel
et al., 2018; Veith et al., 2012), show that the factors involved for further processing are rarely

universally conserved and are either found in bacteria or eukarya.

3.2.2 Conservation of ribosome biogenesis

With the ribosome being a universal molecular machine, the similarities, and differences among the
three kingdoms have evolved to essentially facilitate the production of the similar final product with
varying degrees of complexity. While archaea and bacteria only possess one RNA Polymerase to
transcribe all their RNA, eukaryotes have distributed their ribosomal component production to three
polymerases. This is mirrored in the additional rRNA that is present in the final ribosome, as well as

in the number of proteins that compose the final product (review Table 3.1 and references therein).

The production of snoRNAs (small nucleolar RNAs; hereafter SRNA/P) in eukaryotes by RNA
Polymerase Il and 111 (Darzacq et al., 2002; Ikegami and Lieb, 2013), has already been accomplished
by the single RNA Polymerase in archaea (Gaspin et al., 2000; Thore et al., 2003), yet not in bacteria
(Lafontaine and Tollervey, 1998). The two main classes of SRNA are C/D box and H/ACA box
SRNAs, that methylate or pseudourinylate RNA respectively in a sequence specific manner
(reviewed in Kiss, 2002). The base modification is conveyed by the proteins attached to the guide
SRNA, i.e. the sSRNP. The consequence being, that bacteria rely solely on rRNA maodification by
standalone enzymes while archaea and eukaryotes use both, standalone enzymes and SRNPs (Gaspin
et al., 2000; Lafontaine and Tollervey, 1998). This enables these organisms to readily modify less

structured rRNA at very early stages with RNA guided sRNPs and thereby aiding the structural
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dynamics during assembly by chaperoning the folding rRNA (Dennis et al., 2015; Rozhdestvensky
et al., 2003; Sloan et al., 2016; Yip et al., 2013). The usage of standalone modification enzymes in
eukaryotes and possibly archaea mostly occur at the late stage of the assembly (Sloan et al., 2016).
In bacteria this is also true for the small subunit, where the majority of modifications take place at
the late stages of assembly (Siibak and Remme, 2010) in a 5° to 3’ sequential order (Popova and
Williamson, 2014). The large subunit, however is modified at early stages due to the majority of
modifications being deeply buried in the active centers of the ribosome and thus inaccessible to bulky
modifying enzymes once folding has progressed (Siibak and Remme, 2010).

The pre-rRNA is organized in a pseudo-circular manner before the initial cleavage in both, bacteria
and archaea (compare Figure 3.9 and Figure 3.13). A related pseudo-circulatization step is also
suggested in eukaryotes by either self-base-pairing of the pre-18S rRNA with the spacers (Ferreira-
Cerca, 2017; Veldman et al., 1981) and also mediated by the U3 snoRNP that base-pairs with the 5’
leader sequence of the pre 18S-rRNA (Dutca et al., 2011; Henras et al., 2015). A similar system has
also been proposed in bacteria, where the transcription elongation factors NusA and NusB hold the
5’ end of the nascent transcript in place to facilitate the hairpin base-pairing required for RNAse Il
cleavage (Bubunenko et al., 2013). Homologs of this factor are also found in archaea indicating a
similar mechanism (Ferreira-Cerca, 2017). However, the enzymes that perform the initial cuts and

many other ribosome biogenesis factors are not conserved across the three kingdoms.

This is especially true for the biogenesis of the large subunit. The additional solitary 5.8S rRNA
strand that needs to be “captured” and incorporated into the folding LSU while using two alternative
processing pathways (see above and Figure 3.11) and a comparably large number of assembly factors
has made the biogenesis of this subunit in eukaryotes a lot more complex. While E. coli only requires
the help of 4 Helicases, 2 GTPases, and ~4 protein/RNA chaperones to assemble the LSU, S.
cerevisiae, requires the help of at least twice as many respective assembly factors (Hage and
Tollervey, 2004). In archaea, little is known about how the circular pre-23S rRNA is processed, and
from homology analysis very few putative LSU biogenesis factors could be identified (Ebersberger
etal., 2014).

The similarities in the processing of the small subunit, especially in the late steps, appears to follow
a more conserved functional pattern among the three kingdoms and will be discussed in more detail

due to the focus of this work.

3.2.3 Comparative late small subunit biogenesis, an E. coli perspective

In E. coli the SSU pre-rRNA is relieved from the primary pre-rRNA transcript by the cleavage of
RNAse 11, similar to the endA cleavage of the bhb motif in archaea (Xue, 2006). Whereas, in
eukaryotes the cleavages at Ao, A; and A; by an unknown endonuclease and Utp24 are required to

liberate the SSU precursor from the nascent transcript (Tomecki et al., 2015; Wells et al., 2016).
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Unlike eukaryotes, E. coli is still in need for further 5’ trimming by RNAse G, E and AM resembling
the A; and A cleavage sites in Yeast. In archaea the further processing of the 5’ end is still unknown,
yet a Utp24-like (HVO_1900) putative RNA-binding protein has been found in H. volcanii and
appears to be essential for cell viability (own observations). The 3* end cleavage in E. coli is
orchestrated by four 3'-t0-5' exoribonucleases, RNase II, RNase PH, RNase R, and polynucleotide
phosphorylase (PNPase) with help of the multifunctional endonuclease YbeY (Jacob et al., 2013;
Sulthana and Deutscher, 2013; Vercruysse et al., 2016), which is also involved in the mitochondrial
ribosome biogenesis in eukaryotes (Summer et al., 2020). The idea being that the RNAses degrade
the 3° end until they reach the YbeY protected 3* end, which will receive final cleavage once the
time is right and accessible (Ghosal et al., 2018; Vercruysse et al., 2016). The yeast ribosome,
however has its remaining 3’ ends of the 20S rRNA cleaved by the PIN domain containing
endonuclease Nob1 (Fatica et al., 2003). Interestingly, Nobl is also found in archaea and is likely
involved in a similar process (Qi et al., 2020; Veith et al., 2012).

Apart from nucleases many other assembly factors are involved in ribosomal maturation. Here I will
focus on the late steps of the SSU maturation, in E. coli after the primary and secondary ribosomal
proteins have already bound (compare Figure 3.8 left, white area) and in yeast once the pre 40S
particle has left the nucleolus and is ready to be transported through the nuclear pore complex (see
Figure 3.12 and Figure S1). The focus will be on the E. coli side and will be compared to what is
going on in yeast and potentially in archaea. For ease of understanding the r-proteins will be labelled
according to (Ban et al., 2014) as 0SX (o being the u=universally conserved, b=bacteria-only,
a=archaea-only, e=eukarya-only, y or h for yeast or human if necessary, S= small ribosomal protein,

X being the numeral for the protein)

3231 RimM

In E. coli the ribosome maturation factor M (RimM) is one the first binders at the late stage of SSU
assembly as it binds with increasing affinity once uS19 and uS13 (both secondary binders) have
assembled to the SSU (Lovgren et al., 2004; Wilson and Nierhaus, 2007). The binding of RimM
facilitates the assembly of S3 by controlling the folding of the pre-16S rRNA (Clatterbuck Soper et
al., 2013). A similar mechanism is observed in yeast, where the release of the non-essential assembly
factor Ltvl from the SSU processome enables binding of the ribosomal proteins uS10 and uS3
(Johnson et al., 2017; Mitterer et al., 2019; Strunk et al., 2011). Ltv1-less cells show mispositioning
of uS3 resulting in a misfolded head structure, resembling that of RimM-less cells (Collins et al.,
2018). The absence of RimM is additionally associated with reduced amounts of ribosomal proteins
uS3, uS10, uS13, uS14, and uS19 suggesting an overall increase in assembly stability with RimM
present (Guo et al., 2013; Thurlow et al., 2016). So far, no homologues have been found in archaea,
none for Ltv1 and none for RimM. While the RimM typical PRC barrel is present in archaea but only

in a stand-alone version (Anantharaman and Aravind, 2002). BLAST results show some RimM
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candidates in archaeal organisms but none for curated single cultured genomes (Cobalt RID
DS7J90G1212). When considering gene neighborhoods, one PRC barrel containing protein
HVO 1964 is located upstream of the predicted Nob1 homologue (HVO_1965) in H. volcanii, but
is missing the N-Terminal RimM-specific domain (PF05239). The effect of ARimM (17S pre-rRNA
accumulation and slow growth) can be suppressed by the overexpression of the next assembly factor,
Ribosomal binding factor A (RbfA) (Bylund et al., 2001, 1998).

3.2.3.2 RDbfA

RbfA (Inoue et al., 2006), binds to the immature SSU at the 5° end at helix 1 (Dammel and Noller,
1995), which is in close proximity of helix 44 (shown later in Figure 3.17A). Binding of RbfA
stabilizes a conformational change in the helix 44 that is unsuitable for translation, preventing the
subunit from entering the translational pool (Datta et al., 2007). Moreover, recent studies have
suggested that RbfA is a “gate keeper”, that remains bound until the SSU is fully matured (Sharma
and Woodson, 2020). Once this mature state is reached the GTPase RsgA (or YjeQ) is able to bind
to the SSU and releases RbfA via GTP hydrolysis (Goto et al., 2011; Jeganathan et al., 2015; Razi et
al., 2017). A second release mechanism for RbfA, utilizes IF3, which in turn remains bound after
RDfA release to initiate translation (Sharma and Woodson, 2020). Clear homologues to RbfA or
RsgA in yeast or archaea are not known, and their respective function may have been replaced by
other biogenesis factors. Plants show a homologue (RBF1) participating in Chloroplast 16S
processing (Fristedt et al., 2014). Here, again, the effect of 4RbfA can be complemented by
overexpression of the next AF, Era (Inoue et al., 2003).

3233 Era

The GTPase Era (Chen et al., 1999) can only bind in the GTP bound state between the head and
platform of the SSU in a cavity formed by the r-proteins uS2, uS7, uS11, and bS18 (Sharma et al.,
2005; Vercruysse et al., 2016). Upon GTP hydrolysis a significant structural change in Era is induced,
that triggers its release from the maturing SSU, thereby facilitating access of the 3’ end of the 17S
rRNA precursor for cleavage (Razi et al., 2019) while also enabling the binding of bS1 and thereby
permitting mRNA recruitment (Sharma et al., 2005). Rendering an Era bound SSU non-functional
while retaining it from final processing. The binding of S1 and the interaction of Era with YbeY
(Vercruysse et al., 2016), the proposed functional homologue of the endonuclease Nob1l, also
underlines this very late participation. Most importantly, the 3’ cleavage is the last processing step,
as Nob1 is one of the last assembly factors to leave the maturing 40S subunit in yeast (Lamanna and
Karbstein, 2011, 2009). In several archaeal genomes there are annotations for Era-like GTPase,
however, from sequence comparison the KH domain appears to be missing and the function remains
unclear (Ferreira-Cerca, 2017). This KH-Domain of Era binds a specific sequence motif downstream
of the helix 45 at the 3” end in E. coli (Tu et al., 2011), which was also shown to be bound by a

proposed KH-Domain containing archaeal Dim2 (or Pnol) homologue (Jia et al., 2010). Indicating
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a possible outsourcing of the Era KH domain. In addition, Dim2 interacts with Nob1 in yeast (Strunk
et al., 2011; Woolls et al., 2011), underlining the functional conservation of assembly factors

interactions.

Another interactor and also a suppressor of a catalytic Era mutant (Inoue et al., 2007; Lu and Inouye,
1998), is the universally conserved methyltransferase KsgA/Dim1, which will be discussed in detail
later.

3.2.3.4 Rio Proteins

In eukaryotes along with KsgA/Dim1 and others, the essential Kinase/ATPase Rio2 associates to the
maturing pre 40S in the nucleus before being exported to the cytoplasm (Ferreira-Cerca et al., 2012;
Pefia et al., 2017; Schafer et al., 2003; Vanrobays et al., 2003). Once exported via the nuclear pore
complex, Rio2 is released from the SSU, and the other essential Kinase/ATPase Riol associates to
the pre 40S complex before joining with the LSU to initiate functional proofreading (Ferreira-Cerca
et al., 2014; Lebaron et al., 2012; Strunk et al., 2012b; Widmann et al., 2012). Interestingly both Rio
proteins are also present in many archaea (Esser and Siebers, 2013; LaRonde, 2014; LaRonde-
LeBlanc and Wlodawer, 2005) and share the common ATPase function (Knuppel et al., 2018). Some
archaea lack Riol and instead contain RioB homologue, a poorly characterized RIO domain
containing protein with unknown function in ribosome assembly, also present in bacteria (Esser and
Siebers, 2013). Moreover, multicellular eukaryotes contain an additional Rio protein, Rio3 (Baumas
etal., 2012).

3.2.35 KsgA/Diml

The almost universally conserved S-adenosylmethionine (SAM or AdoMet) dependent
methyltransferase KsgA(B/A)/Dim1(E) is found in all three kingdoms of life (see sequence
alignment Figure 3.15) (Ebersberger et al., 2014; Seistrup et al., 2016). Its main function as a
ribosome biogenesis factor is to dimethylate two adjacent adenosines (A1518, A1519 in E. coli and
Al1779, A1780in S. cerevisiae) in the GGAA tetraloop of helix 45 at the 3’ end of the 16S/18S rRNA
(see Figure 3.14) (Connolly et al., 2008; Helser et al., 1972; Lafontaine et al., 1994). Like most
bacterial ribosome biogenesis factors, KsgA is not essential and its loss leads to Kasugamycin
resistance (van Buul et al., 1984). Also when confronted with cold stress the 4ksgA cells accumulate
17S precursor rRNA (i.e. RNase Ill cleavage only, review Figure 3.9) (Connolly et al., 2008).
Eukaryotic Dim1 on the other hand is essential for cell viability, most likely due to its proposed
earlier participation in the 90S processome prior to the methylation reaction (Lafontaine et al., 1995).
Eukaryotes have some additional orthologs in their organelles. Arabidopsis thaliana, for example
uses the ortholog Pfcl to methylate its small subunit rRNA of the chloroplast to circumvent negative
temperature effects (Tokuhisa et al., 1998). Another orthologue mtTFB, is transported into the
mitochondria of eukaryotes. In yeast, and fungi in general, one copy mtTFB serves as a mitochondrial
transcription factor at the expense of methylation capabilities (Klootwijk et al., 1975; O’Farrell et
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al., 2008), whereas most metazoans have two copies, mtTFB1 and mtTFB2, with mtTFB1 excelling
at methylation while mtTFB2 is the better transcription factor, though both can complement for each
other to a lesser extent (Bonawitz et al., 2006; Cotney et al., 2009, 2007). The function in archaea is
supposedly similar to bacterial and eukaryotic KsgA/Diml and experiments with
Methanocaldococcus jannaschii KsgA have shown that it can complement the function in E. coli but
not in Yeast (Pulicherla et al., 2009).

A " T \’.‘. ‘ H;(\\/C-Ha
W N 'a I
N
L) <
L0 SAM SAH
0 \-—_—/
l; Il
Adenosine N6-difnethyladenosine
B 23
C

1510

1370

TR

o 14-‘»0@? ngA/Dim 1
! 540

20 ; A—1480 3Im

Figure 3.14 Methylation reaction and 2D-Structure of 16S rRNA in E. coli.

[A] Chemical reaction catalyzed by KsgA/Dim1. It transfers a total of four methyl groups, two to each of the two adjacent
adenosines. SAM is the methyl donor, while SAH (S-adenosylhomocysteine) is the product. [B] Helix 45 with the two
adjacent adenosines A1518, A1519 and anti-Shine-Dalgarno sequence are circled in red. Helices are annotated in blue.
Nucleotides matching blue, pink, green and brown represent the 5’-, 3’ major-, 3> minor- and the central domain
respectively (created with Ribovision (Bernier et al., 2014)).

3.2.3.5.1 Structure, positioning and mechanism of KsgA/Dim1

The protein consists of two major structural domains and the structure is overall very well conserved
among the three kingdoms of life (see Figure 3.16C), the N-Terminal part comprises the
methyltransferase/catalytic domain and a C-Terminal domain that is highly unstructured and most

likely involved in stabilizing its binding to the 30S (see Figure 3.15 and Figure 3.16D) (Boehringer
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et al., 2012). The methyltransferase center shows the well conserved B-sheets (Figure 3.16D) shared
among SAM dependent DNA-, RNA-, and small-molecule methyltransferases (Boehringer et al.,
2012; Cheng, 1995; Schluckebier et al., 1999).
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Figure 3.15 T-Coffee multiple sequence alignment of KsgA from four representative organisms and two other
methyltransferases.

BLOSUMG62 Score is depicted in a shade of blue. Double-headed arrows indicate motifs common to S-adenosylmethionine-
dependent methyltransferases (O’Farrell et al., 2004). Magenta Bars are p-sheets, light blue bars are o-helical, Red triangles
indicate introduced mutations in this work. Dashed black arrow indicates the start of the C-Terminal Domain. Uniprot
Identifiers: B. subtilis ermC (P13956), E. coli KsgA (P06992), H. sapiens Dim1 (Q9UNQ2), H. volcanii KsgA (DAGWAL),
S. acidocaldarius KsgA (M1ITDO), S. cerevisiae Dim1 (P41819), S. cerevisiae mtTFB (P14908). Generated with Jalview
2.11.1.0

Complementation experiments with varied N- and C-Terminal domains from either eukaryotic,
bacterial or archaeal KsgA/Dim1, suggest that the eukaryote specific domain resides in the N-
Terminal region (Pulicherla et al., 2009). The protein binds in between the body and the platform of
the SSU (see Figure 3.16A, B). Yet there is no clear Cryo-EM data with natively bound KsgA to a
SSU in bacteria, basing most interactions on in vitro reconstitutions and hydroxyl radical footprints
(Boehringer et al., 2012; Xu et al., 2008). The C-Terminal part of ECKsgA is in contact with helix
24 and 27 (Boehringer et al., 2012) while ScDim1’s C-Terminal region contacts helix 11 and 28
(Granneman et al., 2010). The N-Terminal part of KsgA/Dim1 is in contact with the immature helix
44 and in close proximity to helix 45 (see Figure 3.16A, B), thereby preventing premature folding of
the decoding center of the SSU and preventing entry into the translational pool (Xu et al., 2008). This

idea is supported by the fact that KsgA/Dim1 resides in the same spot as the C-Terminal domain of
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the initiation factor IF3 in bacteria (Xu et al., 2008), and elF1, and elF1A in eukaryotes (Strunk et
al., 2011). Moreover, the presence of S21, a late platform ribosomal protein involved in translation
initiation (see Figure 3.8 left) (Held et al., 1974b), is inhibitory of KsgA activity in vitro (Poldermans
et al., 1979; Thammana and Held, 1974). The eukaryotic functional homologue of bS21, eS26,
however binds to the binding site of Dim2/Pno1l, the interactor of Nob1 (Strunk et al., 2011).

SAM bindi‘rg
;::“ Adenosine binding

Figure 3.16 Binding Sites and Structure of KsgA/Dim1.

Binding of KsgA/Dim1 to the SSU in E. coli [A] and S. cerevisiae [B]. [C] Overlay of MjDim1 (Orange, PDB 3GRV),
HsDim1 (light blue, PDB: 1ZQ9) and EcKsgA (Dark blue, PDB: 1QYR). Created in Chimera [D] Crystal structure of
MjKsgA with bound SAM (PDB: 3GRY), Dark grey N-terminal, Green C-Terminal part. Dark green Residue/Mesh: SAM.
Catalytic centers are highlighted in red, characteristic mTase B-sheets are highlighted in magenta, SAM and Adenosine
binding pockets are marked. Images taken and modified from [(Boehringer et al., 2012) A] and [(Scaiola et al., 2018) B]

The structure and catalytic domains of this highly conserved methyltransferase have been studied
best in E. coli. The catalytic center is clearly visible at the surface of the crystal structure and it shows
two distinct binding pockets (see Figure 3.16D), one for SAM, one for the respective adenosine (only
fits one at a time). This structure has a strong resemblance to the ermC SAM dependent adenosine
methyltransferases involved in 23S rRNA (A2058) dimethylation in Bacillus subtilis and
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Staphylococcus aureus, (view structure comparison in Figure S 3). Interestingly, absence of ermC
induced dimethylation leads to sensitivity to various antibiotics (Champney et al., 2003; Weisblum,
1995), whereas absence of KsgA leading to antibiotic resistance. Both show a very high specificity
towards their targets and do not methylate if the structural context is incorrect or missing. Yet the
major difference is that ermC is able to mono- and dimethylate the naked 23S RNA in vitro (Denoya
and Dubnau, 1989; Schluckebier et al., 1999; Zhong et al., 1995), indicative of early LSU biogenesis
participation, whereas KsgA requires a minimal RNP context in order to methylate its substrate.
KsgA can bind naked 16S rRNA but requires a core set of body and platform r-proteins (uS4, bS6,
uS8, uS11, uS15, bS16, uS17 and bS18) attached to the RNA in order to methylate the substrate in
vitro (Desai and Rife, 2006). In order to methylate AksgA 30S subunits in vitro, the SSU needs to be
“reprogrammed” into an inactive state by lowering magnesium concentrations (Poldermans et al.,
1979; Thammana and Held, 1974). The reaction has no clear obligate order of which adenosine is
methylated first (Cunningham et al., 1990). However, when lowering the temperature and SAM
concentrations only A1519, i.e. the most 3’ Adenosine, is methylated, indicating a preferred order of
methylation (Van Buul et al., 1984). Whether the enzyme dimethylates in one go or must undergo
dissociation/reassociation after every methylation, i.e. four times, is not completely clear, but
unlikely (O’Farrell et al., 2006). Once helix 45 has reached its mature status (complete methylation)

the binding affinity of KsgA to the SSU is decreased and it dissociates (Poldermans et al., 1979).

3.2.3.5.2 KsgA’s role in the final biogenesis steps of E. coli

The exact order of the final steps in E. coli has been rescheduled over the years. On the one hand the
suppression of a catalytic (E200K) Era mutant by overexpression of KsgA and the accumulation of
17S rRNA from a catalytically inactive KsgA and under low temperatures in 4ksgA (Connolly et al.,
2008; Inoue et al., 2007; Lu and Inouye, 1998) suggests that after RbfA dissociation, KsgA is able
to bind and further stabilizes the translationally inactive helix 44 conformation (Boehringer et al.,
2012; Clatterbuck Soper et al., 2013; Xu et al., 2008). However, newer studies give strong evidence
for KsgA acting and dissociating prior to the postulated “gate keeper” RbfA (Connolly and Culver,
2013; Sharma and Woodson, 2020). In this case how and when exactly KsgA binds is a bit unclear
and will possibly be revealed in future studies. In any case, once KsgA has bound to the appropriate
maturation state (likely after RimM has completed its task), further maturation of the SSU (RNA-
folding, addition of r-proteins) possibly increases the proximity of the two Adenosines to the binding
pockets of KsgA (Boehringer et al., 2012; Tu et al., 2011). This is supposedly a passive detector of
maturation and the methylations can be considered as a “timestamp”. These methylations are vital to
relax the “tense” GGAA tetraloop of helix 45 to a more “flexible” GGm*Am,®A conformation that
is capable to turn outward and form hydrogen bonds to helix 44 and thereby stabilizing the A and P
sites of the ribosome (Demirci et al., 2010; Rife and Moore, 1998). After the dimethylation reaction
is completed in vitro, the binding affinity to the SSU decreases and KsgA dissociates (Poldermans et

al., 1979). The in vivo scenario very likely involves RbfA competing with KsgA for SSU binding,
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since both occlude the same binding site (Figure 3.17A & C and Figure S 4). Coupled to the decreased
binding affinity to, and structural rearrangements of the SSU after methylation could shift affinity
towards RbfA. RbfA then further stabilizes the KsgA induced rearrangement of helix 44 and 45
towards the mature state (Demirci et al., 2010; Lépez-Alonso et al., 2017) while still retaining it from
the translational pool. Either the binding of RbfA or the structural rearrangements by KsgA are then
most likely detected by the Era/YbeY complex. Era is bound across from KsgA or RbfA (see Figure
3.17) and is in contact to the anti-Shine-Dalgarno sequence of the 3* end of h45 (Tu et al., 2011)).
Activation of the Era/YbeY complex then leads to final cleavage of the 3’ end of the 16S rRNA
(Ghosal et al., 2018; Vercruysse et al., 2016). If this happens before or after RbfA dissociation is not
completely clear. However, two recent studies favor cleavage before RbfA dissociation. First, having
the translation initiation factor IF3 involved in the release of RbfA, with the subsequent entry in the
translational pool (Sharma and Woodson, 2020) and second, the fact that Era bound 30S subunits
prevent binding of RsgA, the release factor of RbfA (Razi et al., 2019).

o
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Figure 3.17 Proximity of Era to RbfA and KsgA on the SSU.

[A] Binding position of RbfA (red) and Era on the 30S subunit. [B] RbfA (red) and Era (magenta) interact with a common
structural element, h28, of the 16S rRNA (cyan). The thumbnail to the left depicts the orientation of the 30S subunit. [C]
Binding position of KsgA (red) on the 30S subunit. [D] KsgA (red) binds at helix 45 (cyan, A1518 and 1519 magenta) of
the 30S subunit (blue). Era is bound between the platform and the head contacting helix 28 (yellow). Helix 44 is shown
in orange. (The 3’ end of the 16S rRNA is labeled with an asterisk.) (modified from Boehringer et al., 2012[A,B]; Datta et
al., 2007[C,D])

Era has been shown to interact with the endonuclease YbeY (Ghosal et al., 2018), yet no direct
interaction could be determined between YbeY and KsgA or RsgA in a Yeast two hybrid screening

(Vercruysse et al., 2016). Furthermore, recent studies suggest that YbeY is in a complex with GTP-
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bound Era and uS11 at the 3’ end of the 16S rRNA precursor and thereby prevents pre-mature
cleavage and/or guides accurate RNAse cleavage (Ghosal et al., 2018; Razi et al., 2019) and might
not be involved in the actual cleavage (Smith et al., 2018). Nevertheless, correct 3° cleavage permits
Era and YbeY to dissociate from the now mature SSU via GTP hydrolysis (Ghosal et al., 2018;
Sharma et al., 2005). This enables for bS1 to bind near the platform (Byrgazov et al., 2015;
Vercruysse et al., 2016), and perhaps mitigates a conformational change that is detected by, or
directly contacts RfbA which can now be released by RsgA, due to the dissociation of Era (Razi et
al., 2019), resulting in a translational competent mature 30S subunit. A schematic summary

interpretation of the late events is shown in Figure 3.18.

Figure 3.18 Schematic interpretation of the late biogenesis events in E. coli based on my interpretation of the
presented literature.

The depicted 30S structure serves as a background placeholder and is not the actual intermediate (PDB: 1194). Activity of
an AF is indicated by the Yellow dashed border. [1] At a certain point of maturation, the Era/YbeY complex acts as a
constant protector for premature cleavage of the 3> ETS [2A] KsgA binds between the platform [2B] RimM binds to the
head domain. [3A] RimM joins the complex and fulfils its action by acting as a chaperone for head formation (uS3 binding,
not indicated). [3B] KsgA joins the complex and RimM fulfils its action by acting as a chaperone for head formation (uS3
binding, not indicated). If pathway A or B is correct is unclear, i.e. from a KsgA perspective; if a immature head structure
is required for KsgA to bind. The in vitro Data from Boehringer et al., (2012) and Desai and Rife (2006) suggest that the,
for KsgA binding necessary lowered Magnesia concentration, destabilizes the head domain, resembling a similar state to
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the pre RimM status, indicates that path A could be correct. [4] RimM leaves the complex and this and other structural
rearrangements in the maturing 40S particle trigger KsgA dependent methylation. [5] Either KsgA dissociates passively or
is removed in competition with RbfA. The two transferred methylations are indicated by yellow stars at the previous
location of KsgA. Binding of RbfA activates the Era-YbeY complex and final 3’ cleavage is performed and GTP hydrolysis
by Era releases the complex. [6] This enables binding of bS1, possibly contacting RbfA and indicating maturation is near
completion. Depending of the growth phase and possibly availability of RsgA and IF3 (exponential growth might require
both pathways), RbfA is released via the two steps [7A,7B] involving RsgA or direct exchange via competition of I1F3 [8]
with RsgA.

3.2.3.5.3 Diml’s role in the last steps of biogenesis in eukaryotes

As aforementioned, yeast Dim1 supposedly binds to the 90S precursor particle in the nucleolus
(Lafontaine et al., 1995, 1998) and/or to a nucleoplasmic pre-40S particle (Moriggi et al., 2014;
Schéfer et al., 2003). The depletion leads to the accumulation of dead end 22S rRNA resulting from
the premature processing at Al and A2 (see Figure 3.11) (Lafontaine et al., 1995) possibly due to
Dim1 interactions with the 90S unfolded central pseudoknot (Granneman et al., 2010). If Dim1 truly
binds to the 90S particle is debated due to the absence in both 90S Cryo-EM structures (Cheng et al.,
2017; Sun et al., 2017) and in purified 90S particles (Schafer et al., 2003). Nevertheless, the long
association of Dim1 with the nascent SSU makes it difficult to determine how methylation is
triggered or withheld for so long. In yeast the depletion of Pnol (Partner of Nobl, final step in
maturation), leads to an unmethylated precursor particle (Vanrobays, 2004). However, Pnol binds
shortly after Dim1, which make the downstream effects of Pnol depletion very far-reaching
(Vanrobays, 2004). The rough estimate is that methylation can occur, once the 43S particle has been
exported into the cytoplasm (Brand et al., 1977). To make things even more complicated, human
Dim1 is thought to methylate its substrate in the nucleolus and/or nucleoplasm (Sloan et al., 2019;
Zorbas et al., 2015) and is not present in the cytoplasmic complex (Ameismeier et al., 2018).
Suggesting a possible flexibility in methylation timing and underlining the possibility of KsgA/Dim1
being a passive sensor and it’s activity depends strongly on the substrate competence, €.g. quality
control (Karbstein, 2013). The close proximity of Rio2 (see Figure 3.16B) would suggest it being a
possible activator of Dim1, but an interaction via phosphorylation has only been shown in vitro in
the human system indicating a perhaps human specific mechanism (Sloan et al., 2019). If Rio2 is
already present in the nucleus to activate Dim1 methylation via phosphorylation is unclear, since
Rio2 has been proposed to join the maturing ribosome after or immediately before nuclear export
(Zemp et al., 2009), also arguing against a conserved activation mechanism by Rio2. Pnol however
would be present in the nucleus in both yeast and human, with a similar proximity to Dim1 as, Era
to KsgA (Vanrobays, 2004; Zhou et al., 2004). Both, human and yeast Pnol, are retained on the
maturing particle and required for the final 3’ cleavage by Nobl (Ameismeier et al., 2018; Woolls et
al., 2011) in analogy to the Era and YbeY (Ghosal et al., 2018; Vercruysse et al., 2016). If the trigger
for methylation is mediated by an assembly factor and/or just by a conformational change that
delivers the (to be methylated) adenosines of helix45 to the binding pocket, remains unclear. But,
considering Dim1 as a passive sensor of conformational changes (RNA folding, r-protein assembly)

and imprinting this detection onto the RNA via the methylation would make sense in E. coli, yeast
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and human. The release of Dim1, in comparison to the postulated passive or competitive dissociation
in E. coli, appears to utilize the activity of an ATPase/adenylate kinase, namely Fap7 or CINAP in
human (Juhnke et al., 2000; Santama et al., 2005). It is proposed that Fap7 induces a rotated state in
the functional proofreading 80S-like subunit (joined SSU and LSU precursor that still have AFs
bound and cannot participate in translation (Lebaron et al., 2012; Strunk et al., 2012a)) via ATP
hydrolysis and thereby releases Dim1 from the 80S precursor (Ghalei et al., 2017). If a similar
mechanism is used in humans is unclear, as there is no evidence for 80S-like particle in the nucleus.
Nevertheless, hCINAP is present in the nucleus and is, like Fap7, involved in pre-18S processing by
Nobl in an ATP dependent manner (Loc’h et al., 2014; Santama et al., 2005). In any case, in
eukaryotes, the Nobl cleavage is mediated by Pnol and does take place after Diml release
(Ameismeier et al., 2018; Heuer et al., 2017; Johnson et al., 2017), very similar to the respective
YbeY, Era, RbfA mechanisms in E. coli. Where, when and by which factor exactly remains to be
elucidated in detail for all organisms.

The presence of KsgA/Dim1 in all three domains of life and thus the evolutionary stability of this
biogenesis factor highlights its vast importance. While being dispensable under laboratory conditions
in many bacteria the real-world effect is probably more severe and impossible to sustain under
competitive conditions. Otherwise nature would not have retained it over the countless years of
evolution. The only known loss of KsgA has occurred in the symbiotic hyperthermophilic archaeon
Nanoarchaeum equitans (and perhaps other nanoarchaea) and methylation activity has not been
substituted by the symbionts KsgA or another endogenous methyltransferase, but rather by a
mechanisms involving SRNP modification (Seistrup et al., 2016). A drastic effect of KsgA loss is
very well illustrated in Yersinia pseudotuberculosis, where virulence to mice is lost (Mecsas et al.,
2001). This along with impeded growth and accumulation of immature SSUs at cold temperatures
would be major disadvantages in the wild (Connolly et al., 2008). This accumulated evidence makes
it very likely that a KsgA/Dim1-Like factor was present in LUCA (Harris et al., 2003).

In conclusion, the general pattern of late SSU biogenesis in bacteria and in eukaryotes appears to be
a tightly regulated interdependency of these late biogenesis factors, that enable a stepwise
hierarchical progression through maturation. If a factor is missing, acquires a point mutation or is
depleted, the effects are mostly associated with reduced translational fidelity, impaired initiation,
rRNA processing defects or even impaired subunit joining (Bylund et al., 1998; Connolly et al., 2008;
Dammel and Noller, 1995; Datta et al., 2007; Ferreira-Cerca et al., 2014, 2012; Inoue et al., 2006;

Roy-Chaudhuri et al., 2010). If this holds true for the kingdom of archaea remains to be answered.

3.3 Tracing of RNA metabolisms and structure
RNA has always been an endearing molecule, its ability to form secondary structures and even
catalyze reaction has not only led to the RNA-World Hypothesis (Gilbert, 1986) but to a high demand

of methods that enable the study of their dynamics, metabolism and structure (Ganser et al., 2019).
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Some of these methods have been established using the highly abundant ribosomal RNA as a model
system and have enabled detection of percentile precursor particles (Trapman et al., 1975; Trapman
and Planta, 1975) as well as resolving secondary structures of these complex RNAs (Moazed et al.,
1986; Noller and Chaires, 1972; Qu et al., 1983).

3.3.1 RNA Labelling

Before the advent of genetic depletion there was no possibility to accumulate certain precursor
rRNAs. Thus incorporation of traceable nucleotides was used to track short lived RNA species such
as pre-rRNAs (Rovera et al., 1970; Scherrer and Darnell, 1962), mRNA (Jacob and Monod, 1961)
and pre-tRNAs (Rake and Graham, 1964). Most of these early studies used the radioactively labelled
nucleotide Uridine-C** and/or H3-Uridine, as they were easy to use and did not have grave effects on
transcription. Pulsing the exponentially growing cells with these traceable nucleotides revealed so
far unknown precursor populations of RNAs, while chasing can reveal degradation and decay
pathways (Herman and Penman, 1977). A detailed pulse analysis of yeast ribosomal rRNA postulated
precursor rRNAs to the individual subunits as well as the earliest 35S pre-rRNA (Trapman and
Planta, 1975). With sampling speed improving, the timescale can be pushed further and additional

even shorter lived RNAS can be resolved (Kos and Tollervey, 2010).
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Figure 3.19 Biotinylation of 4SU [A] “old” reagent [B] New and improved reagent (modified from (Duffy et al., 2015))

Non-radioactive nucleotides such as 4-thiouracil- (4TU) or 4-thiouridine- (4SU), have been
established in major model organisms and have provided a more accessible method for RNA
labelling (Favre et al., 1986; Kenzelmann et al., 2007; Melvin et al., 1978; Miller et al., 2009). The
major advantage of these analogues is that they offer thiol specific biotinylation (Dolken et al., 2008)
(Figure 3.19A). This opens a door to streptavidin-based downstream applications such as antibody
detection, affinity purification with subsequent high/low throughput analysis, and many more. The
advances in RNA tagging chemistry have pushed the depth of analysis even further (Duffy et al.,
2019, 2015) (Figure 3.19B) and transcriptome wide studies on the stability of mMRNAs are now
possible (Lugowski et al., 2018). Together these methods can and have provided essential insights
into RNA metabolism and dynamics. Furthermore, they enable the analysis of RNA binding proteins
by photo-crosslinking approaches (PAR-CLIP) (Hafner et al., 2010a, 2010b). Expanding this
temporal method with the next method, RNA structure probing, has achieved great spatiotemporal
results in rRNA analysis (Hulscher et al., 2016; Swiatkowska et al., 2012).
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3.3.2 Chemical RNA structure probing

While RNA dynamics are not only based on synthesis and decay, its structure is also highly dynamic
and can fold into a variety of structures based on inter-/intramolecular base-pairings, temperature,
pH, osmolarity and chemical modifications. The formation of correct structural motifs, such as
hairpins, mismatches, bulges, internal loops or pseudoknots are the epitome of enzymatic activity in
ribozymes, e.g. the ribosome (Cruz and Westhof, 2009). While we now know how the complete
ribosome is structured on an atomic resolution by the power of X-Ray Crystallography (Ben-Shem
et al., 2011) and Cryo-EM (Greber et al., 2012), its earlier structural discoveries were made step by
step, nucleotide by nucleotide (Noller and Chaires, 1972; Qu et al., 1983).

While the basics on RNA folding were clear in theory and can be calculated by computers nowadays
(with its limited validity), experimental evidence is generated by using sequence specific enzymes
or chemicals that target specific RNA motifs (Ziehler and Engelke, 2000). Based on their properties
they can target either specific bases or the sugar backbone (see Figure 3.20). If the RNA is in a
conformation that is accessible, i.e. single stranded and/or highly flexible, it can be modified (Weeks,
2010). Depending on the chemical, the transferred group can range from a small CH; from DMS to
bulky molecules as Kethoxal or CMCT at the Watson-Crick interface, as well as large molecules
from Selective 2'-hydroxyl acylation (SHA[PE]) reagents in the sugar backbone of the RNA. The
readout for all of these chemicals, however, follows a similar procedure, a stop or stalling of the
reverse transcriptase at the modified nucleotide, which can then be mapped to the known nucleotide
sequence. Delightfully, this has remained the basis for readouts since the first Kethoxal modifications
of 16S rRNA on sequencing gels (Noller and Chaires, 1972) to the modern age of next generation
sequencing readouts of transcriptome wide structure probing (Rouskin et al., 2014; Talkish et al.,
2014). In the 40 years in-between a lot of development has occurred. In 1986 the combined data of
DMS, CMCT and Kethoxal modified 16S rRNA, verified the 2D predictions derived from
comparative sequence analysis (Moazed et al., 1986). Only two years later the first in vivo DMS
modifications were accomplished and could elucidate interaction interfaces of elongation factors
with ribosomes (Moazed et al., 1988). A year later first hydroxy radical foot-printings were
performed on mMRNA and tRNA (Latham and Cech, 1989; Wang and Padgett, 1989) followed by the
breakthrough development of SHAPE chemicals that elevated RNA structure analysis to quantitative
levels (Merino et al., 2005). This was shortly before the arrival of capillary electrophoresis which
allowed for a certain level of automation (Mitra et al., 2008; Wilkinson et al., 2008) and concluded
in real high throughput analysis by next generation sequencing, SHAPE-seq/SHAPE-Map (Lucks et
al., 2011).
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Figure 3.20 Selection of RNA probing chemicals.

[A] sSRNA with indicated hydrogen bonds in blue dashed lines (A=Adenosine, C=Cytosine, G= Guanine, U= Uracil).
Targets are colored respective to the chemical agent indicated in B and C. [B] Estimated reaction time of the respective
chemicals. Actual times may vary depending on concentration, temperature and medium. SHAPE reagents are approx. 5
half-lives. [C] Chemical structures of the respective modifiers. RNA strand from biomers.net.

Even with all the advancements in the field of RNA labelling and RNA structure probing,
implementing these techniques still requires a lot of testing for the system it is applied to. Differences
in pH, Salinity, temperature, solubility can affect reactivity and some cell membranes are unable to

take up the chemicals and only ex vivo or in vitro work is possible (reviewed in Mailler et al., 2019).

The heritage of both, RNA labelling and RNA structure probing, in the field of ribosome research
are a key motivation to implement these techniques in our archaeal organisms. Especially the
combination of both methods have been used for kinetic structural analysis of pre ribosomes in vivo
(Hulscher et al., 2016; Swiatkowska et al., 2012). This could prove useful to analyze structural
dynamics of short lived RNA precursors such as the (circular) pre-rRNA structures in archaea, as
well as potentially mapping RNA-Protein interaction (Smola and Weeks, 2018).
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3.4 Goal of this work

As mentioned earlier, ribosome biogenesis is a highly complex endeavor an organism must
undertake. The assembly pathway, however, differs profoundly between the well-studied kingdoms
of bacteria and eukarya, suggesting that perhaps the kingdom of archaea shows an intermediate
pathway that connects the two. Yet, the overall lack of experimental data surrounding archaeal
ribosome biogenesis is largely due to the for long genetic inaccessibility of these in part extreme
organisms. After our previous study analyzing the conservation of the biogenesis factors Riol and 2
in two model archaea (Knppel et al., 2018) we wanted to further characterize other late small subunit
assembly factors. In this thesis | provide a detailed analysis of the archaeal KsgA/Diml
dimethyltransferase, an almost universally conserved late SSU biogenesis factor. To do so we

attempted to answer the following questions:

e Is KsgA/Diml dispensable in model archaea?

e What are the contributions of KsgA/Diml to archaeal physiology and translational
landscape?

e What are the implications of KsgA/Dim1 dependent methylation for ribosome structure and
are there any archaea specific differences?

e Is the binding and release during ribosome assembly more characteristic of yeast or E. coli?

To answer these questions, we used a multidisciplinary approach utilizing the genetic tools available
for H. volcanii, S. acidocaldarius, P. furiosus and E. coli, a vast array of microbiological assays,
biochemistry, shotgun proteomics and established chemical RNA foot-printing methods as well as
4TU pulse (chase) labelling. First, we aimed to establish knock outs in archaeal model organisms to

lay the basis for further studies. Second, we investigated the effects of KsgA deficiency on cellular

fitness and translational activity in H. volcanii. The third question was tackled by comparing the
substrate structure and its implications for KsgA dependent methylation across a broad range of
archaea and the tree of life. To verify these structural predictions, we also implemented chemical
RNA structure probing in two archaeal organisms. To answer the fourth and final question we aimed

to reconstitute a full archaeal dimethylation cycle (binding, modification, and release).

Complementary to these goals and to facilitate the study of RNA dynamics in vivo, we aimed to
implement 4TU Pulse (Chase) labelling and chemical RNA foot-printing in both H. volcanii and S.

acidocaldarius.
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4 RESULTS

4.1 Establishment of RNA modifications methods

The term RNA modification can be interpreted in two ways. For one, it can mean the modification
of an RNA by the addition of a group or altering the base via an enzyme or a chemical. But also,
introducing modified non-canonical nucleotides that modify the composition of RNA molecules. In
both cases the RNA has been replaced or modified to an extent that is distinguishable to the native

form.

Here we applied two methods that make use of these two types of modification to study RNA

structure and metabolism

4.1.1 4-Thio Uracil Pulse labelling in archaea

The following part is a summary of the results from, ,,Toward Time-Resolved Analysis of RNA Metabolism in archaea
Using 4-Thiouracil“. Frontiers in Microbiology 8 (2017). Knlippel Robert, Corinna Kuttenberger, und Sébastien Ferreira-
Cerca.

Introducing traceable nucleotides into an organism enables the study of RNA metabolism and its
dynamics. In the context of ribosome biogenesis this has proven to be a fruitful technique (e.g. Favre
et al., 1986; Swiatkowska et al., 2012). Thus, we sought out to implement this method in our two

model organisms Haloferax volcanii and Sulfolobus acidocaldarius.

The key questions that needed to be answered first was if the archaeal cells can import and process
the 4TU nucleobase. Also, for an ideal testing environment, defined media with exogenously added
uracil was chosen (Hv-Ca*, Brock Media for H. volcanii / S. acidocaldarius respectively see 7.1.3).
Luckily both organisms have strains that are mutated in their respective pyrE genes (orotate
phosphoribosyltransferase) and thus are dependent on external sources of uracil (Allers et al., 2004;
Wagner et al., 2012). Based on the KEGG database (Kanehisa et al., 2016) and the presence of
enzymatic homologues involved in uracil metabolism, the cells should be able to synthesize (4T)UTP
from 4TU (Figure 4.1A,B). The workflow is shown in Figure 4.1C and described in detail in Chapters
7.2.1.7, 7.25.3 and 7.2.5.4.3. In short, cells were grown in the presence of a certain 4TU/Uracil
concentration, harvested and the RNA was extracted. The 4TU containing RNA was then
biotinylated using either MTSEA biotin-XX or HPDP-biotin. The biotinylated RNA was then
separated on either a denaturing TBE agarose gel and following northern blotting or using affinity
purification (7.2.5.7.2). The blotted RNA could then be detected via IR-Dye coupled streptavidin.
Successful labelling of total RNA is shown in Figure 4.1D. The detection efficiency could be greatly
improved by using the MTSEA-biotin-XX (Duffy et al., 2015) compared to HPDP-biotin (Figure
4.1E).
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In the initial experiments a molar ratio of 3:1 (4TU : U) was used, however a range of 4TU/U ratios
were tested for toxicity and labelling efficiency. High relative concentrations >80 % 4TU as uracil
source (4:1) lead to growth defects in both archaea (see Paper), while relative concentrations below
75 % 4TU lead to decreased labelling efficiency (see Figure 4.2A). Consequently, the initial 3:1 ratio
was the best choice regarding toxicity and labelling efficiency. Steady state labelling revealed that,
S. acidocaldarius shows very strong signals in the 5S rRNA/tRNA range even in the Uracil only
background (Figure 4.2B,C), indicating some unspecific biotinylation of thio-modified nucleotides
(discussed in (Knippel et al., 2017) and 5.5).
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Figure 4.1 In vivo incorporation of 4TU in model archaea.

[A] Synthesis pathway of UTP from uracil in Haloferax volcanii is depicted according to KEGG pyrimidine synthesis
pathway (KEGG entry: hvo00240) (Kanehisa et al., 2016). Enzyme classification number (E.C) and their corresponding
open reading frame in H. volcanii (in gray) encoding the enzyme activity are indicated. [B] Synthesis pathway of UTP from
uracil in Sulfolobus acidocaldarius is depicted according to KEGG pyrimidine synthesis pathway (KEGG entry: sai00240)
(Kanehisa et al., 2016). Enzyme classification number (E.C) and their corresponding open reading frame in S.
acidocaldarius (in gray) encoding the enzyme activity are indicated. [C] 4-thiouracil (4TU) labeling and detection work
flow. [D] Analysis of 4TU incorporation inH. volcaniiandS. acidocaldarius. H. volcanii (h26) and S.
acidocaldarius (MWO001) cells were grown for several generations either in medium containing a mixture of 4-thiouracil
and uracil (4TU/U - 3:1) or in medium solely containing uracil (U). E Detection of 4TU with HPDP-biotin and MTSEA-
biotin-XX. Biotinylated uracil was detected by infra-red fluorescence.
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Figure 4.2 Steady state and concentration dependent labelling of 4TU in model archaea.
[A] Different ratios of 4TU/U tested over 2h of exponential growth in H. volcanii. [B] and [C] Steady state incorporation
of 4TU over 20h of growth.

Compared to H. volcanii, the overall pulse and chase labelling experiments in S. acidocaldarius were
difficult to handle and also the incorporation was comparably worse (Figure 4.3A). This is very likely

due to the comparably long doubling times (8 - 10h ) at sub optimal growth conditions (65 °C vs 75
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°C) in S. acidocaldarius. Within the first doubling H. volcanii incorporated ~ 50-fold more 4TU than
S. acidocaldarius (see Figure 4.3A). The pulse and chase labelling did work in S. acidocaldarius and
incorporation and loss of 4TU can be seen (Figure 4.3B) but only over a very long time-span. In H.
volcanii it was possible to detect pulse labelled RNA at very short timepoints (10-15% of a doubling)

when increasing detector sensitivity (Figure 4.3C).
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Figure 4.3 Pulse chase comparison between two model archaea.

The workflow overview for the respective experiments are shown above the readouts in B, C and D. Cell Aliquots were
taken at the indicated timepoints. [A] exponentially grown cells were shifted into 4TU containing medium and incubated
for another two doublings, Hv (4, 8 h), Saci (9, 18 h). [B] Pulse and chase experiment in S. acidocaldarius. [C] Pulse
incorporation of 4TU in H. volcanii, at low and high sensitivity. [D] Chase of overnight 4TU pulsed H. volcanii cells.

The Chase experiments in H. volcanii show, that after roughly one doubling the majority of the
labelled RNA is lost (Figure 4.3D). Overall, this demonstrates the feasibility of 4TU pulse labelling

in two model archaeal organisms, with room for optimization in S. acidocaldarius.

However, not all organisms are genetically tractable, so having cells dependent on extracellular
Uracil is not the norm. Consequently, we tested if an intact uracil metabolism (pyrE™) does affect the
incorporation of 4TU in H. volcanii. In order to do so, we used Pop-In candidates that have
genomically integrated pyrE2::HVO_0569 from the pTA131 plasmid (analogous to Figure 4.8).
These cells were then grown in the same Ca* Media lacking Uracil but with added 4TU/U (3:1) for
8h. Steady state labelling worked equally well (Figure 4.4A) and time kinetic pulse labelling is just
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as efficient as in PyrE deleted cells (Figure 4.4B, C). Overall, it can be said that for H. volcanii there

is no difference in 4TU incorporation with Uracil auxo- or prototrophy.
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Figure 4.4 Influence of pyrimidine de novo synthesis on overall 4TU incorporation.

[A] 4TU incorporation in uracil auxotroph and prototroph strains (pyrE2::HVO_0569) over 8 h of exponential
growth. [B] Time-dependent incorporation of 4TU in 16S and 23S rRNA in uracil prototroph strain. [C] Relative 4TU
incorporation efficiency in auxotroph and prototroph cells. Results of relative quantification of 4TU incorporation in 23S
rRNA from uracil auxotroph (ApyrE2) (taken from Figure 4.3C) and from uracil prototroph (pyrE2::HVO_0569) B data
are depicted.

The power of RNA labelling is to visualize RNA dynamics in response to genetic
depletion/overexpression, compound addition, media change and more (Braun et al., 2020; Herzog
et al., 2017). Regarding ribosome biogenesis, depletion of a biogenesis factor could show
accumulation on rRNA precursors, however H. volcanii and S. acidocaldarius lack genetic tools such
as the yeast Glucose/Galactose depletion system (Carlson, 1987). Thus a described change, the
change of tryptophanase gene transcription after addition of L-tryptophan (Large et al., 2007) was
tested in combination with 4TU pulse labelling. As a reaction to the addition of tryptophan, the cells
elevate the expression of tryptophanase mRNA, which incorporates 4TU and can then be affinity
purified as described in 7.2.5.7.2. The overall efficiency of purification and the enrichment of
tryptophanase mRNA were tested in three setups described in Figure 4.5A. The biotinylated RNA
was subjugated to affinity purification and was then quantified via RT-gPCR. The addition of
tryptophan leads to a 8-10 fold increase of tryptophanase MRNA in the input (Figure 4.5A) which is
reflected in the Elution fraction in the right panel of Figure 4.5C. The overall enrichment of de novo
synthesized RNAs is roughly 200-250 fold, here shown for highly expressed mRNAs such as the
ribosomal protein L10 (left panel, Figure 4.5C).

Overall, the feasibility of affinity purifying bio labelled RNA provides a good toolset for the archaeal

field and can be used for further investigations.
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Figure 4.5 Analysis of the transcriptionally regulated tryptophanase mMRNA with 4TU.

[A] Experimental work flow. Cells were grown in Hv-Ca+ medium containing uracil and lacking I-tryptophan. At the
indicated time point (t = 0) cells were split and incubated for 45 min in presence of 4TU with or without 1 mM I-tryptophan
(Trp) or Hv-Ca+ medium containing uracil and I-tryptophan. Bio-tagged RNA were purified by affinity purification and
analyzed by RT-qPCR (see 7.2.2.8,7.2.2.9 and 7.2.5.7.2 with primers oHv 402/403 (Trp), 404/405 (L10)). [B] Induction of
tryptophanase transcription by I-tryptophan. Fold induction of tryptophanase in cells grown with Trp and with or without
4TU is depicted. Expression levels were normalized to the expression level obtained from cells grown without
Trp. [C] Analysis of affinity purified 4TU-labeled mRNA. Left-panel: relative purification efficiency was obtained by
comparing the enrichment of the housekeeping ribosomal protein L10 mRNA from cells labeled with 4TU with or without
Trp and normalized to L10 mRNA from cells grown in absence of 4TU (background control). Right-panel: relative fold
enrichment of 4TU-labeled tryptophanase after Trp induction were obtained by comparing the relative amount of purified
4TU-labeled tryptophanase after Trp induction and the relative amount of purified 4TU-labeled without Trp. Values were
normalized to the amount of purified 4TU-labeled L10 mRNA obtained with and without Trp.

4.1.2 In Vivo RNA chemical foot-printing in archaea.

RNA is not only dynamically synthesized and degraded, but is always found bound to either Proteins,
itself or both (Alberts, 2002, chap. 6). This leads to secondary, tertiary and quaternary structures that
are especially important for functionality, e.g. in the ribosome. These structures can be resolved by
methods such as crystallography, cryo-electron microscopy or NMR (Ameismeier et al., 2018; Ben-
Shem et al., 2011; Waudby et al., 2013), but also by using RNA modifying chemicals such as CMCT,
DMS, Kethoxal or Selective 2'-hydroxyl acylation (SHA[PE]) (reviewed in Weeks, 2010). These
chemicals are able to modify RNA based on their nucleotide accessibility and/or flexibility, thus
leaving a footprint of how the RNA is structured. An accessible non-base paired RNA nucleotide
will be modified by the targeting chemical and can then be visualized by means of primer extension
analysis or high throughput sequencing. This is mostly due to the addition of a bulky group at either
the Watson-Crick interface of the base or at the backbone of the RNA. This bulky group then induces

a primer extension stop (Youvan and Hearst, 1979).

| tried to adapt structural probing, using CMCT, DMS and Selective 2'-hydroxyl acylation for H.

volcanii and, when mentioned, for S. acidocaldarius.

CMCT (1-Cyclohexyl-(2-Morpholinoethyl)Carbodiimide metho-p-Toluene sulfonate), relies almost
exclusively on having Sodium Borate (Borax) in the Buffer when targeting naked RNA (Hartmann

et al., 2014, chap. 10). In vivo, CMCT modification was not feasible for both archaea and previous
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studies have shown that most cells are unable to take up the chemical and thus make it unsuitable for
in vivo work (Harris et al., 1995; Mitchell et al., 2019). Damaged or lysed cells however can be
modified by CMCT (Antal et al., 2002; Harris et al., 1995) and thus was adapted for our two archaeal
model organisms. For H. volcanii, adding Borax to lysed cells in high Salt buffer (K1800) enabled
CMCT modification ex vivo (method described in 7.2.5.6.1 and exemplary results are shown later in
Chapter 2.3.1 in Figure 4.14). Yet, this did not work in S. acidocaldarius. A downside of CMCT is
that it only modifies Uracil and Guanosine.

DMS can complement this gap (it modifies A and C) and works in vivo (Hulscher et al., 2016).
However, in vivo modification was unsuccessful for H. volcanii (procedure described in 7.2.5.6.2)
and S. acidocaldarius was not tested. The very harsh quenching conditions for DMS (high B-
Mercaptoethanol and Isoamyl alcohol) led to the immediate disruption of the cells. Saturating the
Isoamy! alcohol with salt water to avoid the osmotic imbalance did not amend this problem. This
made pelleting or collecting of the cells impossible. Ex vivo whole cell extract DMS modification
caused issues in the phenol extraction and most of the RNA was lost, most likely again due to the
high Isoamyl/Saltwater concentrations. In vitro DMS probing was not used as it did not provide any

additional benefits and the focus on base independent RNA foot-printing methods was prioritized.

Table 4.1 SHAPE reagent solubility in different cultivation medium.

Media NMIA 1m6 im7
Hv-casamino acids Precipitate >6.5 mM Soluble: max concentration | Soluble: max concentration
tested ~13 mM tested ~6.5 mM
Hv-YPC Soluble: max concentration | Soluble: max concentration | Soluble: max concentration
tested ~6.5 mM tested ~13 mM tested ~6.5 mM
Saci-Brock Soluble max concentration | Precipitate >6.5 mM Not determined

tested ~13 mM

The wide range of SHAPE (Selective 2'-hydroxyl acylation analyzed by primer extension)
chemicals provided a versatile approach for our two archaeal model organisms. We decided on
testing NMIA, 1m6 and 1m7 in both our model organisms. All three have been tested to work to
some extent in vivo in E. coli, S. cerevisiae and Human cells (Spitale et al., 2013; Watters et al.,
2016; Weeks and Mauger, 2011). They all target the RNA at the sugar backbone (see Figure 3.20),
however compared to 1m6/1m7 the relative kinetic of NMIA is comparably low (30 min vs 5 min).
Also, 1m7 is about ten times more expensive than 1m6. Since we wanted to use SHAPE chemicals
in vivo it was crucial to test if the chemicals are soluble in the respective growth media used for H.
volcanii and S. acidocaldarius (details shown in Table 4.1). The protocols for both organisms have
been published (Knuppel et al., 2020). The high salt media was compatible with SHAPE chemicals,
all three were soluble up to at least 6.5 mM. The low pH media was also compatible with the SHAPE

chemicals but was not tested with 1m7. The overall better RNA quality and yield from H. volcanii
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compared to S. acidocaldarius is also mirrored in the SHAPE results (Figure 4.6 and Figure 4.7

respectively).

Having established the SHAPE protocol in H. volcanii, we used it to answer further questions that
arose in later experiments (see Chapter 4.2.4) and as a comparison to CMCT foot-printing (see
Chapter 4.2.2.1.2). Concluding it can be said that SHAPE chemicals are very applicable for in vivo
modification in both our archaea, especially in H. volcanii.
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Figure 4.6 Exemplary in vivo SHAPE analysis of H. volcanii RNA using three different SHAPE reagents.

In vivo SHAPE analysis was performed with 6.5 mM (end concentration) of the indicated SHAPE reagent and analyzed by
primer extension with an IR-Dye labeled primer complementary to the 3’ end region of H. volcanii small ribosomal subunit
16S rRNA. [A] H. volcanii secondary structure model of the two most 3* end helices of the 16S rRNA, helix 44 and helix
45, is depicted. Nucleotides are color-coded as indicated in the figure panel. The depicted 2D RNA structure is adapted
from the 16S rRNA 2D map from H. volcanii obtained at the Comparative RNA website (http:/www.rna.icmb.utexas.edu/)
(Cannone et al., 2002). Cluster and strong SHAPE-reactive residues are depicted as indicated in the figure panel. [B]
Exemplary sequencing gel-based analysis of SHAPE reactivity. Dideoxy chain-termination reactions are shown on the left
side. [C] Positioning SHAPE reactivity on the structure of the small ribosomal subunit from the archaeon Pyrococcus
furiosus (PDB: 3J20) (Armache et al., 2013). Helix 44 and 45 are depicted in black. The corresponding SHAPE-modified
clusters -1V (color-coded) are depicted as indicated in the figure panel. [D] Close-up structure of P. furiosus h44 and h45
shown in different orientations. The corresponding H. volcanii in vivo SHAPE-reactive clusters I-1V (color-coded) and
strong reactive nucleotides (sphere) and the dimethylated adenosines present in h45 were positioned in the structure of P.
furiosus h44 and h45 (PDB: 3J20). Structural views were generated using Pymol. (reproduced from Knippel et al., 2020)
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Figure 4.7 Exemplary in vivo SHAPE modification of WT S. acidocaldarius cells.

Primer extension region depicted covers the far 3’ End of the 16S rRNA (helix 45) (Primer 0Saci45 in grey). Decreased
readthrough due to the dimethylations at 1464 and 1465. The SHAPE patterns are very likely from unmethylated precursor
rRNAs that do not contain the methylation. 16S 2D structure modified from S. solfactaricus, obtained at the Comparative
RNA website (http:/www.rna.icmb.utexas.edu/), accessible/modified nucleotides are marked in red.

4.2 A detailed analysis of the archaeal KsgA/Diml
methyltransferase
In the following we investigated the small subunit biogenesis factor KsgA/Diml in our model

archaea.

4.2.1 KsgA is not essential in three model archaea

As mentioned earlier the ribosome biogenesis factor KsgA, or Dim1 in eukaryotes, is present in all
three Kingdoms of life. The structural conservation links the archaeal and the bacterial KsgA closer
together, the eukaryotic is an overall larger protein with proposed additional functions during SSU
biogenesis (Lafontaine et al., 1995; O’Farrell et al., 2008). The key structural domains that are typical
for methyltransferases are present in all exemplary organisms (see alignment in introduction Figure
3.15).

This structural homology, the non-lethal deletion in E. coli and other bacteria, and the previously
reported cross organism (B/A/E) and hybrid complementation analysis (Pulicherla et al., 2009)
increased the hopes for a successful knock out in our two archaeal systems. For H. volcanii, the pop-
in pop-out method (Allers et al., 2004) was used to generate a marker-less knock out. In Short, an
upstream and a downstream region of the ORF of interest were amplified via PCR with the primers
0Hv091/92 and oHv93/94 respectively (see Figure 4.8). These two fragments were then assembled
via PCR with the primers oHv091 and oHv094, resulting in a product that flanks the ksgA ORF but

lacks the ORF in-between. This was then cloned into the pTA131 vector with Kpnl and Xbal.
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Figure 4.8 Scheme for ksgA knock out cassette.

Genomic region indicated; inner primers have 50 % overlapping region to each other. Outside primers contain matching
cleavage sites to the pTA131 Vector. Linearized vector is depicted with shuffle selection markers.
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Figure 4.9 Southern Blot and PCR Verification of Knockouts in Haloferax volcanii and Sulfolobus acidocaldarius.
[A] The scheme shows the experimental setup in detail for Haloferax volcanii and is scaled to genomic distances. The
genomic region is indicated by black lanes, the crossing small blue bars indicate the Cut-Site of Sall and the blue lanes
show the resulting fragment. The upstream PCR fragment (oHv091/092) was used as a probe (red). The ORF is depicted
as a green arrow. The results from the P32-probed membrane shows the differences between wild type and knock out. [B]
shows an exemplary PCR verification of clone number 4. The ksgA ORF was amplified with oHv095/096, s4 with
0Hv126/127. [C] Southern blot for Sulfolobus acidocaldarius knock out, with less detailed scheme but similar procedure.
[D] Construct for Pyrococcus furiosus knock out of ksgA (PF1863). The first construct included PF1864 which turned out
to be a transposase that is present multiple times on the genome and made recombination impossible. Thus, the construct
had to be modified and left out PF1864. The Construct was amplified in three PCR steps (using primers oHv512-517 and
528 and 529) and then assembled in two consecutive steps and then cloned into a TOPO blunt vector. Functional verification
was done by PCR (data not shown) and screening for the loss of methylation, shown in Figure 4.10B.

After transformation, clones were given the chance to lose the integrated plasmid in uracil containing
media over several re-dilution steps and by chance “popping out” the gene. These pop-out events
were then selected on 5-FOA plates to ensure plasmid loss. To verify the knock out, each clone was
subjected to southern blotting (Figure 4.9A) and PCR (Figure 4.9B). The gene deletion for Sulfolobus

acidocaldarius was done in the Albers Lab in Freiburg, followed a similar method described in
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(Wagner et al., 2012), and it’s verification is briefly shown in Figure 4.9C. Additionally, a KO in
Pyroccus furiosus was created in cooperation with Dr. Winfried Hausner of the Microbiology
department and is essentially described in (Kreuzer et al., 2013; Waege et al., 2010). The plasmid
design is shown in Figure 4.9D. Fortunately, the gene encoding for the KsgA homologue is not
essential in all three archaeal model organisms. Providing a great opportunity to investigate the

functional conservation of this methyltransferase in more detail.

4.2.2 The functional conservation of archaeal KsgA/Dim1

4.2.2.1 Abnormal methylation status in Haloferax volcanii

Having created and verified the knock out on a genomic level, the expected functional effect should
be visible by analyzing the absence of the dimethylation of the two adenosines (Hv: A1451, A1452,
Ec: A1518, A1519) in the helix 45 of the 16S rRNA. The method of choice is to transcribe cDNA
with a labelled primer off the extracted RNA and separate it on a denaturing Acrylamide gel. The
two bulky methylations prevent the reverse transcriptase (RT) from transcribing the RNA further
and results in a distinctive primer extension stop in front of the first encountered dimethylated
Adenosines, illustrated in Figure 4.10A.

Thus, the confirmation of the KO of ksgA would be the absence of the Methylation on the adenosines
and thus read through of the reverse transcriptase. The RNA was extracted from exponentially
growing cells as described in 7.2.5.1 and primer extension was performed as described in 7.2.5.5 and
run on a small Novex Gel. When comparing the wild type to the KO lanes in Figure 4.10B all three
archaea: Hv, Saci and Pfu cells show no primer extension stop at the Adenosines, similar to the KO
control in E. Coli (Baba et al., 2006). The striking difference however is the methylation pattern we
see in the h26 WT cells of H. volcanii. There are two primer extension stops, one for each
dimethylated adenosines. This unexpected banding pattern has been reproduced many times on
different gel systems, temperature stress (Figure 4.10D), as well as with different reverse
transcriptases (Figure 4.10C), to exclude any artifacts. However, at lower extension temperature the
reverse transcriptase (e.g. Invitrogen M-MLV-RT) struggles to read through the highly structured
rRNA and thus the second extension stop is less visible. In order to verify the correct position of the
stop, it was run next to a sequencing reaction (Figure 4.10E). Consider that the methylation induces
a primer extension stop in “-1” to the actual methylated nucleotide, while the sequencing ladder

shows the incorporated ddNTP, i.e. the actual nucleotide.

The readout by primer extension however cannot resolve the exact methylation status of the
individual adenosines and only shows an overall population. So, it most likely shows a heterogeneous
population of methylated Adenosines, i.e. a mixture of AA, AA, and/or AA. A major population
with non-methylated Adenosines can be excluded because: 1) they are only present in very low
abundance, i.e. earlier precursor particles that have not undergone KsgA-dependent methylation yet

and 2) this would be visible in an ddCTP stop in the wild type run, which it is not (Figure 4.10B). As
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indicated in Figure 4.10A there is no G in between the primer and two adenosines, resulting in a RT
stop after the Adenosine when using ddCTP, i.e. readthrough of unmethylated populations
(precursors). Additionally, direct RNA sequencing on an Oxford Nanopore platform in wild type

cells showed that only precursors are unmethylated in the wild type (Grlnberger et al., 2020).

A H. Volcanii 16S rRNA 5’ ..GGGGAAUCUGCGGCUGGAUCACCUCCU 3’ E Sequencing ladder
CGCCGACCTAGTGGAGGA 5’ a 9
rDNA
E. coli 16S rRNA 5’ ..GGGGAACCTGCGGUUGGAUCACCUCCU 3’
CGCCAACCTAGTGGAGGA 5’ H. volcanii E coli
S. acidocaldarius 16S rRNA 5’ ..CCGUAGGGGAACCUGCGGCUGGAUCAC 3’ - i
GTGUTCCUGCCGCUG 5/ - - =
o
P. furiosus 16S rRNA 5’ ..GGGGAACCTACGGCTCGATCACCTCCT 3’ = -
GCCGACCTAGTGGAGGA 5’ - =
_
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Figure 4.10 Primer extension analysis of Knock out and Wild type constructs in four Organisms.

[A] Niustration of Primer extension reaction in Haloferax volcanii (oHv356), E. coli (o0Hv357) and S. acidocaldarius
(0Saci045) and P. Furiosus (oHv518). All primers are labelled at the 5' end with an UV Dye, DY682. Dimethylated
adenosines are bold underlined, proposed Primer extension stop and ddCTP stop are marked red. Unless stated otherwise,
every primer extension was done with Superscript 111 from Invitrogen at 55 °C extension temperature. (method described
in 7.2.5.5)[B] Primer extension (NTP mixture (1 mM each), dA-,T-,GTP and ddCTP) readout from different organisms,
directionality is indicated by an arrow, primer extension stop in front of the first A and the incorporated ddCTP stop is also
indicated, i.e. visible ddCTP stop = unmethylated adenosines. Roughly 80 ng of cDNA was loaded onto each lane. In S.
acidocaldarius, the reaction with ddCTP did not work, thus was run without ddCTP and all dNTPs (1 mM each). [C] Test
of various reverse transcription kits, extension temperature and manufacturer are indicated. RNA input was the same (~1
ug) for each (load ~80 ng per lane). [D] Temperature dependent test of methylation pattern under high and low temperatures
over one and two doubling times. Cells were not diluted before temperature shift, but distributed to pre-warmed flasks. [E]
Sequencing reaction to map the predicted primer extension (Hv: oHv324, Ec: oHv325) stops. Keep in mind Sanger
sequencing reactions tend to stutter the first few nucleotides. Top shows sketch of plasmid containing the rDNA of the
respective organism, arrow indicates the respective primer (Hv: rDNA reporter plasmid from (Juttner et al., 2020) and Ec:
pHK-rrnC* from (Asai et al., 1999b).

In conclusion these results suggest, that in the case of Haloferax volcanii, the 16S rRNA does not
show the genuine/classical dimethylation status. Leading to the question, if on the one hand the
enzyme itself might be not be suited to completely methylate its target or is available in insufficient
amounts or on the other hand the substrate in the highly conserved 3’ minor domain of 16S rRNA is

somehow different and thus leads to this specific pattern.
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42.2.1.1 Complementation and overexpression does not resolve the abnormal methylation pattern

To distinguish the two possibilities of this abnormal methylation pattern, | first used the pTA1228
vector with a tryptophan inducible promotor to complement the ksgA knock out and/or overexpress
the gene in Wild type cells. As a control, a point mutation was introduced (with oHv239/240) that
leads to a change from Glutamate to Alanine at position 84 in the catalytic center of the enzyme and
thus is expected to inhibit the methylation reaction (see Figure 3.15). These N-Terminal His) tagged
constructs under control of a tryptophan inducible promotor (pTna) were then transformed as
described in 7.2.1.2.1 into either the AksgA4 cells or hv1424 Wildtype cells and grown in Hv Ca*
Media. Induction intensity can be varied by the addition of tryptophan (Trp). The comparable
concentration of Trp in Hv-YPC, i.e. “baseline”, concentration of Trp is at around 0.25 mM, however,
most likely higher than the endogenous levels of KsgA in the cells. The effect of concentrations from
0.25, 1, 2 and 4 mM Trp were tested for growth and western blot detectability. We noticed toxic
effects from concentrations of >2 mM leading to growth effects in any construct (data not shown),
thus 1mM was chosen as a good compromise between detectability and toxicity (data not shown).

In order to be independent of effects that may arise from tryptophan induction we also used different
strong promotors, the rDNA Promotor P2 from H. cutirubrum (Jolley et al., 1996), as well as the
ferredoxin promotor Pfdx from H. salinarum (Gregor and Pfeifer, 2005), that were then used with
differently tagged KsgA: N-Hise)-ProteinA. As seen in Figure 4.11, the methylation pattern stays the
same in the presence of overexpression of KsgA, the wild type complementation leads to similar
results as in the Wildtype (h26) strain. P2 and Pfdx induction of His) tagged constructs and pTna
with N-His)-ProteinA lead to the same results (Data not shown).
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Figure 4.11 Overexpression and complementation lead to similar results as the wild type.

For each lane 2 OD of exponentially growing cells were used for either Protein- or RNA extraction. For good western
detectability 10 % of the extract were used (as described in 7.2.3.5, 7.2.3.11 and 7.2.3.12). 1 pug of RNA was used for
Primer extension, ~ 80ng was then loaded onto each lane. Primers have been cropped off. The readthrough (RT) indicated
on the upper level of the gel has an increased gain compared to the PeX, to increase visibility. Big black blobs on the
western blot indicate the location of the 32 and 46 kDa band of the ladder.
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The catalytic mutant shows little to no methylation in the KO and a slight dominant negative effect
(reduction of methylation) on the wild type, by competing with the endogenous KsgA for the same
substrate. Additionally, mutations that decrease binding affinity to the 30S Subunit in E. coli (231-
RRK to AAA, oHv346/347) (Boehringer et al., 2012) and a mutation of a Lysine at position 128
(oHv344/345) to a Proline that leads to a monomethylation instead of dimetylation in E. coli
(O’Farrell et al., 2012) were introduced (see red arrows in alignment Figure 3.15). KsgA from
Haloarcula marismortui (Hm) was also cloned into our expression system (oHv369/370), to test
cross-halophile archaeal complementation. As shown in the lower right of Figure 4.11, the L128P
mutation as well as the Hm complementation show almost wild type results. The results for the L128P
mutation, are unclear as a change from my%A to m°A would not display RT primer extension stops
since single mPA requires very specific reverse transcriptases (Harcourt et al., 2013; Wang et al.,
2016) or antibodies (Weichmann et al., 2020). Indicating that L128 in H. volcanii might not have the
same function a as in E. coli regarding the discrimination between mono- and dimethyltransferase
activity. In contrast, the RRK>AAA mutation, which presumably impairs the binding affinity to the
SSU, shows a massive reduction in methylation, almost comparable to the E84A catalytic dead

mutant, but still two faint bands are visible.

Together these results suggest that, in vivo, the addition of excess amounts of biogenesis factor does

not lead to a complete methylation of the two hypomethylated adenosines.

To further test, if the ratio between substrate and KsgA has an effect on the methylation pattern, |
next tried to reconstitute the dimethylation reaction in vitro by using crude whole cell extract/lysate
(WCE) and purified 30S subunits as a template for recombinant HvKsgA. Perhaps, having a defined,
finite pool of substrate enables complete dimethylation. The idea being that the recombinant protein
can re-associate to an already heterogeneously dimethylated 30S subunit and perhaps, given enough

time, homogeneously dimethylate both Adenosines.

Interestingly, the halophile protein could be purified with higher yields in a low salt buffer compared
to a high salt buffer (see Figure 4.12A). However, this was discovered later and all of the following

experiments, if not noted otherwise, were done with high salt purified HVKsgA.

The in vitro reconstitution was performed as described in 7.2.3.8. In short: cleared cell lysates and
separated 30S subunits were subjugated to excess recombinant HvKsgA-Hisg) or HVYKsgA-E84A-
Hisg) (Figure 4.12A) in the presence or absence of SAM for 60 minutes at 42 °C. The extracted RNA
was then used for primer extension analysis and the extracted protein was loaded onto a SDS-PAGE
(Figure 4.12B). The lower gel picture in Figure 4.12A shows the impurities that come along in the
high salt purification, since this does not influence the overall reaction and especially them being E.
coli proteins they should not function/denature in the high salt environment. The in vitro
reconstitution worked well on the WCE and the 30S subunit (Figure 4.12B, lane 3 and 5), yet did not

result in full homogeneous dimethylation but rather the previously observed methylation pattern
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remained. The catalytic mutant showed no methylation (lane 7) and the reactions with no added SAM
(lane 2 and 6) only show a faint methylation with the WCE and none when using purified 30S
substrate. This difference is very likely caused by very low levels of intracellular SAM, that is absent
in the purified 30S substrate. Remarkably no reduction of MgCl, concentration was necessary
(50mM) to generate methylation competent or translationally inactive subunits, as it is described in
E. coli (10 to 4 mM) (Boehringer et al., 2012).
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Figure 4.12 Exemplary purification and in vitro reconstitution assay.

[A] Upper left panel shows comparative Talon® Bead purification with low and high salt of HvKsgA-His) overexpressed
from a pET24a Vector with 0.5 mM IPTG for 5h at 37°C in BL21 Rosetta star cells on an 12 % SDS-PAGE. Lower panel
shows the purification of both used recombinant proteins in high salt conditions with the same induction. S, FL and W are
always 0.2% of the total Volume of the fraction. The Elution fractions in the upper panel are 2.5 % of the total Elution
volume in the lower panel it’s 10 %. [B] Shows the composition of each reaction on top of the NUPAGE Gel. Ladder not
given but the band of the rec. protein is clearly visible and indicated. The corresponding primer extension gel is shown
below with the typical methylation pattern.

Concluding it can be said that for both in vivo and in vitro settings, larger amounts of the protein do

not amend the atypical methylation pattern observed in Hv.

However, we still do not know the cause of the heterogenous methylation pattern of h45 in Haloferax
volcanii. Thus, the focus will now shift to said substrate, the rRNA.

4.2.2.1.2 Substrate dependency and structure
Comparing rRNA sequences has a long tradition and has been used to identify species due to its high

conservation (Fox et al., 1977), that stems from its core universal function: translation. KsgA/Dim1
being an almost universally conserved factor always has the same target, the two Adenosines in the
helix 45 at the 3’-end of the 16S/18S rRNA, which form a GGAA tetraloop (Rife and Moore, 1998).

Thus, comparing the tetraloop in an alignment would not reveal too much. When including the
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surrounding stem, some differences become notable (Figure 4.13A) and previous work has suggested
the structural importance of h45 for methylation (Formenoy et al., 1994; Van Buul et al., 1984; Vila-
Sanjurjo et al., 1999). The nucleotide adjacent to the 3* methylated adenosine is changed from a C
toa U in H. volcanii. But is one nucleotide enough to induce such a drastic difference in the substrate?
Ribosomal RNA is notorious for its complex secondary structure, could this point mutation influence
the structure of the helix? When running a secondary structure prediction, E. coli, S. acidocaldarius
and P. furiosus show a Watson-Crick G-C base-pair at closing of the stem. In H. volcanii, however,
this consists of a non-Watson-Crick G-U-wobble (Figure 4.13B). According to the prediction
modelling, this single base mutation supposedly leads to a loose/flexible or open conformation of the
h45. This structural prediction however does not take the RNP context into account.
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Figure 4.13 Alignment and RNA fold prediction of helix45 of the 16S rRNA.

[A] Shows a sequence alignment of the h45 including the stem, differences are marked with different colors. GGGAA loop
is marked in red. Closeup of the 16S rRNA, h44 and h45 in view, dimethylated adenosines indicated in green. [B] RNA
fold predictions from IPKnot (Sato et al., 2011). Type I: the tight loop in E. coli and P. furiosus and Type Il the
loose/flexible loop found in H. volcanii.

With help of the established RNA chemical foot-printing methods (see 4.1.2) we could verify these
prediction using CMCT and SHAPE reagents (1m6, NMIA). The opening of the helix, at U1453 (Hv
numbering) shows good modification in all cases, however the corresponding G1448 is only clearly
visible in the 1m6 modifications (see Figure 4.14). Indicating a more flexible nucleotide 3’ of the
GGAA tetraloop compared to the adjacent one (G1448). Interestingly the U1445 modification is lost

in the RNP context in all modification reactions, the corresponding wobble pair G1456 sits
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immediately after the primer and is overlapping in signal but does show signals in both CMCT, 1m6
and NMIA particle modifications. The high reactivity of the SHAPE chemicals leads to unspecific
modification in the naked RNA and never modified U1445 and U1439 in the RNP context.
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Figure 4.14 RNA foot-printing and mapping to 2D structure prediction.
All primer extension reactions where amplified with primer oHv324. Each nucleotide was mapped to a sequencing ladder
with the equivalent primer but were excluded from the image. CMCT modification (as described in 7.2.5.6.1, ~500 ng per
lane), SHAPE reactions (5 pg of modified RNA was used as input and ~ 1 pg of cDNA was loaded onto the gel). SHAPE
foot-printing was initially performed by Martin Fenk and reproduced by me.

Overall, the 2D structure prediction could be experimentally verified. To find out if this structural
change truly is the culprit to the methylation pattern in Hv we set out to look for other organisms that

have a similar h45 conformation.

4.2.2.1.2.1 Comparison of methylation status in other archaea

The highly diverse archaeal kingdom provided many options to choose representative organisms

from. To check the predicted structures, we included organisms that were available at the “Archaea

Center Regensburg”, the remaining were chosen randomly as representative organisms for certain

Orders. The trees were built on the inner sequence of the helix 45, eg. E. coli:

CCGUAGGGGAACCUGCGG. This resulted in best grouping compared to using the whole helix45
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sequence (+3nt on each end), as here the nucleotide variance is higher, but this did not affect the
predicted structure (base/wobble pairing). Structure prediction however worked best when using the
whole helix45 sequence. Among the 37 sequences 28 grouped very well together, the remaining 9
were highly variable and were put into a separate tree (see Figure 4.15). The largest group, even
including two Asgard archaea, could be mapped to the genuine/classical helix45 structure, of which
3 archaeal primer extensions confirm the structure dependent single primer extension stop (see Figure
4.15 upper right in shades of cyan). The second group is inhabited solely by the Thermococcales
(Figure 4.15 in red) and is missing the wobble at position 7 (respective to the depicted stem). Here |
could verify the methylation status in P. furiosus. For the non-genuine/classical heterogeneous stop
we could group three orders together and could verify two with primer extensions (see Figure 4.15
lower right in shades of green). The outliner tree consisted of 7 archaeal organisms and 1 bacteria
(B. subtilis) (plus E. coli as root). Interestingly, Haloarcula marismortui needed to be split into two
separate sequences as there is a mutation one of the three rDNA operons (A, B and C), which includes
a second Wabble at position 6 (rRNA-A). The primer extension reactions were excluded due to
concerns that the cultures were contaminated with H. volcanii as the results were not reproducible
and many in the lab reported contaminations. B. subtilis also shows an additional wobble at position
9, yet this appears not to affect the primer extension profile. In Methanocaldococcus jannaschiii,
there is no visible difference in structure but there is a high rate of base exchanges, that apparently
does not affect the primer extension profile. The remaining two organisms show an unusual
variability in structure: Nitrososphaera viennensis has an additional wobble at position 4 and
Candidatus nanosalinarum even shows an open confirmation at position 7. Yet, for both no biomass

or RNA was available at the time.

When reviewing the phylogenetic classification of helix45, it can be said that there is a very high
sequence and structural variance in this otherwise highly conserved structure of the helix. Yet, only
the structural change in H. volcanii and other Halophiles/methanogens Class Il show a difference in
the methylation pattern. In other words, it appears that the mutation and structural changes in other
organisms do not affect the methylation or the cells have adapted to the different substrate. For
example the loss of W7 shows a great reduction of methylation in vitro in E. coli (Formenoy et al.,
1994), but when looking at P. furiosus where this is the native structure it seems to have no negative
effect on methylation (Figure 4.10B). Thus, | was interested to test if changing a single base-pair is

sufficient to alter the methylation pattern in vivo.
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Figure 4.15 Phylogenetic tree of helix45 sequences shows high variance in the archaeal kingdom.

The larger tree was built with the UPGMA method with a cost matrix of 65% similarity on a Jukes cantor genetic distance
model. The smaller tree is a Neighbor joining tree with E. coli as outgroup with 65% similarity on a Jukes cantor genetic
distance model. The species are color coded to their according Class. For the structural sketching a dash represents a base
pair and a ball is a wobble pair, the two adenosines are colored green. Primer extensions are always in the upward directions
with the primer on the bottom. Specificity tolerance of primers was 1nt Mismatch. Genetic distance markers are below the
trees (small tree 0.3 and large 0.2). For metagenomic sequences the genome versions are the following: C. Prometheus
LC490619.1, C. Odinarchaeota PRINA319486, C. nanosalinarum PRINA70161, N viennensis PRIEA60103. All the other
sequences are curated sequences taken from NCBI.
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4.2.2.1.2.2 H. volcanii and P.furiosus H45 mimicry using an E. coli rDNA shuffle strain

An ideal system to test our substrate induced methylation pattern, is the genomic rDNA knock out
strain in E. coli (Asai et al., 1999b, 1999a), which can be shuffled with a second rDNA plasmid that
contains the desired mutations. We received the strains AVS69009 and shuffle plasmid from the
Vila-Sanjurjo lab in Spain (Schuwirth et al., 2006). Interestingly they have already created a mutation
that fits the open loop confirmation C1520U (E. coli numbering), but did not comment on it
(Schuwirth et al., 2006). Additionally, a mutation G1523A (no-W?7) that omits the wobble at position
7 and reduces the methylation in vitro (Formenoy et al., 1994) was created. The “wild type” strain
carried a plasmid (pHK-rrnC*) containing the rDNA operon (rrnC) and a KANR selection marker
(Figure 4.16A). The shuffle plasmids (pHK-rrnC) is a modified version of the pHK-rrnC* plasmid
that contains a mutation at C1192U, that induces a spectinomycin (Spc) resistance (Makosky and
Dahlberg, 1987) as well as KANR is replaced by AMPR. The vector shuffling procedure is described
in Figure 4.16D and the description therein. As shown in Figure 4.16B we can see that by introducing
G1520U we could recapitulate the double banding pattern we have observed in H. volcanii. The loss
of the wobble at 1523A retained the single primer extension stop as seen in P. furiosus, but in some
cases showed more readthrough and weaker methylation signals, i.e. higher population of
unmethylated 16S rRNA, when using ddCTP readthrough controls (Figure S 5).

An interesting side note is that the introduction of the G1520U leads to a migration shift over the
first ~10 nt, in the both small and large gel system and thus leads to the primer extension stop running
higher/slower, although the number of nucleotides stay the same. This is also visible on a DNA level
by looking at the sequencing ladder in Figure 4.16C of the two rDNA variants G1520U and G1520,
where the two Adenosines and the four Guanines run differently, thereafter running behavior is
normal and all stops run at equal height. This is especially visible when co-expressing the rDNA
rrnC and pHK-G1520U with both plasmids present and having both stop patterns in one lane (Figure
4.16B, lane 4).

To reproduce the observed reduction of methylation (in vitro) from loss of the wobble at position 7
by Formenoy et al., 1994, | wanted to introduce a ksgA knock out in the initial AVS69009 strain.
This would enable to shuffle in various rDNA mutations while retaining the helix from methylation
for downstream reconstitutions via plasmid complementation in vivo or in vitro reconstitution. In
both cases it would enable to compare the appropriate enzyme to the target substrate, e.g. PfuKsgA
on pHK-rrnC-1192U-G1523A vs PfuKsgA on pHK-rrnC*and compare it to ECKsgA. Two methods
were tried, P1 transduction and kasugamycin (ksg, 250 pg/ml) induced resistance by either rDNA
mutation or mutation of the KsgA gene (Helser et al., 1972; Vila-Sanjurjo et al., 1999). The latter
provided several dimethylation deficient cells but only one showed a mutation in the ORF of the
gene resulting in a longer PCR product, the rest were most likely rDNA mutations (as described in

Vila-Sanjurjo et al., 1999), and thus unsuitable for the experiment (Figure 4.17).
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Figure 4.16 E. coli rDNA mutants produce predicted methylation pattern.

[A] Plasmid map of pHK-rrnC*, modified from (Asai et al., 1999b). Shuffle plasmid differences marked in red. [B] Primer
extension readout of the various rDNA mutants from exponentially growing cells. G1520U/rrnC were co-expressed
(AMP/KAN) from both plasmids. [C] Sequencing ladder on the plasmids that were transformed into AVS69009 cells. The
signal of the Sequencing ladder lanes was increased. [D] rDNA-Vector shuffling schematic in AVS69009 cells.
AVS69009::pHK-rrC* (Black, KANR) were grown in LB-KAN and made competent (as described in 7.2.1.1.1), either
pHK-rrC - 1192U G1523A or pHK-rrC - 1192U C1520U (Both red AMPR) were then transformed onto the cells and
selected on LB-AMP plates. Both point mutations to the plasmid were introduced with the respective primer pairs
0oHv382/383 and oHv384/385. Transformants were picked and either inoculated in LB-KAN+AMP for co-expression of
both plasmids (G1520U/rrnC* in (B)) or inoculated in LB-AMP for 3 sequential over night dilutions and then spotted onto
another LB-AMP plate. This plate was then copied to an LB-KAN plate. KANS-transformants were then spotted onto a
LB-AMP+Spec plate. For final verification, this plate was were once more cloned to a LB-KAN plate. The KANS-AMPR-
SpecR clones (squared) were then used for the experiments in (B).

This methylation deficient strain could now be further used for in vitro or in vivo complementation
experiments in a varying context helix 45 compositions using the rDNA shuffling system.
Unfortunately, after transforming the appropriate plasmids carrying the desired rDNA mutations, the
AVS69009*9%%0 cells became very unstable and could not be transformed with an expression plasmid
carrying the Pfu- or ECKsgA gene on an pBAD33-GM (arabinose inducible, gentamycin resistance)
plasmid. Interestingly the transformation efficiency of the rDNA plasmid containing 1523A was

noticeably lower compared to 1192U and 1520U (data not shown).
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Figure 4.17 Kasugamycin induced KsgA deficiency.

AVS69009 cells with pHK-rrnC were subjugated to 250 pug/ml kasugamycin. To test for rDNA mutations pHK-1520U was
transformed to knock out candidate. Clone 1 shows light primer extension stop with transformed new rDNA, indicating
rDNA mutation. Clone 2 shows no primer extension stop, thus endogenous ksgA should be deficient or mutated and can
be seen in the PCR on the right. KsgA ORF was amplified using oHv596/597. M 100 bp ladder, W AVS69009 pHK-rrnC,
1 Clone 1, 2 Clone 2.

While we were no experts in E. coli gene deletion, we chose P1 transduction (see 7.2.1.1.3) as a
suitable method due to the availability of the KEIO knock out strain. The J50 4ksgA strain from the
KEIO collection was chosen as donor strain for P1 transduction. P1 transduction relies on the
availability of RecA in the cells, unfortunately RecA is deleted in the AVS69009 cells to avoid
genomic reintegration of the plasmid rDNA. Thus, recA was cloned into the pPBAD33-GM vector to
provide RecA during the transduction to enable recombination. This also failed, probably due to the
AVS69009 cells being ara™ and prefer arabinose carbon source over promotor binding and thus no
production of RecA is possible (or detectable via western blot, data not shown).

In the end both methods failed, and we were unable to test the dependency of the corresponding helix

to the organisms specific KsgA.

4.2.2.1.2.3 H45 mimicry with the rDNA-reporter assay in H. volcanii

After having introduced the Hv-Type h45 into E. coli, | wanted to see if Haloferax volcanii would
be able to accept the Ec-Type h45 and others as a substrate for methylation. Here | made use of our
cis-acting rDNA reporter system (Juttner et al., 2020), that enables the introduction and
guantification of plasmid borne rRNA. The rt-PCR readout is briefly described in Figure 4.18B and
in detail in (Jlttner et al., 2020). We introduced two tight loop mutations U1453C (Ec-like) and
G1448A (N. viennensis opening A-U) and one “very open” loop with two mutations G1448C,
U1453C (see Figure 4.18A). The U1453C mutations leads to the additional band visible that is
corresponding to the E. coli results (compare Figure 4.18C with Figure 4.16B). The G1448A
mutation shows no difference, but whether there is an overlapping signal, or the substrate is not
suitable cannot be said. The large opening double mutation (G1448C, U1453C) leads to decreased
levels of plasmid encoded rRNA, but there is also no change visible in the primer extension pattern
as in the G1448A mutation.
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Overall, we can summarize that the rRNA sequence/structure has an impact on the methylation
pattern introduced by KsgA. This highly conserved 3’ end of the 16S rRNA shows a vast structural

diversity in many organisms, yet its modifying enzyme is highly conserved in its essential domains.
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Figure 4.18 Reporter rDNA can be methylated in vivo.

[A] Shows the variants that were introduced. Point mutations were introduced by PCR via the primers (f/r): G1448
(oHv361/362), G1448C U1453C (oHv363/364), U1453C (oHv359/360) and amplified with the flanking primers
oHv255/236. Amplicons were subcloned into a TOPO-Blunt Vector for verification and exchanged in the reporter vector
via Pcil/BspHI [B] Provides the schematics for the readout procedure of the reporter assay. [C] Shows the readout of the
reporter assay with cDNA RT primer oHv040 and following PCR (24 cycles: oHv305/306) after ECORV digestion. H26
and the rDNA plasmid do not carry this ECORV cleavage site. The reporter and its modification carry the ECoRV mutation
and result in the red and green band, indicating expression of the plasmid rDNA. The lower panel shows the primer
extension readout, with the additional bands for the U1453C mutations. [D] Shows the primer extension alongside a
sequencing reaction for the according plasmids. The signal of the Sequencing ladder lanes has been increased. UC: U1453C
R: wt-rDNA-Reporter.

4.2.2.2 Binding and release assay of hvKsgA to the SSU

In yeast and perhaps human the release of Dim1 from the 40S subunit has been proposed to require
assistance from other factors such as Fap7/hCINAP (Ghalei et al., 2017; Loc’h et al., 2014). In E.
coli however, full methylation of both adenosines has been proposed as a passive dissociation
requirement for KsgA from the maturing 30S subunit (Boehringer et al., 2012; Connolly et al., 2008;
O’Farrell et al., 2012). Additionally, E. coli is devoid of any functional/sequence homologues factors
to Fap7. With H. volcanii having this heterogeneous state of methylation it was interesting if/how

the dissociation occurs and if a Fap7 homologue might be involved.

Fortunately, our previous experiments have already shown that in vitro reconstitution of methylation
on whole cell lysate and 30S particles works (see Figure 4.12). Thus, we used a setup similar to the
in vitro reconstitution assay (7.2.3.8, as lane 2 Figure 4.12), with a restricted reaction time of 30
minutes to avoid residual intracellular SAM to release KsgA (similar to Connolly et al., 2008).
Consequently, after methylation, HvKsgA should not be detectable on the 30S subunit anymore. The
reaction was then loaded onto a 5-30 % Sucrose gradient as described in 7.2.3.7. To increase
confidence of association to the 30S particle, we used cells expressing a His tagged ribosomal protein
(dksgA::pTna::Hise)-S7) (see Figure 4.19A).

56



Results

Time

AU.
—

-"uww-— - -GDNA

—23S8
—16S

Sybr Safe
|
I
'
|
!

—tRNA/5S

0
I

5]

-—
—— ~S7
B pTna:Hisg-s7 h26 AksgA
SAM + +
HvKsgA + +

HvKsgA-E84A

| _KsgA-Hisg,

. @ [ KsgA E84A-Hisg)
;. —s7
I
5

a-His
' a +

FS L I FS LI F S L
10 11 12113 14 15 16[17 18 19 20

Figure 4.19 KsgA is not detectable on the 30S fraction after adding SAM to a whole cell reconstitution.

[A] Shows the ribosomal profile of the AksgA::pTna::Hise)-S7 cells (Trp induction 0.25 mM), notice the peak at fractions
4-6 that result of the large amounts of gDNA in the cell lysate. Flowrate 1 ml/min, 500 pl per fraction. The nucleic acids
that are present in the fractions are shown below. The corresponding western blot shows the migration signal of S7
associated to the 30S/16S rRNA. Unfortunately, the His antibody is very unspecific on H. volcanii cell lysates, resulting in
the many additional random background bands. [B] Shows the pooled fractions of each reaction. Lanes 3,7,11,15 and 19
show the binding status of KsgA to the 30S fractions. I: Input, F: Free pool, S: 30S, L: 50S. Hise)-S7: 22 kDa, KsgA(-
E84A)-Hise) 32 kDa. Experiment was repeated 3 times. Initial blot and repetition are shown in Figure S 6 and Figure S 7

respectively.
As a control h26 wild type cells were used with the same plasmid. The fractions co-sedimenting
(SSU) and not showing (LSU) the S7 signal on a western blot were pooled together and then loaded
onto a western blot (Figure 4.19B). Lanes 9-12 show that KsgA binds to the 30S subunit and sticks
to it when there is no excess SAM available, the same binding is seen in lanes 17-20 with the catalytic
mutant (E84A) that cannot methylate and is known to stay attached to the 30S subunit (Connolly et
al., 2008). When having excess SAM present, KsgA is not visible in the 30S fraction, and thus has
finished the methylation and has dissociated from the particle (lane 16). This is similar to the wild
type context where there is no methylation needed and thus KsgA does not bind at all (lanes 1-4).
Unfortunately, there is a slight background signal on the same height as KsgA (lane 5,6) but not
visible in lane 7, and overall, comparably weak. The issue with this experiment was that the signal
in the free pool is already very strong (large amounts of unbound, excess or unfolded/inactive

recombinant KsgA) and thus there is no transition of the signal from the 30S to the free pool visible,
only the loss of signal in the 30S fraction.
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In order to improve this, we turned to using pre-bound 30S/KsgA (no SAM, e.g. lane 11 in Figure
4.19) and then trigger release by SAM addition. This should enable to visualize the transition from
fraction to fraction and would also allow to selectively add additional biogenesis factors and will be
discussed later.

In summary, we could show a that KsgA can be released from the 30S subunit in a crude cell lysate
by the addition of SAM (i.e. after methylation), with the limitation of not knowing if other factors
contribute to this release or not.

4.2.3 Cellular consequences of KsgA deficiency
After having handled the biochemical aspects of the methylation reaction we were interested in how

the loss of KsgA influences cellular fitness in various ways.

4.2.3.1 KsgA deficient strains do not grow slower

Being deficient of a ribosome biogenesis factor can have impeding effects on growth. In E. coli the
loss of KsgA has almost no impact on growth at 37 °C but severe at 25 °C (Connolly et al., 2008).
In H. volcanii, S. acidocaldarius and P. furiosus there is also no effect on growth at 42 °C, 65 °C and
85 °C respectively (see Figure 4.20A,B and Figure S 8). However, 65 °C (temperature limit of the
incubator) is in the lower temperature range of S. acidocaldarius and thus could be considered a
“cold treatment” with a 4-fold lower doubling time compared to the optimum of 78 °C (Grogan,
1989). Similar decreased temperatures were chosen for P. furiosus 85 °C vs 95 °C optimum (Fiala
and Stetter, 1986). For H. volcanii we could not observe a decrease of doubling times at lowered
temperature (Figure S 9).
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Figure 4.20 No negative growth effect of 4ksga but fitness advantage in competition.

58



Results

[A] TECAN readout at 42 °C of wild type vs 3 knock outs of KsgA in H. volcanii on the left, on the right manual readout
of S. acidocaldarius strains at 65 °C. [B] Manual readout of S. acidocaldarius strains at 65 °C. [C] Experimental setup for
competition experiment and the gPCR results plotted over indicated amount of days. Primers used: oHv228,229;226,227.
Experiments were done by Sébastien Ferreira-Cerca.

However, when pooling equal amounts of both cell types into one flask and letting them grow over
several dilutions, the wild type H. volcanii cells outcompete the knock out (seen in Figure 4.20C).

So, when considering doubling time as growth, there is no measurable difference between the wild
type and the knock out in the conditions tested. However, the competition assays indicate that the

cells are sensitive to stress.

4.2.3.2 Loss of dimethylation leads to decreased motility

Growth in form of cell motility is a classic measure for adaptation of cells to environmental stress
(Adler and Templeton, 1967; Amsler et al., 1993; Maurer et al., 2005). Spotted onto a semi solid
agar plate, cells need to swarm away from their starting point to find new nutrients, due to increased
competition with the ever-growing colony size. They do this in a circular manner, and cells that
cannot adapt to the changing environment (stress) are less matile, i.e. cannot swarm as far/ react as
quickly. In archaea the propelling apparatus is termed “archaellum” (see Figure 4.21A) and is similar
to the type IV pilus of bacteria (Albers and Jarrell, 2015). Filament growth is associated to

incorporation of large amounts of flagellin at the base of the archaellum (see Figure 4.21A).

To determine if the 4ksgA strains in H. volcanii exhibit any deficiency regarding this swarming
behavior | spotted equal cell densities onto semi solid agar plates and let them incubate for 3 days
(described in 7.2.1.3). This was mostly done on plates containing only Casamino acid and no carbon
source as this forced the cells to swarm away quickly due to more restricted nutrients conditions. For
h26 and 4ksgA, Hv-YPC plates were also tested but this was done over 5-7 days as ring formation is

slower due to excess nutrients. Measurements were taken as shown in Figure 4.21B.

To test if plasmid based complementation can rescue the knock out phenotype and if the catalytic
mutant leads to dominant negative effects on swarming, | tested most of the His-tagged
complementation and overexpression cells from Figure 4.11. To be independent of plasmid-based
expression I also reintegrated the wild type and the catalytic EB4A mutant genomically into AksgA.
This was done by cloning the US/DS region including the KsgA ORF into the pTA131 Vector using
0Hv91/94 or PCR assembly of the two fragments amplified with oHv91/240 and oHv239/94 for the
E84A mutation, and transforming them into dksg4 K4. The cells were screened for the KsgA ORF
and methylation activity (see Figure 4.21C).

The wild type and knock out show a significant difference in swarming both on Hv-Ca media as well
as on Hv-YPC plates (Figure 4.22A). The reintegration (see Figure 4.21C) of wild type KsgA into
the knock out results in near wild type growth (when comparing Figure 4.22A and B, keep in mind

that they were not grown on the same plates). The average swarming diameter of the catalytic mutant
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lies somewhere in between the knock out and the wild type but shows a significant difference to the
wild type reintegration. When overexpressing over a wild type background there is only a significant
difference between the wild type KsgA and the E84A mutation at low tryptophan concentrations (see
Figure 4.22C). The overexpression of the catalytic mutant however generates a slight dominant
negative effect in mean swarming capabilities at low tryptophan concentration. When
complementing the knock out with their respective plasmid constructs seen in Figure 4.22D, there is
a significant negative impact of expressing the E84A mutant as well as when comparing this mutant
to the wild type complementation at low tryptophan concentrations. At higher tryptophan
concentrations there is an overall decrease in swarming but only a significant difference between the
wild type and E84A complementation. Again, a slight dominant negative effect can be observed
when comparing the mean of the empty plasmid and the catalytic mutant. Indicating, an overall
dominant negative effect when expressing the catalytic mutant from a plasmid.
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Figure 4.21 Archaellum structure and exemplary Motility assays.
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[A] Archaellum structure from Jarrell and McBride, 2008. Nomenclature for Methanococcus maripaludis, Mmar FlaB1;2
= hvFIgAL;2 [B] Schematic of motility plate, small red dot is where cells are spotted and how they spread. On the right a
plate scan is depicted with the measuring points for quantification (in this case AksgA::pTna -® , - His@KsgA and
His@)KsgA E84A, clockwise orientation starting in the upper middle) [C] Reintegration of wild type and catalytic mutant
into AksgA K4. Primer extension readout along with PCR verification of successful reintegrations (greyed out)

To test if the loss of other late SSU biogenesis factor impair motility, | tested the strains (4riol, Ario2
and 4riolArio2) obtained from (Knippel et al., 2018) in the same assay and compared them to their
respective wild type cells (h99). Analogously to AksgA, swarming was impaired in all deletion
constructs (see Figure S 11).
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Figure 4.22 Absence of KsgA significantly decreases motility.

All plots were created as a “Superplot” (Fowlie and Bardsley, 2016) to improve confidence in significance. In short the
technical replicates of each biological replicate were averaged (large hollow) and plotted onto a scatterplot of all individual
data points (small points). The mean and SD of the averaged values are depicted as bars. These averages were then tested
on their significance (unpaired T-Test). Upper left shows exemplary Hv-Ca Motility plates of the indicated graphs.
Tryptophan concentration is given below the plates, e.g. 1-A, 2-B, 3-C and 4-D. Strains as follow: 1a h26, 1b AksgA, 2a
reintegration of wildtype, 2b reintegration of catalytic mutant. 3 A4ksgd — a pTna, b pTna-KsgA-E84A, ¢ pTna-KsgA, 4
1424 —apTna, b pTna-KsgA-E84A, ¢ pTnha-KsgA [A] Comparison of wild type h26 strain vs various individual knock outs
of ksgA. Each color represents one biological replicate. Round shapes were done on Casamino acid plates (+uracil) (left)
and rectangle shapes were done on Hv-YPC plates (right). P-Value: Ca (0.0032), YPC (0.0005). [B] Shows the swarming
differences between the genomic reintegration (P= 0.0327). Each color represents one individually sourced transformant
(those screened in Figure 4.21C). [C] Shows the effect overexpression on a wild type has on motility (P= 0.0264). Each
shape represents one biological replicate. [D] Shows the effect on swarming by complementing the knock out with the
indicated plasmids, P values from left to right: 0.0232, 0.0009, 0.0356. Doubling times for C and D shown in Figure S 10.
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While swarming measures a coordinated cellular reaction resulting in a collective movement on
semisolid surfaces (low percentage agar), swimming considers individual cell movement in liquid
medium (Kearns, 2010). For H. volcanii slower swimming of 4ksgA in liquid media could not be

observed (personal communication Tessa Quaxx, Uni Freiburg).

In conclusion it can be said that the loss of KsgA and additional late SSU biogenesis factors can

severely impact the swarming abilities in Haloferax volcanii.

4.2.3.3 Loss of KsgA can lead to increased biofilm formation

We have now learned that KsgA deficient cells cannot swarm well in semi solid agar plates, but what
about the opposite action, adhesion? Many bacteria and archaea form biofilms to stick to surfaces
that prevent them from being washed away, exchange genetic material and increase resilience
towards antibiotics (Donlan, 2002, 2001). In H. volcanii the cells form a dense network that enables
cell differentiation and horizontal gene transfer (Chimileski et al., 2014). If the loss of a biogenesis

factor changes swarming abilities, will it also impact biofilm formation?
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Figure 4.23 AksgA cells adhere significantly better in Hv-Ca* Media.

Optical densities plotted for Hv-YPC- [A] Hv-Ca*- [B] and Hv-Ca- [C] media. WT/E84A are the genetic reintegrations
(from Figure 4.21C). The two shapes resemble two biological replicates. The grey dots (biologicals) were from another
Experimental run. Here the overall staining worked poorer and the confidence of the OD measurement is not that high (near
the lower detection limit of the TECAN reader). For these “grey” results the data points are equally adjusted to fit the OD
range of the other two biological replicates (black). Due to additional Data points it increases the significance in B from
p=0.0002(black) to <0.0001 (black + grey)). D Cutouts of 96-Well plate with dissolved crystal violet stained cells, each
lane corresponds to one technical of a biological replicate.
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To test this, | performed adhesion assays. To do this quantitatively, | stained adhering cells in a 96-
Well microtiter plate and compared the amount of stained cells through optical density (shown in
Figure 4.23D and described in 7.2.1.6). Cells typically form biofilms at the air-liquid interface of still
media. Thus, fixing and staining them and then dissolving them enables a comparative analysis
(O’Toole, 2011).

The wild type and knock out cells adhered equally well (see Figure 4.23) in Hv-YPC (A) and Hv-Ca
(C) media, but the knockout adhered significantly better in Hv-Ca® (B) Media. The genomic
reintegrations behaved very randomly among the biological replicates and could not be compared.
The dissolved crystal violet stained cells are shown in Figure 4.23D.

Concluding it can be said that opposite to being an inferior swarmer AksgA cells are able to adhere

better in a certain media.

Considering H. volcaniis pleiomorphism, quantifying cell shapes of both wild type and knock out
might reveal differences in the overall distribution of either cell shape.

4.2.3.4 KsgA deficient cells are on average slightly longer

Haloferax volanii cells do not only differentiate in biofilms, but also show pleiomorphy during
different stages of growth. During exponential and stationary growth phases, the majority of H.
volcanii cells are round. They usually cluster together and are not very motile. A very small
population shows rod shapes that are highly motile (Chimileski et al., 2014; Li et al., 2019). This
pleiomorphic ratio can be shifted towards the rod shape by cultivating the cells over several days at
very low densities (OD < 0.04) in Casamino acid only media (Figure 4.24A) (Li et al., 2019). With
the results from the two previous experiments we sought out to compare the cells shapes at high and
low densities in wild type and 4ksgA. There are slight differences visible between the two: the knock
out cells show an increase in median length [low ODegoo 2.89 pm (h26) vs. 3.18 um (4ksgA) and high
ODsoo 2.33 um (h26) vs 2.70 pm (dksgA) pum, and Figure 4.24B] and the median rod shape increases
[0.46 (h26) vs. 0.42 (4ksgA) at low ODeoo, 0.62 (h26) vs. 0.56 (dksgA) at high ODeoo See Figure
4.24C, while 1 would be a perfect circle]. This trend strengthens when looking at the relative
frequency at certain length and roundness intervals (Figure S 12). A more severe effect on roundness

could be observed in the double deletion of riol and rio2 (Figure 4.24D, Figure S 12).

In conclusion, it appears the loss of KsgA results in a populational shift towards a longer rod cell

morphology.
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Figure 4.24 Loss of KsgA does not lead to a significant change in cell morphology.

[A] still of h26 cells at low densities. Both shapes are present. Plotting was done as in Figure 4.22. Data acquisition is
described in 7.2.1.5. Every detectable cell is characterized for length and roundness by the algorithm. Results were manually
curated for dirt/artefacts. [B] Length comparison of h26 and 4ksgA at high and low densities. No significant difference
when comparing the two averages of the biological replicates. A third biological replicate was unclear in its cell state and
was omitted. But when comparing the mean of both populations the knock out cells are slightly longer at low and high
densities. [C] Shows the roundness, 1 being a perfect circle. The mean and overall population shows slightly less roundness
in the knock out at both stages of growth. [D] Roundness of the Ariol4rio2 Knock out at ODeoo <0.04 as comparison (low
density).

4.2.4 Translational landscape

Loss of KsgA dependent modification alters the helix 45 structure and reduces the interaction with
the helix 44 (Demirci et al., 2010). This change influences the accuracy (van Buul et al., 1984) and
codon recognition (O’Connor et al., 1997) in the A- and P-site of the ribosome. So, linking the effects
on biofilm, motility and morphology to translational levels would be interesting. Luckily, we were
able to do two runs of label free whole proteome mass spectrometry. This was done for one by the
company PolyQuant and by the Offinger Lab in Montreal, CA. The amount of total proteins detected
varied between the two experiments, but common major hits could be found in both analyses.
PolyQuant detected 1456, the Offinger Lab 2311 proteins. Two biological replicates were compared
in each analysis with two technical replicates. The protein extraction was performed as described in
7.2.4.1 and the mass spectrometry procedure is described in . Both quantifications were done with
MaxQuant, but PolyQuant used LFQ output and the Offinger Lab iBAQ. Both are similar, but iBAQ
uses global intensities that are divided by the identified peptides for the target protein
(Schwanhéusser et al., 2011), while LFQ excludes some statistical outliers during the quantification
but also creates the score in the same manner as iBAQ (Cox et al., 2014). Using the ArCOG database

(Makarova et al., 2015), a GO term analysis could map several up/down regulated genes to their
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respective organizer Figure 4.27A. The mapping proved difficult due to incompatibility of our
Identifiers to those in the ArCOG database. The ArCOGs provide a good overview of the datasets
but in some cases, for example motility, does include very different/opposing group of genes (biofilm
vs. motility). This does not paint a very clear picture to what specifically is up- or down regulated

and at which certainty.

When going into detail, a volcano plot, plots the iBAQ differences over the log P value and gives
statistical power to the results (Figure 4.27B). These reveal some strongly down regulated proteins
with high confidence and an overall larger population of down- regulated proteins. The dataset for
the genetic reintegrations (Knock-In), showed a higher variance between the biological samples and
thus show an overall decrease in is statistical significance. The identifiers for FIgAL and prepilin are
highlighted because of the relevance in our previous motility and biofilm assays. In the case of FIgA1
the downregulation supports our results from the motility assays quite well (Figure 4.25A). FIgA2
and prepilin is only detectable in the Offinger Dataset. FIgA2 shows slight upregulation while
prepilin shows a stronger upregulation. For the motility genes, the mRNA levels were compared via
gPCR and showed no large differences (<1 Cy) and are shown in Figure 4.25B. The genetic
reintegrations show similar results; down regulation of FIgAL (Figure 4.27B) in the catalytic mutant
and similar levels for the wild type reintegration (data not shown). However, due to the high variance
in the samples (biofilm experiments and motility assays) coupled with the decreased statistical

robustness, these results need to be interpreted carefully.
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Figure 4.25 Flagellin Al is less abundant in KsgA Knock out cells.

[A] Differences (WT — KO) of LFQ/iBAQ score on selected proteins. LFQ (1=equal), iBAQ (0=equal) [B] gPCR results,
Expression levels of h26 over 4ksgA, normalized to Gyrase expression levels. Two primer pairs (I + 11) were used for the
flagellin Al gene. Procedure described in 7.2.2.9 C Raw cT values.

When filtering the datasets for AUG and non-AUG translation initiation we discovered that non-
AUG usage is associated with upregulation in dksgA strains in both datasets (see Figure 4.26A, B
and D). In addition, the Offinger Data revealed that a large population of down regulated genes
contain an additional non-AUG codon with in the first 10 in-frame codons (see Figure 4.26C). Yet

we could not associate a length bias to up or down regulated proteins (Figure S 13).
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Figure 4.26 Violin Plots of AUG vs non-AUG initiation codons usage indicate increased upregulated non-AUG
initiation in 4ksgA in H. volcanii.

[A] and [D] show the complete proteome data from both indicated data-sets sorted for AUG/non-AUG initiation and plotted
for their respective IBAQ-Differences/LFQ-Ratio. [B] Shows the same as A, but filtered for -log P<0.05 (depicted in Figure
4.27B). [C] Shows the Data from A filtered for an additional non-AUG in the first 10 in-frame codons. Unpaired t-Test p-
Values: A (p=6.8"1%), B (p=0.00029), C (0.015), D (p= 1.7-5). Data processing done with and by Felix Griinberger.

It appears as if the ribosomes lacking methylation are “struggling” to translate certain sets of mMRNAs.
The SHAPE experiments revealed an additional accessible nucleotide A1426 (E. coli numbering
A1493) in the AdksgA strain compared to the wild type and as well to other SSU knock outs (here
Riol and Rio2) (shown in lane 10 in Figure 4.28A). This observation is in agreement with the data
from Demirci et al., 2010 which proposed that the absence of dimethylated adenosines in the helix45
leads to a loss of hydrogen bonding between it and helix 44. This might increase flexibility of both
helices and thus the accessibility for SHAPE reagents in the proximity. How this could affect the

translational capability for certain mMRNAS is unclear.

The conclusion from these results is that a whole proteome analysis provides a vast amount of data
that can be scavenged and filtered for a myriad of settings and can be viewed under various aspects
and referenced to experimental observations. Yet the statistical power of such a “shotgun” approach
is comparably low if the effects are small, thus when going into detail, targeted mass spectrometry

might be necessary. Yet experimental validation (motility, biofilm formation) of the observed change
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in protein levels increases the confidence in the data. Finding similar results for FIgAl in two
different datasets also adds confidence to the data.
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Figure 4.27 ArCOG (GO-Term) Analysis of two Proteome Data sets and distribution effect of KsgA deficiency.

[A] ArCOG terms grouped into 4 large groups with the sum changes shown above each group. Input cutoff was >1.5 fold
change in the PolyQuant data and 1.5 iBAQ difference for the Offinger data, Wild type vs AksgA, identifiers listed in 10.1.
[B] Volcano Plot of the Offinger Dataset, for the Knock out vs Wild Type (left) as well as the genetic KsgA-E84A
reintegration vs the KsgA Wit reintegration (right). The higher the data point the higher the confidence. HYO_1210 (FIgA1l),
HVO 2993 (prepilin). ArCOG analysis by Felix Griinberger, Volcano Plots by Christian Trahan (Offinger Lab)
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Figure 4.28 Loss of KsgA leads to increased flexibility in the proximity of h44-h45 interaction site.

[A] SHAPE profile of the 3” End of the 16S rRNA (start: 1447, same region as in Figure 4.6A), additional primer extension
stop at A1426 in lane 10, 4ksgA. [B] Upper panel: Detailed interaction states between helix44 and h45 from (Demirci et
al., 2010), Haloferax volcanii numbering added in yellow. Lower panel: Highlighting of the additional SHAPE modified
nucleotide from A on both the E. coli structures in blue. Respective nucleotides from the upper panel H44 in green,
A1518/19 of helix 45 in red. AksgA (PDB 30TO), WT (PDB: 1J5E). Images created with Chimera.
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5 DISCUSSION

While bacterial and eukaryotic ribosome biogenesis have been studied for almost half a century, the
kingdom of archaea lacks this detailed insight. Our results from studying putative archaeal ribosome
biogenesis factors have previously shown some degree of conservation from archaea to eukaryotes
with the Rio proteins (Knuppel et al., 2018). In this work | present a detailed analysis of the archaeal
KsgA/Dim1 with its anomalies in H. volcanii. We show that (1) KsgA is dispensable in three archaeal
model organisms (2) with effects on cell motility, biofilm formation and the overall translational
landscape of H. volcanii. (3) We show that HvKsgA can methylate the 30S substrate in vitro and
give preliminary results for the release mechanism and an outlook for a comparative factor dependent
release mechanism. (4) We reveal that the highly conserved substrate shows a native abnormality in
H. volcanii, that is associated with hypomethylation in the helix 45 of the 16S rRNA and gives further
evidence for a release mechanism of KsgA independent of full methylation. Paired with establishing
methods in model archaea that have previously been used in bacteria and eukarya to study ribosome
biogenesis, this study lays a fruitful base for further studies in this untapped field.

5.1 Pleiotropic effects from loss of KsgA in at least one Archaeal Model organism

Strikingly, the loss of KsgA/Diml appears to have little effects on growth in many bacterial
organisms, but still has been retained throughout evolution and is present in virtually every sequenced
bacterial genome so far (Grosjean, 2009; Ng et al., 2019; Park et al., 2010). Yet many of these
observations are of course made under laboratory conditions and the real-world effect would be more
severe. This is mildly shown in the cold stress phenotype in E. coli (Connolly et al., 2008) but also
in dramatic loss of virulence in Yersinia pseudotuberculosis (Mecsas et al., 2001). On the surface,
the absence of methylation is the easily measurable difference between the wild type and the knock-
out. The loss of similar rRNA modifications are also associated with a multitude of consequences.
For example: loss of the RIMN (m2A2503 of the 23S rRNA) is associated with increased
susceptibility to the antibiotic linezolid in E. coli (Toh et al., 2008), on the other hand, a single point
mutation in the protein leads to resistance to the same antibiotic in Staphylococcus aureus (Yoshida
et al., 2009). Curiously loss of RsmG (m’G527 in 16S rRNA) shows increased robustness towards
certain stress conditions and increased streptomycin resistance compared to wild type E. coli and is
only disadvantaged under very specific antibiotic conditions (Okamoto et al., 2007; Sergiev et al.,
2012). This duality of gain and loss is similar in KsgA, i.e. loss of methylation but gain of
kasugamycin resistance (in E. coli). These resistances depend on structural changes resulting from
absence of methylation and thus impaired binding of the antibiotic (Schuwirth et al., 2006). The
usage of base modifications to stabilize the structural conformation of the ribosome is a mechanisms
used among all three kingdoms (Demirci et al., 2010; Sas-Chen et al., 2020; Sharma et al., 2018).
The degree of rRNA modification, however varies in between kingdoms but also within the

kingdoms (Decatur and Fournier, 2002; Gomes-Filho and Randau, 2019; Sloan et al., 2016).
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Concluding that the nucleotide modification is not the sole purpose of these enzymes but also their

respective binding position and the resulting interaction and structural change of the ribosome.

In our study we have shown that like in bacteria, KsgA is not essential for cell viability of three
model archaea. Yet in comparison to E. coli, does not lead to (temperature dependent) growth rate
defects in H. volcanii (Hv), S. acidocaldarius (Saci) and P. furiosus (Pfu) (Figure 4.20, Figure S 9
and Figure S 8 respectively). This is perhaps due to their wide temperature tolerance (30-55 °C (Hv),
65- 85 °C (Saci), 70-100 °C (Pfu). While we did not test a broad range of temperatures in S.
acidocaldarius and P. furiosus our default was already at lower than optimal growth temperature,
which did not show a defect (Figure 4.20, Figure S 8).

For H. volcanii, growing both strains in competition led to the wild type outcompeting 4ksgA. The
explanation for this is manifold. 1) The easiest being, that evolutionary pressure would have not
retained this factor for so long if it would not benefit the cells. 2) Previous literature in bacteria has
shown that loss of KsgA is often associated to a decreased translational initiation, fidelity and
increased frameshifting (Kyuma et al., 2015; O’Connor et al., 1997). This is very likely due to
incomplete/immature formation/folding of the SSU at the P-Site (described in 3.2.3.5.2 and 4.2.4).
This is also visible in the SHAPE profile of 4ksgA where an additional flexibility near the interaction
surface of helix 44 and helix 45 (see Figure 4.28), a central element of the P- and A-site, results in
additional SHAPE reactivity (also discussed later in detail). Our proteome data also support these
conclusions. On a steady state level, certain proteins are less abundant in 4ksgA. Yet some are
detectable in higher abundance. In every living cell, a large variety of mMRNAs compete for access to
the translational machinery (Raveh et al., 2016). How and why specific mRNAs are translated
inferiorly is difficult to determine. We do see that a significant part of the upregulated proteins in the
knock out are mRNAs that use non-AUG as start codons (see Figure 4.26A,B and D). Interestingly,
we also observe that non-AUG initiation is associated to upregulated proteins in our preliminary
proteomic dataset comparing the E. coli WT and 4ksgA (Figure S 14). Together, these results agree
with a study showing that non-AUG translation initiation is elevated in AksgA (E.coli) (O’Connor et
al., 1997). Results from analyzing human cells deficient of Dim1 or expressing a catalytic mutant of
it, show that alternative modes of translation, (e.g. via internal ribosome entry sites (Alberts, 2002,
chap. 7)) were impaired due to -1 slipping of the ribosome in the 5’ direction (Shen et al., 2020).
Mildly downregulated proteins in the KO often have an additional non-AUG start codon within the
first 10 in-frame codons on the mRNA, indicating that perhaps KsgA deficient ribosomal subunits
initiate on this non-AUG start codon incorrectly and produce unstable, N-terminally shortened,
proteins (Figure 4.26C). Yet in the non-AUG mRNAs, an additional non-AUG in the first 10 codons
has a less significant effect on expression. However, there is no visible difference indicating towards
a length bias for translation efficiency (Figure S 13), indicating that once the hurdle of translation

initiation has been taken, elongation is not impeded by the loss of KsgA. Taken together this supports,
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that the bulk effect on translation appears to be rather small and only a minor fraction of the proteome

is leaning toward downregulation.

The loss of rRNA modifications in general is often associated to a global effect on translation (Janin
et al., 2020; Sharma et al., 2018). A recent study looking at the overall effect of rRNA
methyltransferase loss, shows a similar effect on translation in E. coli 4ksgA (Pletnev et al., 2020).
They score this by two exogeneous reporter systems (cerulean fluorescent protein and FastFT
expression) as well as by looking at the overall expression by labelled 2D-SDS-PAGE overlays of
wild type vs 4ksgA (see Figure 5.1B). In all three cases, the two reporters and the 2D-SDS-PAGE,
the differences are marginal but visible. They all show a very slight downregulation of the proteins
in the 4ksgA strain. Our preliminary E. coli WT vs 4ksgA proteome dataset paints a similar picture
to the situation in Hv and the data presented in Pletnev et al. (2020) (Figure S 14). Additionally, a
study shows that Dim1 deficiency and a catalytic inactive mutant in human cells leads to overall
decreased translation levels (Shen et al., 2020). Our initial experiments with 2D-Gel comparison of
both H. volcanii strains revealed a very homogenous expression of proteins with some small
differences (see Figure 5.1A). The differential expression of proteins based on the start codon usage
in 4ksgA in both E. coli and H. volcanii is a good basis for further studies on these proteomic dataset.
Especially when considering the proposed slippage in “-1” in Dim1 deficient cells, analyzing the
datasets for “-1” or even 6-frame translation (Castellana et al., 2008) (all possible peptide
compositions resulting from all reading frames of the mRNASs) might reveal additional patterns of
mistranslation. Yet this requires a lot of computational time and expertise.

Figure 5.1 Differential 2D gel analysis of L-AHA-labelled proteins.

[A] Exemplary results of differentially expressed proteins. Full gel scan (upper part) for the 2D gel analysis obtained for
the wildtype (Cy5.5-green) and mutant H. volcanii cells (WT=h26, AyfG = AksgA4) (Cy7-red) mixture are provided. Taken
from (Kern and Ferreira-Cerca, submitted) [B] Merge - 2D Gel from Pletnev et al. (2020), E. coli: WT-Cy3 (red), 4ksgA

(green).

The proteome analysis revealed two candidates, flagellinAl and prepilin. Both showed differential
expression in the H. volcanii proteome data and are associated to motility (down-regulated) and
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biofilm formation (up-regulated), respectively. In both cases we could validate the expression levels
to a phenotype by swarming assays (or motility assays) and measuring biofilm formation at the air
liquid interface of “static” cells (see Figure 4.22 and Figure 4.23 respectively). The quantitative
differences in expression of the two proteins, can be seen in the two assays. The motility assays show
significant results independent of media genotype and expression levels. Unfortunately, biofilm
formation is only significantly elevated in 4ksgA when using the “cloudier” enhanced Casamino
Acid media. While motility assays provide a multitude of stressors for the cell: nutrient starvation
and associated chemotaxis, spatial restraint in the growing colony and, if formed, dispersing from a
biofilm, biofilm formation alone is very dependent on the surface and media viscosity used (Donlan,
2002).

Regarding motility, all these stressors require the cells to produce large amounts of FIgA1 (the major
flagellin) to be motile and escape these unfavorable conditions (Nather-Schindler et al., 2014). With
an impaired ribosome, adapting the translational program to continuous large-scale translation of the
highly expressed flagellin-A1l mRNA, is perhaps severely impaired or cannot be sustained. To my
knowledge there are no (or very few) studies linking ribosomal assembly/functional defects to
motility defects (Fan et al., 2019, 2016) (see Figure 4.22 and Figure S 11). We tried to reproduce the
technique from Legerme et al. (2016) using a flgA1-Hise reporter to score its expression levels in
the wild type and 4ksgA but were unsuccessful (data not shown). In this experiment the flagellin is
torn from the cell via centrifugation and the free flgA1-His) can then be detected via western blot in
the supernatant. However, the method could not be reproduced by others as well (personal
communication Tessa Quaxx, Uni Freiburg). Interestingly, we could also show a motility defect in
E. coli 4ksgA, but the results were less reproducible (see Figure S 15). Both results are in accordance
with the postulated requirement of intact translational fidelity and flagellar biosynthesis in bacteria
(Fan et al., 2019, 2016).

Biofilm formation increased in 4ksgA cells when using HvCa*-Media (Figure 4.23), that tends to
have precipitated elements swimming around in the medium. This could provide additional surfaces
for the cells to adhere to and improve biofilm formation. One study could link ribosomal stress to the
induction of biofilm formation in E. coli (Boehm et al., 2009), yet we did not test biofilm formation
in our E. coli KEIO knock out strains. An additional problem with the assay is the flat bottomed 96-
well plate we used. According to the protocol established by O’Toole (2011), a round bottom well
plate vastly improves biofilm formation (in bacteria) and perhaps also in Hv. However, the method
using flat bottomed 96 well plates has been used before with H. volcanii (Legerme et al., 2016; Nagel
et al., 2019). We could not obtain the recommended round bottomed well plates and in light of the

media dependent results, comparison of two different well-plate systems would be useful.

The results from scoring the shape and length of the ksgA knock out show that a larger population

of cells have a tendency towards an increase in length that is associated with a decreased roundness
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compared to its respective parental strain (Figure 4.24B, C and Figure S 12). In our proteome data
we could only detect one of the two proteins (CetZ1 [HVO_2204] and CetZ2 [HVO_0745]) known
to be involved in the transition from round to rod shaped (Duggin et al., 2015). In both datasets CetZ1
showed a very slight increase in the knock out, LFQ Ratio of 1.2 and an iBAQ difference of 0.03,
with a higher significance for the latter. Perhaps this is a cause for the very little increase in rod
shaped cells. The comparison with the double knock out of riol and rio2 strengthen the comparably
minor effect (Figure 4.24D). In addition the rio double knock outs show similar deficiency in motility
(Figure S 11) along with a reduced doubling time (KnUppel et al., 2018) which is not the case in
AksgA. The dramatic change of morphology might be a cause for, or a result from this growth defect.
Here a look at the expression levels of CetZ1 might reveal a more dramatic effect as well. Such
analyses are highly media and growth phase dependent and difficult to interpret as it only considers
a very narrow window of the various growth phases of H. volcanii. However, while writing this thesis
a preprint has shown new methods to improve the shift towards rod shaped cells at higher densities,
i.e. exponential later growth phases, and also in full complex media similar to Hv-YPC (de Silva et
al., 2020). Perhaps using this method, a more elaborate picture of cell morphology can be made in

regard to incorrectly matured ribosomes.

Additionally, different stress factors for H. volcanii could be potentially tested. For example, recent
findings from the Soppa Group in Frankfurt (Griinberger et al., 2020; Laass et al., 2019) suggest that
lowered salt concentration leads to accumulation of incorrectly processed 16S rRNA precursors and
vastly influences the transcriptome (personal communication: Felix Grunberger, Uni Regensburg).
This may be a potential stress factor to test on 4ksgA in Hv for doubling time, motility and biofilm
formation under such conditions. Another preprint discusses the formation of liquid biofilms in H.
volcanii, that require rapid structural rearrangements (Schiller et al., 2020). This could also be a good

method to score for stress adaptation from impaired ribosomes.

Overall, we could show that KsgA can be deleted in three model archaea and shows differential
effects on the H. volcanii proteome most likely due to impaired translation initiation. Among these
effects we find that proteins involved in motility, biofilm formation and cell morphology are
differentially expressed and also result in a respective phenotypic effect. While 4ksgA is impaired in
swarming in a vast array of assays it shows only an increased biofilm formation when using a very

specific medium that perhaps amplifies this effect.

5.2 Structural dependency for KsgA dependent methylation

From the previous results we could observe that loss of KsgA introduces a variety of phenotypes.
Along with these findings we have discovered that the composition of its substrate, helix45 of the
16S rRNA, shows a vastly diverse structure in the kingdom of archaea and in the specific case of H.
volcanii, this results in a hypomethylated heterogenous state of methylation that is unusual for this

otherwise highly conserved and well-studied enzyme.
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As introduced earlier (3.2.3.5.1), the structure of the helix 45 requires defined RNP composition and
of course the two adenosines in the GGAA-tetraloop to be (di-)methylated by KsgA. While many
studies have introduced a variety of mutations to the helix45, discovered the versatility of this helix
and tested the effects on KsgA dependent methylation (Connolly et al., 2008; Cunningham et al.,
1990; Desai et al., 2011; Formenoy et al., 1994; Heus et al., 1990; Van Knippenberg, et al., 1984;
Vila-Sanjurjo et al., 1999; Vila-Sanjurjo and Dahlberg, 2001) only two studies linked a sequence
mutation to the large natural variety of h45 in the archaeal kingdom (Formenoy et al., 1994; Van
Knippenberg, et al., 1984). Even though the sequence alone is not as important for methylation, the
structure is. While the mutation introduced to the stem by Formenoy et al. (1994) results in a loss of
the wobble at position 7 of the stem of h45 (UeG1523 to U-A1523, E. coli numbering) leads to a
decreased methylation by EcKsgA in vitro, it appears to have no effect on the living organisms that
contain such a “mutation” natively, e.g. Thermococcus celer (Tce) or Pyrococcus furiosus (Pfu) (see
Figure 4.15 and Figure 5.2). Indicating that the high growth temperatures (>80 °C) of Tce and Pfu
might compensate for the decreased methylation activity of KsgA at “low” temperature (37 °C) when
given a suboptimal wobble-less substrate (G1523A). Our results also verify this and we cannot see
an increase in unmethylated Adenosines in Pfu (Figure 4.10B), while introducing a Pfu-like rDNA
(pHK-rrC-G1523A) to E. coli shows decrease in methylation and longer regeneration times for

plasmid shuffling (Figure 4.16B, Figure S 5 and data not shown).

The heterogeneous methylation pattern observed in helix 45 by altering the opening from a Watson-
Crick to a wobble pairing (A-U or G-C to GeU, see Figure 5.2) occurs naturally in a variety of
archaea, namely: Methanogens Class Il, Haloarchaea and Archaeoglobales. We could verify this
experimentally by primer extension on selected cell samples from these families (Figure 4.15) as
well as by mimicking this loop conformation in E. coli (pHK-rrnC-G1520U, see Figure 4.16B). Why
this single base exchange results in a significant migrational shift within the first ~10 nucleotides in
a TBE-Urea Acrylamide gel on a DNA and RNA level is unclear (Figure 4.10E, Figure 4.16C and
Figure 4.18D). The heterogeneous methylation pattern has been observed previously in an E. coli
rDNA mutant (Schuwirth et al., 2006) but was left uncommented. Additionally, a UeG at the opening
of h45 (U1515eG1520, Ec numbering) was also seen in the small ribosomal subunit of Euglena
gracilis (Eg) chloroplasts (cSSU) where it leads to either no dimethylation at all or sole dimethylation
of A1518 (Ec numbering, see Figure 5.2) (Van Buul et al., 1984).

While our data do not resolve the exact methylation pattern of which adenosines are methylated on
asingle strand of 16S rRNA, it does give additional support for the necessary opening/destabilization
of the helix/tetraloop by introduction of methylation (Demirci et al., 2010; Rife and Moore, 1998;
Van Charldorp et al., 1981). In a typical GNRA (here GGAA) tetraloop The first G and the last A,
as well as the second G and the second to last A interact with each other as a sheared pair (see arrows
Figure 5.2) (Heus and Pardi, 1991; Jucker et al., 1996). This appears to be different ina GGm,*Am,°A
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tetraloop of h45, as NMR data shows that methylation of A1519 (last) disrupts the interaction with
the first G of the GGAA tetraloop (Rife and Moore, 1998). m,°A1519 stabilizes the positioning of
m2®A1518 by stacking the nucleobases on each other (see Figure 5.3B). The RsmJ induced
methylation m,G1516 (Basturea et al., 2012) in E. coli (see Figure 5.2) appears to have no effect on
tetraloop stability, regardless of KsgA dependent methylation (Rife et al., 1998) and is not present in
H. volcanii (Grosjean et al., 2008) or E. gracilis chloroplast ribosomes (Van Buul et al., 1984). This
destabilization and stacking of nucleobases leads to the outward rotation of GAA from the GGAA
tetraloop, forming hydrogen bonding between h44 and h45 and thereby stabilizes the P- and A-site
of the maturing SSU (see Figure 5.3A, C, D). In the case of H. volcanii ribosomes, less methylation
appears to be necessary for h45 destabilization. When taking into account the previously postulated
passive methylation imprint and “passive” dissociation (Boehringer et al., 2012; Connolly et al.,
2008), bound HvKsgA perhaps only dimethylates one Adenosine that is in the proximity of its
binding pocket, and as soon as sufficient h45 destabilization is reached, concomitant RNA structural

changes contribute to KsgA dissociation and/or does not re-engage methylation.
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Figure 5.2 Various types of helix openings 45 in E. coli, B. stearothermophilus, Euglena gracilis (chloroplast), H.

volcanii and P. furiosus ribosomes.
E. coli, Euglena gracilis and H. volcanii numbering, respectively. GNRA tetraloop interaction in unmethylated state

marked by arrows.

While there is no obligate order of which adenosine is methylated first (O’Farrell et al., 2006), if
HvKsgA, by chance, dimethylates A1452 (Hv numbering) first, the h45 destabilization could be
enough to trigger dissociation in H. volcanii. However, if Al451 is methylated first, h45
destabilization could be insufficient, HvKsgA is not released and dimethylates the second adenosine.
Of course, it is also possible that only the adenosine that is bound first is methylated and HVKsgA
always dissociates after one round of dimethylation. Both scenarios would explain the resulting two
band pattern observed in H. volcanii (Figure 4.10) and E.coli (AVS69009-pHK-rrnC-C1520U Figure
4.16) the lower stop “shows” the first of both methylated adenosines (the RT would stall on the first
one) while the second shows only the second. From 76 randomly picked Hv methylation patterns,
the majority has equal signal strength, but if one shows a stronger signal, it is mostly the first

nucleotide that induces a stronger primer extension stop (Figure 5.4).
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The molecular explanation why E. gracilis chloroplast ribosomes are methylated only at A1518 and
sometimes not at all is unclear, there is no KsgA/Dim1 or KsgA-like protein found in neither the
genome nor chloroplast plasmid. However, the genome is highly complex and is to date incomplete
and could be missing the data for KsgA/Dim1 (Ebenezer et al., 2019). The likelihood of the almost
universally conserved KsgA/Dim1 being absent is low, especially since the cytosolic SSU shows

dimethylation of both adenosines in the helix 45 (Schnare and Gray, 2011).

h44 GGAA

C1496

U1495
haa U1406

ksgA

Figure 5.3 Influence of KsgA dependent methylation on the GGAA tetraloop of helix 45 and hydrogen bonding to
helix 44 in E. coli.

[A] Bending of the GGAA tetraloop in the unmethylated subunit (violet) is visible. The wild-type 30S subunit structure
(PDB entry 1J5E) is superimposed (gray). Kasugamycin (Ksg, orange spheres) from PDB entry 1VS5 is superimposed. [B]
Comparison of the helix 45 tetraloop with typical GCAA tetraloop as observed in PDB entry 1ZIH. [C,D] The ksgA
mutation prevents the formation of a hydrogen-bonding network between helices 45 and 44. The helix 45-44 interface in
the ksgA mutant (e.g., 30S subunits prior to methylation) (C) and in the wild-type, fully methylated 30S subunit (D). Panels
C and D are from identical viewpoints. (modified from Demirci et al., 2010)

The common feature resulting in abnormal methylation patterning is the exchange of the nucleotide
following of the most 3> m,°A, this is not only the last nucleotide before the opening of the helix but
also “the crucial turning phosphate” of the GGAA tetraloop (the phosphate where the backbone
undergoes its largest change in direction, ~180°) ) (Rife and Moore, 1998). While Eg chloroplast
ribosomes change this turning phosphate containing nucleotide to a “larger” Guanine (E. gracilis
cSSU G1520 vs. E. coli C1520), Hv has swapped to a similar sized nucleotide (Hv U1453). This
difference of pyrimidine to purine at position 1520 (Ec numbering) might pose as a sterical restriction
that prevents potential cytosolic KsgA dependent methylation or uses a different mechanism (perhaps
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involving snoRNPs, like postulated for N. equitans (Seistrup et al., 2016)) to methylate the adjacent
adenosine (1519) in E. gracilis chloroplast SSU biogenesis. Bacillus stearothermophilus (now
known as Geobacillus stearothermophilus) also has this G1520, but contrary to the wobble base pair
in Eg chloroplast SSUs (U1515eG1520) it is in a Watson-Crick base pair (C1515-G1520) at the
opening of h45 (see Figure 5.2). This results in an increased melting temperature of the helix45 for
both wild type and 4ksgA in B. stearothermophilus compared to the respective genotypes in E. coli
(Heus etal., 1990), arguing for a stability dependency of purine-pyrimidine vs purine-purine stacking
3’ of the GGAA tetraloop (Rife and Moore, 1998). Nevertheless, B. stearothermophilus shows
classical, full dimethylation of both adenosines (Buul et al., 1983) and contains the gene coding for
KsgA, arguing for the issue being with the unclear methyltransferase in E. gracilis cSSU biogenesis.

' mm Equal

= A1452

03 A1451

Total=76

Figure 5.4 Methylation pattern distribution of H. volcanii.
76 Images were scored qualitatively. Indications to criteria given on legend. Only lanes showing two clearly distinguishable
primer extension stops were used for quantification.

The stacking of the nucleotides at A1452 and U1453 might be crucial for pre-destabilization in
H.volcanii. It could produce a conformation that is contrary to the observations in B.
stearothermophilus where the nucleotide changes from pyrimidine to purine. While still Watson-
Crick paired, this leads to an increase in melting temperature and thereby stability (see Table 2).
Compared to H. volcanii, switching to a different pyrimidine and thus changing to a non-Watson-
Crick wobble could decrease the melting temperature and thereby the stability of the loop. This could
reduce the need for methylation dependent destabilization of the helix and thus to an altered
methylation pattern.

Table 2 Stability and composition of the helix 45 of E. coli, B. stearothermophilus and H. volcanii.

Sequence: 5° to 3°, bold: base paired, underlined: stacked nucleobases. tm °C calculated with primer 3 (mM
KCI).

E. coli B. stearothermophilus H. volcanii
Sequence cccUAGGGGAACcuccee | cceuaAcCGGAAGuUGEGG cccUAGGGGAAUcuGEGG
GC % 72.2% 70.5 % 66.6 %
Stacking Purine - pyrimidine purine — purine Purine - pyrimidine
Basepair Watson crick Watson crick Non-Watson crick (wobble)
Stability tm °C(52/57) tm °C(69.5/71) n.D.
(tm °C, AG®37) AG®37(-10.8 +1.7/-15.4+1.7) | AG®°37(-31.0 +4.2 /-31.8+4.8)
(Heus et al., 1990)
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(wt/dksgA) Medium stability High stability Low Stability ?
tm °C (M KCI) 56 (50mM) 57 (50mM) 54 (50mM), 72 (2M)

Why these nucleotide exchanges have evolved is not clear. The basis for having a change in
flexibility of the h45 loop from stable (unmethylated) to more flexible (methylation) underlies the
passive checkpoint participation of KsgA in SSU biogenesis. The trigger for this methylation
imprinting are structural rearrangements of the maturing ribosome, perhaps the nucleotide exchanges
prevent that premature methylation occurs by accident which would result in premature dissociation
of KsgA and inevitably letting immature SSUs enter the translational pool. Thus, the substrate is
composed in such a way to compensate for innate stability changes from for example temperature or
salt. High temperatures could result in a premature passive imprinting (methylation) of KsgA at high
temperature due to the increased flexibility and therefore accessibility of the adenosines of h45. For
B. stearothermophilus this more thermostable helix 45 composition could prevent such a premature
methylation (and following release) of KsgA at growth temperatures of 50-65 °C (Schlegel and
Zaborosch, 1992) (see Table 2). Yet in organisms growing at even higher temperatures (>90 °C) like
T. celer or P. furiosus, a theoretically less thermostable “E. coli-like ” h45 (GGGAAC) composition
is used. This would result in an already very flexible (melted) immature/non-methylated h45 at these
temperatures. Perhaps here the postulated less suitable substrate (Formenoy et al., 1994) (wobble-
less stem at position 7, see Figure 5.2) avoids the risk of premature methylation by lowering the
methylation reaction Kinetics to such an extent that only if everything is in order and the substrate
has a stable interaction with the binding pocket of KsgA the imprint takes place. Contrary to high
temperature, high salt concentrations lead to increasing melting temperatures of structured RNA (Tan
and Chen, 2011). The high intracellular salt concentration in H. volcanii perhaps, but unlikely,
requires to compensate this by increasing the innate flexibility of the h45 loop via the wobble base
pair at the opening. This however does not explain the observed heterogeneous methylation pattern
in H. volcanii and E. coli (G1520U, see Figure 4.16), and why H. volcanii can methylate a “E. coli-
like, more stable h45 (U1453C)” from the rDNA reporter (see Figure 4.18). Perhaps using the non-
native h45 (U1453C) in H. volcanii results in a “sub-optimal” maturation pathway but in laboratory
conditions this has no dramatic effect on viability/ fidelity. In E. coli (G1520U) this might lead to a
slight increase in premature dissociation of KsgA due to the increased flexibility. Here testing
different salt media compositions with varying salt concentration could induce an effect on
methylation and perhaps on exponential growth. Yet in the end this theory does not take the other
organisms into account that also display this “open” conformation and are evolutionary rooted deeper
than H. volcanii (see Figure 3.3) and are not halophilic, e.g. A. fulgidus of the Methanogens Class II,
and the other way around, thermophiles (#Thermococcales) that have a wobble in the stem, e.g. M.

kandleri of Methanogens Class | (see Figure 4.15).
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The variability of helix 45 in this otherwise highly conserved region (Domain 1V of the 16S rRNA)
has been recognized early on in all three kingdoms (Van Knippenberg, et al., 1984). Why archaea
show such diversity is unclear (Figure 4.15) but it could be a result from the adaptation necessity
discussed above. They almost universally use the conserved methyltransferase KsgA. Remarkably,
the only known exception Nanoarchaeum equitans, has an almost identical h45 to E. coli (A1507-
U1528 at the base of the stem are missing) but is lacking the modifying enzyme and is proposed to
use sSRNPs instead (Seistrup et al., 2016).

To test flexibility effects of different base compositions, the E. coli rDNA reporter system (Figure
4.16) offers a clean genetic background, compared to our H. volcanii reporter system that still has
the endogenous rDNA in the background (Figure 4.18). However, H. volcanii offers a broad range
of salt concentration and growth temperature to test for, both affecting the stability of the helix. For
further testing it would be interesting to look at the effect on methylation by introducing an E. gracilis
¢SSU and B. stearothermophilus helix 45 into both rDNA reporter systems. As well as to test if E.
coli can methylate the enlarged mutation we introduced in H. volcanii (G1448C, U1453C) that
showed no visible effect (Figure 4.18), either because of incompatibility to KsgA or perhaps down
regulation/degradation of the plasmid-encoded rRNA. Also, it could be possible that this enlarged
conformation of h45 already contacts h44 at a certain point of maturation and thus does not require
KsgA dependent methylation and/or leads to premature dissociation of the factor. To get a final
answer on how many methylations are on a single strand of ribosomal RNA of H. volcanii or E. coli
(AVS69009-pHK-rrnC-C1520U) Liquid Chromatography-Mass Spectrometry would be best (Yuan,
2017). But perhaps capillary electrophoresis can also answer this question, semi guantitatively. In
regard to purine-pyrimidine vs purine-purine stacking it would be interesting to see the NMR

structure of the H. volcanii GGAA tetraloop of the separated h45 of both wild type and 4ksgA.

In conclusion, this analysis clearly showed how small structural changes can have a large impact on
the maturation process, thus it is necessary to have tools at hand that provide the possibility to verify
structural predictions. The hypomethylated state of the adenosines of h45 observed in H. volcanii
and E. coli with the h45 mimicry strengthen the postulated passive dissociation by surrounding
structural rearrangements of the maturing SSU (Boehringer et al., 2012; Connolly et al., 2008)

instead of the requirement of full dimethylation for KsgA dissociation .

5.3 The release mechanism of KsgA remains uncertain in archaea

The hypomethylated state of h45 in H. volcanii gives additional support for a release mechanism that
is independent of full methylation but a consequence of structural changes that occur after h45 is
relaxed sufficiently to bridge with h44 as shown in previous data in E. coli (Demirci et al., 2010).
Whereas in E. coli KsgA is supposed to dissociate passively after methylation has occurred by
decreased affinity to the methylated substrate (Boehringer et al., 2012; Poldermans et al., 1979) or in
competition for the similar binding site with RbfA (Sharma and Woodson, 2020), the release of Dim1
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in yeast requires Fap7 to actively release or remove ScDim1 from the maturing ribosome (Ghalei et
al., 2017). In E. coli this has been shown in vitro on purified methylation competent SSUs, in
comparison to yeast where the release occurs off a 80S-like proofreading pre-ribosome (as described
in the introduction 3.2.3.5.3). This puts H. volcanii into an interesting position as it does not contain
a clear RbfA homologue, yet archaeal KsgA is clearly more homologous to E. coli KsgA than yeast
Dim1 (Pulicherla et al., 2009). On the other hand the H.volcanii genome contains a homologue to
Fap7 which shows typical ATPase/adenylate kinase activity (see Figure 5.5). The hypothetical
advantage of H. volcanii over yeast (for this scientific question) is the possibility do delete the gene
for KsgA, offering a good system to test the release regarding both potential mechanisms.

We were able to show that incubating a crude hv4ksgA cell lysate or purified 4ksgA-SSUs with
recombinant HvKsgA in the presence of excess SAM resulted in reconstitution of the methylation
reaction (Figure 4.12B). This was the basis for establishing the following release assays where we
incubated recombinant HvKsgA and a crude cell lysates of hv4ksgA cells in the presence or absence
of SAM. When SAM is present methylation could occur and the recombinant hvKsga was absent in
the 30S fraction after separating the incubated lysates on a sucrose gradient (Figure 4.19). However,
this did not resolve if the release occurs independently of additional factors, since everything except
KsgA is present in the initial cell lysate, e.g. hvFap7. But also, it cannot exclude the release occurring
from a particle similar to the 80S(70S)-like proofreading particle and/or joined LSU and a
unmethylated SSU. Yet there is no evidence for such a 70S-like proofreading particle in archaea.

ATP ATP/AMP (1 pM)
0 10 45, 0 10 45 min
- P

L ADP

HvFap7 (1pM)

] . bhe N
8 18 52 7 7 8 %P,
— Fap7 8 7 7 6 10 15 %ADP

y-32P-ATP > ADP + %2P,
! y-32P-ATP + AMP > @-22P-ADP + ADP

Figure 5.5 Purification and ATPase/adenylate kinase activity of hvFap?7.

[A] Talon beads Purification of recombinant hvFap7-His) from 500 ml culture in K1800 buffer M: Marker, S, supernatant,
P: Pellet, F: Flow Through, W: Wash, each 0.2 % of total fraction volume. 1 - 3 Elution 2.5 % of total fraction volume. [B]
ATPase, Adenylate cyclase testing, 14 uCi y-32P-ATP per reaction. 20 % of total reaction volume per time point were
stopped according to 7.2.3.4 and loaded onto TLC (as described in 7.2.3.4). Pi/p-32P-ADP Release percentages were
calculated with Fiji.

To address this issue, a pre-bound complex consisting of an unmethylated SSU and recombinant
HvKsgA would provide a system that is potentially free of additional assembly factors but remains
methylation competent upon the addition of SAM. This was achieved by incubating a cell lysate of

hv4ksgA with recombinant HvKsgA in the absence of SAM with following separation via sucrose
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gradient centrifugation. The 30S fraction then contained the desired pre-bound complex and could

be used for release assays using SAM or other factors such as hvFap?7.

The first approach to test the release of KsgA from the bound SSU, relied on ultra-centrifugation
after the addition of SAM and/or Fap7. Here, the denser SSU would migrate through either the
gradient or to the pellet and the small recombinant protein would remain attached to the SSU in the
absence of SAM or be detectable in the supernatant if SAM/Fap7 dependent release has occurred.
Unfortunately, both rotors used for sucrose gradients the SW40 and SW60 require full loading (14
and 4.4ml respectively) and resulted in too strong dilutions and were unable to detect HvKsgAg)His.
Consequently, smaller volume rotors were tested, with and without sucrose cushions but those
available could not pellet the ribosomal subunits, very likely due to insufficient rotary force (TLA-
55). Another method using size exclusion centrifugation using AMICON 100k filter units also
revealed further issues with stickiness of the recombinant proteins in the filters (undetectable in the

flow through in the protein only control). A summary of the results is shown in Figure S 16.

For this type of experiments the issue of detectability could have been avoided by testing available
KsgA or Dim1 antibodies that are used for ECKsgA or ScDim1 as the protein is highly conserved
and very likely detects HvKsgA on a western blot. Our approach using the His Antibody (very
unspecific on Hv cell lysates and with low detection range) was in hindsight not the best idea when
having to work at lower/limited concentrations. Our unfortunate late discovery of possible low salt
purification of recombinant HvKsgA with accompanying greater and purer yields (Figure 4.12A)
would have allowed to test affinity tags that offer better antibody detection and have previously been
difficult or impossible to purify in high salt conditions, e.g. Streptavidin or Protein-A. Of course
complementation testing and SSU binding assays would be necessary, but N-Hise)-ProteinA-
HvKsgA has been shown to complement in vivo and thus would be a good candidate (Figure 4.11).
Also, being able to use higher rcf rotors, such as a TLA-100, could have likely improved separation

at low volumes.

The second approach was based around single molecule methods such as total internal reflection
fluorescence (TIRF-) microscopy (Thompson et al., 1981) or Fluorescence Correlation Spectroscopy
(FCS) (Magde et al., 1972). Both techniques rely on fluorophores attached to the interaction partners,
i.e. the SSU and HvKsgA. TIRF microscopy measures a populational change of the individual and
overlapping signals. In this case, the pre-bound particles would emit mostly a merged signal, i.e.
orange [SSU (green/GFP) + HVKsgA (red/Cy3[5])]. After the potential release has occurred via SAM
and/or Fap7 addition, each particle would emit a solitary fluorescent signal, green and red, resulting
in the average counts of orange decreasing and single green and red increasing. FCS on the other
hand measures the diffusion speed of fluorescently labelled particle in a volume using a MicroTime
200 microscope. In this case a pre bound particle emits a similar speed for the red and green channel

as they are bound and migrate at the same speed, after the potential release has occurred via SAM
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and/or Fap7 addition the green (GFP) diffusion speed remains the same (very little change in mass)
but the red signal (Cy3[5]) now has experienced a significant change in mass and should migrate at

a measurable higher speed (KsgA alone).

Both techniques require a GFP labelled subunit, thus I established a GFP tagging system by creating
a suitable vector backbone and tested if GFP tagged small ribosomal proteins (uS4 and uS7) can be
expressed and are integrated into the SSU as well as if they emit a fluorescent signal in the
microscope (see Figure S 17). The complementary fluorophore was added to the recombinant protein
via either AzF labelling (integrating amber stop codons and desired sites using specific expression
cells that can be labelled specifically with Dyes such as Cy3 or Cy5 (see Figure S 18A-C) , described
in (Willkomm et al., 2017)) or NHS ester labelling (unspecific labelling of Lysines). Both methods
produced functional recombinant proteins (see Figure S 18D). The single molecule measurements
were performed by Leonhard Jakob in the department of Microbiology and the initial sample

preparation is described in 7.2.3.9.

Unfortunately, neither TIRF nor FCS yielded conclusive results. For TIRF microscopy, the main
issue was with the immobilization step, i.e. the necessity of a biotinylated GFP antibody that is
immobilized on a PEG/PEG Neutravidin slide that then immobilizes the GFP tagged ribosomal
protein that is integrated in the SSU to the focal point. Unfortunately, this GFP antibody was
incompatible to the high salt Buffers used in the Hv system (KCI 1.8 M, 50 mM MgCl.) and resulted
in no GFP signal at the focal point, i.e. no immobilization, likely due to denaturing of the antibody
(data not shown). When collapsing the ribosomes by lowering the salt concentrations to ~200 mM
(Gunde-Cimerman et al., 2018) a green signal appeared at the focal point, i.e. detached GFP-S7 (data
not shown). To my knowledge salt stability of GFP antibodies is not well documented, very likely
due to the rare application. Another issue with high salt concentration is the effect on refraction, as
higher salt concentrations lead to a higher refractory index (Stupar et al., 2012), which could

influence measurements on this scale, independently of the GFP antibody issue.

Similar issues arose in the FCS where we measured many different diffusion speeds in the volume
and could not detect correlating speeds for the individual fluorophores or observe any differences
after SAM treatment (data not shown). Here again it could be due to high salt concentration and/or

impurities.

Tovalidate if TIRF and/or FCS are suitable methods to use for this binding and release assay it would
be wise to reproduce the results from previous studies in E. coli (Boehringer et al., 2012; Connolly
et al., 2008; Poldermans et al., 1979) with these novel methods. If successful, fine tuning the reaction
parameters for Hv could help. For example, using low salt concentrations to purify the AzF-tagged
recombinant HvKsgA (Figure 4.12A) might result in less impurities and better signal separation in
the FCS measurements. But maybe moving to another archaeal organism with easier biochemistry,

i.e. lower salt concentrations, would be best to test a Fap7 involvement in an AksgA background. The
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two KsgA knock outs obtained in P. furiosus and S. acidocaldarius (Figure 4.10B), could be potential
candidates, but preliminary results speak against this. 1) SaciKsgA could not be affinity purified well
via N- or C-Terminal His tagging and temperature denatured clarified protein did not complement
well in vitro (observations by practical student Michaela Bauer). 2) Preliminary complementation
experiments of P.furiosus AksgA lysates with recombinant PfuKsgAgHis or EcKsgAe)His did not

work (observations by practical student Bernd Daller and myself).

Yet the main issue for both methods is the lacking comparability to the yeast system (release from
30S vs. 80S-like particle) (Connolly etal., 2008; Ghalei et al., 2017). Regarding the 80S-like scFap7
dependent release, so far, we were unable to observe any 70S fractions, mono or polysomal for H.
volcanii in the conditions used. While writing this thesis, a protocol has been published that describes
a method that inhibits 70S dissociation and reproducibly shows these 70S mono- and polysome
fractions in Hv on a sucrose gradient (Gelsinger et al., 2020). While it is unknown if yeast-like
functional proofreading 80S-like particles exist in Haloferax volcanii, this new technique would at
least enable to purify 70S particles from hv4ksgA and see if they can be methylated by- and show

KsgA release or not.

In human, Rio2 has been speculated to activate Dim1 dependent methylation via phosphorylation
(Sloan et al., 2019), yet methylation was not impaired in neither Ariol, Ario2 nor AriolA4rio2
knockouts of H. volcanii (data not shown). Yet this of course also lacks comparability, due to the
methylation taking place very early in human (nucleoplasm) vs comparably late (also, lacking cell
compartmentalization) in H. volcanii (Grunberger et al., 2020).

Overall, both release assays need major improvements in order to test factor depended analysis of

KsgA release from ribosomal subunits, but a good basis has been set for future experiments.

5.4 Most RNA structure probing chemicals are suitable for model archaea

As previously introduced, RNA structure probing has been extensively used to study the folding,
context, and interaction of various RNAs. While this was mostly done in model organisms from
bacteria and eukaryotes, our goal was to port and test these chemicals in our two model archaea,
Haloferax volcanii (Hv) and Sulfolobus acidocaldarius (Saci). This would enable us to test 2D
structure predictions in regard to ribosomal RNA. However, both grow in very specific media, so it

was crucial to test suitability of these RNA probing chemicals in diverse conditions.

Luckily, all SHAPE reagents were soluble in both, the salty and acidic media up to a certain molarity
(review Table 4.1). With the frequented chemical for rRNA analysis, DMS, (Hulscher et al., 2016;
Swiatkowska et al., 2012) we were less lucky as its very harsh quenching conditions disrupted the
Hv cells and could not be used, however we did not test it with Saci cells. CMCT is generally not
taken up well by cells (Harris et al., 1995; Mitchell et al., 2019) and was just tested on lysed cells

extracts, which worked well for Hv and ok for Saci. Contrary to the literature (McGinnis et al., 2015;
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Takahashi et al., 2016), we had issues when using 1m6/1m7 in vivo with E. coli for a gel based read-
out. This issue has also been observed by others (Lee etal., 2017; Spitale et al., 2013) and is a debated
topic (Smola and Weeks, 2018). This issue stresses the importance of testing the desired chemical(s)

for the target organism and to have an alternative chemical available if issues in cell uptake arise.

Both working techniques could be used to verify the structure predictions of our Hv helix 45 structure
discussed earlier. It showed that indeed the wobble at the opening of the helix lead to SHAPE and
CMCT accessible nucleotides at this position in vitro, in and ex vivo (Figure 4.14). In the stem the
accessibility of U1445 changed in between ex vivo and in vitro when using CMCT, pointing towards
the protein occlusion of this crucial wobble pair (Formenoy et al., 1994) in the RNP context. Yet,
this was never accessible for the SHAPE chemicals regardless of composition. Also, we showed
increased flexibility of helix 44 in 4ksgA (Figure 4.28), most likely due to decreased interaction of

helix 44 and 45, as discussed earlier.

High throughput SHAPE read-outs (SHAPE-seq/SHAPE-Map) could offer large scale analysis of
archaeal (pre-) ribosomal structures, and have been used before, for bacterial ribosomal structures
(McGinnis et al., 2015; Watters et al., 2016).

The established protocol gives a good basis for future research of archaeal RNA structure and the
application of the perhaps most versatile reagents (1m6/1m7/NMIA) are described in detail in

(Knuppel et al., 2020) and can be implemented by laboratories working with these organisms.

5.5 4-TU labelling is working in archaea

We could implement 4TU metabolic labelling into two model archaea and in perspective of the
advances that were made in the field of ribosome biogenesis over the years. During the last year,
UV-cross-linking has been established for H.volcanii in our lab and in combination with 4TU
labelling (PAR-Clip) (Hafner et al., 2010a), this might offer insights into binding interfaces of RNA

and candidate proteins.

Regardless of uracil auxotrophy or prototropy it works well for both organisms, while staying within
the limitations of concentration dependent toxicity. When porting this method to other archaeal
organisms, toxicity however should be evaluated as it has been associated to rRNA synthesis defects
(Burger et al., 2013). With Saci, in the absence of 4TU, we observed unspecific labelling in the range
of tRNAs (Figure 4.2) that hint toward unspecific biotinylation of these perhaps endogenously 4TU
modified tRNAs. While bacteria contain 2TU and 4TU modified tRNAs (Rogers et al., 1995), the
biosynthesis of 4-thiouridine remains unclear in archaea (reviewed in Cavuzié¢ and Liu, 2017). Also
compared to 4TU pulse labelling in other organisms like S. cerevisiae (Braun et al., 2020), we do not
observe any precursor particles in short pulse times. If this is due to the small size increase of the
individual archaeal pre-RNAs compared to their mature equivalents or to the faster turnover rate of

these RNAs is unclear. Yet large precursors such as the archaeal large precursor equivalent to the
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35S rRNA is also not visible arguing for a higher turnover rate. This might be circumvented by using
the affinity purification of these particles, but adds an additional step with potential loss of RNA. Yet
combining depletion analysis using CRISPRI or using plasmid-based complementation of mutants
with this method, might accumulate nascently labelled precursor particles. Potential (essential)
candidates that are in involved in 5’ and 3’ processing of the (circular) pre-16S rRNA should be

suitable candidates and CRISPRi constructs have already been tested and/or are in the making.

The detailed experimental setup and results have been published (Knuippel et al., 2018) and has been
readily applied by others in our lab (Braun et al., 2020).

6 CONCLUSION

In this Study we were able to show the functional conservation of the highly conserved KsgA/Dim1
(di-)methyltransferase in extensive detail in H. volcanii and to a lesser extent in S. acidocaldarius
and P. furiosus. Contrary to Yeast and higher eukaryotes but similar to bacteria, the gene for
KsgA/Diml is not essential in our three archaeal organisms but has manifold implications for the
organism. In H. volcanii we observed no effects on doubling time of 4ksgA cells, but motility defects,
increased biofilm formation and a light change in cell morphology. Interestingly, proteome analysis
revealed that a subset of their respective genes are also differently regulated, with an overall light
negative effect on translation, very likely due to impaired translation initiation from the AksgA

dependent immature state of the ribosome.

Functional complementation analysis revealed conserved catalytic domains with similar
implications. The methylation status of the substrate in H. volcanii revealed an atypical heterogenous
pattern that was not documented and discussed in the hitherto studied organisms and appears to be
specific to a certain group of archaea and results from a single nucleotide exchange in the helix45 of
the 16S rRNA. We could verify this by RNA structure probing and also by introducing the same
mutation into an rDNA reporter system in E. coli. The evolutionary drive behind this mutation is
unclear. In vitro reconstitution of (di-)methylation on cell lysates and purified 30S subunits were
possible and were used as a basis for binding and release assays using recombinant HvKsgA. Detailed
analysis regarding the release from purified 30S subunits however failed due to technical limitation
and high salt incompatibilities. Yet, seeing that eukaryote like assembly factors aiding in the release
of KsgA are present in H. volcanii, makes this binding and release assay an interesting objective for

future research.

The verification of this unusual helix conformation required the establishment of methods that enable
chemical structural probing. Thus, we tested various SHAPE chemicals, DMS and CMCT for the
application in H. volcanii and S. acidocaldarius. Aside from DMS, CMCT and SHAPE worked well
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in both organisms in varying contexts. To study the dynamics of RNA we provided proof of principle

for 4-TU Pulse-/Chase labelling in S. acidocaldarius and H. volcanii.
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7/ MATERIAL AND METHODS

7.1 Materials

7.1.1 Chemicals

All chemicals used in this work were purchased from either Sigma-Aldrich, Merck, Fluka, Roth or
J.T.Baker.

Growth Media was made from ingredients purchased from BD Biosciences (Bacto Agar, Bacto
Peptone, Bacto Tryptone and Bacto Yeast Extract), Sigma-Aldrich (amino acids and uracil) and
Sunrise Science Products (Yeast Nitrogen Base (YNB), amino acids and adenine). All solutions,
buffers, media were prepared with purified water from an Elga Purelab Ultra. The resistivity was at
a constant 18.2 MQ-cm and a guaranteed organic content of less than five parts per billion. pH
measurement was done at room temperature and adjustments were made with HCI or NaOH, unless
stated otherwise. Growth media was autoclaved for 20min at 120 °C and stored depending on

instructions.

7.1.2 Buffers

All buffers were stored at Room temperature unless stated otherwise

Table 7.1 Commonly used buffers

Buffer Ingredients Final concentration

10x PBS NaCl 137 M
KCI 27 mM
KH2PO4 18 mM
Na;HPO4 0.1M
pH 7.4 with NaOH

1x TBE Tris 89 mM
boric acid 89 mM
EDTA pH 8.0 10 mM

4x Lower-Tris TrispH 8.8 15M
SDS 04%

4x Upper-Tris TrispH 6.8 0.5M
SDS 0.4 %

AE NaOAc pH 5.3 50 mM
EDTA pH 8.0 10 mM

87



Material and Methods

Denhards (50x) Ficoll (Typ400, Pharmacia) 10 mg/ml
Polyvinylpyrrolidone 10 mg/ml
BSA (FractionV, Sigma) 10 mg/ml

HU-Sample buffer SDS 5%
Tris pH6.8 200 mM
EDTA 1mM
B-Mercaptoethanol (add fresh) 15%
Urea 8M
Bromphenolblau

Hv-Buffer KCI 28M
MgCl, 75 mM
Tris-HCI pH7.5 10 mM
B-Mercaptoethanol 2mM

K1800 Glycerol 10 % (wiv)
Tris HCI, pH 7.5 20 mM
KCI 1800 mM
Imidazol 10 mM
MgCl, 50 mM
B-Mercaptoethanol 2mM

K200 Glycerol 10 % (wiv)
Tris HCI, pH 7.5 20 mM
KCI 200 mM
Imidazol 10 mM
MgCl, 5mM
B-Mercaptoethanol 2mM

MM (for gRT-PCR) 10x PCR-buffer (Qiagen) MgCl, | 2x
(Qiagen) 2 mM
dNTPs 0.4 mM

MOPS running Buffer (10x) Sodium Acetat Anhydre 20 mM
MOPS 0.2M
EDTApH 8.5 10 mM
Adjust to pH 7 with NaOH
store in dark RT

NaAc NaAc * 3 H20 3M
pH 5.2 with acetic acid

PBS-T 1x PBS 1x
Tween 0.05 %

PeX Loading Buffer Deionized formamide 95 %
EDTApH 8.5 20mM
Bromophenol blue 0.05 %
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Prehybridization Buffer Formamide 50 %
SSC 5x
SDS 0.5%
Denhards 5X
RNA Loading Buffer Formamide 50 %
Bromphenol Blue 0,05 %
SDS-Running buffer Glycine 192 mM
Tris 25mM
SDS 0,1 %
SG (for qRT-PCR) SYBR green (Roche) in DMSO 1:400000
SSC (20x) NaCl 3M
Natrium-Citrat Trihydrat 0.3
pH7
Transfer Buffer (no SDS) Tris 25 mM
Glycine 192 mM
MeOH 20%
Table 7.2 Transformation buffers
Media ingredients Final concentration
Buffered Spheroplasting Solution | NaCl 1M
KCI 27 mM
Tris-HCI pH 8.5 50 mM
Sucrose 15 %
Autoclave for 10 min
Unbuffered Spheroplasting | NaCl 1M
Solution KCI 27 mM
Sucrose 15%
Adjust pH to pH 7.5, Autoclave for 10
min
Spheroplast Dilution Solution Salt Water 30 % 23 %
Sucrose 15 %
Autoclave for 10 minutes. When cool
add 0.75 ml of 0.5 M CaCl2
Regeneration Solution Salt Water 30 % 18 %
10X YPC 1x
Sucrose 15%
Transformant Dilution Solution Salt Water 30 % 18 %
Sucrose 15%
Tfbl KAc 30 mM
MnCl; 50 mM
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KCI 100 mM
Glycerin 15%
adjust to pH 5.8 with 0.2 M acetic acid
filtrate through a 0.22 uM filter
store @ 4°C

Ttbll MOPS 10 mM
CaCl; 75 mM
KCI 10 mM
Glycerin 15%
adjust to pH 7 with NaOH
filtrate through a 0.22 uM filter
store @ 4°C

7.1.3 Media

All media was stored at RT unless stated otherwise

Table 7.3 Media composition E. coli

Media Ingredients Concentration
LB Bacto Yeast Extract 0.5%
Bacto Tryptone 1%
NaCl 1%
stored at 4°C
Tryptone-Only Bacto Tryptone 1%
NaCl 0.5%
Plates add 0,8 % Agar (w/v) to bottles before autoclaving
Antibiotic End concentration used

Ampicillin (Amp)
Chloramphenicol (Chl)
Gentamycin (Gen)
Kanamycin

Kasugamycin (prepare fresh)
Spectinomycin

Tetracyclin

Table 7.4 Media composition H. volcanii
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Media Ingredients Concentration
Salt Water 30 % NaCl 41M
MgCl, * 6 H20 0.15M
MgSO, * 7 H20 0.14 M
KCI 94 mM
Tris-HCI pH 7.5 20 mM
autoclave
10x YPC Bacto Yeast Extract 5%
Bacto Pepton 1%
Casamino acids 1%
KOH 17 mM
10x Ca Casamino Acids 5%
KOH 17 mM
Autoclave separately or filter sterilze (0.45 pm)
Hv-YPC (complete media) 200ml Salt Water 30 %
100 ml H,O
10x YPC 11%
autoclave Ad. 333ml
CaCl» 3mM
Hv-Ca+ (enhanced casamino | 200 ml Salt water | autoclave
acid broth) (30 %)
+ 75 ml H,0O
33 ml 10x Ca Casamino acids 51.5 mg/ml
Filter sterilize or autoclave
seperately
8.5 ml Hv-Minimal | Lactic acid 10%
Carbon Source Succinic acid 9%
Glycerol 1%
pH 7.5 with NaOH
filter sterilize
4 ml Hv-Min Salts NH.4CI 04 M
CaCl, 0.25M
MnCl; * 4 H,O 0.15 mM
ZnS04 * 7 H,0 0.13 mM
FeSO4 * 7 H,O 0.67 mM
CuSO4 * 5 H,0 16.7 uM
filter sterilize
650 pl 0.5 M KPO4 | KoHPO, 0.3M
buffer pH 7.0 KH2PO, 0.2M
autoclave
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300 ul Thiamin & | Thiamine 0.9 mg/ml

Biotin Biotin 0.1 mg/ml
autoclave

Hv-Ca 200 ml Salt water | autoclave

(30 %)

+ 100 ml H,O

33 ml 10x Ca Casamino acids 51.5 mg/ml

650 pl 0.5 M KPO4 | KoHPO, 0.3M

buffer pH 7.0 KH2PO, 02M
autoclave

300 pl Thiamin & | Thiamine 0.9 mg/ml

Biotin Biotin 0.1 mg/ml
Filter sterilize

Table 7.5 Media composition S. acidocaldarius

Media Ingredients Concentration
Saci medium (Brock medium) | 1 ml Brock | CaCl, * 2 H,0 70 g/l

autoclave

10 ml Brock 11 (NH4)2S04 130 g/l
MgSO4 * 7 H,0 25 g/l
H2S04 1:1
autoclave

5 ml Brock 111 KH2PO, 56 g/l
MnClI; * 4 H,0 0.36 g/l
Na,B4O7 * 10 H,O 0.9 g/l
ZnS0O4 * 7 H20 44 mgl/l
CuCl; * 2 H,O 10 mg/l
NaMoO4 * 2 H,0 6 mg/I
VOS04* 2 H,0 6 mg/l
CoS0O4 * 7 H,O 2 mg/l
H2S0. 1:1
autoclave

1 ml Fe-solution | FeCl 20 g/l
filter sterilize

A.d. 11 H.0

Bacto Tryptone 0.1%

Dextrin 0.2%

pH 3.5 with H2SO4

autoclave

Uracil 0.2 pg/ml
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7.1.4 Nucleic Acids

7.1.4.1 Oligonucleotides
Oligonucleotides were ordered from MWG Operon and dissolved in ddH»O to a concentration of

100 pmol and stored at -20 °C. The following accession numbers belong to the database of the

Biochemie I11 chair of the University of Regensburg

Primer

5'-3'

oHv055-HvFap7-BspHI-Fw
oHv056-HvFap7-Bam-Rv
0Hv091-KOus-HvksgA-
Kpnl-Fw
0Hv092-KOds-HvksgA-
Bam-Fw
0Hv093-KOds-HvksgA-
Bam-Rv
0Hv094-KOds-HvksgA-
Xbal-Rv
0Hv095-HvksgA-BspHI-Fw
0Hv096-HvKsgA-Bam-Rv
0Hv180-pTA1228seq-US
oHv181-pTA1228seq-DS
oHv226-KsgA-us-comp-Fw
oHv227-KsgA-us-comp-Rv
oHv228-KsgA-del-comp-Fw
0Hv229-KsgA-del-comp-Rv
0Hv230-KsgA-orf-comp-Fw
o0Hv231-KsgA-orf-comp-Rv
0Hv236-rDNA-Pci-3462-Rv
0HV239-KsgA-E84A-Fw
0Hv240-KsgA-E84A-Rv
0Hv255-16S-G468U-Fw
0HV322-DY682-23Srep-Bss-
Fw
0HVv323-DY782-23Srep-Bss-
Rv
0Hv324-DY682-16S-3end-
Rv

oHv325-DY782-16S
5end-Rv
0Hv326-DY682-Ec_16S-
3end-Rv
0Hv327-DY682-Sc_16S-
3end-Rv
0Hv338_16S_MS2_fw
0Hv339_16S_MS2_rv
oHv340_16S_Mango_Fw
oHv341_16S_Mango_rv

ITS-

GAGGCGTCATGAGAGTCGTCGTCACCGGC
TATTATGGATCCTCATAGGTAGTCGATGAAGTC

gcatcgagGGTACCctacgcgctctcgggegacg

ggaacctGGATCCtccatgacgctceccgceact

gacgcgccGGATCCtgggagaggtatcgtgcgag

ctagccacTCTAGActcgecgtcgaacgtctgga

GAGGCGTCATGACGAGCGACGGCAGCGA
TATTATGGATCCTTAGCGGCCGACCGACGCGG
CACCGACCCGATTCGACCC

GGGAACAAAAGCTGGAGCTCC
CGACTTCTACAACGACGCAC

CTCGAACGACTCGAACGGTC

GCGACAACGACGTGAAGTAC

GAGCACCGCGGCGAGTGCGG

GACGTTCGCCGCGCACCTGC

CTCCGAGGAGATGCCGTACG
GCTTCGACATGTTTCGGTTGGAACC
CGACCGCGTGACCGTCGTCGCACAGGACCGGACGTTCGCCGC
GCGGCGAACGTCCGGTCCTGTGCGACGACGGTCACGCGGTCG
GACCGGTGCCAGCCGCCGCGITAATACCGGCAGCTCAAGTG

ACGAGGTTCATTCATGGGAC

GATAGCAGCCGACCTGTCTC

AGGAGGTGATCCAGCCG

CGTGTGAGCCACCCCGTCGG

AGGAGGTGATCCAACCG

TAATGATCCTTCCGC

TGATGATGATTACACATCTTTACTAGTACTCGTGGCGAAAAGCTCAG
AGATGTGTAATCATCATCAAAACTAGTACTCGTGCAACTAGCATGGCTA
TACGAAGGGACGGTGCGGAGAGGAGAGTAACTCGTGGCGAAAAGCTCAG
TACTCTCCTCTCCGCACCGTCCCTTCGTAACTCGTGCAACTAGCATGGC
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oHv342_Nano-
KsgA_Nde_Fw
oHv343_Nano-
KsgA_Xho_Rv
oHv344_HvKsgA L128P fw
oHv345_HvKsgA L128P rv
oHv346_HvKsgA_RRK_A3
fw
oHv347_HvKsgA_RRK_A3
rv

o0Hv348 GE_Flag_Nde fw
oHv349_GE_Flag_RV rv
oHv350_Flag_GE_Hind fw
oHv351 Flag_GE_Bam rv
oHv352_GE_D289A fw
oHv353_GE_D289A rv
oHv354 GE_D338 341A fw
oHv355 GE_D338 341A_rv
0Hv356-DY682-16S-3end-
long-Rv

oHv357-DY682-
Ec_16S_long-3end-Rv
0Hv358-DY682-
Hm_16S_long-3end-Rv
oHv359 Hv16S_1453U-C-
fw

oHv360_Hv16S 1453U-C-rv
oHv361_Hv16S_1448G-A-
fw
0Hv362_Hv16S_1448G-A-rv
0Hv363_Hv16S_1448G-C
1453 U-C-fw
oHv364_Hv16S_1448G-C
1453 U-C-rv

oHv367_HvksgA E84A
silent EcoRI_rv
oHv368_HvksgA silent

EcoRI_fw
0Hv369_HmksgA-BspHI
skip rv
0Hv370_HmksgA_BamHI_r
v

0Hv371-HmksgA Bsp_Fw
oHv380_Ec_rrnB Fw-5"-
Bglll
oHv381_Ec_rrnB
Xbal
oHv382_Ec_h45_GC-
AU_fw
oHv383_Ec_h45_GC-AU_rv

Rv-3’-

Material and Methods

ATTGCGCATATGCAGCAGCACTTCCTCCAG

GTGGTGCTCGAGGCATGTGCCGGGCATCAACGA

GCGTGCGTCTCGAACCCCCCGTACGGCATCTC
GAGATGCCGTACGGGGGGTTCGAGACGCACGC

GTTTACCCAGGCCGCAGCCACCATCAGAAACGGCATCCGC

TTCTGATGGTGGCTGCGGCCTGGGTAAACAGCGCCTTCAC

ATTGCGCATATGAGAGTCCGCGTCCGCGGC
TCATCTTTGTAGTCGATATC

GATAAAAAGCTTAGAGTCCGCGTCCGC
CTAGTGGATCCCTACCCCGACAGCGCCGACTC
GCCTCCGCCGGCGTCGCCCTCGCGGAGGCGCTCTGC
GCAGAGCGCCTCCGCGAGGGCGACGCCGGCGGAGGC
CATCACGCTCGGCTCCGGCGCGGTGACGGCCCGCGACCCCGAGGGAACG
CGTTCCCTCGGGGTCGCGGGCCGTCACCGCGCCGGAGCCGAGCGTGATG

AGGAGGTGATCCAGCCGC

AGGAGGTGATCCAACCGC

AGGAGGTGATCCAGCCAC

CAAGGTAGCCGTAGGGGAACCTGCGGCTGGATCACCTCCT
AGGAGGTGATCCAGCCGCAGGTTCCCCTACGGCTACCTTG
CGTAACAAGGTAGCCGTAGAGGAATCTGCGGCTGGATCACC
GGTGATCCAGCCGCAGATTCCTCTACGGCTACCTTGTTACG

AGGAGGTGATCCAGCCGCAGGTTCCGCTACGGCTACCTTGTTACGAC

GTCGTAACAAGGTAGCCGTAGCGGAACCTGCGGCTGGATCACCTCCT

GTCAGCGAATTCGCGGCGCAGGTGCGCGGCGAACGTCCGGTCCTGTGCGACGACGGTC
ACGCGGTCGG

CGCCGCGCACCTGCGCCGCGAATTCGCTGACGAGGTCGAATCGGAC

AGCGTGGCGAAGTCGGCTGGTGTGAGCTTCCCGGCACGGGCGCTCATCAGGCCTTCGT
CGGCGGCCTCG
TATTATGGATCCTCAGGCCTCCGGCTGCCCGACCTCGTACGCGAGTGTCGCCAGCGTG
GCGAAGTCGGCTGGTG

GAGGCGTCATGACTACGACTGAGACAGGG

GCTCAACCTGGGAACTGCATC

GTACGCTTAGTCGCTTAACC

GTCGTAACAAGGTAACCGTAGAGGAATCTGCGGTTGGATCACCTCCTTA
TAAGGAGGTGATCCAACCGCAGATTCCTCTACGGTTACCTTGTTACGAC
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oHv384_Ec_h45_noW?7_fw
oHv385_Ec_h45_noW7_rv
0Hv396-DY682-16S-5end-
Rv
oHv397-DY782-23S-5-end-
Rv

0Hv398-T7prom-OmpA
substrate Fw
0Hv399-OmpA substrate Rv
0Hv400-DY682-16S-m6A-
Rv

oHv402-Trpase_F2_RT
oHv403-Trpase_R2
oHv404-RibL10-H. v.-B
oHv405-RibL10-H. v.-B
oHv414 Hv_UTP24-Nde
oHv415 Hv_UTP24-Xho_rv
oHv416_Hv_UTP24_Bsp_p
TA fw

oHv417 Hv_UTP24_D9N_B
sp_pTA_fw

oHv418 Hv_UTP24_Bam_p
TA rv

oHv419 Hv_UTP24_D9E_B
sp_pTA_fw
0Hv426_Hv_UTP24KO_us-
Kpn
oHv427_Hv_UTP24KO_ds-
Xba

oHv428 Hv_UTP24KO usd
s-fw

oHv429 Hv_UTP24KO_usd
s-rv (reversed)
oHv430_Hv_UTP24mut_us
ds-fw
oHv431_Hv_UTP24mut_us
ds-rv

oHv432_HvNobl D5E _fw
oHv433_HvNobl D5E _rv
oHv434_HvNobl D5N _fw
oHv435 _HvNobl D5N _rv
oHv441_DUF655-KO_DS-
Xbal_Rv
oHv442_DUF655-KO_US-
Kpnl_FW

oHv443 DUF655-
KO_US/DS_FW-BamHi
oHv444_DUF655-
KO_US/DS_RV-BamHi

Material and Methods

GGTAACCGTAGGGGAACCTACGGTTGGATCACCTCCTTA
TAAGGAGGTGATCCAACCGTAGGTTCCCCTACGGTTACC

CCCAATAGCAATGACCTCCG

CGAGCTATCCACCAGCTGGC

TAATACGACTCACTATAGGGCCAGGGGTGCTCGGCATA
GAAACCAGCCAGTGCCACTG
AAGCCCCCTTGCGAAGCC

TTCGCGTTCCCCGGCACCGAC

ACACCGGTTCGAGCCGCGACG

CCGGTCGCCTGCTTGTTCTCGCG

CCGAGGACTACCCCGTCCAGATTAGCCTG
GAGGCGCCATATGACCGCCACCGTAGTCGTC
GTGGTGCTCGAGAGGTTCCGTGATTGCCAGCGT
GAGGCGTCATGACCGCCACCGTAGTCGTCATGGACACGAACGCGCTGATGATGCCGGT
CGAACTCGACGTCC
GAGGCGTCATGACCGCCACCGTAGTCGTCATGAACACGAACGCGCTGATGATGCCGGT
CGAACTCGACGTCC

TATTATGGATCCTTAAGGTTCCGTGATTGCCAG

GAGGCGTCATGACCGCCACCGTAGTCGTCATGGAGACGAACGCGCTGATGATGCCGGT
CGAACTCGACGTCC

GCATCGAGGGTACCAGCGGGCGACGAACTCGAAC

CTAGCCACTCTAGACCGTGAGGCCGATCTTCGAG

GTATCGGGACGCTCAAGTGACCGAAACTATGTACAAACGGGT

GTATCGGGACGCTCAAGTGACCGAAACTATGTACAAACGGGT

GTATCGGGACGCTCAAGTGACGTGACCGCCACCGTAGTCGT

ACGACTACGGTGGCGGTCACGTCACTTGAGCGTCCCGATAC

ATGCGGATTCTCGAGGCGTCTGCGTTCATCC
GGATGAACGCAGACGCCTCGAGAATCCGCAT
ATGCGGATTCTCAACGCGTCTGCGTTCATCC
GGATGAACGCAGACGCGTTGAGAATCCGCAT

GGCCATTCTAGAGCCGAACTCCTTTTGGAAC

GTTCAAGGTACCGATCAACGACGGCGGCAAAGAG

CGAAGGCGGATCCCGGAACGGGACTTTTACCCG

GCCTTCGGGATCCACCAGTAGTTACGGTGAGCCG
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oHv445_DUF655_BamHI_R
\%
oHv446_DUF655_BspHI-
FW
oHv446_gPCR-flgA2-fw
oHv447_gPCR-flgA2-rv
oHv448 flgA2-rT
oHv449_gPCR-flal-fw
oHv450_gPCR-flal-rv
oHv451 flal-rT
oHv452_gPCR-cheR-fw
oHv453_gPCR-cheR-rv
oHv454 _cheR-rT
oHv463_GFP_Nde_Fw

oHv464_Flag_GFP_Nde_Fw

oHv465r_GFP_Pci_Rv
oHv466_KsgA_amber36_F
w
oHv467_KsgA_amber36_Rv
oHv468_KsgA_amber97_F
w
oHv469_KsgA_amber97_rv
oHv470_KsgA_amber98_F
w
oHv471_KsgA_amber98_rv
oHv472_KsgA_amber208_F
w
oHv473_KsgA _amber208 r
v
oHv474_flgAl_Pci_Fw
oHv475_flgAl_Bam_Rv
0Hv494 5" Crispr_I cassette
Kpnl_ fw
0oHv495 3" Crispr_|I cassette
BamHI_rv
oHv496 _crispr_5"_Crtl#al _
fw
oHv497_crispr_5"_Crtl#al_
rv
oHv498 crispr_5"_Nobl#al
_fw
oHv499 crispr_3"_Nobl#al
_rv
oHv500_crispr_5"_Nob1#a2
_fw
oHv501_crispr_5"_Nobl#a2
_rv
oHv502_crispr_5"_Nob1#a3
fw

Material and Methods

AAGTCCGGATCCCTACTGTCCGTCGCGTCCGACG

CTACTGTCATGACACGTACGGAGAGCG

ACGCTCACCGTTCGTCTCGC
CGGAGTCGTTCGTCGCGGAG
TTGCGGCCGTGTCGATGGTG
CAGCAACTGCTCACCCGCGA
CCACGGACCTCCCCGACGAT
GGTCGCCGGTGAAACGCTGA
TACCGCGCCTCCGAGACGAA
CGGACCATGTCGGTGACGGC
CTCGCGCGGTAGATGCGGAG
ATTGCGCATATGTCGAAAGGCGAGGAACTC
ATTGCGCATATGGACTACAAAGATGACGACGATAAAGGGATGTCGAAAGGCGAGGAA
CTC
GGTTCCACATGTGGCCCTGCCCCTGGCCTTGGCC

CCCGGACCACGACCAGCACTAGCTCGTCGACGACCGCGTCGTC
GACGACGCGGTCGTCGACGAGCTAGTGCTGGTCGTGGTCCGGG
CCGCGCACCTGCGCCGCGAGTAGGCTGACGAGGTCGAATCGGAC
GTCCGATTCGACCTCGTCAGCCTACTCGCGGCGCAGGTGCGCGG
CGCACCTGCGCCGCGAGTTCTAGGACGAGGTCGAATCGGACCG
CGGTCCGATTCGACCTCGTCCTAGAACTCGCGGCGCAGGTGCG

GTCGTCGTCCGCATCACGCCGTAGGAGCCGGAGTACGAGGTCG

CGACCTCGTACTCCGGCTCCTACGGCGTGATGCGGACGACGAC

GAGGCGACATGTTCGAAAACATCAACG
TATTATGGATCCTCAGAGCGCAATGGGGTCG

GAATTGGGTACCGAGAATCG

GCTCTAGAACTAGTGGATCCC

CCGTTGATCGGTAGTTGAAGCTCTACGTCCTTACGAACGGACATGAATTCTGTCTCG

GTTGCCATACCAATATCGGTCGAGACAGAATTCATGTCCGTTCGTAAGGACGTAGA

CCGTTGATCGGTAGTTGAAGCTCAATGCGGATTCTCGACGCGTCTGCGTTCATCCAC

GTTGCCATACCAATATCGGTGTGGATGAACGCAGACGCGTCGAGAATCCGCATTGA

CCGTTGATCGGTAGTTGAAGCAGGATAGATTCTCAATGCGGATTCTCGACGCGTCTG

GTTGCCATACCAATATCGGTCAGACGCGTCGAGAATCCGCATTGAGAATCTATCCT

CCGTTGATCGGTAGTTGAAGCATCCACGAGTACCACACCGACGACGAGACGGCCTCG

96



oHv503_crispr_5"_Nob1#a3
_rv

oHv504 _crispr_5~_UTP24#a
1_fw
oHv505_crispr_5~_UTP24#a
1rv
oHv506_crispr_5~_UTP24#a
2_fw
oHv507_crispr_5_UTP24#a
2_rv
oHv508_crispr_5_UTP24#a
3 fw
oHvV509_crispr_5_UTP24#a
3_rv
oHv510_Pfu_KsgA_Nde_fw
oHv511 Pfu_KsgA_Bam_rv
oHv512_PF1862fw
oHv513_delPF1863rv
0Hv514_delPF1863fw
oHv515 PF1864+selection_r
v
oHv516_PF1864+selection_f
w
oHv517_counter_selection_r
v

oHv518-DY682-Pfu-16S-
3end-Rv
oHv519-FAM-16S-3end-Rv
oHv520_Pfu_KsgA_Xhol_r
v

oHv521_16S_1447 DY682
oHv522_16S_1317_DY682
0oHv523_16S_1181_DY682
oHv524_16S_1038_DY682
oHv525_16S_909_DY682
oHv526_16S_771_DY682

oHv528 Pfu_long_Fw

oHv529 Pfu_short_515
oHv545_fap7_Ndel
oHv546_fap7_Xhol

oHv548 pTQ_Ndel_His-
GFP

oHv549 pTQ_His-
GFP_Pil

0HV593 EcKsgA pBAD33_
Fw_Smal

oHv594 pET24 C-
Term_to_pBAD33_6His_Hi
ndlll

Material and Methods

GTTGCCATACCAATATCGGTCGAGGCCGTCTCGTCGTCGGTGTGGTACTCGTGGAT

CCGTTGATCGGTAGTTGAAGCCGGGACGCTCAAGTGACGTGACCGCCACCGTAGTCG

GTTGCCATACCAATATCGGTCGACTACGGTGGCGGTCACGTCACTTGAGCGTCCCG

CCGTTGATCGGTAGTTGAAGCGCGTGTTCGACGAACTCGACCGGCTGCTCGCGGCCG

GTTGCCATACCAATATCGGTCGGCCGCGAGCAGCCGGTCGAGTTCGTCGAACACGC

CCGTTGATCGGTAGTTGAAGCGAACGCGCTCATGATGCCGGTCGAACTCGACGTCCG

GTTGCCATACCAATATCGGTCGGACGTCGAGTTCGACCGGCATCATGAGCGCGTTC

ATTGCGCATATGAGAGACAAACTTTTCTAT
TATTATGGATCCATTAATGATTCCTTGAATTTTTAG
ATCGAGGGTACCTCCGTATCATCATAGCATAAAG
GATAAACTTTTTGAAAAAATTATTAGTCTATTCACGGAATATTCTATTAC
GTAATAGAATATTCCGTGAATAGACTAATAATTTTTTCAAAAAGTTTATC

CCTTTTTAGGAGTTATCCAGCTCATTCTTCTCCCTCCTATATTCTC

GAGAATATAGGAGGGAGAAGAATGAGCTGGATAACTCCTAAAAAGG

GTGGTGCTCGAGGCTAGCGAATTCGTGGGTACAG

AGGAGGTGATCGAGCCG
AGGAGGTGATCCAGCCG
GTGGTGCTCGAGATTAATGATTCCTTGAATTTTTAG

GATCCAGCCGCAGATTCCCC

GAGCAGGGACGTATTCACCG

ATTGTCTCGACCATTGTAGC

TGCGGGTCTCGCTCGTTGCC

GTGAGATGTCCGGCGTTGAG

AGGCTCGTAGCCTGTGTCAC
GATATCTTCCTACAAAACACCGCAGATTAAACTTCTCCTACTTACGAAAACTTTAAAA
GATAATAAATTTGGTATCCGTTTAGCGAGAGAATATAGGAGGGAGAAGA
GGTGTTTTGTAGGAAGATATCAAATCAGCCACACAACAGTCTG
ATTGCGCATATGAGAGTCGTCGTCACCGGC
GTGGTGCTCGAGTAGGTAGTCGATGAAGTCG

ATTGCGCATATGCACCACCACCACCACCACGGGTCGATGAGTAAAGGAGAAGAACT

TTATCGACATGTGCGAGCCTTTGTATAGTTCATCCATGCC

ATTGCGCCCGGGATGAATAATCGAGTCCACCA

CGCAATAAGCTTTCAGTGGTGGTGGTGGTGGTG
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oHv595_PfuKsgA_pBAD33
_Fw_Smal
0HV596_pET24_Ec_KsgA-
FW-new
oHV597_pET24_Ec_ksgA_R
v
0Hv598_EcKsgAE66A_FW
0HV599 EcKsgAEG6A_RV
oHv600_delta 16S lig _fw
oHv601_delta 16S lig _rv
oHv602_recA_pBAD_FW_S
mal
oHv603_recA_pBAD_Rv_H
indllI_(reversed)

oHv604

oHv605-T7Prom
oHv606-pBADFW
oHv607-pBADrv
0HvV619_hvFap7-
E70A_HT72A_fw
o0Hv620_hvFap7-
E70A_HT72A _rv
oHv622_DY782-23S_5-end-
18nt_Rv
oHv623_gqPCR_HVO01572_f
w
oHv624_gPCR_HVO1572_r
v

oHv625_flgAl_qPCR-fw
oHv626_flgA1l_qPCR-rv
oHv627_flgAl-11_gPCR-fw
oHv628_flgAl-11_gPCR-rv

saci_025 KsgA Ncol
Fw.xdna

saci_026 KsgA-Ncol
Rv.xdna

saci_027 KsgA Bam
Rv.xdna

saci_028 KsgA KO560 Bam
Rv.xdna

saci_029 KsgA KO Pst
Fw.xdna

saci_030 KsgA KOup Nde
Kpnl Fw.xdna

saci_031 KsgA inFDel ovl
Rv.xdna

saci_032 KsgA inFDel ovl
Fw.xdna

saci_033 KsgA KOdw Nco
Bam Rv.xdna

saci_034 KsgA KOtest
Fw.xdna

saci_035 KsgA KOtest
Rv.xdna

saci_036 KsgA inFDel ovl
Fw.xdna

saci_037 KsgA inFDel ovl
Rv.xdna
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ATTGCGCCCGGGATGAGAGACAAACTTTTCTA

TAACACCATATGAATAATCGAGTCCACC

GTGGTGCTCGAGACTCTCCTGCAAAGGCGCG

CTGACGGTCATCGCACTTGACCGCGATC
GATCGCGGTCAAGTGCGATGACCGTCAG
GTTAGCCCTAGTAGTTCGGTGACAGAACTACTAGGGCTAACACGG
CCGTGTTAGCCCTAGTAGTTCTGTCACCGAACTACTAGGGCTAAC

ATTGCGCCCGGGATGGCTATCGACGAAAAC

CGCAATAAGCTTTTAAAAATCTTCGTTAGTTT

GTTTACTCGCCGTTACTAACG
TAATACGACTCACTATAGGG
ATGCCATAGCATTTTTATCC
GATTTAATCTGTATCAGG

CGACTGGGACGGCATCGTCGCGAGCGCACTCGCACACCACTTCGAGG

CCTCGAAGTGGTGTGCGAGTGCGCTCGCGACGATGCCGTCCCAGTCG

GCTCTCGAGCCGAGCTATCCACC

TACGAAGTCGTCGACAACTC

TCGTACTGTTCGTGCGTATC

GGTCAGGTCGGTATCGGGACG
CCTTGTTCACAGATTGCTG
CCTACAACGACACCGTCACC
CGGACTGCTCGTTGAGAACC
CACGATCCATGGGAAAGAATAAGTTAGGACAGCAC

GTAATAAATCTGTTATCTCCCAGGGCTTAAACTCCCTTACC
CACGATGGATCCGACAAAGTTTATACCCATAGAATGTAATAAATCTGTTATCTC
CACGATGGATCCTAACCACATAACGATAATGCG
CACGATCTGCAGATGAAGAATAAGTTAGGACAG
GGCAGCCATATGGGTACCATCGGCGAAGATTATTTTATG
CTGGAATATATACATCATCGTCGTAGTCTCTCAAGGTATCC
GGATACCTTGAGAGACTACGACGATGATGTATATATTCCAG
CACGATGGATCCATGGCAGCTCCAAACCAATTAACC
GTACGTGGAGAGCTGAGATA

TACTTCACTACCCTTCGCTG
GGATACCTTGAGAGACTACGATGAGCTGACCATGGGAGATAACAGATTTATTAC

GTAATAAATCTGTTATCTCCCATGGTCAGCTCATCGTAGTCTCTCAAGGTATCC
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saci_041 KsgA Nde His6 ATTGCGCATATGCACCACCACCACCACCACGGAATGAAGAATAAGTTAGGACAG
Is:a\llt\:lligzg KsgA stop Xhol GTGGTGCTCGAGTCAGACAAAGTTTATACCCATG

Is?a\(/:.i)i%zg KsgA E52A CTTAAACCCGATATTGCGATTGCAATAGACGTTTCTCTTATCAATC

lsze\llgligzz KsgA E52A GATTGATAAGAGAAACGTCTATTGCAATCGCAATATCGGGTTTAAG

?a\::'i)i((j)zg DY682 KsgA Me- GTGATCCAGCCGCAG

sh-Rv.xdna

7.1.4.2 Nucleotides
Nucleotides (ANTPs, 10mM each) for PCR were obtained from New England Biolabs.

Radioactively labeled y-Phosphate®-ATP was ordered from Merck.
ddNTP were (10mM each) were purchased from Affimetrix

7.1.4.3 Plasmids

pTA-131 (AmpR) (Allers et al., 2004)

pPTA-1228 (AmpR) (Stroud et al., 2012)

PCRTM I1-Blunt-TOPO® (Kan®) | Commercially available Vector/Cloning Kit from Life Technologies
pBAD33-GM addgene.org/65098

PET15 (AmpR) E. coli expression vector (novagen)

PET24a (KanR) E. coli expression vector (novagen)

PET24d (KanR) E. coli expression vector (novagen)

pTQ61_N-GFP_pTAl Kind gift From Tessa Quaxx (Uni Freiburg)

puUC19 (AmpR) Invitrogen-Testplasmid

7.1.4.4 Gene synthesis
Synthetic genes were ordered from MWG Operon and dissolved according to provided instructions.

7.1.5 Kits
peqGOLD Plasmid Miniprep Kit | PegLab
QIAEX Il Gel Extraction Kit Qiagen
QIAquick PCR Purification Kit Qiagen
Zero Blunt® TOPO® PCR Cloning Kit Life Technologies

7.1.6 Enzymes

All restriction enzymes were bought from New England Biolabs and used with the most suited buffer
recommended by the company’s double digest finder (https://www.neb.com/tools-and-
resources/interactive-tools/double-digest-finder).

Other enzymes:
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Enzyme

Manufacturer

HotStar Taq Polymerase

Qiagen

Phusion HF DNA Polymerase

New England Biolabs

M-MLV Reverse Transcriptase

Promega/NEB/Invitrogen

RadPrime DNA Labeling System

Life Technologies

RNasin Promega
RQ1 RNase-free DNase Promega
SuperScript 11 Reverse Transcriptase Invitrogen

T4 DNA Ligase

New England Biolabs

7.1.7 Strains

Organism Strain Genotype
Escherichia coli XL1 blue endAl gyrA96(nalR) thi-1 recAl relAl lac ginV44 F’ [ ::Tnl0
proAB+ laclq A(lacZ)M15] hsdR17(rK- mK+)
Escherichia coli Rosetta Star | F- ompT hsdSB(RB- mB-) gal dem A(DE3 [lacl lacUVS5-T7 gene
(BL21) 1 ind1 sam7 nin5]) pLysSRARE (CamR)
Escherichia coli (BL21- Modified pLysSRARE > pEvol-AzF described in (Willkomm
AzF) etal., 2017)
Escherichia coli AVS69009 | A(rrsC-gltU-rrIC)15::cat+ilv+ (Asai et al., 1999b; Vila-Sanjurjo
and Dahlberg, 2001)
Haloferax volcanii h26 DS70 Derivat ApyrE2 (Allers et al., 2004)
Haloferax volcanii H99 AtrpA AhdrB ApyrE2 (Allers et al., 2004)
Haloferax volcanii SMHXXX | See (Knuppel et al., 2018)
Haloferax volcanii H1424 DS70 DpyrE2; DhdrB; Nph-pitA; Dmrr; cdc48d-Ct
Sulfolobus acidocaldarius | MW001 DSM639

(https://www.dsmz.de/collection/catalogue/details/culture/DSM-
639)

Biomass for various archaeal cells were a kind gift from the Archaea Center Regensburg, Thank you !

7.1.8 Consumables

Material

Manufacturer

1 kB DNA ladder

New England Biolabs

100 bp DNA Ladder

New England Biolabs

2-log DNA ladder

New England Biolabs

96-well plates Sarstedt
Agarose ultrapure Invitrogen
Biosphere® Filter Tips Sarstedt

BM Chemiluminescence Western Blotting Substrate (POD) | Roche

Cassettes 1.0 mm

Invitrogen
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ColorPlus™ Prestained Protein Marker, Broad Range (7-

New England Biolabs

175 kDa)

Cuvettes Sarstedt
Extra Thick Blot Paper Bio-Rad
Falcon tubes (15ml/50ml) Sarstedt
Filter paper 3SMM Whatman

Gel Loading Dye (6x), blue

New England Biolabs

Glass beads (0.1 mm) Biospec
Immun-Blot PVDF Membrane #162-0177 BioRad
PCR-Tubes and Caps Kisker

Pipette tips (10-1000ul) Sarstedt

Pipettes (2-50ml) Sarstedt
Positive TM membrane MP Biomedicals
reaction tubes (1.5ml, 2ml) Sarstedt

SYBR Safe DNA Gel Stain Invitrogen

Unstained Protein Ladder, Broad Range (10-250 kDa)

New England Biolabs

7.1.9 Software

Software

Producer

Fiji

Open Source

Geneious 4.8.4 Basic

Biomatters Limited.

Graphpad Prism 8.3.0

Graphpad Software, LLC

Image Reader FLA-3000 v.1.8 Fujifilm
Microsoft Office Excel 2013 Microsoft
Microsoft Office PowerPoint 2013 Microsoft
Microsoft Office Word 2013 Microsoft
MultiGauge v.3.0 Fujifilm
Photoshop CS6 Adobe

Rotor-Gene 6000

Corbett Research

SigmaPlot 12.5

Systat Software

7.2 Methods
7.2.1 Microbiology

7.2.1.1 Escherichia Coli

7.2.1.1.1 Making chemically competent cells

Cells were scraped from glycerol stocks and plated on a LB-Plate (with appropriate antibiotic) and

grown over night at 37 °C. Single colonies were inoculated overnight in 50 ml LB-Medium (with
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appropriate antibiotic) @37 °C (180 rpm). The OD o0y Was measured and inoculated to a 200 ml
LB o day culture at ODgoo ~ 0.2, and grown at same settings as before. Cells were harvested at ODgoo
0.5 into four 50 ml Falcons and centrifuged for 10min at 4 °C (4,500 rpm).

From here on out every step was rapidly done at 4 °C. The supernatant was discarded and then each

cell pellet resuspended in 15 ml Tfbl (see

Table 7.2), incubated for 20 min and then centrifuged for 10 min at 4,500 rpm. The supernatant was
removed and the first of the four cell-pellets was resuspended in 4 ml Tfbl1, once resuspended it was
transferred to the second cell-pellet and so on until all four pellets were resuspended in a total of 4
ml. This was then incubated for 10-20 min and subsequently divided into 50 pl cell aliquots.

Of each batch 2 dilutions of a pUC19-Vector were made to test transformation efficiency including

a water control. The rest was frozen @-80 °C.

7.2.1.1.2 Transformation of Plasmids via Heat-shock

Competent cells were thawed on ice. The desired DNA (for a re-transformation, 10-40 ng of ultra-
pure plasmid DNA, or half of a ligation) was added to the thawed cells, flipped briefly and then
incubated for 30 min on ice.

After that the cells were heat-shocked for 1 minute at 42 °C and put back on ice for 2min. To
regenerate the cells 450 ul LB-Medium was added and regenerated on a thermomixer for 30-60 min
at 37 °C (700 rpm).

Retransformations were diluted 1:3 in LB-Medium and then 100 pl were plated onto LB-Plates (with
appropriate Antibiotic). Ligations were completely plated onto LB-Plates (with appropriate
Antibiotic).

Both were incubated over night at 37 °C.

All plasmids were amplified in XL1-Blue cells, Rosetta Star/BL21 cells were used for protein
expression (see 7.2.3.1).

7.2.1.1.3 P1 Transduction
KEIO Strain 4ksgA J50 was grown over night in LBkan) at 30 °C. 50 pl of the overnight culture was

used to inoculated 4 tubes with 5 ml LBo (+ 0.2 % Glucose, 5 mM CaCly) each. Increasing
concentrations of P1 Lysate (a kind gift from Markus Busch, Biochemistry 11) (0/50/100/200 pl)
were added to the cultures and grown for 2-6 hours at 30 °C. To each tube a few drops of Chloroform
were added (use yellow tips) vortexed and put into a shaker at 37 °C for 15 min. After centrifuging
the cells at 4000 rpm for 10 min at 4 °C, the supernatant was collected in a new falcon tube and after
adding a few more drops of Chloroform, stored in the fridge. These P1 lysates can now be used to

infect target strains and transduce AksgA.

The target strain (as a test we used BW25113) was grown over night in 5ml LBo (2,45 mM CaCl,).
On the next day 100 pl of the overnight culture was infected with 100 pl P1-4ksgA-Lysate (various
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lysate concentrations can be tested) alongside a control with 100 pl LBo. This was mixed and
incubated without shaking at 37 °C for 30 min. The infection was stopped by adding 200 ul 1M Nas-
Citrat and regenerated for 1 h at 37 °C in a shaker with the addition of 1 ml LB,. After regeneration
the cells were pelleted at 4000 rpm in a table top centrifuge, the supernatant was discarded and the
cell pellet was resuspended in P1-Saline (145mM NaCl, 50 mM Nas-Citrat) and in this case plated

onto LBkan plates.
7.2.1.2 Haloferax volcanii workflow

7.2.1.2.1 Transformation of Plasmids

All steps are performed at room temperature unless stated otherwise.

This protocol is derived from (Allers et al., 2004) and aims at 4 transformations i.e. three plus one
water (-) control and needs to be adjusted according to the amounts of transformations.

For buffers see (see Table 7.2)

At first 10 ml overnight culture of desired Hv-Strain were set up using Hv-YPC (+Trp 50 pg/ml for
h1424 cells, +1 mg/ml for h99). At ODsggo ~0.8 the cells were pelleted for 8 min at 6000 rpm. This
was then resuspended in 2 ml buffered spheroplasting solution and transferred into a 2 ml round-
bottomed tube and pelleted again at 6,000 rpm for 8 min. The pelleted was gently resuspended in
800 pl buffered spheroplasting solution (trying to avoid air bubbles). For each transformation 200 pl
was transferred into a fresh round-bottomed tube. 20 pl of 0.5 M EDTA pH 8.0 was added on the
side of the tube and inverted to mix. The mixture was left undisturbed for 10 min to form
spheroplasts. Whilst waiting, DNA was set-up for transformation: 10 pl dam™ DNA (1-2 ug) or 10
ul Water (as control), 15 ul unbuffered spheroplasting solution and 5 pl 0.5 M EDTA pH 8.0. After
10 minutes the DNA was added to the spheroplasts in same manner as EDTA (see above). This was
then left at RT for 5 minutes.

Meanwhile a 60% PEG 600 solution was prepared. For 4 transformation reactions 640 ul PEG 600
and 426 pl of unbuffered spheroplasting solution were mixed thoroughly. After 5 minutes 250 pl of
60% PEG 600 was added to each transformation. This was added in same manner as EDTA, but the
tube was shaken horizontally around 10 times to mix and left to stand at RT for 30 minutes. 1.5 ml
spheroplast dilution solution was added, inverted to mix and left at RT for 2 min. The cells were
pelleted at 6,000 rpm for 8 min, and the supernatant removed. Then 1 ml regeneration solution was
added and was left for 1-2 h at 42 °C. After that the cells were resuspended by tapping the tubes and
returned 42 °C shaker for 3-4 h. The cells were centrifuged at 6000 rpm for 8 min and resuspend in
1 ml transformant dilution solution, of which then 100 pl (~500 pl when transforming rDNA

reporters) was plated on Hv-Ca plates and incubated at 45 °C until colonies were visible.
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7.2.1.2.2 Preparation of plates

69 of Agar was dissolved in 200 ml Saltwater 30% (see Table 7.4) and 100 ml H,O by microwaving.
The salt will form a crust on the side of the bottle so either stir heavily or shake until it has dissolved
again. 33 ml of 10x YPC or 33 ml of Hv-Ca+ broth was added before autoclaving. After the media
has cooled to about 60 °C add respective additives (see Table 7.4). Pour thick plates, ~30 ml per
petri-dish.

7.2.1.3 Growth rate measurements

7.2.1.3.1 H. volcanii/E. coli
An Exponentially growing culture was adjusted to a ODeoo 0of 0.1 and then 50 pl were used to

inoculate a 96 Well plate containing 200 pl the appropriate media to a final ODggo 0f 0.02. Cells were
then grown at the desired temperature, while shaking for 1000s at an amplitude of 5mm before each
measurement at 612nm (20 min intervals). This was repeated for 200 cycles. Evaluation as described
in7.2.6.1

7.2.1.3.2 S. acidocaldarius
Measurements were taken at the indicated time points from normal Erlmayer flasks

7.2.1.3.3 P.furiosus

P. furiosus was cultivated under anaerobic conditions in 40 ml %2 SME medium supplemented with
0.1 % vyeast extract, 0.1 % peptone and 40 mM pyruvate at 85°C. For growth comparison
experiments, the medium was supplemented with different CuSO4 concentrations and each condition
for MURP{52 (parental strain) and MURP{74 (AksgA strain) was recorded in biological triplicates
during 60 hours of incubation by measuring the turbidity changes in situ using a photodiode and a
LED with 850 nm as light source. The recorded values were converted to cell/ml by using a
calibration curve with known cell concentrations, calculated in a Thoma counting chamber (0.02-

mm depth; Marienfeld, Lauda-Kénigshofen, Germany) using phase-contrast microscopy.

7.2.1.4 Motility Assays

Motility plates were created using the appropriate Media (Hv-YPC, -Ca, -Ca*, LB, Tryptone, see
7.1.3) with a reduced Agarose concentration (0.3 %). All plates (approx. 80 ml) were poured in 12cm
square Petri dishes from Greiner, left to cool/dry overnight. The spotted cultures all came from
exponentially growing cultures and were adjusted to equal optical densities (0.3) and 4 pl were
spotted onto the agar. For E. coli no antibiotics were added to the plates to ensure no secondary
effects. Each cell island was measured three times in “Fiji” from different angles and remeasured if
the measurements differed too much. The mean of the three measurement was used for further

comparisons.
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7.2.1.5 Microscopy

H. volcanii cultures were grown in Hv-Ca Media for two serial dilutions over two days and imaged
at low densities (ODggo < 0.04 and higher ODeggo > 0.06) on 1% agarose — 18% SW pads. The cells
were grown and observed on three independent occasions. The Data Analysis was done with the
“Microbe]” Plugin for Fiji (Ducret et al., 2016)and was manually curated for outliners or false
detections. Image Acquisition was done in the Lab of Sonja Albers on a Zeiss Microscope at a
Magnification of 100x using PH3 setting. The parameters for MicrobeJ were the following: 100x
Magnification Scale, 0.065 pixel /um.

7.2.1.6 Biofilm
The Protocol was adapted from Esquivel et al., 2016 and O’Toole, 2011 to make it work with

Haloferax volcanii.

Exponentially growing cells in Hv-YPC-, Ca- and Ca"™-Media were adjusted to equal ODego Of 0.3
and then distributed as 150 pl aliquots (at least 3 Technical replicates) in a Standard 96 Well plate
with a lid. The outer rows were not inoculated with cells and were used as media background blanks.
The well plate was then incubated shaking for ~8 h and then Left in a closed box with a wet tissue at
42 °C for another 40 h. The cells were ejected in one strong motion from the plate and tapped dry
multiple times into a stack of tissues (ensure that no media remains in the wells). The cells were then
fixed with 200 pl of 2 % Acetic Acid in 20 % SW for 4 minutes. It is important that the volume of
every Solution; Fix, Stain, Wash, Destainer is larger than the initial Culture, as the cells adhere at the
air-liquid interface! Then eject the liquid into a box and the 96-well plate is tapped dry into stacks of
paper. The adhering cells were then stained with 200 pl of a 0.2 % Crystal Violet solution for 10
minutes. Once this is finished, eject the stain into a box and tap the plate dry into stacks of paper.
Three steps of rinsing with water preceded air drying for 1h or over night. Once fully dry, the stained
cells were brought into solution with 200 pl 10 % Acetic Acid and 30 % MeOH. The final step was
to shake the plate for 5 minutes in the TECAN reader to ensure good solution of the cells before

measuring at 612 nm.

7.2.1.7 4TU Labelling
For 4TU pulse labelling, exponentially growing cells were transferred to fresh Hv-Ca+ medium
containing the indicated amount of 4TU [typically 75% 4TU (300 uM) and 25% uracil (100 uM)].

For pulse-chase experiments, cells were first grown in presence of 4TU and transferred to Hv-Ca+

media supplemented with uracil and lacking 4TU for the indicated time.

For Sulfolobus acidocaldarius: 75% 4TU (135 uM) and 25% uracil (45 pM) in Brock medium.
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7.2.2 DNA work

7.2.2.1 Polymerase Chain Reaction

Normal PCR was done with the Phusion polymerase from NEB. The annealing temperatures for the
primers were estimated from the primer3 plugin in Geneious. Depending on the GC content either
the 5x GC-Buffer (High % GC) or the 5x HF-Buffer (norm % GC) was used. Elongation time was
30 sec per 1 kb amplicon.

Setup (ad 50 pl): 10 pl 5xGC/HF-Buffer, 1.5 pl DMSO, 1 pl dNTP-mix (10mM each), 2.5 pl each
primer (10 pmol), 0.5 pl Phusion polymerase, 1 pl DNA.

Colony PCRs were done with Go-Taqg Polymerase from Promega in a reduced volume of 20 pl.

For further analysis part of the reactions were loaded onto an agarose gel electrophoresis and the rest
if necessary was purified via QIAquick PCR purification kit (Qiagen).

7.2.2.1.1 Two-step site mutation

Two segments were amplified with one forward or reverse primer lying on the 5’ or respectively 3’
end of the gene and a corresponding reverse or forward primer at the site with for the desired
mutation. Each amplicon was then purified and joined together (1:100 dilution) and re-amplified via
PCR with just the 5’ and 3’ end primers.

7.2.2.1.2 Site Directed Mutagenesis
In this approach a single primer (carrying the site mutation) replicates the complete vector. Doing

this in 2 separate reactions with both, either reverse or forward primers results in two complementary
ssDNA vectors carrying the desired mutation. Contrary to a normal PCR the product is only linearly
amplified, owing to the absent second primer. Consequently, input DNA should be high (~100 ng).
The PCR products were purified and both products were annealed by cooling down from 95 °C to
RT in a heating block. After this the annealed vectors were digested with 4 U Dpnl to rid it from
methylated, e.g. old vectors not carrying the mutation. Now only the unmethylated synthetized

vectors remained to be transformed and screened for the desired mutation.

7.2.2.2 Restriction enzyme digest

DNA was digested with a large variety of restriction enzymes (purchased from NEB). Every enzyme
was used as suggested by the manufacturer in the manual. The digested DNA was then separated on
an agarose gel electrophoresis. PCR amplified Inserts with restriction sites for cloning were purified
for ligation via QlAquick PCR purification kit (Qiagen). Digested vectors were excised from the gel
with a scalpel and then extracted with QIAEX 11 gel extraction kit (Qiagen). Promising candidates

(plasmids) were brought to GeneArt for sequencing (~350ng/7ul + 1 ul 10pmol primer).
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7.2.2.3 Agarose Gel electrophoresis

Depending on the fragment size different gel concentrations were used to separate DNA. 1 % (> 2
kb), 1.5 % (0.5 - 2 kb) or 2 % (100 — 1000 bp) (w/v) agarose was dissolved by microwaving in 1x
TBE buffer. Once slightly cooler SYBR safe stain (1:10000 dilution) was added and poured into
form. The samples were loaded with 6x Gel loading dye (blue or violet) from NEB, as Marker a
100bp, 1 kb or 2-log Marker were available. The gel ran at around 100-180 V and was afterwards
exposed on a blue light screen.

7.2.2.4 Polyacrylamide Gel electrophoresis of DNA

Polyacrylamide gels are able to separate fragments that differ by only 0.2%, hence far beyond the
limits of agarose gels. Hence this was used for small fragment separation. Polyacrylamide
concentration: 10 % for 30 — 1000bp, 12 % for 40 - 200 bp, 15 % for 25 bp — 150 bp.

As running buffer 1x TBE was used. To polymerize 1 % APS (20%) and 0.1% TEMED was added.
Samples were loaded with 6x Gel loading dye (blue or violet) from NEB. To visualize the fragments,
the Gel was stained for 10-15 min in 1x TBE with SYBR safe stain (1:10000 dilution) and then

viewed on a blue light screen.

7.2.2.4.1 Crush and Soak extraction
The crush and soak method was used to extract DNA fragments from TBE-PAGE. The digested

DNA was loaded onto a 1x TBE-PAGE. The gel band was excised from the gel and place into tube
with 1 volume of elution buffer (i.e. Elution buffer from the QIAEX Il gel extraction kit, Qiagen).
This was incubated over night at 37 °C. The samples were centrifuged with full speed at RT for 10
min and the supernatant was safely recovered into a new tube. The DNA was precipitated with ice
cold EtOH @-20 °C for 20 min. The pellet was re-centrifuged and resuspended in 200 pl TE, before
adding 25 pl 3M NaOAc (pH 5.2) and 2 volumes of ice cold EtOH in order to precipitate for 30min.
This was centrifuged and washed one last time with 70 % EtOH, before air drying the pellet. The
pellet was resuspended in 10 pl TE-Buffer.

7.2.2.5 DNA Ligation

DNA ligation was done with T7-DNA ligase and the according buffer by NEB. Every ligation was
done according to the NEB manual and in a volume of 10 pl. The Insert to Vector molar ratio was
about three to one.

For TOPO Blunt end PCR ligation/cloning see the companies Manual (Thermofisher # 450245)

7.2.251 pTA 1228 Vector multiple cloning site

For the pTA_1228 Vector (see Figure 7.1), gene insertion with N-Terminal tag was done in frame at

the Pcil/Nspl restriction site.
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Figure 7.1 pTA1228 Vector Map, with MCS highlighted

If second codon starts with T, G, or A, pTA1228 was cut with Pcil and complemented with Pcil
(A/CATGT), Ncol (C/ICATGG) or BspHI (T/CATGA) site at 5 end of the gene, respectively. If the
second codon starts with a C, the vector was cut with Nspl and incorporate a Sphl (GCATG/C) at
the 5’ site of the insert. 3* end was ligated with EcoRI/BamHI/Notl. For C-Terminal tagging the Tag
has come from the 3’ primer of the insert. In this case insertion was done via 5’ Ndel and 3’

EcoRI/BamHI/Notl.

7.2.2.6  DNA Sequencing

DNA samples (~300 ng/7 pl + 1 ul 10 pmol primer) were brought to GeneArt for sequencing.
Depending on the sequence either our own primers were added or if suitable the companies’ standard
primers were used. The results were sent in as “.ab1” files and were aligned in Geneious (Kearse et

al., 2012) with the databases.

7.2.2.7 DNA quantification
The Nanodrop-1000 by Peglab was used to quantify DNA at the given presets.

7.2.2.8 cDNA Synthesis

First strand cDNA synthesis was done using the Superscript 111 Reverse Transcriptase. From DNAse
treated RNA, 1-2 ug were added to the appropriate primers (2pmol each) and were denatured with
40mM dNTPs for 5 min at 65 °C in a total volume of 13 pl (prepare duplicates of each samples for
negative control without RT). After 5 minutes samples were put on ice and 4 pl 5x First-strand
Buffer, 1 ul 0.1 M DTT, 1 pl RNAsin and 1 ul SuperScript™ III RT (200 units/ul) was added or for
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negative control 1 pl Water instead of RT. Incubate samples for 1 h at 50-55 °C depending on primers

used, when finished heat inactivate the enzyme at 70 °C.

7.2.2.9 Quantitative real-time PCR

RNA was extracted from 4 ml logarithmically growing cells in Hv-YPC medium (OD600nm = 0.5)
using RNeasy Mini-Kit (Quiagen #74106) as recommended by the manufacturer instructions. Three
microgram of DNAse treated RNA was used for cDNA synthesis (10 min at 45°C) using
QuantiNova™ Reverse Transcription Kit (Quiagen #205413) according to the manufacturer’s
protocol. Quantitative real-time PCR was performed on 50 ng of cDNA using the qPCRBIO SyGreen
Mix Lo-ROX Kit (PCRBIOSYSTES) in a final volume of 10 pl in a Magnetic Induction Cycler
(MIC) (Bio Molecular Systems) using the following settings: 2 min initial denaturation at 95°C
following 60 cycles of 95°C 5 s and elongation for 30 s at 65°C. PCR amplification reactions
targeting two regions of FIgA1 mRNA (HVO_1210, amplicon size: 139 (oHv625/626) and 126 bp
(oHv627/628), and one of FIgA2 (HVO_1211, amplicon size: 142 bp oHv446/447) and Gyrase B
(HVO_1572, amplicon size: 140 bp, oHv623/624) subunit were performed using the primers
indicated in Supplementary Table S3. Specificity of the individual amplified product was validated
by melting curve analysis. Analysis was done in technical quadruplicates. The cycle threshold (CT)
values of individual amplification were determined by the accompanying dedicated software
micPCR version 2.4.0 (Bio Molecular Systems).

7.2.2.10 Didesoxy chain-termination sequencing ladder

Sequencing ladder were created with Thermo Sequenase Cycle Sequencing Kit (Affimetrix) with a
slightly modified protocol. Sequencing Master mix containing 1 g template DNA (typically a
Ultrapure Plasmid), 1 pmol of labelled-primer, 2 ul Reaction Buffer, and 2 pl of Thermo Sequenase

DNA polymerase was completed to 17.5 pl with H2O. 4 pl of the Master Mix was added to 4 pl of
each ddNTP mix (300 uM each of dATP, dCTP, dTTP and 7-deaza-dGTP, and 3 uM of the
corresponding ddNTP). Single strand synthesis was run on a PCR-Cycler with the following settings:
3min Initial Denaturation at 94°C, 55 Cycles of (30s at 94°C, 30s at 55°C and 60s at 72°C). The
finished reaction was then complemented with 4 ul of Pex Loading Buffer. 3 ul were loaded per lane.

7.2.2.11 Genomic Miniprep by DNA spooling

About 1 ml of a liquid culture (OD ~0.8) was pelleted at 6000 rpm for 5min in a round bottomed
tube. The pellet was resuspended in 200 pl of ST buffer (1 M NaCl, 20 mM Tris.HCI) before adding
200 pl lysis solution (100 mM EDTA pH 8.0, 0.2% SDS) and inverted to mix. The solution was
covered with 1 ml EtOH to spool the DNA onto a sterile sling (white, 1 ul). The DNA was transferred
into a new cup with fresh EtOH to wash the spool. To pellet the DNA, it was put in the centrifuge
for 2 min at 6.000 rpm, before removing the supernatant and let the excess EtOH dry. The DNA was
resuspended in 500 pl TE and left to soak for 10 min. 50 ul 3 M sodium acetate (pH 5.2) and 400 pl

isopropanol were added and inverted to mix and again centrifuged at 6000 rpm for 10 min. The pellet
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was washed in 1 ml 70 % EtOH and the pellet was air-dried before resuspending it in 100 ul TE. To
get rid of RNA, 1 ul RNAse was added and incubated (shaking) at 45 °C for 1h. Leave the DNA at

4 °C to resuspend overnight.

7.2.2.12 Southern blotting

To determine genomic fragments and their changes, i.e. deletions, southern blotting or upward
capillary transfer is a simple method to screen for said changes. Overnight digested genomic DNA
was separated on a large agarose gel electrophoresis. Then the gel was washed once with H,O, then
the gel was incubated two times for 15 min in Denaturing solution (0.5 M NaOH, 1.5 M NaCl). Then
the gel was washed once with water before incubating it for again two times for 15 min in 1M
Ammonium acetate. The transfer to the positive membrane was done overnight with 1 M Ammonium
acetate. On the next day the blot was air-dried for 10 min before crosslinking the DNA to the blot on

the Fluo_Link [Vilber Lourmat] at 0.3 J/cm?. The blot was stored at 4 °C or used immediately.

7.2.2.12.1 Detection

The blot was pre-hybridized for 1-3 h in 25 ml hybridization buffer (0.5M Na-phosphate pH7.2, 7%
SDS). While waiting the DNA probe was prepared with RadPrime DNA labeling system (GIBCO
BRL). The probe was purified on a G25 spin column (Amersham) at 2,800 rpm. Salmon sperm DNA
was added to the probe (final concentration of Ss-DNA in hybridization solution should be
100ug/ml). The sample was then boiled for 10 min, before they were put on ice. The probe was then
added to the hybridizing buffer and left to incubate overnight rotating at 65 °C. On the next day the
blot was washed with 35ml Rinse buffer (3XSSC, 0.1% SDS), following two washes with Wash
Buffer #1 (0.3XSSC, 0.1% SDS) for 15 min at 65 °C. Next were two washes with Wash Buffer #2
(0.1XSSC, 0.1% SDS) for 15 min at 65 °C and one last time two washes with Wash Buffer #3
(0.1XSSC, 1.5% SDS. The blots were checked for radioactive counts and exposed to a

Phosphoimager screen.

7.2.3 Protein Work
7.2.3.1 Expression of recombinant Protein in E. coli

7.2.3.1.1 [Expression
Competent (7.2.1.1.1) BL21 cells were transformed (see 7.2.1.1.2) with the desired expression

plasmids and colonies were screened via colony PCR for correct transformation using MCS flanking
primers oHv605/0Hv181. A 50 ml pre-culture was inoculated in LB aniviotic Overnight and the ODeoo
was measured the next day.

A large culture 500-1000 ml of LB-AB was inoculated to an ODgqo of 0.1 and grown for 1-2 h on a
shaker @ 37 °C until ODggo 0f 0.8 has been reached.
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For overnight induction the culture was placed in a 20 °C shaker for 1 h to adjust temperature. To
induce protein expression 0.2 mM IPTG was added to the culture and left there over night.

For daytime induction the culture was kept in the 37 °C shaker and 0.5 mM IPTG was added and
incubated another 5 h on said shaker.

Either induction was pelleted at 4000 rpm for 10 min at RT.

7.2.3.1.2 Extraction and purification

To extract the protein from the cell pellet, the cells were either resuspended in K200 (Saci/Ec/Pfu)
or K1800 (Hv) buffer. In all future steps these buffers are referred to as K-Buffer. All steps are
performed at 4 °C unless stated otherwise.

Cell pellets were resuspended in 10 ml K-Buffer. Half the pellet volume Zirconia Beads were added
and used to lyse the cells in a Precellys Evolution, with Cryolysis cooler. Three runs of 5 cycles (30s
6000 rpm 30s pause) at 4 °C were used for reproducibly good results. The lysate was centrifuged for
10 min with 4000g and the supernatant was then cleared with a second centrifugation step (150009
for 30min). The appropriate amount of Talon or Ni Beads were washed twice in the appropriate
buffer (5min rotational wheel, 800g 1 min to pellet). The supernatant was added to the washed beads
and incubated on a rotary wheel for 90-120 min. An aliquot of the Flow-through was taken and the
beads were washed in batch 2 times for 10 min (1 min at 8009 to avoid squishing the beads, take an
aliquot of the first wash). The columns were equilibrated by washing with 10 ml K-Buffer. The
washed beads were then loaded onto the column, washed once more and once more with 100 ul
containing a slightly higher amount of Imidazole (50 mM). Elution was performed with a total of 1
ml 250 mM Imidazole in K-Buffer, once 200 pl then 400 pl and the last 400 pl to avoid Imidazole
dilution from remaining K-Buffer in the column. The beads were resuspended in K-Buffer and
stored. The Eluate was measured on the Nanodrop-ND1000 with according extinction coefficient
and molecular weight. In order to snap freeze samples, 10 % Gylcerol was added to the Elution
Buffer.

To concentrate protein and wash out Imidazole the eluate was loaded onto a Amicon® Ultra-4
Centrifugal Filter Units (Merck, cut off 10 kDa) and washed once with 5 ml K-Buffer. Samples were
loaded onto a SDS-PAGE (see 7.2.3.11) to verify purity, integrity and efficiency of extraction

7.2.3.1.2.1 AzF labelled Expression

Modified BL21 cells contain an additional tRNA synthase (tRNA™'cya) under an arabinose inducible
promoter (pEvol-AzF) that can incorporate para -azido- L -phenylalanine (AzF) for the Amber stop
codons. Thus, induction works as follows: at ODggo 0.3 - 0.5, 0.02% L-Arabinose is added to the AzF
supplemented LB. Harvest lysis etc. is the same (7.2.3.1 in K1800), after protein binding there is one
wash step followed by transferring the beads with 1 ml K1800 into a Low Bind Eppendorf tube, add
2 pul 10 mM Dylight 650. This was then put onto a Hula wheel for 30 minutes at 42 °C in order to let

the Staudinger ligation fuse the Dye to the non-canonical amino acid. In order to remove excess
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Dylight Dye, two Batch washes with 1 ml K1800 were executed before loading the beads onto a
column and were washed once more with 5ml K1800 before Eluting in 1 ml K1800 + 250 mM

Imidazole.

7.2.3.2 Plasmid based Protein overexpression in H. volcanii

7.2.3.2.1 Expression
For each expression a pre-culture was inoculated. Tryptophan inducible proteins were inoculated into

Hv-Ca+ media with 1 mM tryptophan.

7.2.3.2.2 Extraction
Procedure was the same as in 7.2.3.1.2, however only K1800 was used.

7.2.3.3 Single turnover ATPase assay

In order to quantify if, and if so, how much y-Phosphate a Protein hydrolyses from an ATP molecule
a K-Buffer with a final concentration of 50 nM ATP containing 750 nCi of y32P-labeled ATP
(Hartman Analytic 6000 Ci/mmol) was diluted. Both recombinant proteins (different concentrations
were used) and the ATP containing buffer were pre-incubated separately at their respective
temperature (Hv: 42 °C, Saci: 75 °C). To start the reaction, 1 vol of ATPase solution was added to
the Protein mix and incubate at said temperatures. At each time-point 5 pl was removed from reaction
volume and stopped with 90 pl 1M Perchloric acid and 30 pl 3M KA, flicked and frozen in liquid
nitrogen. The samples were centrifuged at full speed for 10 min and 2 pl of each supernatant was
loaded onto a Polygram Cel 300 PEI (Macherey-Nagel) TLC plate and developed with 350 mM
KH,PO, buffer for 45-60 min. Plates were dried with a blow-dryer and then exposed to a

Phosphorimager screen.

7.2.3.4 Adenylate cyclase reaction
The prewarmed (37°C) reaction volume of 25 pl consisted of 1 UM Protein, to which 2.5 ul ATP
Mix (100ul, 10uM pre-Mix, includes 1ul 140 pCi ATP) was added. At each time-point 5 pl was

removed from reaction volume and further processed as described in 7.2.3.3.

7.2.3.5 Methanol Chloroform precipitation

200 pul protein or resuspended cell pellet were added to 480 pl MeOH and 160 pl CHCI; and vortexed.
Next 640 pl H.O was added and vortexed again before centrifuging with full speed for 5 min at RT.
The supernatant was removed but leaving a small residue behind before the liquid phase begins. 300
ul MeOH was added before centrifuging at full speed for 30 min at 4 °C. When done the supernatant

was removed and was air-dried before resuspending in 4x HU-Buffer.

7.2.3.6 TCA-precipitation
A simple method to increase the protein concentration is via TCA precipitation (not suitable for high

salt conditions). To do this 1 vol of ice cold 20 % TCA in the according K-Buffer was added to the
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protein sample and was left on ice for 10 min. After incubation, the samples were centrifuged at full
speed for 10 min at 4 °C. The supernatant was removed carefully, and the pellet was
neutralized/washed in 200 pl ice cold acetone. Centrifugation was performed as before, repeat
acetone wash if necessary. The pellet was dried at 95 °C to get rid of acetone residues and was then

resuspended in 4x HU buffer.

7.2.3.7 Sucrose gradient separation and fractionation

A sucrose gradient is used to fractionate ribosomal subunits from the rest of the cellular components.
To generate the gradients, 5 % and 30 % Sucrose solution in Hv-Buffer were mixed using the
program “SW40 LONG SUCR 5 30” of the Biocomp Gradient Master 107 IP. The cell lysate was
produced as in 7.2.3.1.2. The supernatant of the lysate was then measured for its OD2g 0N the
Nanodrop. 15 OD2so Were loaded onto the centrifugal column and centrifuged with either with 39,000
rpm for 4 h at 4 °C or 16h at 26.000 rpm in a Beckman Coulter Optima L-80XP Ultracentrifuge in a
SW40 swing-out rotor. Acceleration and brake were both set to maximum

Fraction collection (500 pl/fraction, speed: 1 ml/min) was done with the BioRad Biologic LP and
data was recorded with “LP-Dataview”.

100 ul of each fractions were MeOH/CHCI; precipitated as shown in 7.2.3.2.2 before loading onto
SDS-PAGE. Depending on the experiment the rest was pooled together or 50 pl was taken for RNA
extraction as described in 7.2.5.1.

Analogously gradients for the SW60 rotor were created (Sucrose concentrations of 5 — 20 % in Hv-
Buffer). These were then run with 60.000 rpm for 2 h at 4 °C in a Beckman Coulter Optima L-80XP,
and then fractionated on the same setup as before but in 250 pl fractions (500 pl/min), of which 80%

were used for Protein- and the rest for RNA-extraction.

7.2.3.8  Invitro reconstitution KsgA dependent dimethylation of AksgA cells

As a substrate for methylation whole cell cleared lysates of hvAksgA cells were generated as
described in 7.2.3.1.2 in a K1800 Buffer. For subunit purification the cells were lysed in Hv Buffer
but as described in 7.2.3.1.2. The 30S fractions were separated on a sucrose gradient (see 7.2.3.7)
concentrated and Buffer exchanged (to K1800) on an AMICON® Ultral5 -10 KDa. The RNA
concentration was measured on a Nanodrop-1000. For each reaction around 50 pg of whole cell
RNA/30S-Fraction was used. The recombinant protein (HvVKsgA-Hise) or HVKsgA-E84A-His),
purification described in 7.2.3.1) was added in 100 fold molar excess. The reaction was performed
in a total volume of 250 pl (ad. K1800). Before adding 0.5 mM SAM (NEB: B9003S), the reaction
was preincubated for 5 min at 42 °C, following 60 min reaction time with SAM. After 60 min the
reactions were placed on ice and processed further: ¥ was used for protein extraction (7.2.3.5) the
rest was used for RNA extraction (7.2.5.1).
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7.2.3.9  Single molecule methods

Prebound particles with fluorescently labelled HvKsgA (purified as described in 7.2.3.1.2.1) was
pre-bound as described in 7.2.3.8 to a crude cell lysate of hvAksgd::pTA1228-Hise)-GFP-s7
(induction at 0.25 mM Trp) without the addition of SAM for 30 min and was then separated on a
sucrose gradient as described in 7.2.3.7. The desired subunit was then concentrated either using an
Amicon 10K filter unit according to the manufacturers protocol or to reduce cost, pelleted ina TFT
55.38 rotor at 40.900 rpm for 90 minutes at 4 °C. A fraction of the pre-bound complex was then run
on a SDS-PAGE as described in 7.2.3.11, then analyzed for cy3 or cy5 signals with a Typhoon™
FLA 9500, following western blotting as described in 7.2.3.12 to check for corresponding GFP-s4/s7
signals in the 30S fraction (see Figure 7.2).
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Figure 7.2 Comigration of GFP tagged small ribosomal proteins in the 30S fraction with Cy5 labelled KsgA_A98

Preparation, loading and data acquisition for the TIRF and FCS measurements were performed by
Leonhard Jakob of the Microbiology department. For the FCS measurements the pre bound complex
was split prior to loading onto the microscope to allow for different treatment, i.e. one aliquot without
SAM to compare the aliquot with SAM.

7.2.3.10 Ribosomal subunit pelleting

200 pl of the 250 ul reaction volume (50 pg pooled 30S/KsgA-RNA + added substrates, as described
in 7.2.3.8) was layered onto 250 pl sucrose cushion, the rest was used as input (RNA/Protein). For
centrifugation without a cushion, the reaction (200 of 250 ul) was given into the centrifugal tube
directly. This was then centrifuged 14h at 50,000 rpm in a TLA-55 rotor at 4 °C. The top 200 pl were
considered as Supernatant, the next 200 pl as cushion, the remaining 50 ul were discarded, to avoid
contamination with pellet. The pellet was air dried and resuspended in 250 ul K1800 Buffer by
shaking on a Vibrax for 15 minutes. Of each fraction 75 % was used for protein extraction and 25 %

for RNA extraction.

7.2.3.11 Polyacrylamide Gel Electrophoresis of Proteins
To separate different proteins depending on mass a SDS-PAGE is used. Depending on Size the

concentration of the running gel was adjusted, Proteins >20 kDa were run on 12 % Acrylamide gels
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smaller proteins were run on 15 % Acrylamide gels with 1x Lower-Tris. Stacking gels were 4 %
Acrylamide with 1x Upper-Tris. All gels were polymerized with 1 % APS (20 %) and 0.1 % TEMED.
To estimate the size of the proteins, Protein markers were always running with the gel, either Color
prestained marker or unstained marker (see 7.1.8)

To visualize these fragments the gel was either stained with Coomassie or with a silver stain

7.2.3.11.1 Coomassie stain

The SDS-PAGE was fixed in 40 % MeOH, 10 % Acetic acid for 30-60 min while shaking. To stain
the gel the fixing solution was replaced by Coomassie staining solution and microwaved for 30 s on
highest power and shaken until completely blue. The gel was then de-stained with rinse buffer (40

% MeOH, 12 % acidic acid) on a shaker until only the bands remain colored.

7.2.3.11.2 Silver stain

For very low amounts of proteins a silver staining was used. The SDS-PAGE was fixed in fixing
solution (50% MeOH, 12% acetic Acid, 0,02% Formaldehyde) for 1 h and then washed for 20 min
in 50 % EtOH. The pre-staining was done in 1 min with 0,8mM Na2S203, followed by three washes
each 20 sec in H;O. The gel was stained for 20 min with 12mM AgNO3 (200mg), 0,03%
Formaldehyde. Again, following two short washes of max. 20 sec each. Developing of the gel was
done in 566mM Na2CO3 (6g), 0,02% Formaldehyde (50ul) 0,016mM Na2S203 until bands are

visible. To stop the development 1 % Acetic acid was used.

7.2.3.12 Western Blotting

The PVDF membrane was activated by washing in MeOH prior to use. Then all materials were
soaked in Western blot transfer buffer setup to blot. The western blot ran in a BioRad SemiDry cell
at constant 24V for 30-60 min depending on protein size. When finished the membrane was put in
1x PBS before continuing with the Antibody probing. Depending on the antibody, blocking solution
was either 2% BSA in PBS-T (for #86 His Antibody) or 5 % Milk in PBS-T (for #104 anti-ProteinA
Antibody and GFP antibody [Chromotek: 3H9, Rat Monoclonal]). After 20 min of blocking the
Probing solution was added for another 90 min, 2% BSA in PBS-T (1:5,000 #86 His Antibody) or 1
% Milk in PBS-T (1:5,000 #104 anti-ProteinA antibody). This was then washed three times in PBS-
T for 5 min. Final wash in PBS. The GFP antibody was then incubated another 2h in 5 % Milk PBS-
T with the secondary antibody #81, HRP-Goat-Anti-Rat and washed again 3 times in PBS-T as
before.HRP reaction was started with Roche Chemiluminescence kit (POD) and the membrane was

mounted on a clear foil to view under LAS-3000 reader.

7.2.4 Mass spectrometry

7.2.4.1 Protein extraction

Cell pellets were suspended in 500l of Extraction Buffer (150 mM NaCl, EDTA 100 mM, Tris pH

8.5 50 mM, 1 mM MgCl,) with 1% SDS and incubated in a heating block for 13 min at 95°C. The
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cell lysate was centrifuged for 10 min with max rpm to pellet cell debris, after 5 min of cooling at
RT. The supernatant containing the solubilized proteins was transferred into a new 1.5 ml reaction
tube. Reduction was done in the dark for 1h with 10 ul B-Mercaptoethanol (final concentration 2 %).
This was then split in two cups and precipitated with 1 ml Acetone (end concentration 80 %) at -20
°C for 2h. The precipitate was centrifuged at 4 °C with 16.000g for 10 min, the supernatant was
removed and the pellet was washed twice with -20 °C Acetone and centrifuged as before. A majority
of the acetone was removed but some remaining acetone was left on the samples for shipping on dry

ice.

For the Mass spectrometry analysis, we did in Montreal, the pellet was additionally resuspended in
200 pl Extraction buffer (no SDS) and Methanol Chloroform extracted (see 7.2.3.5).

The processing and the analysis of the precipitated proteins were done by PolyQuant GmbH (Bad
Abbach, Germany) and are described in Schulze et al., 2020 “Dataset PXD014974”. The Oeffinger
Dataset was processed and analyzed by Christian Trahan of the Oeffinger Lab at the IRCM
(Montreal, Canada) and the methods will be added to the publication (Knuppel et al., in preparation).

7.2.5 RNA Work

7.2.5.1 RNA extraction

Cell pellets or Eluates were resuspended in 500 pl AE buffer and mixed with 500 ul phenol
equilibrated in AE Buffer and 50 pl 10 % SDS. The samples then were transferred to a 65 °C
thermomixer and shaked vigorously (1400 rpm) for 5min. Next, they were vortexed and cooled down
on ice for 2 min. The mixture was then centrifuged at full speed and 4 °C for 2min before removing
3x 150 ul of the aqueous layer into a fresh cup where it was vortexed with 500 ul of phenol
equilibrated in AE Buffer. Again, the samples were centrifuged as before and 3x 120 pl of the
supernatant were mixed with 500 pl Chloroform by vortexing. Again, phase separation was done by
centrifugation and 3x 100 pl was then mixed with 2.5 vol of ice cold EtOH and 1/10 vol of 3 M
NaAc pH 5.3 to precipitate the RNA. Samples were incubated at -20 °C for at least 10 min. RNA
was pelleted by centrifugation for 10min at full speed and 4 °C. The pellet was air-dried and then
dissolved in 50 pl ddH:O.

7.2.5.2 DNAse digestion and RNA precipitation

To get rid of genomic DNA 1 pl RQ1 RNase-free DNase (Promega) was added to the extraction of
50 pl and was incubated at 37 °C for at least 1h. RNA was precipitated in 2.5 vol EtOH and 1/10 vol
3 M NaAc pH 5.3 for at least 30 min at -20 °C. The RNA was pelleted by centrifugation for 10min
at full speed and 4 °C. The pellet was air-dried and then resuspended in 20 pl Water. RNA

concentration was measured on a Nanodrop-1000 at RNA settings.
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7.2.5.3 RNA biotinylation

For RNA biotinylation, typically 20-100 pg total RNA was labelled in the dark in presence of 50 ug
HPDP-biotin (Pierce) or 5 ug MTSEA-biotin-XX (Biotium - 90066) in 10 mM Tris-HCI pH 7.4; 1
mM EDTA pH 8 for 2 hours (HPDP-biotin) or 30 min (MTSEA-biotin-XX) (Duffy et al., 2015).
Biotinylated RNAs were re-purified by hot-phenol extraction procedure (Schmitt et al., 1990).

7.2.5.4 Northern blotting and Detection of RNAs

Total RNA (typically 5-10 ug) was separated using a denaturing agarose gel. A 200 ml gel consisted
of 1.3 % Agarose 20 ml 10x MOPS running buffer and 10.8 ml Formaldehyde. The Gel was run over
night in 1x MOPS running buffer and 2 % Formaldehyde at 34V. The Gel was then rinsed in 5 gel
volumes of H,O for 5 minutes on a shaker, followed by 20 min in 5 Gel volumes of 0.05M NaOH.
Two steps of 20 min with 5 gel volumes of 10x SSC preceded the blotting to the washed
Nylonmembran PositiveTM (Qbiogen). The blotting was done analogously to the southern protocol
described in 7.2.2.12, with the difference of using only thick Whatman papers and 10xSSC as transfer
buffer. The transfer was done overnight. On the next day the membrane was shortly washed in 2x
SSC and then airdried before Crosslinking the RNA twice in a Fluo_Link [Vilber Lourmat] at 0.3
Jiem2.

7.25.4.1 Methylen Blue
Blots were stained with 0.02% (w/v) Methylene Blue (Sigma, 89% pure) in 0.3 M Natriumphosphate

pH 5.3 until completely blue. Then washed with H,O until bands become visible.

7.2.5.4.2 Radioactive

Blot was incubated in prehybridization buffer (see 7.1.2) for 3h at 30°C. Meanwhile the probe was
prepared by mixing the following reagents, 1ul 10 uM Oligo, 1.5 pl PNK Puffer 10x NEB, 6.5 pl
H20, 5 ul y32P-ATP 10 uCi/ul (50uCi), 1 pl T4 PNK NEB. This was then incubated for 45 minutes
at 37 °C. and after 1 ul of 0.5 M EDTA and 50 pl H,O was added and purified on a Microspin 6
column from Biorad. The pure probe was then added to the prehybridized blot and incubated

overnight.

7.25.4.3 A4TU labelled RNA
Labelled RNA on the Blot was first blocked for 20 minin 1x PBS pH 7.5, ImM ETDTA, 10 % SDS.
After blocking IR800-Dye conjugated Streptavidin from Pierce (1:10000) was added to the blocking

solution for another 20 min. The membranes were then washed twice each time in decreasing
concentrations of SDS, twice in 10 %, 1 and 0.1 % respectively for 10 min. The Labelled RNAs were

then visualized on a Li-COR Odyssey and quantified with Fiji.

7.2.5.5 Fluorescent Primer extension
Primer extension was done in the same way as described in 7.2.2.8 but with half the volume of the

Kitand only 1 pmol (DYxxx) labeled primer. After the final denaturation step, basic RNA hydrolysis
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with 1 pl NaOH (1M) and 0.25 ul EDTA pH8.5 (0.5 M) was performed at 60 °C for 30 minutes. The
reaction was then neutralized with 1 ul HCI (1M). An equal volume of Pex Loading Buffer was
added to the finalized reaction (22.25 pl). 50-100 ng were loaded onto either a small 14 % 1x TBE-
PA gel (Novex Gel cassette, Imm Thickness) or a medium sized very thin gel (20 cm x 17 cm,
Thickness < 0.1 mm) with a shark tooth comb with the same ingredients. The small gels were run at
200 V until the bromophenol blue almost exited the gel. The Large gels were pre-run for 15 min at a
constant 20 W and the actual run was performed at 25 W for 45 min, but the migration of the
bromophenol blue was considered as an actual indicator as when to stop the run.

7.25.6 RNA Foot-printing

7.25.6.1 CMCT
CMCT was purchased from Merck (2491-17-0)

7.25.6.1.1 ExVivo

Prepare Stabilizing buffer the day before: 250mM Sodium Borate pH8 in K1800 buffer. Typically,
30 ODsyo of exponentially growing Haloferax volcanii cells were resuspended in 500 ul K1800
Buffer and were then lysed as described in 7.2.3.1.2. The RNA concentration was measured on a
Nanodrop-1000. An Input of about 10 - 15 ug of crude RNA per 5 ul should be used to ensure enough
modified RNA for primer extension analysis. Set up the number of cups needed for no CMCT control
and the concentration range that should be covered. To the 5 pl lysate, 20 pl Stabilizing Buffer is
added and completed to 50 ul with K1800, and incubated for 20 minutes at 20 °C. Meanwhile fresh
200mM CMCT in Water was prepared and then diluted to double the final concentrations in K1800
(i.e. 0 -20 — 40 — 100 mM in K1800). Add 50 pl of each CMCT dilution to the according cup and
incubate further 20 minutes at 20 °C. Stop the reaction by adding 400 ul AE Buffer and 500 pl Phenol
and proceed with RNA extraction (7.2.5.1).

7.25.6.1.2 Invitro

To CMCT modify naked RNA, 5 ul of 4x CMCT Buffer (200 mM Borax, 20mM MgCl2, 400 mM
KCI (dissolve overnight)) and 5 pl RNA (~3 pg/ul) were incubated together for 20 min at 20 °C.
Again, ensure you have proper controls and concentration gradient in mind when preparing the cups.
Meanwhile 200mM CMCT was dissolved in Water. Dilutions for double the final concentrations
were diluted in water and added to the reaction to end up in a final volume of 20 pl. This was then
further incubated for 20 min at 20 °C. Following addition of 480 pl AE Buffer and 500 pl Phenol
and proceeded with RNA extraction (7.2.5.1).
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7.25.6.2.1 Invivo

For each in vivo DMS foot-printing reaction, an exponentially growing Haloferax volcanii cells (OD
~0.6) were distributed into three aliquots of 10 ml in prewarmed 50 ml Falcons. In order to ensure
reliable results, a no DMS and a Stop control were added to the experiment. To start the DMS
reaction, 200 of 0.5 % of DMS in 95 % EtOH (Ratio ¥4) was added to the cells and incubated shaking
at 42 °C for a certain amount of time (test was 10 min). The controls were treated with Water in 95
% EtOH (Ratio ¥) and were shakend for the same amount of time. Be sure to add the stopping
solutions in order, to ensure correct quenching of the DMS. The No DMS control was “stopped” by
adding 1 - 5 ml 0.7 M B-Mercaptoethanol in 30 % SW and 2 - 5 ml of Isoamyl alcohol, Saturated
with 30 % SW. the Stop control was treaded to same as the DMS control but as the final step DMS
was added the same way as for a treated sample. The treated sample was treated the same way as the
no DMS control after the DMS reaction of 10 min was completed. The cells were then centrifuged
at 15.000g for 10 minutes at 4 °C and then washed with 2 ml of ice cold 23% SW containing 0.7 M
-Mercaptoethanol, centrifuged again and repeated. If cells have survived the harsh treatment,
proceed with RNA extraction (7.2.5.1). The Haloferax cells however did not survive the Isoamyl
alcohol and immediately burst once exposed to it.

7.2.5.6.2.2 Exvivo

In vitro DMS foot-printing worked the same way as in vivo but with lower volumes. Typically, 50
pg of RNA was resuspended in 200 pl K1800 Buffer and then processed the same way as before: No
DMS, Stop control, DMS Sample. The volumes for the f-Mercaptoethanol Mix and the Isoamyl Mix
were 150 ul instead of 5 ml. The DMS mix was added to a final concentration of 2 %. After treatment
the samples were used for RNA extraction (7.2.5.1). But with major losses in the extraction due to

the density of the Samples compared with Phenol, resulting in no supernatant.

7.25.6.3 SHAPE
Was performed as described in detail in (Kniuippel et al., 2020)

7.2.5.7 RNA Affinity purification

7.2.5.7.1 MS2 Aptamer purification
Mobicol columns were equilibrated in the desired buffer (here K200 + 15mM Imidazole) and 20 pl

Ni NTA Agarose beads (slurry) were washed 2 times in the respective buffer (by centrifugation 0.2
g at4 °C, all following wash/centrifugation steps use this setting if not stated otherwise.). Add ~200
pg recombinant MS2 (purification in K200 buffer, 0.2m mM IPTG for 5h at 37 °C, rest as described
in 7.2.3.1) and incubate for 90 min at 4 °C on a rotating wheel in a total volume of 400 pl (add final
concentration of 10 mM Imidazole). Then wash bound MS2-Ni-NTA once with K200 Buffer. Block

MS2 Ni-NTA complex with 50 pg of yeast tRNA and incubate for 15 min at 4 °C on a rotating
119



Material and Methods

wheel. Normally 10-20 pg of RNA (~10 fold less than MS2) was added to the blocked complex and
let incubate for another 2h at the same conditions as before, alongside 20U RNAsin. Afer RNA
binding the flow through was collected via centrifugation, and washed three times for 5 minutes in
batch on the rotating wheel at 4 °C with the according buffers tested (200/500/750/1000 mM KClI,
20 mM Tris/HCI pH 7,5; 10 mM MgCI2; 10 mM Imidazole), washes were collected as well. Elution
was done with an increased Imidazole concentration of 250 mM in 500 pl Buffer (500 mM KCI; 20
mM Tris/HCI pH 7,5; 10 mM MgCI2). Further processing as described in 7.2.2.1, 7.2.2.8, 7.2.2.4
(10 % Gels) and 7.2.5.1.

7.2.5.7.2 Biotinylated RNA purification

Total RNA was extracted as described in 7.2.5.1. Residual genomic DNA was digested in presence

of RQ1 DNAse (Promega) and RNasin (Promega) as recommended by the manufacturer. The RNA
was purified by hot-phenol extraction and biotinylated as described in 7.2.5.3. Purified RNA (25 ug)
was resuspended in binding Buffer (20mM Tris—HCI pH 7.6, 150 mM NaCl, 5 mM MgCI2, 1 mM
DTT) (Nielsen et al., 2011) and incubated for 2 h on a rotating wheel at 4 °C with high-capacity
Streptavidin agarose beads (Pierce) in a total volume of 800 ml binding buffer. Immobilized RNA
was washed three times for 10 min on a rotating wheel at 4 °C with 800 ml the binding buffer.
Competitive RNA elution was performed twice in batches using 500 ml buffer B supplemented with
2.5 mM Desthiobiotin (IBA) at 4 and 23 °C, respectively. RNA was purified using hot-phenol
extraction as described 7.2.5.1 and 1 % of the extracted affinity purified RNA was used for g°PCR
and 20 % for primer extension analysis as described in 7.2.2.8 and 7.2.2.9.

7.2.6 Miscellaneous

7.2.6.1 TECAN-Reader

Values were normalized against mean values of Hv-YPC only wells, respectively for Hv-YPC(+trp).
Doubling times from TECAN reader were calculated with the following formula:

OD(t=1)

OD(t = 0)

Doubling time = (t(1) — ¢(0)) * log2(

The time range chosen, was in the exponential grown phase according to the growth curves.

7.3 Statistics

Statistical tests were done in Graphpad or Excel using an unpaired t-test and the P-values are

indicated below the figures.
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Figure S1 “Assembly of the small ribosomal subunit. Consecutive stages in the maturation of the small ribosomal subunit
(40S) are shown, beginning with the earliest co- transcriptional steps in the nucleolus, the formation of the small- subunit
(SSU) processome, nuclear export and final assembly in the cytoplasm. Small- subunit-specific portions of ribosomal DNA
(rDNA) are depicted with colour- coding of the 5" external transcribed spacer (5” ETS); the 57, central, " major and 3" minor
domains of the 18S ribosomal RNA (rRNA); and the internal transcribed spacer 1 (ITS1). The pre- rRNA cleavage sites
A0, A1,D and A2 are indicated. Three ribosome particle intermediates are shown: the 5° ETS particle, SSU processome
and the pre-40S particle. Pre- rRNA intermediates present in each particle are indicated in square parentheses beneath each
particle. There are likely additional assembly intermediates not yet identified. Sequential association and dissociation of
assembly factors and complexes of assembly factors are shown. Assembly factors and complexes for which structures have
been determined are depicted in cartoon form, whereas those for which no structures are known are indicated only with
text. The 5" ETS particle was inferred from purification of complexes assembled on 3" truncated pre- rRNAs. The earliest
assembly intermediate for which cryo- electron microscopy structures were obtained is the SSU processome.
Endonucleolytic cleavage at the A0, Al and A2 sites and major structural remodelling (not shown) result in the release of
assembly factors and the 5" ETS particle from the SSU processome. The resulting pre-40S particle assembles in the nucleus
with a set of export factors and is rapidly exported to the cytoplasm, where the pre-40S particles engage in functional
proofreading by joining with mature 60S subunits. The last assembly factors are released and the D site is cleaved to
generate mature subunits containing 18S rRNA. Proteins that joined the growing SSU processome at an earlier stage are
shown as transparent to highlight new components (not transparent). The ‘wiggling’ signs highlight components that are
flexible in isolation. NPC, nuclear pore complex; Pol I, RNA polymerase I; snoRNP, small nucleolar ribonucleoprotein.
Adapted with permission from “...”, Elsevier.“ (taken from Klinge and Woolford, 2019)
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Figure S 2 “Assembly of the large ribosomal subunit. Consecutive stages in the maturation of the large ribosomal subunit
(60S) are shown, from the earliest stages in the nucleolus, through stages in the nucleoplasm and finally in the cytoplasm.
Large- subunit-specific portions of ribosomal DNA (rDNA) are depicted with colour- coding of the 5.8S ribosomal RNA
(rRNA), the internal transcribed spacer 2 (1TS2), the 25S rRNA domains I-VI and the 3" external transcribed spacer (3’
ETS). Six assembly intermediates for which cryoelectron microscopy (cryo- EM) structures have been determined are
shown: state 1 or state A (state 1/A), state 2/B, state E, Nog2, Rix1-Mdn1 and Nmd3 particles. Pre- rRNA intermediates
present in each particle are indicated in square brackets, and rRNA domains that have assembled into stable visible domains
are depicted using the same colours of the rDNA. Note that some of the different particles contain the same pre- rRNAs
but differ in structure and protein content (for example, state 1/A and state 2/B). There are likely additional assembly
intermediates to be discovered. The association and dissociation of assembly factors is shown. Assembly factors for which
structural information is available are depicted in cartoon form; those for which no structures are known are indicated with
text only. The earliest preribosomal particles present before state 1/A particles are formed cotranscriptionally and have not
been visualized by electron microscopy. In the state 1/A and state 2/B particles, 25S rRNA domains I, 1l and VI and the
5.8S rRNA and ITS2 have begun to form and become stable, visible conformations. The transition from state 2/B to states
C and D (which are not shown as particles), and then to state E, involves assembly of domains Ill, IV and V and includes
early steps in the formation of the peptidyl transferase centre and polypeptide exit tunnel functional centres. Major structural
remodelling occurs to form Nog2 particles, which translocate from the nucleolus to the nucleoplasm, where additional
restructuring as well as quality control checkpoints are carried out to prepare particles for nuclear export. Upon entry into
the cytoplasm, the remaining assembly factors are released, as the assembly and surveillance of functional centres is
completed. The ‘wiggling’ signs highlight components that are flexible. NPC, nuclear pore complex.” (taken from Klinge
and Woolford, 2019)
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SAM binding site

Adenosine binding

Figure S 3 Match of Bs_ermC’ (Red:1QAO) and Ec_KsgA (Blue:1QYR) crystal structures.
Close up shows surface with binding pockets whit SAM bound to the binding pocket of ermC (green).

Frontal Top view

Figure S 4 Superimposition of 30S+RsgA (PDB 2YKR) and 30S+KsgA (PDB 4ADV). S6 cornflower blue, S11 -
medium blue, S15 - purple, S18 - dark grey, S21 - black, h24 pink, h44 orange, h45 cyan, h28 yellow, KsgA - Red, RfbA
— blue. Created using Chimera
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Figure S 5 Decreased methylation of G1523A helix45 conformation in E. coli in vivo. [A] Primer extension reaction of
AVS69009::pHK with the indicated mutations. Left normal primer extension using dNTP showing increased readthrough
of G1523A. Right primer extension using ddCTP showing increased ddCTP readthrough of G1523A. Note the different
primers, due to the G1523A mutation the shortened primer oHv357 is not needed, for ddCTP. Using oHv357 on
AVS69009::pHKG1523A often caused issues during primer extension and using different primers lacks comparability.
Thus, using the same primer for all runs (oHv 326 with dNTPs) the signal intensities of: Primer extension stops (Pex) and
oligo (oHv) were measured with Fiji. The data is shown in [B] The left graph shows the raw measurements of intensity for
both strains. The calculation was done as follows: [Pex/(Pex+oHv)]. Each experiment (primer extension) is indicated by
color, each biological replicate by shape (individual clones) the right graph was only done for 2 biological replicates. Cells
were harvested at OD ~0.4. Statistical testing is difficult as paired t-test is necessary, using ratio pairing p= 0.0051,
Wilcoxon t-test (paired) p=0.1250. Due to the difficulty in comparison | calculated the differences between rrnC and 1523
from Graph 1 of each experiment (color) Ratio Values from PeX intensity of rrnC are shown in Graph 2. Biological
replicates remain the same. Unpaired t-test p<0.0001.
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A AKsgA:pTna_Hisg-s7
1/2|3/4/56/7/8 9|10 11 12

Figure S 6 Initial binding and release experiment. One representative sucrose gradient profile is depicted. Blots were
acquired individually and have different exposure times to detect the slightest signals. Fractions (blue) according to s7
signals were pooled for blot in Figure 4.19. 50S are those following the last blue fraction. Fraction 2 of the first gel was
somehow lost during extraction. 200 pl of each 500 pl fraction was extracted and loaded completely. Pooled fraction were
re-extracted, i.e. 40 pl of each fraction and pooled into one extraction (200 pl total). Extraction as described in 7.2.3.5.
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Figure S 7 Repetition of binding and release experiment. Fractions 1-15 of the SW40 5-30% sucrose gradient are shown
for the indicated experiments. All experiments used the basic 4ksgA K4 strain as substrate. Excess of recombinant protein
is loaded on the right of each blot. Detection of His Antibody with Thermo Scientific™ SuperSignal™ West Femto
Chemilumineszenz-Substrate
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Figure S 8 No significant differences in growth rate in P. furiosus. Preliminary data needs to be re-evaluated. Analysis
was done by Winfried Hausner and Felix Griinberger of the Microbiology department. Method is described in 7.2.1.3.3
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Figure S 9 TECAN doubling times of h26 and 4ksgA. Three biological replicates for 4ksgA and two independent cultures
of h26. All were run in technical duplicates. Unpaired t-test (p=0.7494)
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Figure S 10 TECAN doubling times of complementation and overexpression constructs. 2 Biological and three
technical replicates were grown in a 96 well plate in a TECAN reader at 41.5 °C. Doubling time was calculated between
timepoints of exponential growth. Hv cells grow very slowly in a TECAN reader but are intrinsically comparable, doubling
time of WT or AksgA cells in flask ~240 min

ARios

Figure S 11 Motilities of various Rio knock outs. Strains from Knuppel et al., 2018, Biological replicates: 1, technical 3.
Grown as described in 7.2.1.3
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Figure S 12 Relative frequency shows trend towards increased length and rod shape of AksgA. Data from Figure 4.24
averaged for the relative frequency (percentage of total cell number) of each strain. Histogram with Binning size of 0.2 um
and 0.05 roundness is depicted. Wild type in black and knock out underlayed in white. Linear regression for wild type in
black and dotted for knock out.
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Figure S 13 No length bias form regarding steady state expression levels in AksgA. Data from Figure 4.26A filtered for
mRNA length and plotted against IBAQ differences. Data analysis by Felix Griinberger
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Figure S 14 Non-AUG initiation is also associated to upregulated proteins. Mass spectrometry by Offinger Lab. Data
Analysis by Felix Grunberg. Strains KEIO WT (BW25113) and 4ksgA (J50 and J49). High biological variance in between
the knock out cells reduce statistical significance of the MaxQuant analysis. 1, 2, 3 and q are 4 differently composed
MaxQuant Datasets, e.g. WT biological replicate 1 with J50 1 excluding J49 and other way around.
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Figure S 15 Motility of Wild type (BW) and 4ksga (KEIO collection strain J50 rectangular and J49, round) in E.
coli. Cells were grown over roughly 14h at 37°C on LB 0.3% Agar plates. Colors indicate technical replicate groups.
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Figure S 16 Following the 30S through different types of centrifugation. [A] Sybr safe gels showing: SW-40 Fractions
7-10 containing the 30S subunits from a run of A4ksgA cells + recombinant HvKsgA of a 5-30 % sucrose gradient. These
were concentrated on an AMICON 10k filter unit (while also washing out sucrose) and then loaded onto a SW-60 rotor
and separated via centrifugation. The resulting fractions 1-5 are shown in the left panel. [B] TLA-55 centrifugation as
described in 7.2.3.10. Upper panel: Sybr Safe gel of pooled pre-bound 4ksgA 30S subunit + HvKsgA complex with their
respective added substrates after centrifugation through a 10 % Sucrose cushion in K1800 Buffer. Lower panel: Sybr Safe
gel of pooled pre-bound AksgA4 30S subunit + HvKsgA complex with their respective added substrates after centrifugation
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without sucrose. A: ATP/AMP (1uM), SAM (1uM), F: hvFap7 (1uM), I: Input, S, Supernatant, C: cushion, P: Pellet. [C]
Western blot and Sybr Safe gel of pre-bound complex with respective additions centrifugation through AMICON 100k
filter units. Pre-bound complexes were purified using the TFT-55.38 rotor and the reaction was setup as in B, the according
Substrates were added and adjusted to a total volume of 500 pl in K1800 buffer. The complexes were then centrifuged
through the filter unit at 14,000 g at 4 °C while checking the units every 30s to estimate the remaining volume. At half
volume the flow through was collected (250 pl), the filter unit was filled once more with 250 pl K1800 buffer and
centrifuged further until only 250 pl remained in the filter. The flow through was added to the already collected flow
through, the filter was washed with an additional 250 pl of K1800 buffer and the total volume of 500 pl was considered as
the supernatant and collected in a new cup. 50% was used for RNA extraction and the other 50% for Protein extraction. I:
Input (5%), S: supernatant (70%), FT: Flow through (66 %). Lanes 11-16 are the recombinant proteins only with no
substrate.
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Figure S 17 Verification of GFP tagged small ribosomal proteins. [A] Western blot of His-GFP constructs: pTQ6.1
(GFP plasmid from Tessa Quaxx, Uni Freiburg), with both anti His and GFP antibody (same blot). Size difference of empty
(®) results from different codons before reaching a STOP after GFP in the plasmid. K: recombinant HvKsgA (32 kDa) as
control. [B] Light field (DS) and GFP signals at with 60x lens of the same constructs as in A, empty plasmids did not show
any GFP signals (data not shown), possibly due to the prolonged readthrough (kDa difference of @ in A). Scare bar 3 um.
H26 s4 DS/GFP slightly misaligned at acquisition. [C] Sucrose gradients of AksgA::pTna-Hise)-GFP-s7 at different
molarities of Tryptophan.
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Figure S 18 AzF labelled recombinant HvKsgA [A] Cutout of Phyre2 Model of HVKsgA (mapped to 3GRV) with the
AzF exchanged amino acid (red) and the active center (blue). Mutations were introduced via PCR with primers oHv466-
oHv473 with the respective upstream and downstream primer oHv095 and 096. [B] Exemplary purification of 3 Amber
(described in 7.2.3.1.2.1) and one wild type HvKsgA-Hise) construct with the appropriate Cy3 signal. I: Input, F:
Flowthrough, W: Wash, D: Wash after Dylight, E: Elution, B: Beads. Cy3 signal in Input lanes are possibly inaccurate
loading/spillover. [C] Scheme of Purification of labeled protein of interest (POI). In this purification only one Amber and
dye were used per construct (modified from (Gust et al., 2018)) [D] Primer extension of in vitro reconstituted AksgA whole
cell lysate with Amber stop codon Dylight labelled HVKsgA.
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