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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, I 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/Dim1 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/Dim1-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/Dim1 substrate. Finally, and in addition to this 

functional analysis, I 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. Frühere, in vitro und in silico 

Untersuchungen wiesen auf sowohl bakterielle als auch eukaryontische Merkmale der archaeellen 

Ribosomenbiogenese hin. In dieser Arbeit präsentiere ich eine funktionelle Charakterisierung des 

archaeellen Homologes, der fast universell konservierten ribosomalen RNA Methyltransferase 

KsgA/Dim1 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 führt in H. volcanii zu reduzierter zellulärer Fitness und Stresstoleranz sowie einer 

differenziellen Proteinexpression, die vermutlich mit einer veränderten Translations-Initiation assoziiert 

ist. Zusätzlich 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 zurückführen. Die strukturellen Konsequenzen dieser Veränderung konnten wir 

mithilfe von Ăchemical RNA foot-printingñ nachweisen. Diese bestªrken ein Modell, in dem die 

KsgA/Dim1 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 

abhängig ist, sondern eher von kooperativen, lokalen und entfernten strukturellen Veränderungen, die aus 

der methylierungsinduzierten Destabilisierung des Substrats resultieren. Zu guter Letzt und zusätzlich zu 

der funktionellen Analyse, habe ich Ăchemical RNA foot-printingñ und Ă4TU-Pulse (chase) labellingñ 

Protokolle für H. volcanii und S. acidocaldarius etabliert. 

Zusammenfassend trägt diese Arbeit zu einem besseren Verständnis 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 Cunha et al., 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 (Pühler 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 20th 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. 

 

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 
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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; López-García 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.  

 

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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 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 ñnormalò conditions but tolerate extreme 

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

 

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).  

 

Figure 3.4 Electron micrographs of Haloferax volcanii and Sulfolobus acidocaldarius.  

(Hölzle et al., 2008) and (alchetron.com/Sulfolobus), respectively 

 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 MgCl2 at 45 °C (Boone, 2001, pp. 1089ï1105; 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 ñDS2ò 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).  

 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 ï 85 °C with a pH of 2 ï 3, underlining its thermo- and 

acidophile properties.  

The strain used in this study, MW001, 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 

r ibonucleoprotein 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): óheadô, óbodyô, óplatformô, óbeakô and óshoulderô (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 ócentral protuberanceô, óL1-stalkô and the 

óL7/L12-stalkô (óP-stalkô 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. 

 

Figure 3.5 Structur al comparison of the bacterial and Eukaryotic ribosome.  

(ñThe Ban Lab ETH Zurich,ò 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 ñSvedbergò, 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; Vesper 

et al., 2011). Yet the ñstandardò 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 3.3 - 4.5  

rRNAs (LSU/SSU) 23S, 5S; 16S  23S, 5S (LSU); 16S  25S/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 5ô untranslated region (UTR) of mRNAs (Benelli and 

Londei, 2011, 2009) before starting translation on the start codon. While leaderless (lack of 5ô UTR) 

translation initiation is more frequent in the phylum of Crenarcheota (Benelli et al., 2017; Wurtzel et 
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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 5ô-

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 (aIF1, aIF1A, aIF2, aIF6, 

aIF5B) 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.  

 

Figure 3.7 Venn diagram of shared ribosomal proteins of all three kingdoms.  

Number in brackets: SSU;LSU (Lecompte et al., 2002) 

 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). 
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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; Röhl 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.  

 

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

Left  panel: ñAssembly map of the 30S subunit [é]. 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.ò Right panel: ñAssembly 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 5S rRNA 

integration. The horizontal orange line shows the division between the RI50(1) and RI50(2) proteins.ò (Reproduced from 

Kaczanowska and Rydén-Aulin, 2007) 

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 III 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, II, 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 III, T and AM (Jain, 2020; Z. Li et al., 1999; Song et al., 2011). The 9S particle 
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is cleaved by RNAse E, T, III and AM (Jain, 2020; Li and Deutscher, 1995; Misra and Apirion, 1979; 

Roy et al., 1983).  

 

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 III (III), RNase G (G), RNAse AM (AM), RNase E (E), 

RNase P (P), RNase T (T), RNAse R (R), RNase PH (PH), RNAse II (II) , 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 (ñprimary, secondary and tertiaryò binders) 

(Mizushima and Nomura, 1970; Röhl 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 ñintermezzoò 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). 
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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; OôFarrell 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 I 

transcribes the polycistronic 35S precursor rRNA encoding for the 18S, 5.8S, 25S rRNA, while the 

RNA polymerase III 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 3ô end (Kufel et al., 1999), followed by two consecutive cleavage steps 

in the 5ô ETS (Beltrame et al., 1994; Beltrame and Tollervey, 1992) before the particle is separated 

into the precursors for the small (20S) and large subunit (27SA2) (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).  

 

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; Pöll 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, 2ǋ-O-methylation (Kiss-László et al., 1996) of the ribose and pseudouridylation (Ɋ) 

(Ni et al., 1997), ranging from 55 (yeast) ï 100 (human) and 45 (y) ï 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 

5ôETS 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-Fernández et 

al., 2007; Sá-Moura et al., 2017). Early studies have termed the 90S, 5ôETS 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 A2 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 5ô 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,  
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numerous other assembly factors aid in the correct folding of all the structural subdomains (Phipps 

et al., 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 (Peña 

et al., 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 

(García-Gómez et al., 2014; Gregory et al., 2019; Tamm et al., 2019). As a final ñtest-driveò before 

translation is initiated, the (late-AF-bound) pre-40S binds the mature 60S with the help of eIF5B 

forming the ñ80S-likeò 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). 

 

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 3ô 

ETS are dependent on an sufficient distance or even termination of RNA Polymerase I (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 A2 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 3ô 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).  

 

Figure 3.12 Ribosome assembly and maturation pathway.  

Dark blue: Assembly factors, Light blue: r-proteins (Woolford and Baserga, 2013) 

The ñwidespreadò 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 

tRNAAla and an external tRNACys following the 5S rRNA at the 3ô 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 Í 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). 

 

Figure 3.13 Polycistronic organization of two representative archaeal rDNA loci.  

[A] and processing scheme in H. volcanii [B]. (modified from Clouet-dôOrval et al., 2018) 
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The pre-rRNA is structured similarly to bacteria. Each rRNA forms a loop that is ñsittingò on a 

dsRNA processing stem formed by flanking inverted repeat regions at the 5ȭ-leader and 3ȭ-

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 III 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-dôOrval et al., 2018). The resulting nick is most likely ligated 

by another component of the tRNA splicing machinery, the tRNA ligase rtcB (Clouet-dôOrval 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; Jüttner 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 3ô and 5ô 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; Knüppel 

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.    

 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 II and III  (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 sRNP. The consequence being, that bacteria rely solely on rRNA modification 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 5ô to 3ô 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 5ô 

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 

5ô end of the nascent transcript in place to facilitate the hairpin base-pairing required for RNAse III 

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 ñcapturedò 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 

et al., 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.  

 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 III, similar to the endA cleavage of the bhb motif in archaea (Xue, 2006). Whereas, in 

eukaryotes the cleavages at A0, A1 and A2  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 5ô trimming by RNAse G, E and AM resembling 

the A1 and A2  cleavage sites in Yeast. In archaea the further processing of the 5ô 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 3ô end cleavage in E. coli is 

orchestrated by four 3ǋ-to-5ǋ 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 3ô end until they reach the YbeY protected 3ô 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 3ô ends of the 20S rRNA cleaved by the PIN domain containing 

endonuclease Nob1 (Fatica et al., 2003). Interestingly, Nob1 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 oSX (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) 

3.2.3.1 RimM  

In E. coli the r ibosome 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 (Lövgren 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 Ltv1 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 ȹRimM (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 RbfA 

RbfA (Inoue et al., 2006), binds to the immature SSU at the 5ô 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 ñgate keeperò, 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 

RbfA 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 ȹRbfA can be complemented by 

overexpression of the next AF, Era (Inoue et al., 2003). 

3.2.3.3 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 3ô 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 Nob1, also 

underlines this very late participation.  Most importantly, the 3ô 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 3ô end in E. coli (Tu et al., 2011), which was also shown to be bound by a 

proposed KH-Domain containing archaeal Dim2 (or Pno1) 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; 

Peña et al., 2017; Schäfer 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 Rio1 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 (Knüppel et al., 2018). Some 

archaea lack Rio1 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 

et al., 2012).  

3.2.3.5 KsgA/Dim1 

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 

A1779, A1780 in S. cerevisiae) in the GGAA tetraloop of helix 45 at the 3ô 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 ȹksgA cells accumulate 

17S precursor rRNA (i.e. RNase III 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 Pfc1 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; OôFarrell 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/Dim1 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). 

 

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 5ô-, 3ô major-, 3ô 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 ɓ-sheets (Figure 3.16D) shared 

among SAM dependent DNA-, RNA-, and small -molecule methyltransferases (Boehringer et al., 

2012; Cheng, 1995; Schluckebier et al., 1999). 

 

Figure 3.15 T-Coffee multiple sequence alignment of KsgA from four representative organisms and two other 

methyltransferases.  

BLOSUM62 Score is depicted in a shade of blue. Double-headed arrows indicate motifs common to S-adenosylmethionine-

dependent methyltransferases (OôFarrell et al., 2004). Magenta Bars are ɓ-sheets, light blue bars are Ŭ-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 (D4GWA1), 

S. acidocaldarius KsgA (M1ITD0), 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 ScDim1ôs 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 eIF1, and eIF1A 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/Pno1, the interactor of Nob1 (Strunk et al., 2011). 

 

 

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 ɓ-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 ȹksgA 30S subunits in vitro, the SSU needs to be 

ñreprogrammedò 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 3ô 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 (OôFarrell 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 KsgAôs 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 ȹksgA (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 ñgate keeperò 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 ñtimestampò. These methylations are vital to 

relax the ñtenseò GGAA tetraloop of helix 45 to a more ñflexibleò GGm2
6Am2

6A 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; López-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 3ô end of h45 (Tu et al., 2011)). 

Activation of the Era/YbeY complex then leads to final cleavage of the 3ô 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). 

 

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 3ǋ 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 3ô 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 3ô 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: 1I94). 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 3ô 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 3ô 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 IF3 [8] 

with RsgA.  

3.2.3.5.3 Dim1ôs 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; 

Schäfer et al., 2003). The depletion leads to the accumulation of dead end 22S rRNA resulting from 

the premature processing at A1 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 (Schäfer 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 Pno1 (Partner of Nob1, final step in 

maturation), leads to an unmethylated precursor particle (Vanrobays, 2004). However, Pno1 binds 

shortly after Dim1, which make the downstream effects of Pno1 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 itôs activity depends strongly on the substrate competence, e.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. Pno1 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 Pno1, are retained on the 

maturing particle and required for the final 3ô cleavage by Nob1 (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 

Nob1 in an ATP dependent manner (Locôh et al., 2014; Santama et al., 2005). In any case, in 

eukaryotes, the Nob1 cleavage is mediated by Pno1 and does take place after Dim1 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).  

 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-C14 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).  

 

Figure 3.19 Biotinylation of 4SU [A] ñoldò 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 mRNAs 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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 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 CH3 from DMS to 

bulky molecules as Kethoxal or CMCT at the Watson-Crick interface, as well as large molecules 

from Selective 2ǋ-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 mRNA 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] sRNA 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 Rio1 and 2 

in two model archaea (Knüppel et al., 2018) we wanted to further characterize other late small subunit 

assembly factors. In this thesis I provide a detailed analysis of the archaeal KsgA/Dim1 

dimethyltransferase, an almost universally conserved late SSU biogenesis factor. To do so we 

attempted to answer the following questions: 

¶ Is KsgA/Dim1 dispensable in model archaea?  

¶ What are the contributions of KsgA/Dim1 to archaeal physiology and translational 

landscape? 

¶ What are the implications of KsgA/Dim1 dependent methylation for ribosome structure and 

are there any archaea specific differences?  

¶ 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-Thio Uracil  Pulse labelling in archaea 

The following part is a summary of the results from, ĂToward Time-Resolved Analysis of RNA Metabolism in archaea 

Using 4-Thiouracilñ. Frontiers in Microbiology 8 (2017). Knüppel 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, 7.2.5.3 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 (Knüppel et al., 2017) and 5.5).  

 

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 in H. volcanii and S. acidocaldarius. H. volcanii (h26) and S. 

acidocaldarius (MW001) 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. 

 

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).  

 

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.  

 

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 (ȹpyrE2) (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-qPCR. 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 mRNA with 4TU.  

[A]  Experimental work flow. Cells were grown in Hv-Ca+ medium containing uracil and lacking l-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 l-tryptophan 

(Trp) or Hv-Ca+ medium containing uracil and l-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 l-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. 

 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 2ǋ-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). 

I tried to adapt structural probing, using CMCT, DMS and Selective 2ǋ-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 ɓ-

Mercaptoethanol and Isoamyl alcohol) led to the immediate disruption of the cells. Saturating the 

Isoamyl 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 1m7 

Hv-casamino acids Precipitate >6.5 mM Soluble: max concentration 

tested ~13 mM 

Soluble: max concentration 

tested ~6.5 mM 

Hv-YPC Soluble: max concentration 

tested ~6.5 mM 

Soluble: max concentration 

tested ~13 mM 

Soluble: max concentration 

tested ~6.5 mM 

Saci-Brock Soluble max concentration 

tested ~13 mM 

Precipitate >6.5 mM Not determined 

 

The wide range of SHAPE (Selective 2ǋ-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 (Knüppel 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.  

 

 

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 3ô end region of H. volcanii small ribosomal subunit 

16S rRNA. [A] H. volcanii secondary structure model of the two most 3ô 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 IïIV (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 IïIV (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 Knüppel 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 3ô End of the 16S rRNA (helix 45) (Primer oSaci45 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/Dim1 

methyltransferase 

In the following we investigated the small subunit biogenesis factor KsgA/Dim1 in our model 

archaea.  

 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; OôFarrell 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 

oHv091/92 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 KpnI and XbaI.  
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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. 

 

 
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 SalI 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 

oHv126/127. [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 ñpopping outò 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 itôs 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.  

 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 ñ-1ò 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 (Grünberger et al., 2020).  

 

Figure 4.10 Primer extension analysis of Knock out and Wild type constructs in four Organisms.  

[A]  Illustration of Primer extension reaction in Haloferax volcanii (oHv356), E. coli (oHv357) and S. acidocaldarius 

(oSaci045) 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 III 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 

µg) 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 (Jüttner 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 3ô minor domain of 16S rRNA is 

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

To distinguish the two possibilities of this abnormal methylation pattern, I 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(6) tagged 

constructs under control of a tryptophan inducible promotor (pTna) were then transformed as 

described in 7.2.1.2.1 into either the ȹksgA 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. ñbaselineò, 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 Ó2 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-His(6)-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(6) tagged constructs and pTna 

with N-His(6)-ProteinA lead to the same results (Data not shown). 

 

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 µg 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 

(OôFarrell 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 m2
6A to m6A would not display RT primer extension stops 

since single m6A 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, I 

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-His(6) or HvKsgA-E84A-

His(6) (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 MgCl2 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).  

 

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(6) 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 itôs 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 3ô-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 3ô methylated adenosine is changed from a C 

to a 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.  

 

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 II 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 3ô 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. 

 

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 µg of modified RNA was used as input and ~ 1 µg 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 ñArchaea 

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

Orders. The trees were built on the inner sequence of the helix 45, e.g. 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 I 

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 Wobble 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 II 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, I 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 PRJNA319486, C. nanosalinarum PRJNA70161, N viennensis PRJEA60103. 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-W7) that omits the wobble at position 

7 and reduces the methylation in vitro (Formenoy et al., 1994) was created. The ñwild typeò 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,  I 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 µg/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-rrnC+ (Black, KANR) were grown in LB-KAN and made competent (as described in 7.2.1.1.1), either 

pHK-rrnC - 1192U G1523A or pHK-rrnC - 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 

oHv382/383 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 

AVS69009ksg250 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 µg/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 ȹksgA 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 pBAD33-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, I wanted to see if Haloferax volcanii would 

be able to accept the Ec-Type h45 and others as a substrate for methylation. Here I made use of our 

cis-acting rDNA reporter system (Jüttner et al., 2020), that enables the introduction and 

quantification of plasmid borne rRNA. The rt-PCR readout is briefly described in Figure 4.18B and 

in detail in (Jüttner et al., 2020). We introduced two tight loop mutations U1453C (Ec-like) and 

G1448A (N. viennensis opening A-U) and one ñvery openò 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 3ô end of the 16S rRNA shows a vast structural 

diversity in many organisms, yet its modifying enzyme is highly conserved in its essential domains.  

 

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 PciI/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; Locôh 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; 

OôFarrell 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 

(ȹksgA::pTna::His(6)-S7) (see Figure 4.19A).  
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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 ȹksgA::pTna::His(6)-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 µl 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. His(6)-S7: 22 kDa, KsgA(-

E84A)-His(6) 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. 

 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 

ñcold treatmentò 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).  

 

Figure 4.20 No negative growth effect of ȹksga but fitness advantage in competition.  
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[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 qPCR 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 motile, i.e. cannot swarm as far/ react as 

quickly. In archaea the propelling apparatus is termed ñarchaellumò (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 ȹksgA strains in H. volcanii exhibit any deficiency regarding this swarming 

behavior I 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 ȹksgA, 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, I 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 E84A mutant genomically into ȹksgA. 

This was done by cloning the US/DS region including the KsgA ORF into the pTA131 Vector using 

oHv91/94 or PCR assembly of the two fragments amplified with oHv91/240 and oHv239/94 for the 

E84A mutation, and transforming them into ȹksgA 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. 

 

 

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 

= hvFlgA1;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 ȹksgA::pTna -ū , - His(6)KsgA and 

His(6)KsgA E84A, clockwise orientation starting in the upper middle) [C] Reintegration of wild type and catalytic mutant 

into ȹksgA 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, I tested the strains (ȹrio1, ȹrio2 

and ȹrio1ȹrio2) obtained from (Knüppel et al., 2018) in the same assay and compared them to their 

respective wild type cells (h99). Analogously to ȹksgA, swarming was impaired in all deletion 

constructs (see Figure S 11). 

 

Figure 4.22 Absence of KsgA significantly decreases motility.  

All plots were created as a ñSuperplotò (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 ȹksgA, 2a 

reintegration of wildtype, 2b reintegration of catalytic mutant. 3 ȹksgA ï a pTna, b pTna-KsgA-E84A, c pTna-KsgA, 4 

1424 ï a pTna, b pTna-KsgA-E84A, c pTna-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 ȹksgA 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? 

 

Figure 4.23 ȹksgA 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 ñgreyò 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, I performed adhesion assays. To do this quantitatively, I 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 

(OôToole, 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 ȹksgA 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 ȹksgA. There are slight differences visible between the two: the knock 

out cells show an increase in median length [low OD600 2.89 µm (h26) vs. 3.18 µm (ȹksgA) and high 

OD600 2.33 µm (h26) vs 2.70 µm (ȹksgA) µm, and Figure 4.24B] and the median rod shape increases 

[0.46 (h26) vs. 0.42 (ȹksgA) at low OD600,  0.62 (h26) vs. 0.56 (ȹksgA) at high OD600 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 rio1 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 ȹksgA 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 ȹrio1ȹrio2 Knock out at OD600 <0.04 as comparison (low 

density).  

 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 (OôConnor 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 Öffinger 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 Öffinger 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 Öffinger Lab iBAQ. Both are similar, but iBAQ 

uses global intensities that are divided by the identified peptides for the target protein 

(Schwanhäusser 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 FlgA1 and prepilin are 

highlighted because of the relevance in our previous motility and biofilm assays. In the case of FlgA1 

the downregulation supports our results from the motility assays quite well (Figure 4.25A). FlgA2 

and prepilin is only detectable in the Öffinger Dataset. FlgA2 shows slight upregulation while 

prepilin shows a stronger upregulation. For the motility genes, the mRNA levels were compared via 

qPCR and showed no large differences (<1 CT) and are shown in Figure 4.25B. The genetic 

reintegrations show similar results; down  regulation of FlgA1 (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.  

 

Figure 4.25 Flagellin A1 is less abundant in KsgA Knock out cells.  

[A] Differences (WT ï KO) of LFQ/iBAQ score on selected proteins. LFQ (1=equal), iBAQ (0=equal) [B] qPCR results, 

Expression levels of h26 over ȹksgA, normalized to Gyrase expression levels. Two primer pairs (I + II)  were used for the 

flagellin A1 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 ȹksgA strains in both datasets (see Figure 4.26A, B 

and D). In addition, the Öffinger 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). 



Results 

 

66 

 

 

Figure 4.26 Violin Plots of AUG vs non-AUG initiation codons usage indicate increased upregulated non-AUG 

initiation in ȹksgA 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=6.8-15), B (p=0.00029), C (0.015), D (p= 1.7-5). Data processing done with and by Felix Grünberger. 

It appears as if the ribosomes lacking methylation are ñstrugglingò to translate certain sets of mRNAs. 

The SHAPE experiments revealed an additional accessible nucleotide A1426 (E. coli numbering 

A1493) in the ȹksgA strain compared to the wild type and as well to other SSU knock outs (here 

Rio1 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 mRNAs 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 ñshotgunò 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 FlgA1 in two 

different datasets also adds confidence to the data.  

 

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 Öffinger data, Wild type vs ȹksgA, identifiers listed in 10.1. 

[B] Volcano Plot of the Öffinger Dataset, for the Knock out vs Wild Type (left) as well as the genetic KsgA-E84A 

reintegration vs the KsgA Wt reintegration (right). The higher the data point the higher the confidence. HVO_1210 (FlgA1), 

HVO_2993 (prepilin). ArCOG analysis by Felix Grünberger, Volcano Plots by Christian Trahan (Öffinger 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 3ô End of the 16S rRNA (start: 1447, same region as in Figure 4.6A), additional primer extension 

stop at A1426 in lane 10, ȹksgA. [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. ȹksgA (PDB 3OTO), 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 (Knüppel et al., 2018). In this work I 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/Dim1 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 RlmN (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 (m7G527 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 ȹksgA. 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; OôConnor 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 ȹksgA 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 ȹksgA. Yet some are 

detectable in higher abundance. In every living cell, a large variety of mRNAs 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 ȹksgA (Figure S 14). Together, these results agree 

with a study showing that non-AUG translation initiation is elevated in ȹksgA (E.coli) (OôConnor 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 5ô 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 ȹksgA (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 ȹksgA (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 ȹksgA strain. Our preliminary E. coli WT vs ȹksgA 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 ȹksgA 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 ñ-1ò in Dim1 deficient cells, analyzing the 

datasets for ñ-1ò or even 6-frame translation (Castellana et al., 2008) (all possible peptide 

compositions resulting from all reading frames of the mRNAs) 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, ȹyfG = ȹksgA) (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), ȹksgA 

(green). 

The proteome analysis revealed two candidates, flagellinA1 and prepilin. Both showed differential 

expression in the H. volcanii proteome data and are associated to motility (down-regulated) and 






























































































































































































