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Abstract

1 ABSTRACT

Classically life is divided into three phylogenetically interconnected groups of organisms, the
archaeabacteria aneukarya.However, hey all shar@centraland universally conserved molecular
component of the cell, a ribonucleoprotein comtaown as the ribosomd@he 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 ribosomabiogenesis 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, thén vivo archaeal ribosome biogenesis pathway(s) lack thisleiasight. Previous

in vitro and in silico studies suggested bacterial as well as eukarikéicaspects of archaeal
ribosome biogenesis. In this work, | have functionally characterized the archaeal homologue of the

almost universally conserved ribosahRNA dimethyltransferase KsgA/Dinit vivo.

We could show that this ribosome biogenesis factor is dispensable in the Euryaitdhdderax
volcaniiandPyrococcus furiosysas well as in the Crenarchaesulfolobus acidocaldariu§ he loss

of this ribcsome biogenesis factorkh volcaniiis associated to a decreased cellular fithess and stress
adaptation, as well as a differential translational landscape which may correlate with altered
translation initiation. Moreover, in this and phylogenetically related organism we observed an
unusual heterogeneous/ hypomethylated KsgA/Diml dependent methylation pattern. Using
phylogenetiebased comparison and genetic analysis, we show that the molecular determinant of this
unusual methylation status is based on a single nucleotide exahiginigehe KsgA/Dim1 targeted

rRNA substrateThe structural consequences of this variability could be verified with chemical RNA
foot-printing and support a model where KsgA/Ditidpendent modification disruptiocal
intramolecular interaction and promstater-molecular interaction of 16S/18S rRNA helicdgased

on these observations amd vitro reconstitution experiments, this study suggédbat release
competence of KsgA from the 30S subunit is not dependent on full methylation completion but rather
on cooperate local and distant rRNA conformational changes controlled by methydiatitrced
(intraemolecular) destabilization of the KsgA/Diml substrate. Finally, and in addition to this
functional analysis, | have implemented and applied chemical RNApfading and 4TU pulse

(chase) labelling protocol fdi. volcaniiandS. acidocaldarius

Together, this work contribudeto a better understanding of archaeal ribosome biogenesis,

KsgA/Dim1 biology, and also expasthe archaeal todbox to study RNA metabolism.



Zusammenfassung

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 Zedlim ribonuklearer ProteiKomplex, 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
Assozierung, 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 Baktedi€tukaryonten, fehlen
detaillierte in vivo Studien zur archaeellen Ribosomenbiogenese. Frihergjtrd und in silico
Untersuchungen wiesen auf sowohl bakterielle als auch eukaryontische Merkmale der archaeellen
Ribosomenbiogenese hin. In dieser Arbeit prasentiere ich eine funktionelle Charakterisierung des
archaeellen Homologes, der fast universell konservierten ribdésom@NA Methyltransferase

KsgA/Dimlin vivo.

Wir konnten zeigen, dass dieser Biogenesefaktor in den Euryarchidetiterax volcanii und

Pyrococcus furiosyssowie im CrenarchaeoteBulfolobus acidocaldariusicht essenziell sind. Der

Verlust dieses Fakteifuihrt inH. volcaniizu reduzierter zellulérer Fitness und Stresstoleranz sowie einer
differenziellen Proteinexpression, die vermutlich mit einer verédnderten Transltitetion assoziiert

ist. Zusatzlich haben wir in diesem und anderen verwandteggan@men 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 Methgliegszustandes, auf einen einzelnen Basenaustausch im rRNA
Substrat von KsgA/Dim1 zurlickfiihren. Die strukturellen Konsequenzen dieser Veranderung konnten wir
mithilfe von Ae@héemitdiamlghiRMAchwet sen. Diese besta?
KsgA/Dim1l vermittelte RNA Modifizierung lokale intramolekulare Interaktionen destabilisiert und
dadurch intermolekulare Interaktionen zwischen Helices der 16S/18S rRNA herstellt. Diese
Beobachtungen, sowiein vitro Rekonstitutionsexperimente deuten darauf hidass die
Dissoziationskompetenz von KsgA/Dim1 von der 30S Untereinheit nicht von der vollen Methylierung
abhangig ist, sondern eher von kooperativen, lokalen und entfernten strukturellen Veréanderungen, die aus
der methylierungsinduzierten Destabilisierwes Substrats resultieren. Zu guter Letzt und zusatzlich zu

der funktionellen Anal ysper,i nhtabney /i wihs A cAeind <ea)l  IRaN

Protokolle furH. volcaniiund S. acidocaldariugtabliert.

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

des archaeellen RNA Metabolismus.
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3 INTRODUCTION

3.1 A brief archaed history

Given thevast diversiy of organismsdiscoveringa newone hasalwaysbeena greatsuccess for
scientists However,the classificatiorandhow a newly discovered speciessfit with the already
discovered organismias beeyand still is a challengingnd highlydebated endeav@Balter, 2004,
Da Cunha et al., 2018; Laurentii Salvii. and Linné, 1753; MacLeod et al.,. Hxl#ciallyproposing
anewkingdom theArchaebacterignowarchaep(Woese and Fox, 197,8parked controverdyack
in theearliertimes ofmodernmicrobidogy (Puhler et al., 1989; Zillig, 1991; and reviewed in Albers
et al., 2013)This spark howevetedto a new age in modern microbiologyd classification using
the 16S/18S ibosomalRNA (rRNA) as a phylogenetic mark@fox et al., 1977reviewed in Olsen
et al., 1994 and; Woese, 199%Nd to several advances in many feetd researchand industry
(Breithaupt, 2001; Chien et al., 1976; Jenney Jr and Adams, 2008; Synowiecki et al. ARGOS)
end of the 20 centuryCarl Woese proposed the three domain of tifedel based onesjuence
homology analysis adhe 16S18SrRNA (Woese et al., 19900t establishedhacteriaeukaryotesnd
archaeaas independent monophyletic group¢ovel large scalehomology analysis oRNA

polymerasgenedaverenewedsupport to thisnodel(MacLeod et al., 2019nd is shown ifrigure

3.1
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Figure3.1 Three Domains of life tree.
Phylogenetic analysis of RNA Polymeeagenesreproduced fronMacLeod et al., 2019

However, this model and especially the placement of the eukaryotic origin have iredieraf
debatesarly on Based orstructual comparisorof bacterialarchaealand eukaryoticibosomes, the
Eocyte hypothesiproposedthat eukaryotesemerged from vihin archaea(Lake et al., 1984)
Especially, theecent renaissanad archaeé phylogeny on the basis ofequence analysis from
metagenomesadded supportor the Eocytehypothesis andurther challenged the placement of
eukaryotesn thetree oflife (Dombrowski et al., 2019; Spang et al., 201&retnbaNiedzwiedzka

et al., 2017)Early metagenomicstudies havelacedeukaryotemext to the TACK superphylum
3
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(Guy and Ettema, 2011put with increaing numbes of metagenomesewer studiesrevealeda
large closer relatedyroup ofdeep see sedimeatchaeathe Asgardarchaea(Dombrowski et al.,
2019; ZaembaNiedzwiedzka et al., 201:A)Vithin this groupt is proposed that the eukaryotasse
as a sister group the Asgardrchaeaspecificallythe Heimd#darchaeotdseeFigure3.2) (Zaremba
Niedzwiedzka et al., 2014 the two domain of life tree is corredtputs the kingdom adukaryotes
and our own deep ancestrjthin archaedLiu et al, 2018; LopezGarcia and Moreira, 2020Fhe
additionaldata can be used #ducidate therigin of eukaryoteperhaps even biesting ideas about
the origins ofsingle constituents otukaryotic cellsBut in the end,additional genomic data will
strengthen the correct model aitdmakes thesesomewhatoverlookedorganisms even more
interestingo study Independently of which tree is correct, at the basstbérlies thelastuniversal
commonancestor(LUCA) (Theobald, 2010) The ability to discoverand sequencanculturable
novel organisms fromemote habitatexpands our knowledge of phylogeny aralular diversity

andwill inevitably help to paint a clear@icture of LUCA

Bathyarchaeota
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Figure3.2 Eukaryo-archaeal ancestry.
[A] Phylogenetic overview based on conserved markBMNA and ribosomal proteinfom MacLeod et al., 2019B]

Detailedphylogenetic ancestry based imosomal proteinsevealEukaryotesas a sister group to the Heimdallarchaeot
(ZarembaNiedzwiedzka et al., 2017)

However, archaeare not only comprised oére unculturable speciesiimaccessible habitatt.is
believed that roughly 20% of the marine biomass is comprisattbfegdDelong and Pace, 2001)
Furthemore, theincreasing focus ofgut) microbiomes has revealedn omnipresence of archaea
in multicellular eukaryotic host@<oskinen et al., 2017; Mois#lichinger et al., 2018Especially,
anaerobienethanogenare a crucial part of ogut nicrobiome(Nkamga et al., 2017TContrary, to
bacteriaandeukarya path@enicarchaearevirtually nonexisten{Gill and Brinkman, 2011yvith
someproposedxceptiongVierbuchen et al., 201 A\Vith growing relevance and popularigrchaea

now have found their way int@boratoriesaround the world and are increasingdasible to work

with.



3.1.1 From untamed to genetically tracable

The first thing that comes to mind whiatking aboutarchaeare thediverse environmentheycan
inhabit(Merino et al., 2019Basically, noniche no matter how extreris left uninhabitedRanging
from high pressure to high temperature, dowitg¢ezingtemperature@Mancinelli et al., 2004 )very
high and low pHand alsextreme salinit{Bowers and Wiegel, 2011; Rampelotto, 20¥8tloser
look at the phylogeny of archaea reveals thatkhesandfamily name argenerally a good indicator
to the environmental conditionshey thrive in (see Figure 3.3). Pyrococcus furiosusnjoys
temperatures ofl00 °C (Fiala and Stetter, 1986Yhermococcus barophilusves at very high

Introduction

pressue (Marteinsson et al., 199%ulfolobus acidocaldariuis able to survive in acidic conditions

(Brock et al., 1972)Natronorubrum bangense located on the other side of the pH scale

accompanied bghigh salinitytolerancgXu et al., 1999) However, not all extremophiles are reliant

on extreme conditions o me al

SO ar e

able to

variances in for example temperature and(84dtisst-Eichinger et al., 2012)

Thermococcus kodakaraensis

Pyrococcus abyssi

Methanocaldococcus jannaschii

Archaeoglobus fulgidus
Methanosarcina mazei
Haloferax sp.
Haloarcula hispanica

Halobacterium sp.

Nitrosopumilus maritimus
Caldiarchaeum subterraneum

Pyrobaculum calidifontis

Aeropyrum pernix

Sulfolobus sp.

Korarchaeum cryptofilum

Lokiarchaeum

Figure3.3 Archaeal groups with representative species

(Ausiannikava and Allers, 2017)

Implementing these organisms irfaboratories means adaptioglture conditionglmachi et al.,
2020; Sun et al., 20205his caninvolve usingpressure flask$igh temperature incubatokggating

Thermococcales

Methanococcales

Archeoglobales

Methanosarcinales

Halobacteriales

Thaumarchaeota
Aigarchaeota
Thermoproteales

Desulfurococcales

Sulfolobales

Korarcheota

Lokiarcheota

grow in

Euryarchaeota
Q
o
o TACK
S group
]
C
o
(&)

finor me

pH adjusted mediar large amounts of saRepending on the facilityusing anaerobic organisms

might be impossibld.uckily, pioneers have establishedltivation techniques and genetic tools for

a selectedange ofarchaedAllers et al., 2004; Hileman and Santangelo, 2012; Huber et al., 2002;

Kreuzer et al., 2013; Waege et al., 2010; Wagner et al., 200®)ng the genetically tractable
organisms, the majority is found in thkeylum of Euryarchaeotavhile the Sulfolobalesre the only

genetically tractabl©rderof the Crenarchaeofaeviewed in Peng et al., 201Ty our lab we have
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established to work with botltjaloferax volcanii(Euryarchaeota) an8ulfolobus acidocaldarius
(Sulfolobales/TACK)Figure3.4).

g . » ors y ™
b e R O VR S A

Haloferax volcanii S.L.Jlf&obu.; :‘:icidocaldaﬁﬁs.‘

Figure3.4 Electron micrographs of Haloferax volcaniiand Sulfolobus acidocaldarius.
(Holzle et al., 2008xnd (alchetron.com/Sulfolobysrespectively

3.1.2 Haloferax volcanii

The formerly calledHalobacterium volcani{Hv) was named after Benjamin Elazari Volcani who
was the first to discover microorganisms in the Dead(EkaariVolcani, 1943) As a member of
the Euryarchaeotphylum, it inhabits the most saline environments on earth and lives an aerobic,
mesophilic and heterotrophic lifestyle. The célisplay pleiomorphism depending on their growth
phase(Duggin et al., 2015and maintain an osmotic balance with the surrounding medium by
accumulating salin the cytoplasn{GundeCimerman et al., 2018; Oren, 2008hey show a high
tolerance for varying salt concentrations, ranging from 1.5 to ~5 M MatGlan optimum of 1.5

2.5 M NaCl and 75 mM MgGht 45 °C(Boone, 2001, pp. 1082105; Oren, 2008; Oren et al.,
2009) Based on its high radiation and salt toleearthis organism was curated for astrobiology as a
model organism to test on Marg researchers at University of California, Berke{PasSarma,
2006)

The genome of thetrain typefiDS20 contains a polyploid genome ranging from 15 to 30 copies
which was fully sequenced in 201Breuert et al., 2006; Hartman et al., 201D)e polyploidy
changes withgrowth phase, exponential celtlgve a higher copy number than stationary cells
(Breuert et al., 2006 he 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 adbd® predicted
genes o Mb with a GC content of 65 %his high GC content ia potentialmechaism to avoid

UV inducedthymidine dimergHartman et al., 2010 he overallimino aciccompositioris adapted

to thehypersaline cytoplasm gvoringacidicamino acidsAspartate/Glutamate) and thiosvering

theisoelectric pointo an average of 5@artman et al., 2010)

Haloferax volcaniihas been anodel organisnfor roughly 30 years anthe genetictoolbox has

steadily expanded he introduction of protdauxotrophc markershasopenedhe organisms teasy
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shuffle plasmid transformation thevhable overexpression systems as wealkes® knock outéAllers

et al., 2010; Cline et al., 1989; Lam and Doolittle, 1989; Leigh eR@l1; Sowers and Schreier,
1999) Recent advancés CRISPRtechnology havaddedhe possibility to knock dowfessentigl
genegqStachler and Marchfelder, 2016)

3.1.3 Sulfolobusacidocaldarius

The second species used in this worlSidfolobus acidocaldariugSaci) It is part of the only
genetically tractable grougsulfolobales) in th@hylum of CrenarchaeotéPeng et al., 2017)t was
first isolatedby Thomas Brock in 1972 in the hot springs of Yellowstiiagional Park (Brock et
al., 1972) It is cultured aerobically at 7085 °C with a pH of 2 3, underlining its thermoand

acidophik properties.

The strain used in this studWlW001, also has a fully sequenced genome avail@@Blen et al.,
2005) The circulamgenomeconsists of 2.3 Mb with a low GC conteof only 37 % and a predicted
gene count of 2,292,

Similarly to H. volcanij the introduction oproto/auxotrophic markerenabled easy gene deletion
as well as plasmithased gene expressifNagner et al., 2012)

3.2 The Ribosome

While ribosomeresearcipredates the discovery afchaeathe16S18Ssequence homology analysis
hascreated distoricallink between the two fields of resear@ox et al., 1977; Palade, 195%his
history, the conservediological relevance of the ribosonfganslation)and being anarchetype
ribonucleoproteirparticle RNP) is one of the manfundamentateasos to study the biogenesis of
this complex machinein detail. The assemblyof such alarge and essentiamacromolecules
subjected ttveavy evolutionary pressurgheresmall mistake can haveyrave consequences the

cell, e.g. bosomopathiegNakhoul et al., 2014)

The conserved function of translation is also reflected irmtbleitectureof theribosome All three

kingdoms of life have lrge (SU) and asmall (SSU ribosomakubunit that join to form the mature
ribosome(seeFigure 3.5) (Fox, 2010) Theseribosomalsubunits consist afRNA and ribosomal
proteins.TherRNA is not only thescaffold to which the ribosomal proteins @ibut alsoserves as

the catalyst for peptide bond formatiofAlberts, 2002, chap. 6; Moore, 2003he SSU is made up

of 5subsstructues(seeFigure3.6A-D):6 head 6, 6ébody 6, 6 pl aBafamdunmd, O b
et al., 2017)At the interfacesits the decoding centewhich is responsible forcodoranticodon

recognition as well as théase of thehree tRNA binding sites A, P and(Bminoacyl, Peptidyl,

and Exit) (Alberts, 2002, chap. 6 tunnelbetween thédead and th&SU shoulderconducs the

MRNA through theranslatingibosometo exit atthehead and the platforfYusupova et al., 2001)
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The substructures of the LSU (séégure3.6E-H) arethed c e nt r a | pretabé&bdamandbdt
OL7/dtl2l sd a &B i n(Kliege ktalr, 2041) Tdhes jomplementary tRNA binding

pockets are located at the interfaafethe LSU (opposing the SSU). Here the peptide bonds are
formed in the peptidyl transferase center and nascent peptides eWitdmmethrough the peptide

exit tunnel(Voss et al., 2006)These sites are essential for proper translation and are found in all

ribosomes.

large subunit

small subunit

¢

Eukaryotic ribosome
with extensions

Bacterial “core” ribosome

. universally conserved . in eukaryotes only

. in bacteria only |:| in archaea and eukaryotes

Figure3.5 Structur al comparison of thebacterial and Eukaryotic ribosome.
(AThe Ban Lab ETH Zurich, o 2020)

However, when comparing thidbosome from all the kingdomsthe differences in size and mass
were visible early ofLake et al., 1984)Not only the nomenclature for the individual subunits (the
sedi ment ati on c o e f530%and4360S) dir&dyenditaies aglitferent3ife &nd
mass, but when isolating the individual components (RNA f@otkin) the differences become

apparent (se€able3.1).

In bacteriaandarchaeathe rRNAshows a sedimentation coefficienti8S 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 con&#)$.8S and 25S (28S in higher eukaryotes)
rRNA. In archaeaand eukaryathe rRNA shows varying amounts and sizes of rRNA expansion
segments which are not presenbarcteria(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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Ssu LSU

A 308 C 408 E Central protuberance G Central protuberance
Cluster above
P-stalk

Li-stalk
L7/L12-stalk -y

Li-stalk P-stalk

45

ES27L & ¥ ¥~ Ldoe

A

%) Decoding
L Cluster

below L1-stalk

Subunit interface Subunit interface

B F H
24 L2
& 9 Cluster above
3 i P-stalk
S21 ‘ Beak
s18 yy;HeIix 16
S6 ) Shoulder ES27L

mRNA v 1
exit site mRNA

entry site

Solvent side

308 40S 50S 60S

below L1-stalk

Solvent side

Figure3.6 Comparison of the individual subunits from bacteria and eukarya.

Left [A]- [D] the smallandright [E]- [H], thelarge sulonit. The common core is shown in white (rRNA) and light orange
(proteins); bacteriapecific moieties are shown in green; eukansgecific moieties are shown in rgdlodified from
Melnikov et al., 2012)

The amount of ribosomal proteins that comprise the ribostroesvariance within and among the

kingdoms (sed-igure3.7). Depending on growth phase, stress or life cycle the composition of the
ribosome mawlsovary (Gilbert, 2011; Gunderson et al., 1987; McIntosh and Warner, 2007; Vesper
etal.,2011) Yet the fistandar dod mat u80 Bbospmabpootkiosire | s a
eukarya58-68 inarchaeand 4959 inbacteria Of these only 34-proteinsare conserved throught

all three domains of lif@Lecompte et al., 2002; Wilson and Nierhaus, 2005; Yutin et al., 2012)

Table3.1 Ribosomecomposition in the three domains of life.
Modified from (FerreiraCerca, 20Z; Melnikov et al., 2012; Yip et al., 2013)

Bacteria Archaea Eukarya
Mass(Megadalton) 2.3 +2.3 3.3-45
rRNAs (LSU/SSU) 23S, 5S16S 23S, 5S (LSU)16S 255/28S, 5.8S, 538S
rDNA repeats 1-16 1-4 ~150- 1000
Expansion segments No Yes Yes
r-proteins 4959 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 typigal (anti
ShineDalgarno §D) s e g u e n c e ubtransléted egibon (UTHRE of rBRINAS (Benelli and

Londei, 2011,200) ef or e starting transl ation on the sta
translation initiation is more frequent in thieytum of Crenarcheot@enelli et al., 2017; Wurtzel et

9
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al., 2010) it is rarer in Euryarchaeota with the exceptionHafloarchaea(Benelli et al., 2017;

Kramer et al., 2014)Eukaryotic initiationon t he ot her hand, mos-tly ste
CAP structure of the mRNA following scanning until the start codon is redetiedebusch, 2014)

In regard to initiation factor usage, archaeal ribosomes use a set of 5 factors (alF1, alF BAF&IF2,

alF5B) of which homologues are found in eukarya (3) or bacteria (2), while the latter is universally
conservedBenelli 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 interfa@ésinikov et al., 2012)

Interestinglybacteriadoes not share amposomal constituenesxclusively witharchaear eukarya
yet somer-proteinsare exclusivelyshared amongrchaeaand eukarya emphasizinghe common

ancestrnyasdiscussed earlidiiu et al., 2018; Zarembbliedzwiedka et al., 2017)

With the increasing numbef structuralcomponents, the assembly process becomes increasingly

complexandhas occupied scientists for the last 60 years.

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

BAE: 34
(15;19)

Bacteria: 57 (23;34)

Figure3.7 Venn diagram of stared ribosomal proteins of all three kingdoms
Number in brackets: SSU;LSLlecompte et al., 2002)

3.2.1 Ribosome Biogenesis

Ribosome biogenesisane ofthe most energy demandipgpcesses in a cell attiis must be highly
efficient andoptimized (Warner, 1999) The flawless orchestration of a complex evestichas
ribosome assemblyinvolves numeroushierarchical steps and is ided by severaladditional
biogenesis factoralong the wayTo disentangle the steps ait#ntify the factors involved solid
genetic systemandapplicable biochemistrgre ofgreatvalue Both and morecan befoundin the
two modelorganismsSaccharomyces cerevisiaed Escherichia coli which helpedelucidate tfs
complex matter that is ribosome biogenesiBrom a historical standpoint, bacterial ribosome

biogenesisvas studiedirst and thus will be discusséidst (Traub and Nomura,968)

10
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3.2.1.1 Ribosome biogenesis iEscherichia coli

Back in1968amajor milestonén the ribosome biogenesis field was seffbgub and Nomuravith

the completeassemblyof an active 30Ssubunitin vitro from free16SrRNA andpurified ribosomal
proteins(Traub andNomura, 1968)The complementary milestone was achieved a few years later
by Nierhaus and Dohmwith thein vitro assembly of the 50S subuf(itierhaus and Dohme, 1974)
Both painted thepicture of ahierarchicalassemblypathway, illustrated ithe famousNomuraand
Nierhaus mapgseeFigure 3.8) (Held et al., 1974a; Herold and Nierhaus, 1987; Mizushinth a
Nomura, 1970; Rohl and Nierhaus, 198R)is hierarchyindicated that the assemligyocessollows

an encodedlueprintin the rRNA and the-proteins revolvingaroundassembly check points that
facilitate progressiofNierhaus, 1991, 1980)

To produce a matungbosomein vivowith correctlycleavedfoldedand modifiedRNA as well as
the correct binding of all the ribosomal proteins, indicates that the cell has evolved a system that

catalyzesthis process

5 16S ribosomal RNA 3 . oho ha oL
‘ 1 13S l 8S I 12S

7B 6}
Y2 IR

Figure3.8 Assemblymaps of the 30S and 50S subunits, reinterpreted from Nomura and Nierhaus.

Left panel: iAssembly map of the 30S subupité.JThe 16S rRNA is represented by a rectangle, and the binding order of

the ribosomal protesis 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 vemeak 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 héaRight panel As8embly 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 éndieakker 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(2spr(Reiproduced from
Kaczanowska and Rydékulin, 2007)
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In E. colithe rRNA is transcribed as one primary transcript by the RNA polymerase and is processed
by at leas® nucleases (seeigure3.9). The first cleavage by RNAse lll yields the precuwdatS

rRNA, pre23S rRNA and 9S rRNA. The 17S rRNA is then further cleaved by RNASMGE, R

PH, Il, PNPaseandYbeY to mature 16S rRNAJain, 2020; Zhongwei Li et al., 1999;&ana and
Deutscher, 2013; Vercruysse et al., 2016; Young and Steitz, .1Bi8)23S precursor is further

processed by RNAse Ill, T a#dM (Jain, 2020; Z. Li et al., 1999; Song et al., 20he9S particle
11
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is cleaved by RNAse E, T, lll an&M (Jain, 2020; Li and Deutscher, 1995; Misra and Apirion, 1979;
Roy et al., 1983)

23S rRNA

16S rRNA

YbeY
R, PH, Il

PNPase
11

Gz AM T
tRNA

Il
P$‘z

Figure3.9 Schematic drawing ofthe 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 IlI (11l), RNaseRBIfGE AM (AM), RNase E (E),

RNase P (P), RNase T (TRNAse R (R), RNase PH (PH), RNAsg(lll), PNPaseYbeY. Modified from Kaczanowska

and RydérAulin, 2007

While the rRNA is being transcribed, cleaved, and is folda@aglyribosomal proteins bind in a €o
transcriptional manneand thereby chaperone the rRNA fubsequent binde(Buss et al., 2019;

Rodgers and Woodson, 2019he earlyin vitro experiments of Nomura and Nierhaus classified the
ribosomal proteins based on their bindohgpendency fi paryj setondanand tertiarg bi nder s)
(Mizushima and Nomura, 1970; R6hl and Nierhaus, 1982; and reviewed in Nierhadsl sl

2004, chap. 3)This classification watater confirmedin vivo (Davis et al., 2016; Mulder et al.,

2010)

Toavoid pitfalls, such as premature or naative rprotein binding, RNA misfolding or other errors,
assemblyfactors (AF) aid to prevent theseThese ribosome biogenesis fact¢pg-s) include
GTPases(Britton, 2009) ATP-dependent RNAhelicases(Fuller-Pace et al., 1993)rRNA
modification emymes(Lesnyak et al., 200&nd other maturation facto(Pavis and Williamson,
2017)

Most of theseassemblyfactors are very low abundant and have a very sivatdrmezzo with the
maturingribosome(Li et al., 2014; Thurlow et al., 2016This in combination with a very low
affinity to matureribosome increases specificity and rapid transition from one immature ribosome
to the next. Interestinglynany of these factors are not essential anid dsence may only cause
assembly defects under stress conditions, indicaliegnativepathways(Bubunenko et al.2006;
Gupta and Culver, 2014; Talkington et al., 2003aceable interactions are left behind in the mature
ribosomeby RNA modifying enzymes. The 16S rRNA is modified 11 times (1 pseudouridylation
and 10 methylations) and the 23S rRNA undergoes @fifioations (1 unknown, 14 methylations,

9 pseudouridylation, and 1 methylated pseuidiyeation) (Chow et al., 2007; Decatur and Fournier,
2002; Kaczanowska and Rydéwlin, 2007)

12
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Forbacterian generait needs to be noted, that there are some processing differences between gram
negative and positive speciesBr i t t on et al ., 2007; O6Farrel]l
However, hese differencesre margnal when comparing bacterial and eukaryotibosome

biogenesis.

3.2.1.2 Ribosome Biogenesis isaccharomyces cerevisiae

Cell compartmentalization in eukaryotes dsie of the major difference to bacteria As a
consequenceukaryoticibosome musttravel from the nucleolugrough thenucleoplasmexit the
nuclear membraniarough the nucleopore teach theytoplasm, whilst being correctly assembled.
The highly complexnterplay ofbiogenesidactors during the assembiy reviewedand updated
regularly (Henras et al., 2015; Klinge and Woolford, 2019; Konikkat and Woolford, 2017; Thomson
et al., 2013; Tschochner and Hurt, 2003; Woolford and Bas2éda®)and a less detailesimmary

of S. cerevimeribosome biogenesis (unless stated otherwilepe given here

The encoding information for the rRNA is stored in %D copies on the rDNA loci on chromosome
12, whichconcentrate in aubcompartmentf the nucleusthe nucleolusThe RNA Polymerase |
transcribes theolycistronic 35S precursoRNA encoding forthe 18S, 5.8S, 25S rRNAwhile the
RNA polymerase lll transcribake 5S rRNAIn the opposite directiofseeFigure3.10). Each rRNA
is separated bynternal antbr flanked byExternaltranscribedspacers (TS/ETS) which arethen
further processed by (ipart cotranscriptional) endoand exonucleolytic cleavag€Kos and

Tollervey, 2010; \énema and Tollervey, 1995)

The processingf this large precursodgfined as th®0S preribosome(Trapman et al., 197p)s
initiatedbyc | e av age @&ufel ethale 1929 ollosveddytwo consecutive cleavage steps
i n t he(Beitrameletlals 1994; Beltrame and Tollervey, 198#pre the particle is separated
into the precursors for the small (20S) and large subunit (2{&8s and Tollervey, 2010}he 43S
and 66S preibosome respectively (séggure3.11 andFigure 3.12). After that the small subunit
has only one remaining processing step, while the large subunit reqiéresiditional steps,
depending on the procesgipathwayseeFigure3.11 and described later)

150 - 200 repeats

— [ (|

5S 358
RNA Pol i RNA Pol |

NTS2 | NTS1

SETS Irs1 ITs2 I'ETS
188 5.88 258

Figure3.10 Schematic representation of theyeast rDNA locus
ETS: External transcribed spacdiBS: Internal transcribed spac®$S: Non transcribed spac@oolford and Baserga,
2013)
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The correct asembly, modification and folding of the rRNA in the ribosome requires at least 64
ribosomal proteingSteffen et al., 20123nd 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 certaiproteins & absentFerreiraCerca et al., 2005; Ohmayer et al.,
2013; Pall et al., 2009)n addition to the core ribosomal proteins,wsrd 200 different assembly
factors play a pivotal role in ribosome complet{@bersberger et al., 2014; Thomson et al., 2013)
Most of these proteins are usually conserved throughdatryotesand are commonly essentfal

cell viability (Woolford and Baserga, 2013, chap.B)e broad spectrum of functional classes ranges
from RNA-Helicases, ATPases, GTPases, kinases, phosphalasese types dRNA-modification
enzymessnoRNPsgmall nucleolar RNPs) and even to some homologs tproteins(reviewed in
Woolford and Baserga, 2013 Table Bhese enzymes are in a strict interplay with each other and
the maturingibosomal subuniLamanna and Karbstein, 2009; Woolls et al., 20Ihgse assembly
factorsact as check points, placeholders, export factors and inhilotgyeogressiorthat tightly
regulate the maturation by timelgsociating and dissociating from the matuniitigsometo avoid
errors(e.g. FerreireCerca et al., 2014; Lafontaine et al., 1995; Strunk et al., 2011; Turowski et al.,
2014)(seeFigure3.12). Most assembly factorsvealreadyassociatetb the 90S preibosomeand

both the 60S and 40S precursor start out as very complex pafi{olegrobst et al., 2016Both
pathways exgrience 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 thgroteins to its coréFerreiraCerca et al., 200 Ohmayer et

al., 2013)Additional structural rigidity is conferred WiRNA modification from RNA maodifications
enzymes and snoRNRSloan et al., 2016)The latter produce the most promineiRNA
modifications,2 -Bfmethylation(Kiss-LaszI6 et al., 1996)f the riboseandpseudouridylatior{ Q)

(Ni et al., 1997) ranging from 55 y{east)i 100 human) and 45 (y) 100 (h) per ribosome
respectivelySloan et al., 2016)

The 43S preibosome is believed to be processed in only three major (se@sSigure3.12 lower
pahway or in detaiFigure ). The first step is the binding of the TP/UTRA complex to the
56ETS of the 90S precursor particle;Bcamplexbl i ng
and U3 snoRNRCheng et al., 2017; Dragon et al., 2002; Gallagher et al., 2004 -Pémeandez et
al., 2007; SaMoura etal.,,2017) Early studies have termed the 9
SSUprocessoméGrandi et al., 2002; Phipps et al., 20tigwever newer studies show that the SSU
processome contains only A8S rRNA, i.e. after AcleavaggChakerMargot etal., 2017; Sun et
al., 2017) Independent of the confusing terminology, all SSU processome particles contain the U3
snoRNP. The U3 is the major structural organi ze
pre-18S rRNA, conferring structuralgidity (Barandun et al., 2018; Beltrame and Tollervey, 1992;
Dragon et al., 2002; Marmiggourrier et al.,, 2011)The UtpA and UtpBcomplexes act in
cooperation with U3 as RNA chaperdgitunziker 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 subd@®higips

etal., 2011; Zhang et al., 2018nce every subdomain of the SSU has been folded correctly, a large
number of AFs dissociate and the @gi®S particle is ready for export through the nucleopore
(Barandun et al., 201.7Dn the way to the nuclear pore complex the particle is further matured and
additional AFs associate to the partjdigcilitating export through the nuclear pore comglegfia

et al., 2017)rheimmaturepre 40S subunih the cybplasm still lacks someproteinsandtranslation

initiation is inhibited by AFs occupying positions at the subunit interf@trerk et al., 2011)These

AFs further mature the 40S, while also beilggpendent on the correct maturation of the 60S subunit
(GarciaGoémez et al., 2014; Gregory et al., 2019; Tamm etal.,,2019As a -dr in\aé 0 b efsar
translation is initiated, the (la#®&F-bound) pre40S binds the mature 60S with the helpeti#5B
forming-ltikkeon®@8ti cl e f olfeverythinghistin ooler finkl maturatianf r e a d |
of the pre40S takeplace and the remaining AFs are released and translation can be i(Btaied

et al., 2012a, 2012b)
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Figure3.11 Schematic representation of the preRNA processing pathways inS. cerevisiae.
Precursos are colored dark red, mature in ligietl. SSU cleavage sites are colored red, LSU cleavage sites are colored in
blue.(Adapted from Braun et al., 20p

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

of the celldue to its higher complexity (sdeégure 3.12 upper pathway or in detaigure S2)
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(Harnpicharnchai et al., 2001; Milkereit et al., 2001; Nissah,&2@02) In the beginninghe nascent

35S prerRNA is being ceatranscriptionally modified by snoRNPs while folding into a more compact

structure(Kos and Tollervey, 2010; Sloanetal.,2016) | nt er estingly, c¢cleavag

ETSare dependent on an sufficient distance or even termination of RNA Polymgkiiseahg and
Tollervey, 1998; Kos and Tollervey, 2010; Turowski and Tollervey, 2@&LEB)gesting thahost AFs

and rproteins cannot bind stably-tmanscriptionallf{ChakerMargot and Klinge, 2019; Chen et al.,
2017) The very early steps (before éleavage) have not been resolved as well as later aihepthe

very early binders (AFs andproteins) are thought to compact the structure and convey structural
rearrangements that lead to a stable precursor [@Blfa 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(AiesImeier et al., 2013; Kater et

al., 2017; Sanghai et al., 2018; Zhatal., 2007; Zhou et al., 201Before being eported to the
cytoplasmno longer required biogenesis factare stripped from the precurs@to et al., 2000;
Kressler et al., 2012, 2008; Stagenmermann et al., 2000T he final steps are performed in the
cytoplasm i ncl uding compl et e t r(Thomsomagd Tollervey, R340) 3 6
and removinghe remaining assembly factptkatalsoinhibit binding to the 40S subur{i&artmann

et al., 2010; Sengupta et al., 201Ajter the last 1proteins have been assembéedl the catalytic
centers are foldecorrectly, the largsubunitis readyfor translatiorand/or functional proofreading
(Lebaron et al., 2012; Lo et al., 2010; Ma et al., 2017)

release of
assembly factors

60S
subunit
=’

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

% as

subunit

nucleoplasm cytoplasm

Figure3.12 Ribosome assembly and maturation pathway
Dark blue: Assemblyactors, Lightblue: rproteins(Woolford and Baserga, 2013)

The fwidespread availability of Cryo-EM and the advances inelectron detector qualityin
combination with the historically grown biochemical experiencgeimstribosome biogenesizave
facilitatedthe visualization oprecursor ribosomal particles aadenintermediatgprocessingteps
of both the SSYHeuer et al., 2017; Scaiola et al., 2048) LSU(Kater et al., 2017; Sanghai et al.,
2018; Zhou et al., 2012s well agevenearlier 903Cheng et al., 2017; Sun et al., 20WM¥)th novel
methods allowing fotime resolved CrydeM (Kontziampasis et al., 201,9hetemporaliinterplay of
assembly factorsanpotentiallybe pushed even furth@faledhonkar et al., 2019)
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3.2.1.3 Ribosomebiogenesis inarchaea

Archaeal ribosomebiogeresisis not as welldocumentedas bacterial or eukaryotic ribosome
biogenesisArchaea,as bacteria only haveone RNA polymerase to transcribe the polycistronic
rRNA precursorThe 16S and 23S p#eNA in Euryarchaeotaresometimespaced by minternal
tRNAA? and anexternal tRNAYS following the 5S rRNAat the3d e n drigufeS.£38&). Many
species from the TACK superphylum are missing th&3¢As and have externalized the 5S rRNA
to another genomic regi@durovic and Dennis, 1994; Elkins et al., 2008; Hallam et al., 2006; Ikeda
et al., 2017; Nunoura et al., 2011) some rare cases each rRNA gengaascribedndividually

(Ree and Zimmermann, 1990; Waters et al., 2003)

Another highly variable part of the rRNA composition is the amount and types of rRNA
modificatiors that are present iarchaealLike eukaryotesthese modifications are mediatby
SRNPs (no nucl eoleuksryotessnoBRNPs) aras@ralhlondNAl modification
enzymes alik€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 therm{hilic
acidocaldarius: >70) to very low in halophilic archaea (H. volcanii: {8pnis etl., 2015; Sas
Chen et al., 2020)

A Euryarchaeota

§ | 165 RNA | 1 235 RNA | 55 RNA

5 l 165 rRNA | | 235 RNA l . M— ¥

3
N\. Y7 / “SRNasez
RNaseZ RNaseP

Figure3.13 Polycistronic organization of two representative archaeal rDNAoci.
[A] and processing schemeth volcanii[B]. (modified from Cloued 6 Or val et al ., 2018)
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Theprer RNA is structured similarly to bacteri a.
dsRNA processing stem formed byl anki ng i nverted-lreapeat arnegi3
trailer of therespectivaRNA (seeFigure3.13B). The tRNA and 5S preRNA on thepolycistronic

rRNA precursorare cleaved by the RNAse Z andfank and Pace, 1998; Vogel et al., 20830

for the 5S preRNA an additional unknown endonucleas®sntrary to bacteria there is tear

RNAse Il homologpresent to perform the initial cués the two major rRNAsthis is supposedly

replaced by the tRNA endonuclease endA that recogbizige helix bulge (©hb) structures that

form in the processing ster(Glouetd 6 Or v a | e The rasulting nicR i6 rhdst)likely ligated

by another component of the tRNA splicing machinery, the tRNA ligasg@lcBietd 6 Or val et a
2018; FerreireCerca, 2017)This results in circular preRNAs that could be detected in both Eury

and Crenarchaeot®anan et al., 2012; Juttner et al., 2020; Qi et al., 2020; Tang et al., Z0@2)

functional significance behind this circulation is uncldacould be a strategy to prematurely bring

the 36 and 506 ends into close proximity as obse
stabilized structure that serves as a processing scaffold for (early) maturatior{leeertsaCerca,

2017) Moreover, it could be a method to avoid unspecific exonuclease degradation. The processing

of this circular intermediate is not fully understood (Bégure 3.13B). However,gene orthology
analysigqEbersberger et al., 2014hitial in vitro, and somén vivostudiegJia et al., 2010; Kippel

et al., 2018; Veith et al., 201,25how thatthe factors involved for further processing are rarely

universally conservedndareeitherfoundin bacteriaor eukarya.

3.2.2 Conservation ofribosomebiogenesis

With theribosomebeing auniversalmolecularmachine, theimilarities,anddifferences among the
three kingdoms have evolveddesentiallyfacilitatethe production othe similarfinal product with
varying degres of complexity. While archaeaand bacteriaonly possess one RNA Polymerase
transcribe all their RNAgukaryotesave distributed their ribosomal component production to three
polymerasesThis is mirrored in the additional rRNA that is preserthim final ribosome, as well as

in the number of protas that compose the final product (revi€able3.1 and references thergin

The production of snoRNAsshall nucleolar RNAS; hereafter sSRNA/P) ireukaryotesoy RNA
Pdymerasdl andlll (Darzacq et al., 2002; Ikegami abiégb, 2013) has already been accomplished
by the single RNA PolymerasednchaedGaspin et al., 2000; Thore et al., 200&t not inbacteria
(Lafontaine and Tollervey, 1998Jhe two mainclasses of sRNAre C/D box and H/ACA box
sRNAs that methylateor pseudourinylate RNA respectivelyn a sequence specific manner
(reviewed in Kiss, 2002)The base maodification is conveyed by tireteins attached to the igle
SRNA, i.e. the sRNPThe consequence being, thecteriarely solely on rRNA modification by
standalonenzymes whilarchaeandeukaryotesise bothstandalonenzymes and sRNR&aspin

et al., 2000; Lafontaine and Tollervey, 1998his enables these organismgdadily modify less

structured rRNA at very early stages with RNA guided sRNPs and thereby aidingutttarat

18



Introduction

dynamics during assembly by chaperoning the folding rRi®&nnis et al., 2015; Rozhdestvensky

et al., 2003; Sloan et al., 2016; Yip et al., 2003)e usage daftandalonenodification enzymes in

eukaryotes and possibly archaea mostly occur at the late stage of the a¢Sérablet al., 2016)

In bacteriathis is also true for the small subunit, where the majority of modificatadte place at

the late stages of assemiff§iibak and Remme, 2010)n a 56 t o 3@®opoveandent i al
Williamson, 2014) The large subunit, however is modifiatlearly stages due to the majority of
modifications being deeply buried in the active centers of the ribosome and thus inaccessibje to bulk
modifying enzymes ondelding has progressg®iibak and Remme, 2010)

The prerRNA is organized in a pseuewrcular manner before the initial clesyein both bacteria

and archaea (compakagure 3.9 and Figure 3.13). A relatedpseudecirculatization step is also

suggestedh eukaryotedy either seHbasepairing of thepre-18SrRNA with the spacerferreira

Cerca, 2017; Veldman et al., 19&1)d also mediated liie U3 snoRNP thatbaggeai r s wi t h t h
leader sequence of the pre 3&8NA (Dutca et al., 2011; Henras et al., 2015 kimilar system has

also beemproposedn bacteriawhere the transcription elongatifactorsNusA and NusBhold the

58 e n dhasoehtrarnsdripgt in place to facilitatihe hairpin bas@airing required for RNAse I
cleavaggBubunenko et al., 2013Homdogs of this factor are also found in archasdicating a

similar mechanisngFerreiraCerca, 2017)However, he enzymeshat performthe initial cutsand

many other ribosome biogesis factor@re not conserveacrosshethree kingdoms

This is especiallftrue for the biogenesis of the large subuiihe additionalksolitary 5.8S rRNA
strandd hat needs t oincbrgoratednta the falding LdsOwhike nsthgtwo alternative
processing pathwaysde above arfeigure3.11) and a comparably large number of assembly factors
has made the biogenesis of this subuméiukaryotes lot more complexVhile E. colionly requires

the help of4 Helicases, 2 GTPaseand~4 protein/RNAchaperong to assemble the LSL5.
cerevisiae requires the help oft least twice as many respective assembly fadtdagie and
Tollervey, 2004)In archaealittle is known about how the circulare-23S rRNA isprocessedand
from homology analysis very feputative LSU biogenesis factors could be identifigedersberger

et al., 2014)

The similarities in the processing of the small subwsipecially in the late stepppeasto follow
a more conserveftinctionalpattern among the three kingdoms and will be discussed in more detalil

due tothefocus of this work.

3.2.3 Comparative late small subunit biogenesisan E. coli perspective

In E. colithe SSUprerRNA is relieved from the@rimary prerRNA transcript by the cleavage of
RNAse I, similar to theendA cleavage of thbhb motif in archaeaXue, 2006) Whereas, in
eukaryoteghe cleavages atoAA: and A byan unknown endonuclease and Utp2d required to
liberate the SSU precursor from the nascent trans¢rgrnecki et al., 2015; Wells et al., 2016)
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Unlike eukaryotesk. coliisstillinneed forfurthe 56 t r i mmi ,ignd BMreséblhg e G

the A and A cleavage sites Meast Inarchaedghef ur t her processing of the
yet aUtp24like (HVO_190Q putative RNAbinding protein has been found id. volcanii and

appears to be essentfalr cell viability (own observations). Th8 &nd cleavagein E. coli is

orchestrated by o u-to-5 8liNje x or i bonucl eases, RNase |1, RNa s €
phosphorylase (PNPas@jth help of the rnultifunctional enconuclease YbeYJacob et al., 2013;

Sulthana and Deutscher, 2013; Vercruysse et al., 2@h&h is also involved in the mitochondrial

ribosome biogenesis in eukaryo{@mmer et al., 2020The idea being thahe RNAses degrade

t he 30 teyrdachutybbdéYlpr ot ected 36 end, which will re
time is rightand accessibl¢Ghosal et al., 2018; Vercruysse et al., 20T8)e yeastribosome

however has itgemaining3 6 e n d s20SoRNA tldawedby the PIN domain containing
endonucleas®&obl (Fatica et al., 2003)nterestingly, Nobis also found irarchaeaandis likely

involved ina similarprocesgQi et al., 2020; Veith et al., 2012)

Apart from nucleasamany other assembly factors are involvediosomalmaturation Herel will
focus on the late steps of the SSU maturaiiok. coli after the primary and secondary ribosomal
proteins have already bound (comp&igure 3.8 left, white area)and in yeast once thare 40S
particlehas left the nucleolus and is ready to be transported through the nuclear pore ¢sagplex
Figure3.12 andFigure ). The focus will be on th&. coli side andwill be compared to what is
going on in yeast and potentiallyanchaeaFor ease of understanding thproteins will be labelled
according to(Ban et al., 2014ps 0SX (0 being theu=universally conserved=bacteriaonly,
a=archaeaonly, e=eukaryaonly, y or h for yeast or human if necess@y,small ribosomal protein,

X being the nureral for theprotein)

3.2.3.1 RimM

In E. colitheribosomematuration factoM (RimM) is one the first binders at the late stage of SSU
assemblyasit binds with increasin@ffinity onceuS19anduS13(both secondary bindersiave
assembledo the SSU(Lovgren et al., 2004; Wilson and Nierhaus, 200%e binding ofRimM
facilitates the assembly &3 by controlling the folding of the pr&6S rRNA(Clatterbuck Soper et
al., 2013) A similar mechanism is observed in yeast, whergdlhease of thaon-essentiahssembly
factor Ltvl from the SSU processome enables binding of the ribosomal protgiisand uS3
(Johnson et al.,®@7; Mitterer et al., 2019; Strunk et al., 2011y 1-less cells show mispositioning
of uS3 resulting in a misfolded head structure, resembling that of Resd/cellCollins et al.,
2018) The absence of RimM &dditionallyassociated witheducedamountsof ribosomal proteins
uS3,uS10,uS13,uS14 anduS19suggesting an overall increaseassembly stabilityvith RimM
presen{Guo et al.2013; Thurlow et al., 2016p0ofar, no homologeshave beefiound inarchaea
none for Ltvl and none for RimMVhile theRimM typical PRC barrel is presentanchaedut only

in a standaloneversion (Anantharaman and Aravind, 200BLAST results show some RimM
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candidates in archaeal organisms but none for cursitegle cultured genomeg¢Cobalt RID
DS7J90G1212 When considering gene neighborhoodsie PRC barrel containing protein
HVO_1964is located upstream of the predicted Nob1l homadggiVO_1965)in H. volcanii but

is missing the Nl'erminal RimMspecific domaifPF05239. The effectof gRimM (17SprerRNA
accumulation andlow growth)canbe suppressed by the overexpression of the next assembly factor,
Ribosomalbinding factorA (RbfA) (Bylund et al., P01, 1998)

3.2.3.2 RDbfA

RbfA (Inoue etal.,2006) bi nds to the i mmat u(Damnel&hd Naller, t he 5
1995) which isin close proximity ofhelix 44 (shown later inFigure 3.17A). Binding of RbfA
stabilizesa conformational change in the helix #vat isunsuitablegfor translation preventing the
subunitfrom enteringthe translational poo{Datta et al., 2007)Moreover recent studies have
suggested thd®bfAisa i g at ethakreneimsebouind until the SS8&Jfully maturedSharma
and Woodson, 2020Pncethis mature state is reached tB&€Pase RsgA (oYjeQ) is ableto bind

to the SSU antkleass RbfA via GTP hydrolysigGoto et al., 2011; Jeganathan et al., 2015; Razi et
al., 2017) A secondrelease mechanisnor RbfA, utilizes IF3 which in turn remains bound after
RbfA releaseo initiate translation(Sharma and Woodson, 202@lear fomologuesto RbfA or
RsgAin yeast or archaea an®t known and thé& respectivefunction may havebeenreplaced by
other biogenesis factar Plants show a homologue (RBF1) participating in Chloroplast 16S
processing(Fristedt et al., 2014)Here, again, the effect afRbfA can be complemented by
overexpression of theext AF,Era(Inoue et al., 2003)

3.2.3.3 FEra

The GTPase ErdChen et al., 1999an only bind in the GTP bound stdtetween the head and
platformof the SSUn a cavity formed byher-proteinsuS2,uS7,uS11, andS18(Sharma et al.,
2005; Vercruysse et al., 2018)ponGTP hydrolysissignificantstructuralchangen Erais induced
thattriggers isrelease from the maturing SSUher eby f aci litating access
rRNA precursor for cleavag®azi et al., 2019vhile alsoenabling the binding diS1and thereby
permittingmRNA recruitmeni{Sharma et al., 2005Rendering a Era bound SSuon-functional
while retaining it from final processing he binding of S1 and thiateractionof Erawith YbeY
(Vercruysse et al., 2016}he proposedfunctional homologue of the endonucleablbl, also
underlines thivetry late participation Most importantly,he3 6 c¢ | e theviastgprecessissiep
asNobl is one of the last assembly factors to leave the maturingud@it in yeasfLamanna and
Karbstein, 2011, 2009)n severalarchaeal genomes there are annotations forlikeaGTPase,
howeverfrom sequence comparistime KH domain appears to be missiagdthe function remains
unclear(FerreiraCera, 2017) This KH-Domainof Erabinds a specific sequence motif downstream
of thehelix45at t h ein BE3doli (Ruretdal., 2011)which was also shown to be bound ay

proposedKH-Domain containingarchaeal DimZor Pnol) homologueg(Jia et al., 2010)ndicating
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a possibleutsourcingf the Era KH domain. laddition,Dim2 interacts with Nob1n yeast(Strunk
et al.,, 2011; Woolls et al., 2011underlining the functional conseti@n of assembly factors

interactions

Another interactoand also a suppressoraxatalyticEramutant(inoue et al., 2007; Lu and Inouye,
1998, is the universally conserved methyltransferase KsgA/Diwtiich will be discussed in detalil
later.

3.2.3.4 Rio Proteins

In eukaryotesilong withKsgA/Dim1 and otherstheessentiaKinaseATPase Rio2 associates to the
maturing pre 40S in the nuclelbsfore being exported to the cytoplafferreiraCerca et al., 2012;
Pefia et al., 2017; Schéfer et al., 2003; Vanrobays et al.,. ZD0&exported via the nuclear pore
complex Rio2 is released from the SSahdthe otheressentiaKinaséATPase Riol associates to
thepre 40S complex before joining with the LSUndiate functional proofreadin(f-erreiraCerca

et al., 2014, Lebaron et al., 2012; Strunk et al., 2012dnvainn et al., 2012)nterestingly both Rio
proteins are also present any archaeaEsser and Siebers, 2013; LaRonde, 2014; LaRonde
LeBlanc and Wlodawer, 2008nd shar¢hecommonATPase fundbn (Knlppel et al., 201850me
archaealack Riol and insteadcontain RioB homologue a poorly characterize®RIO domain
containing protein with unknown functian ribosome assemhlgalso present in bacterigsser and
Siebers, 2013Moreover, multicellular eukaryotes contain an additional Rio protein, @aGmas
et al., 2012)

3.2.3.5 KsgA/Diml
The almost universally conservedS-adenosylmethionine (SAMor AdoMe) dependent
methyltransferaseKsgA(B/A)/Dim1(E) is found in all three kingdoms of lif§see sequence
alignmentFigure 3.15) (Ebersberger et al., 201&gistrup et al., 2016)ts main function as a
ribosome biogenesis factor is to dimethylate two adjacent aden@&iteE3, A1519in E. coliand
A1779 A1780in S. cerevisiapin theGGAA tetraloop ohelix45at t h e thd B&/18S1RNA o f
(seeFigure3.14) (Connolly et al., 2008; Helser et al., 1972; Lafontaine et al., 199 most
bacteral ribosome biogenesis factors, KsgA is not essential and its loss leads to Kasugamycin
resistancévan Buul et al., 1984)Also when confronted with cold stress thesgAcells accumulate
17S precursorrRNA (i.e. RNase lll cleavage only, revievwrigure 3.9) (Connolly et al., 2008)
Eukaryotic Dim1 on the other hand is esserftialcell viability, most likely due to itproposed
earlier participatiofn the 90S processome prior to the medkigh reactiorfLafontaine et al., 1995)
Eukaryoteshave some additionarthologsin their organelles Arabidopsis thalianafor example
usegheorthologPfclto methylatets small subunit rRNA of thehloroplast to circumvemtegative
temperature effectéTokuhisa et al., 1998)Another orthologue mtTFB, is transported into the
mitochondrieof eukaryotedn yeast, and fungi igeneralone copy mtTFBerves as mitochondrial
transcription factoat the expense of methylatieambilities( KI oot wi j k et al .,
22
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al., 2008) whereasmostmetazoansave two copies, mtTFB1 and mtTFB&th mtTFB1 excelling
at methylatiorwhile mtTFB2is the better transcription factor, though bacéimcomplement for each
otherto a lesser exterfBonawitz et al., 2006; Cotney et al., 2009, 200Re function inarchaeas
supposedly similar to bacterial and eukaryotic KsgA/Dimland experiments with
Methanocaldococcus jannascKisgA have shown that it can complement the functioB.inolibut
not in Yeas{(Pulicherla et al., 2009)
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Figure3.14 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 SAHaignosylhomocysteinéy the product[B] Helix 45 with the two

adjacent adenosingsl518, A1519 and anti-ShineDalgarno sequence are circled in red. Helices are annotated in blue.

Nucl eotides matching bl ue, p i, n k30 -gmadjéairand thecentrat domain r epr e s |
respectively (created with RibovisigBernier et al., 2013)

3.2.3.5.1 Structurepositioning and mechanism of KsgA/Dim1

The protein consists of two majstructuraldomains and the structuredgerallvery well conserved
among the three kingdomef life (see Figure 3.16C), the NTerminal part comprises the
methyltransferase/catalytic domain and-&&minal domain that is highly unstructured and most

likely involved in stabilizingts binding to the 30S (sdeigure3.15 andFigure3.16D) (Boehringer
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et al., 2012)The methyltransferase center shahaswell conserved-sheetgFigure3.16D) shared
amongSAM dependenDNA-, RNA-, and smk-moleculemethyltransferase@Boehringer et al.,
2012; theng, 1995; Schluckebier et al., 1999)
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Figure 3.15 T-Coffee multiple sequence alignment of KsgAfrom four representative organismsand two other
methyltransferases

BLOSUM®G62 Score is depicted in a shade of blue. Detibkeded arrows indicate motifs common tadgnosylmethionine
dependent methyltransferage®© 6 F a r r, 2004) Magenta Bais arfe-sheetslight blue bars aréthelical,Red triangles
indicake introduced mutations in this work. Dashed black arrow indicates the start of Teerhal Domain. Uniprot
Identifiers:B. subtilisermC (P13956). coliKsgA (P06992)H. sapien®iml (QOUNQ2) H. volcaniiKsgA (DAGWAL),

S. acidocaldariuKsgA (M1ITDO0), S. cerevisia®im1 (P41819)S. cerevisiaentTFB (P14908). Generated with Jalview
2.11.1.0

Complementation experimentsgith varied N- and GTerminal domains froneither eukaryotic,
bacterialor archaeal KsgA/Dirh, suggest that the eukaryote specific domain resides in the N
Terminalregion(Pulicherla et al., 2009T he protein binds in between the body and the platfarm
the SSWU(seeFigure3.16A, B). Yet there is no clear CryBM data withnativdy boundKsgA to a
SSUin bacteriabasing most interactions @am vitro reconstitutions antdydroxyl radical footprints
(Boehringer et al., 2012; Xu et al., 2008he GTerminal part of ECKsgA is in contact with helix
24 and 27(Boehringer et al., 2012y h i | e S c-Teimindl éegion Contacts helix 11 and 28
(Granneman et al., 2010)he N-Terminal part of KsgA/Dim1 is in contact with the immature helix
44 and in close proximity to helix 45 (segure3.16A, B), therebypreventingoremature folding of
the decodingenterof the SSU ang@reventing entry into the translational p@du et al., 2008)This
ideais supported by the fact that KsgA/Dim1 resides in the same spot asTérenihal domain of
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the initiation factor IF3 in bacterigXu et al., 2008)andelF1, and elF1An eukaryotegStrunk et

al., 2011) Moreover the presence of S21, a late platform ribosomal protein involved in translation
initiation (seeFigure3.8left) (Held et al., 1974hjs inhibitory of KsgA activityin vitro (Poldermans

et al., 1979; Thammana and Held, 1978he eukaryotic functional homologue b$21, e26,
however binds to the binaj site ofDim2/Pnol, the interactor of Nok{$trunk et al., 2011)

SAM bindi.rg
a::“ Adenosine binding

Figure3.16 Binding Sites and Structure of KsgA/Dim1.

Binding of KsgA/Dim1 to the SSU irE. coli[A] andS. cerevisiagB]. [C] Overlay ofMjDim1 (Orange PDB 3GRYV),
HsDim1 (light ble, PDB:1Z2Q9 andEcKsgA (Dark blue, PDB1QYR). Created in ChimerfD] Crystal stucture of
MjKsgAwith bound SAM(PDB:3GRY), Dark grey Nterminal Green CTerminal partDark greerResidueMesh: SAM.
Catalytic centes arehighlightedin red, characteristic m&@ s eshebtsare highlighted in magent8AM and Adenosine
binding pockets are markelinages takerand modifiedrom [(Boehringer et al., 2012] and[(Scaiola et al., 2018]

The structureand catalytic domainef this highly conserved methyltransferalsavebeen studied
best inE. coli. The catlytic center is clearly visiblat thesurface of the crystal structure and it shows
two distinct binding pockets (s&&gure3.16D), one for SAM, one for the respaaiadenosine (only
fits one at a time). This structure has a strong resemblance to theSé&xlh@ependenadenosine
methyltransferases involved 23S rRNA (A2058 dimethylation in Bacillus subtilis and
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Staphylococcus aureufriew structure comparison iigure S3). Interestingly, absence of ermC
induceddimethylationleads to sensitivity to various antibioti@Ghampney et al., 2003; Weisblum,
1995) whereasabsence of KsgA leading to antibiotic resistance. Both show a very high specificity
towards their targets and do not methylate if the structural context is incormatisimg. Yet the

major difference is that ermC is ablem@no anddimethylate the naked 23S RNAvitro (Denoya

and Dubnau, 1989; Schluckebier et al., 1999; Zhong et al., liféigative of early LSU biogenesis
participation, whereas KsgA requires a minimal RNP context in order to methylate its substrate.
KsgA can bind naked6S rRNA but requires a core set of body and platfeproteins (S4,bS6,
uS8,uS11,uS15,bS16,uS17 andbS18) attached to the RNA in order to methylate the substrate
vitro (Desai and Rife, 2006)n order to methylatgpk s 303 subunité vitro, the SSU needs to be
Airepr og ingannradie state by loweringagnesiunconcentrationgPoldermans et al.,
1979; Thammana and Held, 197Zhe reaction has ndearobligate order of which adenosine is
methylated first(Cunningham et al., 1990However, when lowering the temperataned SAM
concentrations only A1519, i.e. the most 30 Ade
methylation(Van Buul et al., 1984)Whether the enzyme dimethylates ireago or must undergo
dissociationfeassociation after every methylation, i.e. four times, is not completely, dear
unlikely( O6 Far r el | Oneetheliadb has redlied is )nature stamimdete methylation)

the binding affinity of KsgA to the SSU is decreased and it disso¢Rtdédermans et al., 1979)

3.2.3.5.2 K s g Added thefinal biogenesistepsof E. coli
The exact order of the finatepsn E. colihasbeen rescheduled over the ye@n the one hanthe

suppression of a catalytiE200K) Era mutant by overexpression of KsgA dhd accumulation of

17S rRNA from ecatalytically inactive KsgAand under low temperaturesgiRsgA(Connolly et al.,

2008; Inoue et al., 2007; Lu and Inouye, 1998)gest that dter RbfA dissociation, KsgA is able

to bind and further stabilizes theanslationally inactivénelix 44 conformation(Boehringer et al.,

2012; Clatterbuck Soper et al., 2013; Xu et al., 2088yvever, newer studiegive strong evidence

for KsgA actingand dissociatingriortot he post ul atRbiA (Cormally amd Guleee per 0
2013; Sharma and Woodson, 2020)this case how and whexactlyKsgA binds isa bit unclear

and will possiblyberevealedn future studiesln any casepnce KsgA las bound to the appropriate
maturation statélikely after RimM has completed its tagkfurther maturation of th&€SU (RNA-

folding, addition of fproteins)possiblyincreases the proximity of the two Adenaosines to the binding
pockets of KsgABoehringer et al., 2012; Tu et al., 201This is supposedly a passigdetector of
maturation and the methylationanbec o nsi der e d a Fhesamethylationgrevitaldomp 0 .
relaxt he fAtensed GGAA t maraielibe@qGmbAm Acenfoimationtat t o a
is capable tourn outward and form hydrogen bondstdix 44 andhereby stabilizing the A and P

sites of the ribosom@emirci et al., 2010; Rife and Moore, 1998jter the dimethylationreaction

is completedn vitro, the binding affinity to the SSU decreases and Kdig&ociategPoldermans et

al., 1979) Thein vivo scenariovery likely involves RbfA competingwith KsgA for SSU binding
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since botlocclude the same binding sitéqure3.17A & C andFigure $4). Coupledto the decreased
binding affinity tq and structural rearrangements of 8@®U after methylatiorcould shift affinity
towardsRbfA. RbfA then further stabilizes thiésgA induced rearrangemeaf helix 44 and 45
towards he mature stat@emirci et al., 2Q0; LépezAlonso et al., 201Ayhile still retaining it from
the translational pooEither the binding oRbfA or the structural rearrangemebisKsgAare then
most likelydetected byhe Era¥beY complex Era is bound across from Ksgk RbfA (seeFigure
3.17) and is in contact to thenti-ShineDalgarnosequence of th8 6 e n d(Twet al.,2@15)
Activation of the Era/YbeY complethen leads tdinal cleavageof the3 6 ef thel 16S rRNA
(Ghosal et al., 2018; Vercruysse et al., 20If@his happens before or aftRbfA dissociation isiot
completely clearHowever, twaecentstudiedavor cleavagdefore RbfA dissociatiarFirst, having
the translation initiation factdF3 involved in the release &bfA, with the subsequent entry in the
translational poo(Sharma and Woodson, 2028)d second, the fact thBta bound 30S subunits
prevent binding oRsgA, the release factor BbfA (Razi et al., 2019)

o

KsgA ‘\4
1}&{144¢ @ Era
A AS) o) 15

Figure3.17 Proximity of Era to RbfA and KsgA on theSSU

[A] Binding position of RbfA (red) and Era on the 30S sub{iBjtRbfA (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 30§GUbunit.
Binding position & KsgA (red) on the 30S subun[D] KsgA (red) binds at helix 45dyan A1518 and 151®nagenta of

the 30S subunitb{ue). Era is bound between the platform and the head contacting helypel®8n. Helix 44 is shown
inorange  ( The 3 Nj e rAds labdled with aastériks(madife fromBoehringer et al., 201&,B]; Datta et

al., 2007C,D])

Era has been shown to interact witle endonucleasgbeY (Ghosal et al., 2018)et no direct
interaction could be determined between YbeY and KegRsgAin a Yeast two hybrid screening

(Vercruysse et al., 2016rurthermore, recent studies suggest that YbeY isonglex with GTP
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bound EraandiS11 at the 3086 epratursordnd theneby pevei8s predRureA

cleavage and/or guides accurate RNAse cleag@pesal et al., 2018; Razi et al., 20B8)d might

not be involved in the actual cleava@mith et al., 2018 Nevertheless,«r r ect 36 ¢l eavag
Era and YbeY to dissociate from the now mature SSU via GTP hydrdybkissal et al., 2018;

Sharma et al., 2005)This enablesfor bS1 to bind near the platforniByrgazov et al., 2015;
Vercruysse et al., 2016and perhapsnitigates a conformational change that is detecteddoy

directly contacts RfbA whiclcan now be released BRsgA, due to thelissociation of ErgRazi et

al., 2019) reailting in a translational competent mature 30S subukitschematicsummary

interpretatiorof thelate eventss shown inFigure3.18.

Figure 3.18 Schematic interpretation of the late biogenesis events iE. coli based on my interpretation of the
presentedliterature .

The depicted 30S structure serves as a backgnolandholdeand is not the actuaitermediate (PDB1194). Activity of

an AF is indicated by the eflow dashecdborder.[1] At a certain point of maturatiothe Era/YbeY complex acts as a
congant protector for premature cleavage oh e  3[BA] KEsFADinds between the platforf@B] RimM binds to the
head domain{3A] RimM joins the complex anfiliffils its action by acting as a chaperone for head formation (uS3 binding,
notindicated)[3B] KsgA joins the complex andimM fulfils its action by acting as a chaperdoe headformation(uS3
binding, not indicated If pathwayA or B is correct is unclear.e. from aKsgA perspectiveif a immature head structure

is required fo KsgA to bind.Thein vitro Datafrom Boehringer et al.(2012 andDesai and Rif¢2006)suggest thathe

for KsgA binding necessarjowered Magnesia concentratiahestabilizes the head domain, resemblirsgr@lar state to
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the pre RimM statysndicates that path A could be corrddf RimM leaves the complex antthis and other structural
rearrangements the maturing 40S patrticle trigger KsgA dependent methylgtgiEither KsgA dissociates passively or

is removed in competition with RbfAThe two transferred methylations are indicated bylgwl stars at the previous

location of KsgA. Binding of RbfAactivatestheEF¥ b e Y c o mp | e x a nidpeffformedrd GBPGydmlysssa v a g e
by Era releases the complé¢&] This enables binding of bS1, possibly contacting RbfA and indicating maturation is near
completion.Depending of thgrowth phase and possibly availability of RsgAd IF3 (exponential growth might require
bothpathways), RbfA is released via the two stgfA,7B] involving RsgA ordirect exchange via competition of I

with RsgA

32353 Diml1déds role in theeukanystds st eps of biogenesi

As aforementioned, yeast Dinslipposediybinds to the 90S precursor particlie the nucleolus
(Lafontaine et al., 1995,998) and/or to a nucleoplasmic pd®S particle(Moriggi et al., 2014;
Schafer et al., 2003 hedepletion leads to the accumulationdefad en@2SrRNA resulting from
the premature processirgg AL and A2(seeFigure3.11) (Lafontaine et al., 1995)ossibly due to
Dim1 interactions with th®0Sunfoldedcentral pseudokngGranneman et al., 2010) Dim1 truly
binds to the 90S patrticle is debdtdue to the absence in b8 CryeEM structuregCheng et al.,
2017; Sun et al., 201@ndin purified 90S particle¢Schéafer et al., 2003Neverthelessthe long
association of Dim1 with the nascent S&tkes it difficult to determindhow methylation is
triggeredor withheld for so longin yeast the depletion &nol (Partner of Nobfinal step in
maturation), leads to ammnethylated precursor partic(anrobays, 2004 However, Pnol binds
shortly after Dim1, which make the downstream effects of Pnol depletionfaergaching
(Vanrobays, 2004)The rough estimate is that methylatimanoccur, once the 43S particle has been
exported into the cytoplasKBrand et al., 1977)To make things even more complicated, human
Dim1 is thought to methylate its substrate in the nucleolus and/or nucleqi@&samn et al., 2019;
Zorbas et al.,, 2015and is not present in the oplasmic compleXAmeismeier et la 2018)
Suggesting a possible flexibility in methylation timing and underliningpdssibilityof KsgA/Dim1
beinga passivesensarnd it 6s activity depends egtquaitmgl y on
control (Karbstein, 2013)The closegroximity of Rio2(seeFigure3.16B) would suggestt being a
possible activator obim1, butan interaction via phosphorylatidmasonly been showin vitro in

the human system indicatingparhaps human specifinechanism(Sloan et al., 2019)f Rio2 is
already present in the nucletss activateDim1 methylationvia phosphorylationis unclear,since
Rio2 has been proposed to join the maturniimpsomeafter or immediately before nuclear exp
(Zemp et al., 2009plsoarguing againsa conservedctivation mechanism by RioPnolhowever
would be present ithe nucleus in both yeast and human, witsimilar proximity to Dim1 as, Era
to KsgA (Vanrobays, 2004; Zhou et al., 2008pth, human and yeast Pnodre retained on the
maturing particle and r equ(Amesmeieféalr, 2018hVéoollsétn al 3¢
al., 2011)n analogy to th&ra and YbeY(Ghosal et al., 2018; Vercruysse et al., 20k@he trigger

for methylation is mediated by an assembly fa@odbr just by a conformational changeat
delivers theg(to be methylatedadenosines of helix4® the binding poc&t, remains unclear. But,
considering Dim1 as a passive sensarafformational changg®NA folding, -protein assembly)

andimprinting this detection onto the RNA via the methylatwould make sense E. coli, yeast
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and humanThe releasef Dim1, in comparison téhepostulategassiveor competitivedissociation

in E. coli, appears to utilize the activity of &TPase/adenylate kinasgamely Fap7 oCINAP in
human(Juhnke et al., 2000; Santama et alQ2)0It is proposed that Fap7 induces a rotated state in
the functional proofreadin@0Slike subunit(joined SSU and LSU precursor that still have AFs
bound and cannot participate in translatibebaron et al., 2012; Strunk et al., 203243 ATP
hydrolysisand thereby releases Dim1 from t8@S precursor(Ghalei et al., 2017)If a similar
mechanism is used lumans is unclear, as there isawidence foB0Slike particle in the nucle
Nevertheles)CINAP is present in the nleuisand is, like Fap7, involved jore-18S processing by
Nobl in a ATP dependent manngrL oc 6 h et al ., 2014 any Gsemt a ma
eukaryotes the Noblcleavageis mediatedby Pnol anddoes take place after Diml release
(Ameismeier et al., 2018; Heuer et al., 2017; Johnson et al., , 204ry) similar to theespective
YbeY, Era,RbfA mechanisms iit. coli. Where whenand bywhich factorexactly remains to be
elucidatedn detail for allorganisms

The presence of KsgBim1 in all three domains of lifand thus thevolutionary stability of tis
biogenesis factor highlights its vast importaiwthile being dispensable undaboratorycorditions

in many bacteriathe realworld effect is probably more severe amdpossible to sustain under
competitive conditionsOtherwise nature would not have retained it over the countless years of
evolution.The only known loss of KsgA has occurred i gymbiotichyperthermophilic archaeon
Nanoarchaeum equitan@nd perhaps other nanoarchaaayl methylation activity has not been
substituted by the symbionts KsgA or another endogenous methyltransfevasather by a
mechanisms involving sRNRodificaion (Seistrup et al., 2016A drastic effect of KsgA losis

very wellillustrated inYersinia pseudotuberculosiwherevirulenceto miceis lost(Mecsas et al.,
2001) This along withimpeded growtrand accumulation of immature SSUs at cold temperatures
would be majodisadvantages in the wi{€onnolly et al., 2008)This accumulated evidence makes

it very likely thata KsgA/Dim1-Like factorwas present ihUCA (Harris et al., 2003)

In conclusion, lhe general patterof late SSU biogenesis bacteria and in eukaryotes appears to be

a tightly regulatedinterdependency 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 associatét reduced transtional fidelity, impaired initiation,

rRNA processing defects or even impaired subunit joi(Bydund et al., 1998; Connolly et al., 2008;
Dammel and Noller, 1995; Datt al., 2007; Ferreir@erca et al., 2014, 2012; Inoue et al., 2006;

Roy-Chaudhuri et al., 2010)f this holdstrue for the kingdom aéirchaeaemains to be answered.

3.3 Tracing of RNA metabolisms andstructure
RNA has always been an endearing molecitgeability to form secondary structures and even
catalyze reactiohas not onlyedto the RNAWorld HypothesigGilbert, 1986)utto ahighdemand

of methodghatenablethe studyof their dynamics metabolism and structu{&anser et al., 2019)
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Someof these methods have been establisisdaigthe highly abundanibosomal RNAas a model
systemand havesnabled detection gfercentile precursor particlésrapman et al., 1975; Trapman
and Planta, 1975s well agesolving secondary structures of the®mplex RNAgMoazed et al.,
1986; Noller and Chaires, 1972; Qu et al., 1983)

3.3.1 RNA Labelling

Before the advent ofenetic depletion there was no possibilityaccumulate certain precursor
rRNAs. Thusincorporation otraceable nucleotidegasused tdrack short livedRNA species such
as prerRNAs (Rovera et al., 1970; Scherrer and Darnell, 196#8NA (Jacob and Monod, 1961)
andpretRNAs (Rake and Graham, 1964)ost of these early studies ughdradioactively labelled
nucleotide Widine-C*andbr H-Uridine, as they were easy to uaed did nohave grave effects on
transcription.Pulsing the exponentially growing cells with thdéssceable nucleotides revealsal
far unknown precursopopulations of RNAswhile chasing can revealegradation and dag
pathwaygHerman and Penman, 197&)detailedpulseanalysisof yeast ribosomal rRNAostulated
precursor rRNAgo the individualsubunis as well asthe earliest 35S preRNA (Trapman and
Planta, 1975)With sanpling speedmproving the timescale cabe pushedurtherand additional
even shorter lived RNAsan be resolveKos and Tollervey, 2010)
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Figure3.19 Biotinylation of 4SU[A]fio | d 0 [B]&ewgaadimproved reagent (modified frgbuffy et al., 2015)

Non-radioactive nucleotidesuch as <4hiouracit (4TU) or 4thiouridine (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.,.20G9)
majoradvantage fdhese analogues is that they offer thiol specific biotinylatidmiken et al.2008)
(Figure3.19A). This opens a door to streptavidiased downstream applications such as antibody
detection, affinity purification with subsequent high/low throughput analysis, and many more. The
advancesn RNA tagging chemistry have pushed the depth of analysis even f([Diligy et al.,

2019, 2015)Figure 3.19B) and transcriptome wide studies on the stability of mMRNAs are now
possible(Lugowski et al., 2018)Together these methods can and have provided essential insights
into RNA metabolism and dynamics. Furthermore, they enable the analy&i$fobinding proteins

by photacrosslinking approache@PAR-CLIP) (Hafner et al.,, 2010a, 2010bfxparding this
temporalmethodwith the next methodRNA structue probing, has achieved great spatiotemporal
results in rRNA analysi@Hulscher et al., 2016; Swiatkowska et al., 2012)
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3.3.2 Chemical RNA structure probing

While RNA dynamic arenot only based osynthesis and decay, its structure is &ighly dynamic
andcan fdd into a variety of structures based ioter-/intramolecular baspairings temperature
pH, osmolarity and chemical modificationBhe formation of correct structural motifs, such as
hairpins, mismatches, bulges, internal looppseudoknotsre the eppome ofenzymatic activityin
ribozymes e.g. theribosome(Cruz and Westhof, 2009yWhile we now know how the complete
ribosome is structured aanatomicresolutionby the power of XRay CrystallographyBenShem

et al., 2011pnd CryeEM (Greber et al., 2012jts earlierstructuraldiscoveriesvere made step by
step nucleotide by nucleotid@oller and Chaires, 1972; Qu et al., 1983)

While thebasics on RNA folding were cleartineory anccanbe calculatedby computers nowadays
(with its limited validity), experimental evidends generated by usingequence specific enzymes
or chemicalghat target specific RNA motif&iehler and Engelke, 200ased on their properties
they can target either specific bases or the sugar backbonEigsee3.20). If the RNA is in a
conformation that is accessiblee.single strandednd/orhighly flexible, it can be modifieqWeeks,
2010) Depending on thehemica] the transferred group can range from a si@bl from DMS to
bulky molecules as Kethoxal or CMCT at the Watsbiitk interface as well as large molecules
from Se | e c thidvoryl a@ylsiion SHA[PE]) reagentsn the sugar backbone of the RNFhe
readout for all of these chemicalwwever follows a similar procedure, a stop or stalling of the
reverse transcriptase at the modified nucleotidech can then be mapped to the known nucleotide
sequenceDelightfully, this has remained the basis for readsiricethe firstk ethoxal modifications
of 16SrRNA on sequencing gel®Noller and Chaires, 19729 the modern age of next generation
sequencing readouts trinscriptomewide structure probingRouskin et al., 2014; Talkish et al.,
2014) In the 40 years Hbetween a lot of development hascurred In 1986 the combined dataf
DMS, CMCT and Kethoxal modified 16S rRNAverified the 2D predictiors derived from
comparative sequee analysis(Moazed et al., 19860nly two years latethe firstin vivo DMS
modifications were accomplishexhd could elucidateinteraction interfaces of elongation factors
with ribosomes(Moazed et al., 1988)A year later firsthydroxy radicalfoot-printings were
performedon mMRNA andRNA (Latham and Cech, 1989; Wang and Padgett, 1fefi®jved by the
breakthrough development of SHABEemicals that elevated RNA structarealysigo quantitative
leves (Merino et al., 2005)This was shortly before tharrival of capillary electrophoresishich
allowed for a certain level of automati¢Mitra et al., 2008; Wilkinson et al., 2008hdconcluded
in real high throughpuanalysis by next generatisequencingSHAPEsedSHAPEMap (Lucks et
al., 2011)
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Figure3.20 Selection of RNA probing chemicals.

[A] sRNA with indicatedhydrogen bonds in blue dashed lings=Adenosine, C=Cytosine, £5Guanine, & Uracil).
Targets are colored respective to tmemicalagentindicated in B and (/B] Estimated eaction timeof the respective
chemicals Actual timesmay vary dependingn concentration, temperature anmdium SHAPE reagents a@prox. 5
half-lives. [C] Chemtal structures of the respective modifieRNA strand from biomers.net.

Even with all the advancements in the fiadfli RNA labelling and RNA structure probing
implementing these techniques still requires a lot of testindpéaystem it is applied t@ifferences
in pH, Salinity, temperaturesolubility can affecteactivity andsome cell membranese unable to

takeup thechemicals and onlgx vivoor in vitro work is possiblgreviewed in Mailler et al., 2019)

The heritagef both, RNA labelling and RNA structure probinm the field ofribosomeresearch
are akey motivation to implement these techniquesour archaealorganisms.Especially the
combination of both methods have been usedinetic structuralanalysis of pre ribosomés vivo
(Hulscher et al., 2016; Swiatkowska et al., 20I®)is could prove useful t@nalyzestructural
dynamicsof short lived RNAprecursorsuch as thé€circulan prerRNA structuresn archaeaas

well aspotentiallymapping RNAProteininteraction(Smola and Weeks, 2018)
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3.4 Goal of this work

As mentionedearlier, ribosome biogenesis is kighly complex endeavor an organismust
undertake. Thassemblypathway however differs profoundly between theell-studiedkingdoms

of bacteriaand eukarya suggesting that perhaps the kingdomaothaeashows an intermediate
pathway that connects the twdet, the overall lack of experimental data surrounding archaeal
ribosome biogenesis is largely due to the for long genetic inaccessibility of these in part extreme
organismsAfter our previous studwpnalyzing the conservatiai thebiogenesis factors Rloand 2

in two model archae@nuppel et al., 2018ye wanted to furthesharacterizetherlate smalkubunit
assembly factorsln this thesisl provide a detailed analysis of therchaeal KsgA/Diml
dimethyltransferas an almost universally conserved late SSU biogenesis faobodo sowe

attempted to answer the following questions:

Is KsgA/Dim1 dispensable model archaea?
What arethe contributions of KsgA/Diml to archaealphysiology and translational
landscape

1 What aregheimplicationsof KsgA/Dim1 dependent methylatidor ribosomestructureand
are there any archaea spectiifference®

T Is the binding and release during ribosome assembhgcharacteristiof yeast ofE. coli?

To answer these questions, useda multidisciplinaryapproactutilizing the genetic toslavailable
for H. volcanii, S. acidocaldarius, P. furiosasndE. coli, a vast array omicrobiological assays,
biochemistry shotgun proteomics arastablished chemical RNA feptinting methods as well as
4TU pulse(chase)abelling. First, we aimedto establish knock ostn archaeamodel organismgo
lay the basis for further studieSecond weinvestigatd the effects of KsgA deficiency on cellular

fitnessand translational activitin H. volcanii The third question was tackleby comparing the
substratestructureand its implications foKsgA dependent methylatioacross a broad range of
archaea andhe tee of life To verify these structurgbredictions we alsoimplementedchemical
RNA structure probingn two archaeal organismbo answer théourth and final questiomve aimed

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

Complementary to these goalnd to facilitate the study of RNA dynamiicsvivo, we aimed to
implement 4TU PulséChase labellingand chemical RNA foeprinting in bothH. volcaniiandS.

acidocaldarius
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4 RESULTS

4.1 Establishment ofRNA modifications methods

The term RNA modificatiortan beinterpreted in two waydg-or one it canmean themodification
of anRNA by the addition of a group @ltering the baseia an enzyme or a chemic&8ut alsq
introducing modifiechoncanonical nucleotides thatodify the composition of RNAnoleculesin
both cases the RNA has been replaced or modified to an exterst disttnguishable to the native

form.

Here weapplied two methods that make use thfese two types of modification to study RNA

structure and metabolism

4.1.1 4-Thio Uracil Pulse labellingin archaea

The following part is a summary of the results fr@dffoward Time-Resolved Analysis of RNA Metabolism irarchaea
Using 4Thiouracili. Fronti er s i n KMippeliRoberi, GotinmagKytte®oerge?, Ond Sépastien Ferreira
Cerca.

Introducing traceablaucleotidesnto an organism enables the studyRNMA metabolism andts
dynamics. In the context obosomebiogenesis this has provambea fruitful techniqude.g. Favre
et al., 1986; Swiatkowska et al., 201Zhus, we sought out to implement this method in our two

model organismslaloferax volcaniiandSulfolobus acidocaldarius

The key questions that needed to be answered first was if the archaeal cells can import and process
the 4TU nucleobase. Also, for ateal testing environment, defined media with exogenously added
uracil was chosen (HCa', Brock Mediafor H. volcanii/ S. acidocaldariusespectivelysee7.1.3.
Luckily both organisms have strains that are mutated in tlsipectivepyrE genes (orotate
phosphoribosyltransferase) and thusdependent on external sources of ur@ililers et al., 2004,
Wagner et al., 2012Basedon the KEGG databagi&anehisa et al., 201@ndthe presence of
enzymatic homologuésvolved inuracil metabolismthe cells should be able to syntlze$d T)UTP
from4TU (Figure4.1A,B). The workflow is shown ifrigure4.1C and described in detail in Chapters
7.2.1.7 7.2.5.3and 7.2.5.4.3 In short,cells were grown in the presence of a certain /AJrbkil
concentration, harvested and the RNA was extractdésk 4TU containing RNA was then
biotinylated using either MTSEA biotisKX or HPDRbiotin. The biotinylated RNA was then
separate@n either a denaturing TBE agarose gal following northern blottingr usingaffinity
purification (7.2.5.7.2. The blotted RNA could then be detected viaDige coupled streptavidin.
Successful labellingf total RNAis shown inFigure4.1D. Thedetectiorefficiency could be greatly
improved by using th&ATSEA-biotin-XX (Duffy et al., 2015)compared to HPD®iotin (Figure
4.1E).
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In the initial experiments a molar ratio of 3:1 (4TU : U) was used, hoveeraarge of 4TU/U ratios
were tested for toxicity aniébelling efficiency High relative concentrations >80 % 4Thk uracil
source (4:1)ead to growth defects in both archdsee Paper), while relative concentrations below
75 % 4TU lead to decreased labelling efficie(egeFigure4.2A). Consequently, thimitial 3:1 ratio
was the best choice regarding toxicity and labelling efficieStyady state labelling revealed that
S. acidocaldariushows very strong signals in the 5S rRNA/tRNA range even in the Urdgil o
backgroundFigure4.2B,C), indicating someainspecific biotinylation of thienodified nucleotides
(discussed itKntppel et al., 2017and5.5).

A C
e N DS, L AR L AN 4TU pulse
£C3135
L ) @ RNA extraction
EC:2429
B (@) Biotinylation (MTSEA biotin-XX)
< EC:27422 EC:2746
U’“( j’"’ o R Northern/ Slot blot
g @ Detection (IR-Dye Streptavidin)
D E o o
U 4TU/U HPDP-biotin MTSEA-biotin-XX

H. volcanii s—

S. acidocaldarius

Figure4.1 In vivo incorporation of 4TU in model archaea.

[A] Synthesis pathway of UTP from uracil kaloferax volcaniis depicted according to KEGG pyrimidine synthesis
pathway (KEGG entry: hvo0024QKanehisa et al., 2016Enzyme classification number (E.C) and thairresponding
open reading frame iH. volcanii(in gray) encoding the enzyme activity are indicafBll. Synthesis pathway of UTP from
uracil in Sulfolobus acidocaldariuis depicted according to KEGG pyrimidine synthesis pathway (KEGG entry: sai00240)
(Kanehisa et al., 2016)Enzyme classification number (E.C) and their corresponding open reading fré8ne in
acidocaldariug(in gray) encoding the enzyme iady are indicated[C] 4-thiouracil (4TU) labeling and detection work
flow. [D] Analysis of 4TU incorporation iRl. volcaniiandS. acidocaldariusH. volcanii(h26) andS.
acidocaldariusMWO001) cells were grown for several generations eithenéalium containing a mixture ofthiouracil

and uracil (4TU/U- 3:1) or in medium solely containing uracil XUE Detection of 4TU with HPDiotin and MTSEA
biotin-XX. Biotinylated uracil was detected by infred fluorescence.
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™ 235 rRNA 23S rRNA
23S rRNA M 16S rRNA 16S rRNA
16S rRNA
5S rRNA / tRNAs 5S rRNA / tRNAs
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S 12 ik 00 i) H. volcanii S. acidocaldarius

total 235 rRNA

Figure4.2 Steady state andconcentration dependentlabelling of 4TU in model archaea.
[A] Differentratios of 4TU/U tested over 2h ekponentiagrowthin H. volcanii.[B] and[C] Steady state incorporation
of 4TU over 20h of growth

Compared tdd. volcanii the overall pulse and chase labelling experimiarfss acidocaldariusvere
difficult to handle and also the incorporation was comparably wbigare4.3A). This is very likely
due to the comparably long doubling tim8s (10h ) at sub optimal growth conditions (65 °Crés
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°C) in S. acidocaldariuswithin the first doublingH. volcaniiincorporated ~ 5@old more 4TU than
S. acidocaldariugseeFigure4.3A). The pulse and chase labelling did worlSiracidocaldariusind
incorporation and loss of 4TU can be se€igre4.3B) but only over a very long timgpan. InH.
volcaniiit was possible to detect pulse labelled RNA at very short timepointss@0of a doubling)

whenincreasing detecta@ensitivity (Figure4.3C).
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Figure4.3 Pulse chase comparison between two model archaea.

The workflow overview for the respective experiments are shown aheveeaoutsin B, C andD. Cell Aliquots were
taken at the indicated timepoinf4] exponentially grown cells were shifted into 4TU containing medium and incubated
for another two doublinggilv (4, 8 h), Saci{, 18 h) [B] Pulseand chase experiment i8. acidocaldarius[C] Pulse
incorporation of 4TU irH. volcanii,at low and higtsensitivity. [D] Chaseof overnight 4TU pulse#fi. volcaniicells.

The Chase experimenits H. volcanii show that after roughly one doubling the majority of the
labelled RNA is lostKigure4.3D). Overall, this demonstrates the feasibility of 4TU pulse latzglli

in two model archaeal organisms, with room for optimizatio8.iacidocaldarius.

However, not all organisms are genetically tractable, so having cells dependent on extracellular
Uracil is not the norm. Consequently, we tested ihéact uracil metablism (pyrE’) does affect the
incorporation of 4TU inH. volcanii. In order to do sowe used Pojn candidates that have
genomically integrateghyrE2::HVO_0569from the pTA131 plasmidafialogousto Figure 4.8).

These cells were then grown in the samé iadia lacking Uracil but with added 4TU/U (3:1) for

8h. Steady state labellingiorked equally wel(Figure4.4A) andtime kineticpulselabelling is just
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as efficientas inPyrE deleted cell§Figure4.4B, C). Overall, it can be said that fb. volcaniithere

is no difference in 4TU irarporation with Uracil auxoor prototrophy.
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Figure4.4 Influence of pyrimidine de novosynthesis on overall 4TU incorporation.

[A] 4TU incorporation in uracil auxotroph and prototroph strafpgrE2::HVO_0569 over 8 h of exponential
growth.[B] Time-dependent incorporation of 4TU in 16S and 23S rRNA in uracil prototroph .gi@ifRelative 4TU
incorporation efficiency in auxotroph and prototroph cells. Results of relative quantification ahddidoration in 23S
rRNA from ur apmyiE? (taken koofEigure H3€) afdgrom uracil prototroptpyrE2::HVO_0569 B data
are depicted.

The power of RNA labelling is to visualize RNA dynamics in responseto genetic
depletiorfoverexpressiorcompound additiormedia changandmore(Braun et al., 2020; Herzog
et al., 2017) Regardingribosome biogenesis depletion of a biogenesis factorcould show
accumulation on rRNA precursei®oweveH. volcaniiandS.acidocaldariudackgenetic toa such

as the yeastGlucose/Galactosdepletion systenfCarlson, 1987)Thus a described changehe
change of tryptophanase gene transcription after additiontiyfptophan(Large et al., 2007Ayas
testedn combinationwith 4TU pulse labellingAs a reaction to the addition of/ptophanthecells
elevatethe expression ofryptophamsemRNA, which incorporates 4TU and can then be affinity
purified as described i17.2.5.7.2 The overall efficiencyof purification and the enrichment of
tryptophanase mRNAvere tested in three setups describeBigure4.5A. The biotinylated RNA
was subjugated to afiity purification and was then quantified vieT-qPCR. The addition of
tryptophaneads to &-10 foldincreaseof tryptophamse mRNAIn the input Figure4.5A) which is
reflectedin the Elution fractionn the right panel oFigure4.5C. The overall enrichment afe novo
synthesized RNAs isoughly 200250 fold here showror highly expressed mRNAs such as the
ribosomal protein L1@left panel,Figure4.5C).

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

field andcanbe used for further investigations.
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Figure4.5 Analysis of the transcriptionally regulated tryptophanase mRNA with 4TU.

[A] Experimental work flow. Cells were grown in H8a+ medium containing uracil and lackiktryptophan At the
indicated time pointt(= 0) cells were split and incubated for 45 min in presence of 4TU withitloout 1 mMI-tryptophan

(Trp) or H+Ca+ medium containing uracil ahdryptophan Bio-tagged RNA were purified by affinity purification and
analyzed by RIgPCR(see7.2.2.87.2.2.9and7.2.5.7.2with primers oHwW02/403(Trp), 404/405L10)). [B] Induction of
tryptophanase transcription byryptophan 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 4TUlabeled mRNA. Lefipanel: 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 RNA from cells grown in absence of 4TU (background control). Rgimtel: relative fold
enrichment of 4Tklabeled tryptophanase after Trp induction were obtained by comparing the relative amount of purified
4TU-labeled tryptophanase after Trp induction #melrelative amount of purified 4Flabeled without Trp. Values were
normalized to the amount of purified 47labeled L10 mRNA obtained with and without Trp.

4.1.2 In Vivo RNA chemicalfoot-printing in archaea

RNA is not only dynamicallysynthesized andegradedbutis always foundboundto either Proteins
itself or both(Alberts, 2002, chap. 6] his leads t@secondarytertiaryand quaternargtructures that
are especially importarior functionality, e.g. inthe ribosomeThese structures can besolvedby
methods such as crgdibgraphy cryo-electron microscopgr NMR (Ameismeier et al., 2018; Ben
Shem et al., 2011; Waudby et al., 2Q1Rit also by usin@NA modifying chemicals sucsCMCT,
DMS, Kethoxal orSe | e ¢ thiydvoryl a@yldjion (SHA[PE]) (reviewed in Weeks, 2010These
chemicals are able to modify RNA based on timeicleotideaccessibilityandbr flexibility, thus
leaving a footprint of how the RNA is structureih accessible nebase pairedRNA nucleotide
will bemodified by the targeting chemical acainthen bevisualized by means of primer extension
analysis or high throughput sequencimpis is mostly due to the addition @bulky groupat either
the WatsorCrick interface of the basa at thebackbone of the RNAThis bulkygroup therinduces

a primer extension stqfyouvan and Hearst, 1979)

| tried to adapstructural probing, usin@ MC T , DMS a n dhyd®ryl aeytation ford. 2 Nj

volcanii and, when mentioned, f&. acidocaldarius

CMCT (1-Cyclohexyt(2-Morpholinoethyl)Carbodiimide methp-Toluene sulbnate) relies almost
exclusively on havingodium BoratéBorax)in the Bufferwhen targeting naked RN@lartmann

et al., 2014, chap. 10n vivo, CMCT modification was not feasible for batihchaeaand previous
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studies laveshownthatmostcells are unable timke up the chemical and thus makerguitable for
in vivo work (Harris etal., 1995; Mitchell et al., 2019Pamaged or lysed cells howeveain be
modified by CMCT(Antal et al., 2002; Harris et al., 199 dthuswasadaptedor our two archaeal
model organismd~or H. volcanii addingBoraxto lysed cells irhigh Salt buffe(K1800) enabled
CMCT modificationex vivo(method described in.2.5.6.1andexemplary results ahown later in
Chapter 2.3.1 ifrigure4.14). Yet,thisdid na work in S. acidocaldariusA downside of CMCT is
that it only modifiedJracil and Guanosine

DMS can complementhis gap (it modifies A and ¢ and worksin vivo (Hulscher et al., 2016)
However,in vivo modificationwas unsuccessful fafl. volcanii (procedure described ih2.5.6.2

and S. acidocaldariusvas not testedThe very harsh quenching conditions for DMsi(g-h b
Mercaptoethanol anlsoamyl alcohdlled to theimmediatedisruption of the cells. Saturating the
Isoamyl alcoholwith salt water to avoidhe osmotic imbalancdid not amend this problenthis
made pelleting or collecting of the cells impossilid& vivowhole cell extracDMS modification
causedssues in the phenol extraatiand most of the RNA was lgpshost likely again due to the
high IsoamylSaltwaterconcentrationdn vitro DMS probingwas not used asdid not provide any

additionalbenefitsandthe focus orbase independeRNA foot-printing method was prioritized

Table4.1 SHAPE reagent solubility in different cultivation medium.

Media NMIA 1m6 1m7
Hv-casamino acids Precipitate >6.5 mM Soluble: maxconcentration Soluble: max concentratio
tested ~13 mM tested ~6.5 mM
Hv-YPC Soluble: max concentratio| Soluble: max concentratio| Soluble: max concentratio
tested ~6.5 mM tested ~13 mM tested ~6.5 mM
SaciBrock Soluble max concentratio, Precipitate >6.5 mM Not determined

tested ~13 mM

The wide range ofSHAPE (Se | e c t-hydrexyl ad/llljion analyzed bprimerextension)
chemicals provided a versatile approach for our two archaeal model orgawsndecided on
testingNMIA, 1m6 and 1min both our mdel organismsAll three have been tested to work to
some extenin vivoin E. coli, S. cerevisiaeand Human cell¢Spitale et al., 2013; Watters et al.,
2016; Weeks and Mauger, 201They all target the RNAt the sugar backboriseeFigure3.20),
howevercompared to 1m6/1mtherelative kineticof 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 @@ublein therespectivegrowth mediausedfor H.
volcaniiandS. acidocaldariugdetails shown imable4.1). The protocols for both organisms have
been publishe@Knuppel et al., 2020)The high salt media was compatibigith SHAPE chemials,

all three were soluble up & leas6t.5 mM. The low pH media was also compatiblth the SHAPE

chemicalsbut was not tested with 1m7. The overall better RNA quality and yield ftoaolcanii
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compared tdS. acidocaldariugs also mirrored in the SAPE results Figure 4.6 and Figure 4.7

respectively.

Having established the SHAPE protocoHnvolcanii we used it to answduarther questions that
arose in later experiments (see Chagt@.4 and & a comparison to CMCT fogirinting (see
Chapterd4.2.2.1.2. Concluding it can be said that SHAPE chemicals are very applicalile ivo
modification in both ouarchaea, especially K. volcanit
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Figure4.6 Exemplary in vivo SHAPE analysis ofH. 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 HRye labeled primer complementary to tféBd region of. volcaniismall ribosomal subunit

16S rRNA [A] H. volcaniisecondary structure model of the two ma®ei®d helices of the 16S rRNA, helix 44 and helix

45, is depicted. Nucleotides are cetmded as indicated in the figure panel. The depicted 2D RNA structure is adapted
from the 16S rRNA 2D map frotd. volcaniiobtained at the Comparative RNA website (http:/www.rna.icmb.utexas.edu/)
(Cannone et al., 2002FIluster and strong SHAPEactive residues are depicted as indidan the figure pane[B]
Exemplary sequencing gbhsed analysis of SHAPE reactiviBideoxy chairtermination reactions are shown on the left
side.[C] Positioning SHAPE reactivity on the structure of the small ribosomal subunit from the aréhaecnccus
furiosus(PDB: 3J20)XArmache et al., 2013Helix 44 and 45 are depicted in black. The corresponding SHABfied
clusters iV (color-coded) are depicted as indicated in the figure pgbgICloseup structure oP. furiosush44 and h45
shown in different orientations. The correspondihgvolcaniiin vivo SHAPEreactive clustersilV (color-coded) and
strong reative nucleotides (sphere) and the dimethylated adenosines present in h45 were positioned in the sfucture of
furiosush44 and h45 (PDB: 3J20). Structural views were generated using.Ryepobduced from Knippel et al., 2020)
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Figure4.7 Exemplary in vivo SHAPE madification of WT S. acidocaldariusells.

Primer extension region depicted cov e rSaci4sihgey)fDegreasgd
readthrough due to the dimethylatiat 1464and 1465The SHAPE patterns are very likely from unmethylated precursor
rRNAs that do not contain the methylatid®S 2D structure modified fro. solfactarics, obtained at the Comparative
RNA website (http:/www.rna.icmb.utexas.eda@cessile/modified nucleotides are marked in red

4.2 A detailed analysis of the
methyltransferase

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

End

archaeal KsgA/Diml

archaea

4.2.1 KsgA isnot essential inthree model archaea

As mentioned earlier thébosomebiogenesis factor Ksgfor Dim1 in eukaryotess present in all
three Kinglomsof life. The structural conservatidinks the archaeal and the bacteHabA close

togethey the eukaryotidés an overall larger protein with proposed additional functiumréng SSU
e il et &,12008) Thé leewtiucturaDdimiiasthasee typical
for methyltransferaseare present in atxemplary organism&eealignment in introductiorfigure
3.15).

biogenesi¢ Laf ont ai ne

This structural homology, the ndethal deletion irE. coli and other bacterjaand the previously
reported cross organis@B/A/E) and hybrid complementation analygRulicherla et al., 2009)
increased the hopes for a successful knock out in our two ardgyatahs. FoH. volcanii thepop-

in popout methodAllers et al., 2004was used to generate a marless knock out. In Short, an
upstream and a downstream region of the ORiRterestwere amplified via PCR with the primers
0Hv091/92 and oHv93/94 respectivébeeFigure4.8). These two fragments were then assembled
via PCR with the primers oHv091 and oHv094, resulting in a product that flanksgA©RF but

lacks theORFin-between This was thewrloned into the pTA13%ector with Kpnl and Xbal.
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Figure4.8 Scheme forksgAknock out cassette
Genomic region indicated; inner primers have 50 % overlapping region to each other. Outsidecoritagrsmatching
cleavage sites to the pTA131 Vector. Linearized vector is depicted with shuffle selection markers.
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Figure4.9 Southern Blot and PCR Verification of Knockouts in Haloferax volcanii and Sulblobus acidocaldarius

[A] The scheme shows the experimental setup in detalld&wferax volcaniiand is scaled to genomic distances. The
genomic region is indicated by black lanes, the crossing small blue bars indicate-8iee@ifitSall and the bluanes
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 ES&probed membrane shows the differences between wild type and knofR]out.
shows an exemplary PCR verification of clone number 4. KEg&A ORF was amplified with oHv095/096, s4 with
0Hv126/127]C] Southern blot foSulfolobus acidocaldariuknock out, wih less detailed scheme but similar procedure.
[D] Construct folPyrococcus furiosuknock out ofksgA(PF1863) The first construct included PF1864 which turned out
to be atransposasthat is present multiple times on the genaandmaderecombination impssible.Thus the construct
had to be modifiednd left out PF1864The Construct was amplified in three PCR st@yzing primers oH¥12-517 and
528 and 529and then assembled in two consecutive stepghen cloned into a TOPO blunt veckarnctional erification
was done byCR (data not shown) asdreenindor the loss of methylatigrshownin Figure4.10B.

After transformationclones were given the chance to loseniegratedplasmid in uracil containing

media over several 1@ i

l ution steps

and

by

chanoeaeevanpsoppi ng

were then selected oRFEDA plates to ensure plasmid loss. To verify the knock out, each clone was
subjectedo southern blottingRigure4.9A) and PCREigure4.9B). The gene deletion f&ulfolobus

acidocaldariuswas done in the Albers Lab in Freiburg, followed a similar method described in
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(Wagner et al., 2012) a 13 derificatiol is briefly shown ifrigure 4.9C. Additionally, a KO in
Pyroccus furiosusvas created in cooperation wifr. Winfried Hausner of the Microbiology
department and is essentially describe@Kireuzer et al., 2013; Waege et al., 20Ihe plasmid

design is shown ifrigure 4.9D. Fortunately the gene encoding for the KsgA homologisenot
essential in all three archaeal model organisms. Providing a great opportunity to investigate the

functional conservation of this methyltransferase in more detail.

4.2.2 The functional conservationof archaeal KsgA/Dim1

4.2.2.1 Abnormal methylation statusin Haloferax volcanii

Having created and verified the knock out on a genomic,lthetxpectedunctional effect should
bevisible byanalyzingthe absence of thaimethylation of the tw@denosinegHv: A1451, A1452
Ec. A1518, A1519 in the helix 45 of thel6S rRNA. The method of choigée totranscribe cDNA
with a labelled primeoff the extracted RNA angeparatét on adenaturingAcrylamidegel. The
two bulky methylationgprevent thereverse transcriptag®T) from transcribing the RNA further
and results ina distinctive primer extension stap front of the first encounteredlimethylated
Adenosinesillustrated inFigure4.10A.

Thus, the confirmation of the KO k§gAwould be the absence of the Methylation on the adenosines
and thus read through of the reverse transcripflise.RNA was extracted from exponenrijal
growing cells as described ™2.5.1and primer extension was performed as describg®ib.5and

run on a small Novex Gelvhen comparing the wild type to the KO lane$igure4.10B all three
archaeaHv, SaciandPfu cells show no primer extension stop at the Adenosines, similar to the KO
control inE. Coli(Baba et al., 2006)he striking difference however is the methylation pattern we
see in theh26 WT cells of H. volcanii There are two primer extension stops, one for each
dimethylated adenosine$his unexpected banding pattern has been reproduced many times on
different gel systems, temperature streBgyyre 4.10D), as well as with different reverse
transcriptasesHgure4.10C), to exclude ay artifacts However, at lower extension temperature the
reverse transcriptage.g. Invitrogen MMLV -RT) strugglesto readthrough the highly structured
rRNA and thus te second extension stop is less visible. In order to verify the correct position of the
stop, it was run next to a sequencing reactiigure4.10E). Consider that the methylation induces

a primer ext-estontbeéopcimali met hyl ated nucl eo

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

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 ofmethylated Adenosines, i.ea mixture ofAA, AA, andor AA. A major population
with nonmethylated Adenosines can be exclutbedause: 1) they are onpyesent in veryow
abundancg.e. earlierprecursor particleghat have not undergomesgA-dependent methylatioyet

and 2)this would bevisible in an ddCTP stop in the wild type run, which it is fog(gre4.10B). As
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indicated inFigure4.10A there is no G in between the primer awd adenosines, resulting in a RT
stop after the Adenosine when using ddCTP, i.e. readthroughnmiethylated populations
(precursors)Additionally, direct RNA sequencing on an Oxford Nanopore platfamwild type

cellsshowedahat onlyprecursor@areunmethylatedn the wild type(Griinberger et al., 2020)

A H. Volcanii 16S rRNA 5’ ..GGGGAAUCUGCGGCUGGAUCACCUCCU 3’ E Sequencing ladder
CGCCGACCTAGTGGAGGA 5’ a 9
rDNA
E. coli 16S rRNA 5’ ..GGGGAACCTGCGGUUGGAUCACCUCCU 3’
CGCCAACCTAGTGGAGGA 5’ H. volcanii E coli
S. acidocaldarius 16S rRNA 5’ ..CCGUAGGGGAACCUGCGGCUGGAUCAC 3’ - i
GTGUTCCUGCCGCUG 5/ - - =
o
P. furiosus 16S rRNA 5’ ..GGGGAACCTACGGCTCGATCACCTCCT 3’ = -
GCCGACCTAGTGGAGGA 5’ - =
_
B o ~ -
~ @ N =
\? v S & I ¥ .
\ S S S
S § Y & ¥ -
Q (\ \Y < \vj AV, - -
ddCTP E 9 - .
A-Stop -
:
) -
Ollgo -
E. coli H. volcanii S. acidocaldarius P. furiosus
-
-
°c >
C NEB Promega Invitrogen - o
M-MuLV SS-Il M-MuLV . . -
b

G A WT WT A G

Figure4.10 Primer extension analysis of Knock out and Wild type constructs in four Organisms.

[A] lllustration of Primer extension reaction kaloferax volcanii(oHv356), E. coli (oHv357)and S. acidocaldarius
(0Saci045)and P. Furiosus(oHv518). All primers are labelled at the 5' end with an UV Dye, DY682. Dimethylated
adenosines are bold underlined, proposed Primer extension stop and ddCTP stop are matkledsestated otherwise
everyprimer extension was done with @@rscript Il from Invitrogen at 55 °C extension temperat(method described

in 7.2.5.5[B] Primer extensiofNTP mixture(1 mM each) dA-, T-,GTP and ddCTPreadait from different organisms,
directionality is indicated by an arrow, primer extension sidpont of the first A and the incorporated ddCTP stop is also
indicated i.e. visible ddCTP stop enmethylated adenosingloughly 80 ng of cDNA was loaded orgach laneln S.
acidocaldarius the reaction with ddCTP did not work, thus was run without dd&@idPall ANTPg1 mM each)[C] Test

of various reverse transcription kits, extension temperaturenandfacturer are indicated. RNA input was the sénie

ug) for each(load ~80 ngper 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 distributedaonyed flasks[E]
Sequencing reaction to map the predicted primer extenflibn oHv324, Ec: oH825) stops.Keep in mindSanger
sequencing reactiortend to stutter the firdew nucleotidesTop shows sketch of plasmid containing the rDNA of the
respective organisparrow indcates the respective primgiv: rDNA reporter plasmid fronfJittner et al., 202@nd Ec:
pHK-rrnC* from (Asai et al., 1999b)

In conclusion these results suggekat in the case dflaloferax volcanij the 16S rRNA does not

show thegenuine/classicalimethylation statusLeading tothe questionif 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 cong§e&vedmi nor 166 oRNAiB n o f

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

To distinguish the two possibilities tfis abnormal methylation pattern, | first usbd pTA1228
vector with a tryptophan inducible promotorcomplementhe ksgAknock outandbr overexpress
the gendn Wild type cells As a contral a point mutationwasintroduced(with oHv239/240)that
leads toa change fronGlutamateo Alanine at position 84 the catalytic cemr of the enzyme and
thusis expectedo inhibitthe methylation reactiofseeFigure3.15). TheseN-Terminal Hig) tagged
constructsunder control of atryptophaninducible promotor §Tna) were then transformed as
described in7.2.1.2.1into either thepk s cels orhvl1424 Wildtype cellsand grown in Hv Ca
Media Inductionintensity can be varied byhe addition oftryptophan(Trp). The comparable
concentratiorf Trp inHv-YPC, i.e.fibasé i ncendentration of Trp is at around 0r@M, however
most likelyhigher thartheendogenousevels of KsgA in the cellsThe effect of oncentrationgrom
0.25, 1 2 and 4mM Trp were testedor growth and western blot detectabilibt}/e noticed toxic
effects fromco n ¢ e nt r a timM teadmgtoogfowtiOetfectsn any constructdata not shown)
thus1lmM was chosen as a goocompromise between detectabilégdtoxicity (data notshown)

In order to be independent of effects that may arise frgptopharninductionwe also used different
strongpromotors, the rDNA Promotd?2 from H. cutirubrum(Jolley et al., 1996)as well as the
ferredoxin promotoPfdx from H. salinarum(Gregor and Pfeifer, 2005)hat were then used with
differently tagged KsgA: Mise)-ProteinA. As seen iRigure4.11, the methylation pattern stays the
same in the presence oYerexpressionf KsgA, the wild type complementation leads to similar
results asn the Wildtype (h26) strain P2 and Pfdx induction of Histagged constructs and pTna
with N-Hise)-ProteinA lead to the same results (Data not shown).

\g S NS X
o S @03 R Ny @o, s
¥ £ ¥ &S g &
¥ : X ¢ a
P2 S S 0 S & N O - L ¥
Pidx L ¥ &S & » &
Tna 2 o2 o > O S §- ov; §
— . T LT E R T X EL &L
32 kDa - His s, hvKsgA & & & & & & 22 0%
48 kDa - Hise ProtA-hvKsgA & /Q\ /Q\ g 3 e s /Q\ 3 8 ,g? ,z;b ,f q;Zf
TSIV IV SIS
TooOoo0 — AL R
. T Feor) a5
— o — I
& DS w0
BLE T LT = 2= = == g
1424 ZksgA =

Figure4.11 Overexpression and complementatiofead to similar results as the wild type

For each lane 2 OD of exponentially growing celisre used for either Proteior RNA extractionFor good western
detectabilityl0 % of the extracivere usedas described i7.2.3.5 7.2.3.11and 7.2.312). 1 pg of RNA was used for
Primer extension;y 80ng was then loaded onto each l&rémers have been cropped dfhe readthrough (RT) indicated
on the upperdvel of the gehas an increased gain compared to the ReXicrease 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 methylationdn the wild type, by competing with the endogenous KkgAhe same
substrate Additionally, mutations that decrease binding affindythe 30S Subunit i&. coli (231-

RRK to AAA, oHv346/347 (Boehringer et al., 2012nd a mutation of a Lysine at position 128
(oHv344/345)to a Prolire that leads to a monomethylation instead of dimetylatio&.ircoli
(O6Farr el | weeetintraadcd (see 2d drraws in alignmekRigure 3.15). KsgA from
Haloarcula marismortui(Hm) was also cloned into our expression sys{eiv369/370) to test
crosshalophilearchaal complementation. As shown in the lower rightFadure4.11, the L128P
mutation as well as thgmcomplementation show almost wild type resultse results for the L128P
mutation, are unclear as a change frogA to m°A would not display RT primer extension stops
since single ®A requires very specific reverse transcripta@éarcourt et al., 2013; Wang et al.,
2016)or antibodiegWeichmann et al., 2020)ndicating that L128 ifd. volcaniimight not have the
same function asin E. coliregarding thediscrimination between mon@anddimethyltransferase
activity. In contrastthe 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 thatjivq the addition of excess amountsbidgenesis factaloes

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 Ipattern
next tried to reconstitute the dimethylati@actionin vitro by using crué whole cellextractlysate

(WCE) and purified 30S subunits as a template for recomblafsgA. Perhaps, having a defined,

finite pool of substrate enables complete dimethylation. The idea being that the recombinant protein
can reassociate to an alreatigterogeneously dimethylated 30S subunit and perhaps, given enough

time, homogeneously dimethylate both Adenosines.

Interestingly, the halophile protegould be purifiedvith higher yieldsn a low salt buffer compared
to a high salt buffefseeFigure4.12A). However this wasdiscovered later and all of the following
experimentsif not noted otherwiseavere done witthigh salt purifiedHvKsgA.

Thein vitro reconstitution waperformedas described ii.2.3.8 In short:cleared cell lysates and
separated 30S subunits were subjugated to excess recontukesgA-Hise or HYKSgA-E84A-
Hise) (Figure4.12A) in the presence or absence of SAV60 minutesat 42 °C. The extracted RNA
was then used for primer extension analysis and the extracted protein was loaded oRBXGEDS
(Figure4.12B). The lower gel picture ifrigure4.12A shows the impurities thabme along in the
high salt purification, since this does not influence the overall reaatidrespecially them beirtgy
coli proteins they should not functi@enaturein the high salt environmenilThe in vitro
reconstitutiorworked well orthe WCEand the 30S subur(iEigure4.12B, lane 3 and 5)et did not

result infull homogeneous dimethylation but rather freviously observed methylation pattern
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remainedThe catalytic mutarghowed no methylatioflane 7)and he reactioawith no added SAM
(lane 2and § only showa faint methylationwith the WCE and none when using purifie2DS
substrateThis difference is very likely caused tgry low levels of intracellular SAvthatis absent
in the purified 30S substrate Remarkably no reduction of Mg£toncentrationwas necessary
(50mM) to generatemethylation competertr translationallyinactivesubunits, as it is described in
E. coli (10 to 4 mN) (Boehringer et al., 2012)

A + AksgA WCE
K200 K1800
S F WEIE2E3I M S F W E1 E2 E3 + + + AksgA 308
- + + KSgA-HiS(s)
& ;_45 +  KSgA-E84A-His,
W o 2 + + + 0+ + SAM
-
- -
.
HvKsgA HvKsgA-E84A
XX
M s i ow e|ls R w e &&
> P | KsgA-Hisg,
: QT KsgA E84A-His g,
e — —1 )té .
— — Lt emnd :IE
. = E= F
=— S&— |
3214 N -—
BE=- BE-—

Figure4.12 Exemplary purification and in vitro reconstitution assay.

[A] Upper left panel showsomparativeTalon® Beadpurification with low and high salt dfivKsgA-Hise) overexpressed
from a pET24a/ectorwith 0.5 mM IPTGfor 5h at 37°C in B21 Rosetta star celtsh an 12 % SD®AGE Lower panel
shows thepurificationof both used recombinant proteins in high salt conditwitts the same inductiors, FL and W are
always 0.2% of the totafolume of the fraction. The Elutiofiactions in the uppepanel are2.5 % of the totaElution
volume inthe lowep a n e | i [B] &lowsltite cd¥position of each reaction on top of the NuPGEIH.adder not
given but the band of the rec. protein lisatly visibleand indicatedThe corresponding primer extension gel is shown
below with the typical methylation pattern

Concluding it can be said that for bathvivoandin vitro settings, largeamounts of the protein do

not amend the atypical methtitan pattern observed ifv.

However, we still do not know tteause of thbeterogenoumethylation pattern di45in Haloferax

volcanii. Thus, the focus will now shift to said substrate, the rRNA.

4.2.2.1.2 Substrate dependenand structure
Comparing rRNAsequenceblas a long tradition and has been useddotify specieslue to its high

conservatior{(Fox et al., 1977)that stems from itsore universal functiartranslation KsgA/Dim1
being a almostuniversally conserved factatways has the same targitetwo Adenosines in the
hel i x 4 5endaof thetlBASSrBNA, which form aGGAA tetraloop(Rife and Moore, 1998)

Thus, comparing the tetraloop in an alignment waudd reveal too muchWhen including the
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surroundingstem,some differences become notafitegure4.13A) and previous work has suggested

the structural importance of h45 for methylat{&ermenoy et al., 1994; Van Buul et al., 1984; Vila

Sanjurjo et al., 1999he nucleotide adjacemt he 38 met hyl ated adenosi n
to a Uin H. volcanii But is one nucleotide enough to induce such a drastic diffeianthesubstrate?

Ribosomal RNA is notoriou®r its complex secondary structyoeuld this point mutatiomfluence

the structure of the helix®hen running a secondary structprediction,E. coli, S. aocaldarius

andP. furiosusshowa WatsorCrick G-C basepair atclosing of the stemin H. volcanii however,

this consists of anonWatsonCrick 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. Thisstructuralprediction however does not take the RNP context into account.
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Figure4.13 Alignment and RNA fold prediction of helix45 of the 16S rRNA.

[A] Showsa sequence alignment of the h45 including the stem, differences are mvitkdiferent colorsGGGAA loop
is markedin red Closeup of the 16S rRNA, h44 and h45 in vielimethylated adenosines indicaiedgreen [B] RNA
fold predictions from IPKno{Sato et al., 2011)Type I: the tight loop inE. coli and P. furiosusand Type Il the
looséflexible loop found inH. volcanii.

With help ofthe established RNA chemic&bot-printing methodqsee4.1.2 we could verify these
predictionusingCMCT andSHAPE reagents (ImBIMIA ). The opening of the helix, at Y53 (Hv
numbering)shows good modification in all cases, however the corresponding G1448 is only clearly
visible in the 1m6 modifications (sé&égure4.14). Indicating amore flexiblenuc |l eot i de 30 ¢
GGAA tetraloop compared to the adjacene (G1448)Interestingly the Ul44Bodificationis 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 signabloesshow signalén both CMCT, 1m6
andNMIA particle modificationsThe high reactivity othe SHAPE chemicalgadsto unspecific
modification in the naked RNA and never modified U1445dhd39 in the RNP context.
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Figure4.14 RNA foot-printing and mapping to2D structure prediction.

All primer extension reactions where amplifigith primer oHv324Each nucleotide was mappedasequencing ladder
with the equivalenprimer butwereexcluded from the imag€MCT modification(as described ii.2.5.6.1 ~500 ng per
lang, SHAPEreactions % pg of modified RNA was used as input and ~ 1 pg of cDNA was loaded onto theSt¢APE
foot-printing wasinitially performedby Martin Fenk and reproduced e

Overall, the 2D structure prediction could deperimentallyverified. To find out if this structural
change truly is the culprit to the methylation patterAvwrwe set out to look for other organisms that

havea similarh45 conformation.

4.2.2.1.2.1 Comparison of mthylation status in othearchaea
The highly diverse archaeal kingdom provided many optiorchtmserepresentative organisms
from. To check the predicted structurege includedorganismghatwereavailableat the fiArchaea
Center Regerimirgo, the remaining were chosamandomly as representative organisms for certain
Orders The trees were built ro the inner sequence of the helix 45e.g. E. col:
CCGUAGGG®ACCUGCGG This resulted in best grouping compared to using the wiedbe45
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sequence (+3ntroeachend, as here the nucleotide variarisehigher,but this did not affect the
predictedstructue (base/wobble pairingBtructure prediction however worked best wheimg the
whole helix45 sequencémong the 3 sequence&8 grouped very well togethethe remaining 9
were highly variableand were put int@ separatdree (seeFigure 4.15). The largesgroup even
including two Asgard archaeaguld be mapped to tlgeenuine/classicdlelix45 structurepf which
3archaeal primer extensisoonfirm the structure dependent singlaner extension stofseeFigure
4.15 upper right inshades of cygnThe second groujs inhabitedsolely by the Thermococcales
(Figure4.15in red and is missing the wobble at positiofr&spective to thdepictedstem) Here |
could verifythe methylation status P. furiosus For the non-genuine/classicdieterogeneous stop
we could groughree orders together anduld verify two with primer extensior{seeFigure4.15
lower right inshades ofjreen) The outliner tree consisted of 7 archaeal organismisldacteria
(B. subtilig (plusE. colias root) Interestingly Haloarcula marismortuneeded to be split into two
separate sequencasthere is mutationone of the three rDNA operof, B and C) whichincludes
a second Wobble at position(BRNA-A). The primer extension reactions were excluded due to
concerns that the cultures warentaminated withH. volcaniias the results were not reproducible
andmany in the lab reported contaminatioBs subtilisalso shows an additional wobble asjion
9, yet this appears not to affect themer extension profileln Methanocaldococcus jannasdhii
there is no visible difference in structure but therehgga rate of basexchangesthat apparently
does not affect the primer extension profikhe remaining two organisms shoan unusual
variability in structure:Nitrososphaera viennensisas an additional wobble at position @nd
Candidatushanosalinarumevenshows an opeconfirmation at position 7 et, for both nobiomass

or RNA was availablat the time

When reviewing thg@hylogeneticclassification of helix45it can be said that there is a very high
sequence and structural variance in this otherwise highly conserved stoid¢hedelix Yet, only

the structural change . volcaniiand otheHalophiles/methanogens Classhiow a difference in

the methyldabn 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 sukstrate.
example the loss of W8hows a great reduction of methylatiarvitro in E. coli (Formenoy et al.,

1994) butwhen looking aP. furiosuswhere this is the native structuresgéemgo have no negative

effect on methylation Higure4.10B). Thus,| wasinterested to test changing a single bagmair is

sufficient to alter the methylation pattamvivo.
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Figure4.15 Phylogenetic tree of helix45 sequences shows high variance in the archdéagdom.

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 \Eitlroli as outgroup with 65% similarity on a Jukes cantor genetic
distance modelThe 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 ontte bottom Specificity tolerance of primers was 1nt Mismat&enetic distance markers are below the
trees(small tree 0.3 and large 0.Zor metagenomic sequences the genome versions are the foll@viRgometheus
LC490619.1C. Odinarchaeot®PRINA319486C. nanosalinarunPRINA70161N viennensi®RIEA60103All the other
sequenceare curated sequendagen from NCBI.
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4.2.2.1.2.2 H. volcanii and P.furiosus H4&imicryusingan E. coli rDNA shuffle strain

An ideal system to testur substra induced methylation patteris, thegenomicrDNA knock out
strainin E. coli(Asai et al., 1999b, 1999a)hich can be shuffled with second rDNA plasmid that
containsthe desired mutations. We received giminsAVS69009and shuffle plasmid fronthe
Vila-Sanjujo labin Spain(Schuwirth et al., 2006)nterestingly they havareadycreated anutation
that fits the open loop confirmatiol©1520U E. coli numbering), but did notomment onit
(Schuwirth et al., 2006 Additionally, amutationG1523A (no-W?7) thatomits thewobble at position

7 andreduces the methylatidn vitro (Formenoy et al., 1994yas createdT he dAwi | d typeo
carried a plasmigpHK-rrnC") containing theeDNA operon(rrnC) and a KAN selection marker
(Figure4.16A). Theshuffle plasmids(pHK-rrnC) is a modified version of theHK-rrnC* plasmid
that contairs a mutation atC1192U, that induces apectinomycin(Spc) resstance(Makosky and
Dahlberg, 887)as wellasKANR is replaced byAMPR. Thevector shuffling procedure is described
in Figure4.16D and the description thereiss shown inFigure4.16B we can see that by introducing
G1520U wecould recapitulatéhe double banding pattern Wwave observed iH. volcanii The loss
of the wobble al523A retainedthe single primer extension stop as seeRirfuriosusbutin some
casesshowed more readthroughnd weaker methylation signalé.e. higher population of
unmethylated 16S rRNAvhen using ddCTP readthrough conti@ligure S5).

An interesting side note is thtte introduction of the G1520U leads to a migration shiir the

first ~10 nt, in thévoth small and larggel systenand thus leads the primer extension stepnning
higher/slower, althougtine number of nucleotides stay the same. This is alsoevisibh DNA level

by looking at the sequencing laddefFigure4.16C of the two rDNA variants G1520U and G1520,
where the two Adenosines and the four Guanines run differently, thereafter running behavior is
normal and alktopsrun at equal height. This is espially visible when ceexpressing the rDNA

rrnC and pHKG1520U with bottplasmidspresent and having both stop patterns in one(ligere

4.16B, lane4).

To reproduce the observed reduction of methylatiowitro) from loss of the wobble at position 7
by Formenoy et al., 1994| wanted tantroduce aksgAknock out in the initial AVS69008train
This would enable to shuffle in various rDNA mutations while retaining the helix from methylation
for downstream reconstitutions via plasmid complementatiorivo or in vitro reconstitution. In
both cases it would enable to compare the appropriate entoythe target substrate, e.g. PfuKsgA
on pHK-rrnC-1192UG1523A vs PfuKsgA ompHK-rrnC"and compare it to EcCKsgAwo methods
were tried, P1 transduction akdsugamycin(ksg, 250 ug/ml) induced resistaniog either rDNA
mutation or mutation of the KsgAege(Helser et al., 1972; Vik®anjurjo et al., 1999)The latter
provided several dimethylation deficient cells but only oneasd a mutation in the ORF of the
generesulting in a longer PCR produthe rest werenost likelyrDNA mutations(as described in
Vila-Sanjurjo et al., 1999and thus unsuitable for the experim@figure4.17).
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Figure4.16 E. coli rDNA mutants produce predicted methylation pattern.

[A] Plasmid map of pHKrnC*, modified from(Asai et al., 1999b)Shuffle plasmidlifferences marked in refB] Primer
extension readout of the variotBNA mutantsfrom exponentially growing cellsG152DU/rrnC were ceexpressed
(AMP/KAN) from both pasmids[C] Sequencing laddem the plasmidthat were transformed inf®VS69009 cellsThe
signal of theSequencing ladder lanesas increased [D] rDNA-Vector shuffling schematicin AVS69009 cells
AVS69009:pHK-rrnC* (Black, KANR) were growrin LB-KAN and made competer{as described ii7.2.1.1.), either
pHK-rrnC- 1192U G152A or pHK-rrnC- 1192U C1520UBoth red AMP) were then transformed onto the ceitsd
selectd on LB-AMP plates.Both point mutations to the plasmid were introduceith the respectiveprimer pairs
0Hv382/383 anaHv384/385.Transformants were picked and either inoculated irKAN+AMP for co-expression of
both plasmids@1520U/rrnCin (B)) or inoculated in LBAMP for 3 sequentiabver night dilutionsand then spottkonto
another LBAMP plate. This plate was then copidan LB-KAN plate. KANS-transformants were thespottedonto a
LB-AMP+Spec plate. For final verificationhis plate wasvereonce more cloned to a LRAN plate. The KAN-AMPR-
Spec clones(squaredvere then usefbr the experiments i(B).

This methylation deficient strain could now be further usednfeitro or in vivo complementation
experiments in a varying context lixe45 compositions using the rDNA shuffling system.
Unfortunately, after transforming the appropriate plasmids carrying the desired rDNA mutations, the
AVS69009°9%°cells became very unstable and could not be transformed with an expression plasmid
carnyjing the Pfu or ECKsgA gene on an pBAD33M (arabinose inducible, gentamycin resistance)
plasmid. Interestingly the transformation efficiency of the rDNA plasmid contait®2$A was

noticeably lower compared to 1192U and 1520U (data not shown).
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Figure4.17 Kasugamycin inducedKsgA deficiency.

AVS69009 cells with pHKTnC were subjugated to 250 pg/kalsugamycinTo test for DNA mutations pHKL520U was
transformedo knock out candidate. Clone losts light primer extension stop with transformed new rDNA, indicating
rDNA mutation. Clone 2 shows no primer extension stbps endogenous ksg#ouldbe deficientor mutatedand can
be seen ithe PCR on the righKsgA ORF was amplified usingHv596/597M 100 bp laddeiWW AVS69009 pHKrrnC,

1 Clone 1,2 Clone 2

While we were no experts i&. coli gene deletionwe choseP1 transductiorfsee7.2.1.1.3 as a
suitable method due to the availabilitytbé KEIO knock out strainfhe J500qksgAstrain from the
KEIO collection was chosen aonor strain for P1 transductioR1 transduction relies on the
availability of RecA in the cells, unfortunatelfRecA is deleted in the AVS69009 cetis avoid
genomic reintegration of the plasmid rDNPhus,recAwas clonednto the pBAD33GM vector to
provideRecA during the transductido enable recombinatioiihis alsofailed, probablydue to the
AVS69009 cells being arandpreferarabinosecarbonsourceover promotor bindingnd thus no
productionof RecA is possible (or detectable via western,lidata not shown

In the end botimethoddailed,and we were unable to test the dependentysoforresponding helix

to the organisns specificKsgA.

4.2.2.1.2.3 H45 mimicry with the rDNAeporter assay in H. volcanii

After havingintroduced theHv-Type h45 intcE. coli, | wanted to see iflaloferax volcaniiwould

be able to accept the Hype h45and otherss a substrate for methylation. Hémade usef our
cis-acting rDNA reportersystem (Juttner et al.,, 2020)that enables the introduction and
quantification ofplagnid bornerRNA. The rtPCRreadout idriefly described irFigure4.18B and

in detail in(Juttner et al., 2020)We introducedwo tight loop mutations U1453E¢-like) and
G1448A (N. viennensiopening AU) and onefivery operd loop with two mutations G1448C,
U1453C(seeFigure 4.18A). The UM53C mutations leads to the additional band visibl is
corresponding to th&. coi results (compareFigure 4.18C with Figure 4.16B). The G1448A
mutationshows no differencebut whetherthere is an oerlappingsignal, or the substrate is not
suitable cannot bgaid.The large opening double mutation (G1448C, U1453C) leads to decreased
levels ofplasmid encoded rRNAbut there is also no change visible in the primer extension pattern
as in the G1448A ntation.
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Overall, we can summarize that the rRNA sequistaecturehas an impact on the methylation

pattern introduced by KsgA. Thi s hivagthtlugurac o n

ser

diversity in many organisms, yet its modifying enzyme is highly conserved in its essential domains.
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Figure4.18 Reporter rDNA can be methylatedin vivo.

[A] Showsthe variants that were introduceloint mutationswere introduced by PCR via the prime(8r): G1448
(oHv361362), G1448CU1453C pHv363364), U1453C ¢Hv359360) and amplified with the flanking primers
oHv255/236. Amplicons were subcloned into a TOMunt Vector for verification and exchanged in the reporter vector
via PcilBspHI[B] Provides the schematics for tteadout procedure of theporter assayC] Showsthe readout of the
reporter assay withDNA RT primeroHv040 andollowing PCR (24 cycles oHv305/306 after EcoRV digestion. H26
andthe rDNA plasmid do not carithis ECORV cleavage site. The reporter and its modification ¢ae¥coRV mutation
andresult in the red and green band, indicating expression of the plasmid TH¢Alower panel shows the primer
extension readout, witthe additional bands for the U1453C mutatiofi3] Shows the primer extension alongside a
sequencing reactidor the according plasmid3$ he signal of the Sequencing ladder lamesbeenincreasedUC: U1453C

R: wt-rDNA-Reporter

4.2.2.2 Binding and release assay of hvKsgA to the SSU

In yeast angberhaphumanthe release of Dim1 from th®S subunihas been proposed tajrere
assistance from other factors such as FEPINAP ( Gh al e et al ., 2mME 7;
coli however full methylation of both adenosines has been proposes passive dissociation
requirement for KsgA from the maturing 30S sub@Bdehringer et al., 2012; Connolly et al., 2008;
O6 Far r el |.Additionaly, E.coliistlévaid®ofany functonal/sequence homologu@stors

to Fap7.With H. volcaniihaving this heterogeneous state of methylaitiavas interestingf/how

the dissociatiomccursand if a Fap7 homologue might be involved.

Fortunately, ar previous experiments have already shownithaitro reconstitutiorof methylation
on whole cell lysatand30S particlesvorks (seeFigure4.12). Thus,we used &etp similar to the
in vitro reconstitution assaf7.2.3.8 as lane Figure4.12), with a restricted reaction time 80
minutes to avoidesidualintracellular SAM to release Ksgfsimilar to Connolly et al., 2008)
Consequentlyafter methylationHvKsgA should not be detectable on the 30S subunit anynidre.
reaction was then loaded onto &® % Sucroseggradientas described ir7.2.3.7 To increase
confidence of association tioe 30S particlenve usedtells expressing a His taggeldosomal protein
(pk s::pTha:Hise-S7) (seeFigure4.19A).
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Figure4.19 KsgA is not detectable orthe 30S fractionafter adding SAM to a whole cell reconstitution

[A] Shows the ribosomal profile gfiecpk s::@Tha::Higes)-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 lysBtewrate 1 ml/min500 pl per fractionThe nucleic acids
that are prese in the fractions are shown below. The corresponding western blot shewsigration signal o7
associated to the 30S/16S rRN4nfortunately the His antibody isery unspecifion H. volcaniicell lysatesresulting in
the many additionalandom bakground bandqB] Shows the pooledractions ofeach reactionLanes3,7,11,15 and 19
showthe binding status of KsgA to the 30S fractiondnput, F: Free poolS: 30S, L: 50S. Hig)-S7: 22 kDa, KsgA-
E84A-Hise) 32 kDa. Experiment was repeated 3 timéstial blot and repetitiorareshown inFigure S6 andFigure S7

respectively

As a control h26 wild type cellwere usedvith the same plasmid. The fractioos-sedimenting
(SSU) and not showing (LSWhe S7 signal on a western blot were pooled together and then loaded
onto a western bldfFigure4.19B). Lanes 912 show that KsgA binds to tf89S subunitind sticks

to it when there is nexcess SAM availablé#he same binding is seen in laig-20 with the catalytic
mutant(E84A) that cannotnethylate and is known &tay attachetb the 30S subun{tConnolly et

al., 2008) Whenhaving excess SAM presesgA is notvisible in the 30S fraction, and thus has
finished the methylation and has dissociated from the pa(taie 16). This is siitar to the wild

type context where there m methylation needed and thus KsgA doesbind at all (lans 1-4).
Unfortunately,there is a slight background sigrai the same height as KsgA (lan@)5but not
visible in lane7, andoverall,comparably weakThe issue with this experiment was that the signal
in the free pool is already vestrong (large amounts of unbounéxcess omnfoldedinactive
recombinant KsgAand 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 toimprovethis, we turned tausingpre-bound 30S/KsgA (no SAM, e.tanellin Figure
4.19) andthentrigger release b$AM addition This should enabli® visualize the transition from
fraction tofraction andwould alsoallow to selectively adadditionalbiogenesis factorand will be
discussed later.

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

4.2.3 Cellular consequences dksgA deficiency
After having handled the biocheical aspects of the methylation reaction were interesteth how

theloss ofKsgAinfluencescellular fitness in various ways.

4.2.3.1 KsgA deficient strains do notgrow slower

Being deficient of aibosome biogenesis factor can have impeding effects on growih.cloli the
loss ofKsgA hasalmost nampacton growthat 37 °C busevere at 25 °QConnolly et al., 2008)
In H. volcanii S. acidocaldariugndP. furiosughere is also no effect on growthd&°C, 65 °Cand
85 °Crespectively (se€igure4.20A,B andFigure S8). However 65 °C (temperature limit of the
incubaton)is in the lowertemperaturegange ofS. acidocaldariusandthus could be considered a
Afcol d t withadfoied lowterddoubling time compared the optimum of78 °C (Grogan,
1989) Similar decreasetiemperatures were chosen farfuriosus85 °Cvs 95 °Coptimum(Fiala
and Stetter, 1986}or H. volcanii we could not observa decrease of douhlj times atowered
temperaturéFigure S9).
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Figure4.20 No negative growth effecof qpk s lyutfitness advantage in competition.
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[A] TECAN readout at 42 °C of wild type vs 3 knock outs of KsgAdirvolcaniion the left, on the right manual readout
of S. acidocaldariustrains at 65 °(JB] Manual readout d8. acidocaldariustrainsat 65 °C [C] Experimental setup for
competition expementand the gPCR results plotted ovedicated amount of days. Primers usedv228,229226,227.
Experiments were done by Sébastien Fern€reca.

However when poolingequal amounts oboth cell types into one flask and letting them grow over
several dilutions, the wild typd. volcaniicells outcompete the knock out (seeifrigure4.20C).

So,whenconsidering doubling time as growthere is naneasurabldifference between the wild
type and the knock oum the conditions testetHowever, the competition assays indicate that the

cells are sensitive to stress.

4.2.3.2 Loss ofdimethylation leads to decreasedotility

Growth in form of ell motility is a classieneasure foadaptation of cell$o environmentabtress
(Adler and Templeton, 1967; Amsler &t, 1993; Maurer et al., 20053potted onto a semi solid
agar platecells need tewarmaway from their starting point to find newtrients dueto increased
competition withthe evergrowing colony size They do this in a circular manneandcells that
cannot adpt to the changing environmefstress)re less motile, i.ecannotswarmas far react as
quickly. In archaeahepropellingapparatus isermedfarchaellund  ( Figerexd.21A) andis similar
to the type IV pilus of bacteria(Albers and Jarrell, 2015Filament growth isassociated to

incorporation of large amounts of flagellnthe basef the archaellunfseeFigure4.21A).

To determineif the gksgAstrainsin H. volcanii exhibit any deficiency regarding this swarming
behaviorl spotted equal cell densities onto semi solid agar plates and let them irfoul&atiays
(described irv.2.1.3. This was mostly done golates containing only Casamino acid and no carbon
source as this forced the calisswarmaway quickly due tonorerestricted nutrientsonditions For

h26 andpk s, ghAYPC plateswere alsdestedbut this was done overbdaysas ring formation is

slower due to excess nutrientéeasurements were taken as showRigure4.21B.

To test if plasmid based complementation can rescue the knock out phenotype and if the catalytic
mutant leads to dominant negative effects on swarminggsted most of the Histagged
complanentation and overexpression cells fréigure4.11. To be independent of plasmidsed
expression Also reintegrated the wild type and the cataly8d/A& mutant gnomically intogpk s.g A
This was done by cloning the US/DS region including the KsgA ORF into the pTA131 Vector using
oHv91/94 or PCRassemblyof the two fragments amplified with ol9%/240 and oHv23%4 for the

E84A mutation, and transforming them ik s KAAThe cells were screened fine KsgA ORF

and methylation activity (sgeigure4.21C).

Thewild type and knock out show a significant difference in swarming boHveGamedia as well
as onHv-YPC plates Figure4.22A). The reintegratior{seeFigure4.21C) of wild type KsgA into
the knock out results in near wild type growth (when compdfiggre4.22A 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 shagvsfecant 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 EB4A 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 Idosptophan concentration. When
complementing the knock out with their respective plasmid constructs seaume4.22D, there is

a significant negative impact of expressing the E84AamiLas well as when comparing this mutant

to the wild type complementation at low tryptophan concentrations. At higlgptophan
concentrations there is an overall decrease in swarming but only a significant difference between the
wild type and E84A conlpmentation. Again, a slight dominant negative effect caoldserved

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.

h26 AKsgA K2 K3 K4 E1 E2 E3

WT KsgA
1 2 3 4 5

KsgA E84A T E84A
1 2 3 4 § 5

o

9

Plasmid

KsgA

sS4 - - S — — — N )

Figure4.21 Archaellum structure and exemplary Motility assays
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[A] Archaellum structure frordarrell and McBride, 200&domenclature foMethanococcus maripaludiMmar FlaB1;2
= hvFIgA1;2[B] Schematic of mdity plate, small red dot is where cells are spotted had they spreadOn theright a
plate scan is depicted with the measuring points doantification (in this casegksgA:pTna-a

Hise)KsgA E84A clockwise orientatiostarting in the upper middi¢C] Reintegration of wild type and catalytic mutant

-, His)KsgA and

into qksgAK4. Primer extension readout along wRCR verification obuccessfuteintegratios (greyed out)

To test if the loss of other late SSU biogenesis factpair motility, | tested the straingar i o 1,

Qr i

andmpr i o 1) ghtained Zrom(Kntippel et al., 2018p the same assay and compared them to their

respective wild type cells (h99Analogously togpk s, gwarming wasmpaired in all deletion

constructgseeFigure S11).
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Figure4.22 Absence ofK sgA significantly decreases motility
a s (FawlidiaBdiBadsleyp 2016 Yo émprove confidence in significanci short the

All plots werec r eat ed

technical replicates of each biological replicate were avergaer: hollow)and plotted onto a scatterplot of all individual

data pointgsmall points) The mean and SD of tteveragedialues aralepicted as bar§hese averages were thested

on their significance (unpaired-Tes). Upper left showsexemplaryHv-Ca Motility platesof the indicated graphs
Tryptophan concentration is given below the plageg. 1A, 2-B, 3-C and 4D. Strains as followla h26, llpk s, §aA

reintegration of wildtype, 2b reintegration of catalytic mut@pk s igapTnha, bpThaKsgAE84A c pTnaKsgA, 4

14247 a pTna, b pTn&sgAEB4A c pTnaKsgA [A] Comparison of wild type h26 strain vs various individual knock outs

of ksgA. Each color represents one biological replicReund shapes were done on Casamino acid plateacil) (left)

and rectangle shapes were dondHorYPC plates(right). P-Value: Ca 0.0032), YPC 0.0005).[B] Shows theswarming
differences between tlgenomicreintegration(P=0.0327). Each color represents om@ividually sourcedransformant
(those screened iRigure4.21C). [C] Shows the effect overexpression on a wild type hasatility (P= 00264).Each

shape represents oblogical replicate[D] Shows the effect on swarming by complementing the knock outthdth

indicated plasmids, P values from left to righ232, 00009 0.0356 Doubling times foiC andD shown inFigure S10.
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While swarmingmeasures coordinated cellulareaction resultingn a collective movement on
semisolid surfacefow percentage agary¥wimmingconsiderdndividual cell movement in liquid
medium(Kearns 2010) For H. volcanii slower swimming ofgok s ig Kquid media could not be

observedpersonal communication Tessa Quaxx, Uni Freipurg

In conclusion it can be said that the losKsfjA and additional late SShiogenesis factgrcan

severely impact thewarming abilities irHaloferax volcanii

4.2.3.3 Loss of KsgA can lead to increasedibfilm formation

We have now learned thidsgA deficient cells canngtvarmwell in semi solid agar plates, but what
about the oppositaction adhesiof? Many bacteria and archaea form biofiltesstick to surfaces
that prevent them from being washed awexchange genetic materiahd increaseresilience
towardsantibiotics(Donlan, 2002, 2001)n H. volcanii the cells form a dense network that enables
cell differentiation andhorizontal gene transféChimileski et al., 2014)If the loss of a biogenesis

factor changes swarming abilities, will it also impact biofilm formation?
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Figure4.23mk s geks adhere significantly betterin Hv-Ca* Media.

Optical densities plottefbr Hv-YPC- [A] Hv-Ca'- [B] andHv-Ca [C] media.WT/E84A are the genetic reintegrations
(from Figure4.21C). The two shapes resemble two biikal replicatesThe grey dots (biologicals) were from another
Experimental runHerethe overall staining workegborerand the confidence of the OD measurement is not that high (near
the lower detection limit of the TECAN reade)or t h e s e Hheglatapointsaraegually ddjusiedotfit the OD
range of theother two biological replicateiblack) Due to additbnal Data points it increases the significamc® from
p=0.0002black)to <0.0001(black + grey). D Cutous of 96-Well plate with dssolved crystal violet stained cells, each
lane corresponds to one technical of a biological replicate.
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To test this] performed adhesion assays. To do this quantitativebaimed adhering cells in a-96

Well microtiter plate and compared the amount of stained cells through optical density (shown in
Figure4.23D and described i.2.1.§. Cells typically form biofilms at the aliquid interface of still
media. Thusfixing and staining them and then dissolving them enables a comparative analysis
(O6Tool.e, 2011)

The wild type and knock out cells adhered equally yeeleFigure4.23) in Hv-YPC (A) andHv-Ca

(C) media, but the knockout adhered significantly betteHinrCa" (B) Media. The genomic
reintegrations behaved very randomly amorglitological replicates and could not be compared.
The dissolved crystal violet stained cells are showkigare4.23D.

Concluding it can be said that opposite to being an inferior swayrkes eelfs are able to adhere

better in a certain media.

ConsideringH. volcanis pleiomorphsm, quantifying cell shapes of both wild type and knock out
might reveal differenceis theoverall distribution of either cell shape.

4.2.3.4 KsgA deficient cellsare on average slightly longer

Haloferax volaniicells do not only differentiate in biofilms, but also shpigiomorphyduring
different stages of growttDuring exponential and stationagrowth phasesthe majority ofH.
volcanii cells are round. They usually cluster togethand are not verynotile. A very small
population shows rod shapes that are highly m¢Gleimileski et al., 2014, Li et al., 20 This
pleiomorplic ratiocan be shifted towards the rod shapebljivating thecellsover several dayat
very low densities@D <0.04) in Casamino acid only med{&igure4.24A) (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 angbk s. Gih&re are slightlifferencesvisible between the twahe knock
out cellsshaw an increase in median lendtbw ODsgo 2.89um (h26)vs.3.18um (gpk s)@ndl high
ODeg002.33um (h26)vs 2.70um (pk s) g andFigure4.24B] andthe mediamod shape increases
[0.46 (h26) vs. 0.42 @k s)@tAow ODos, 0.62 (h26) vs. 0.56q0k s) gthigh OBy seeFigure
4.24C, while 1 would be a perfect cirgleThis trendstrengthensvhen looking at the relative
frequencyatcertainlength and roundnesstervals(Figure S12). A more severe effect on roundness
could be observed in tlmubledeletion of riol and rio2Figure4.24D, Figure S12).

In conclusionit appearghe loss of KsgAresults in goopulational shiftowards a longer rod cell

morphology
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Figure4.24 Loss of KsgAdoes not lead to a significant change in cell morphology

[A] Still of h26 cells at low densities. Both shapes are present. Plotting was donEigré#.22. Data acquisition is
described ir7.2.1.5 Every detectable cell is characterized for length and roundness by the algatults were manually
curatedfor dirt/artefacts[B] Length comparison of h26 amgk s at Aigh and low densities. No significant difference
when comparing the twaverages of the biological replicatésthird 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 roundnessbging a perfect circle. The mean and overall population shows slightly lesaessnd
in the knock out at both stages of growtb] Roundness of theor i 0 1 Kpock autat ODs00<0.04as comparisofiow
density)

4.2 .4 Translational landscape

Loss ofKsgA dependent modificatioalters thehelix 45structureand reduces the interaction with
the helix 44(Demirci et al., 2010)This changenfluences the accuragyan Buul et al., 1984and
codon recognitiof O6 Co n n o r irethe Aard Psite ofitiee 9ibbgme.So linking the effects
on biofilm, motility and morphologyo translational levels would be interesting. Luckily, were
able to do two runs dhbel freewhole proteora mass spdoometry. This was done for one by the
company PolyQuant and by tiéfinger Lab in MontregICA. The amount ofotal proteins detected
varied between the twaexperimentsbut commonmajor hits could be found in bothnalyses
PolyQuantetectedl456,the Offinger Lab 2311 protein§wo biological replicates were compared
in each analysis with two technical replicafEse protein extraction was performed as described in
7.2.4.1and themass spectrometry procedure is describedBoth quantificationswere done with
MaxQuant, but PolyQuant used LEQtput and the Offinger Lab iBAQ. Both are simjlautiBAQ
uses global intensitiesthat are divided by the identified peptides fothe targt protein
(Schwanhausser et al., 20lihile LFQexcludes somestatisticaloutliers during the quantification
but also creates tlseore in thesamemanner as iBAQCox et al., 2014)Jsing theArCOG database

(Makarova et al., 2015R GO term analysisould map severalp/down regulated genes to their
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respectiveorganizerFigure 4.27A. The mapping provediifficult due to incompatibility of our
Identifiers to those in the ArCOG databashe ArCOGs provide a good overview of tthatasets
butin some case$or example motilitydoes includeery differentopposinggroupof genesliofilm

vs. motility). This does not paint &ery clear picture tevhat specifically is upor down regulated

andat whichcertainty.

When going into detail, a volcano plot, plots the iBAQ differences over the log P value and gives
statistical power to the resultSigure4.27B). These reveal some strongly down regulated proteins
with high confidence and an overall larger population of dawgulated proteins. Th#ataset for

the genetic reinggrations (Knockin), showeda higher variance between the biological samples and
thus show an overallecrease in is statisticsignificance. Thédentifiers for FIgA1 angbrepilin are
highlighted because of the relevanceim previous motility and biofilm assays. In the case of FIgAl
the downregulatiosupportsour results from the motility assays quite wéligure4.25A). FIgA2

and prepilin is only detectable in the Offinger Dataset. FIgA2 shows slight upregulation while
prepilin shows a stronger upregulation. For the motility genes, the mRNA levels were compared via
gPCR and showed no large differences ) and are lsown in Figure 4.25B. The genetic
reintegrations show similar results; down regulation of FIgAdure4.27B) in the catalytic mutant

and similar levels for the wild type reintegration (data not shown). However, due to the high variance
in the samplegbiofilm experiments and motility assays) coupleidh the decreased statistical

robustnesghese results need to be interpreted carefully.

A PolyQuant Offinger Lab B C
2.0 30 ™ ksgA
=1 h26
LFQ Diff Peptide counts iBAQ Diff Peptide counts
§' 20
Flagellin A1 [
0.7621 2 -2.3798 4 515 5
(HVO_1210) k)
[<]
Flagellin A2 [ 10
nD 0.3330 2
(HVO_1211)
- 1.0
prepilin nD 1.9706 6 S FlgA1d FigA1l  FigA2  Gyrase
(HVO_2993) ) ‘(\J & o

Figure4.25Flagellin Al is less abundant in KsgA Knock out cells

[A] Differences (WTi KO) of LFQ/iBAQ score on selected proteing:Q (1=equal), iBAQ (0=equal)B] gPCR results,
Expression levels of h26 ovgrk s, gofmalized to Gyrase pression levelsTwo primer pairql + II) were used for the
flagellin A1 geneProcedure described 12.2.9C Raw cT values

When filtering the datasets f&tUG and nonAUG translationinitiation we discovered that nen
AUG usage is associatedth upregulation inpk s gfréinsin both datasets (séégure4.26A, B
and D. In addition, theOffinger Datarevealed that large population of dowregulated genes
contain & additional noPAUG codon with in the first 10 iframe codons (sefeigure4.26C). Yet

we could noessociate length bias to up or down rdgted proteingFigure S13).
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Figure 4.26 Violin Plots of AUG vs nonAUG initiation codons usageindicate increased upegulated nonAUG
initiation in gksgAin H. volcanii.

[A] and[D] show the complete proteome data from both indicateds#asasorted for AUG/neAUG initiation and plotted
for their respective IBAEDIfferences/LFQRatio.[B] Shows the same as A, but filtered flmg P<0.05(depicted irFigure
4.27B). [C] Showsthe Data from A filtered for an additional néJG in the first 10in-framecodons Unpaired {Testp-
Values: A (p=6.8%), B (p=0.00029), C (0.015), D (p= 1°) Data processing done wigmd byFelix Grinberger.

It appears as if theébosome lacking methylation a@ s t r u godgranslategeartain satf mMRNAs.

The SHAPE experiments revealad additionalaccessible nucleotidd1426 E. coli numbering
A1493) in thepk s gfréin compared to the wild ty@ad as well to other SSU knock outs (here
Riol and Rio2)shown in lane 10 ifrigure4.28A). This observations in agreement with the data
from Demirci et al., 2018vhich proposé that the absence of dimethylated adenosines in the helix45
leads to a loss of hydrogen bonding betwitemd helix 44 This might increase flexibily of both
helices and thus the accessibility for SHAPE reagents in the proxidaty.this could affect the

translational capability for certain mMRNAs is unclear.

The conclusion from these results is that a whole proteome analysis pravidsisamount of data
that can be scavenged and filtered for a myriagetifingsandcanbe viewed under various aspects
andreferencedo experimental observations.et t he statistical power
is comparably low if the effects aseall, thus when going into detail, targeted mass spectrometry

might be necessaryet experimental validatiofmotility, biofilm formation) of theobserved change
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in protein levels increases tlwonfidencein the data.Finding similar resultfor FIgAl in two

different dataetsalso add€onfidence to the data.
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Figure4.27 ArCOG (GO -Term) Analysis of twoProteomeData sets anddistribution effect of KsgA deficiency.

[A] ArCOG terms grouped into 4 largeoups with the surmhangeshown above each groupput cutoff was>1.5 fold
change in the PolyQuant data an8 iBAQ difference for the Offinger data/ild type vsmpk s, @lehtifiers listed inl0.1
[B] Volcano Plot of the Offinger Dataset, for the Knock watWild Type (left) as well as thgeneticKsgA-E84A
reintegration vs thEsgA Wt reintegratiorfright). The higher the data poitite higher the confidencevVO_1210 (FIgAl),
HVO_2993(prepilin). ArCOGanalysis by Felix Griinberger, Volcano Plots by Christian Trahan (Offinger Lab)
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Figure4.28 Loss of KsgA leads to increasetlexibility in the proximity of h44 -h45 interaction site.

[A]ISHAPE profile of the 386 End of Fidued.6h)padditionRl Nritner(edension t : 1447
stop at A1426 in lane 1@pk s. §BRUpper panelDetailed interaction states between helix44 and h45 (@emirci et

al., 2010) Haloferax volcaniinumbering added igellow. Lower panel Highlighting of the additionaBHAPE modified

nucleotidefrom A on both theE. coli structuresin blue Respective nucleotides from the upper panédl in green,

A1518A19 ofhelix 45 in redgksgA(PDB 30TQ, WT (PDB: 1J5B. Images created with Chimera.
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5 DISCUSSION

While bacterial anatukaryotic ribosome biogenesis have been studiealfoosthalf a centurythe
kingdom ofarchaedacks this detailed insighDur results fronstudying putative archaedbosome
biogenesis factorBavepreviouslyshownsome degree afonservatiorfrom archaedo eukaryotes
with the Rio proteingKnlppel et al., 2018)n this workl presenta detailedanalysisof thearchaeal
KsgA/Dimlwith itsanomaliesn H. volcanii We show thafl) KsgAis digpensable in three archaeal
model organismg(2) with effectson cell motility, biofilm formation and the overall translational
landscape of. volcanii (3) We show thaHvKsgA can methylate the 30S substratevitro and
give preliminary results for the release mechanism and an outlook for a comparative factor dependent
release mechanisr®) We reveal thathte highly conserved substratleowsa nativeabnormality in
H. volcanii thatis associated withypomethylatio in the helix 45 of the 16S rRN#&nd gives further
evidence for a release mechanism of Kegdependent of full methylatio®airedwith establishing
methoddn modelarchaeahathavepreviouslybeen used ibacteria an@ukaryato study ribosome
biogensis this study lays a fruitful base for further studies in this untapped field

5.1 Pleiotropic effects from loss of KsgA imat least one Archaeal Model organism
Strikingly, the loss ofKsgA/Diml appears to have little effectsn growthin many bacterial
organisms, but still hdseen retainethroughout evolutioandis present in virtually every sequenced
bacterial genomeo far (Grosjean, 2009; Ng et al., 2019; Park et al., 20Y@} many of these
observations are of course made unaeoratoryconditionsandtherealworld effect would benore
severeThis ismildly shown in the cold stress phenotypéeincoli (Connolly et al., 2008put also

in dramaticloss of virulence iri¥ersinia pseudotuberculodidecsas et al., 2001Pn the surfae,
theabsencef methylation ighe easily measurable difference between the wild type ankhihek
out. Theloss of similarRNA madificatiors are also associated with a multitude of consequences.
For example:loss of theRImMN (m?A2503 of the 23S rRNA is associated with increased
suscefbility to the antibioticlinezolidin E. coli(Toh et al., 2008)n the other hané single point
mutationin the proteineads to resistance to the saamtibiotic inSaphylococcusureus(Yoshida

et al., 2009)Curiouslyloss ofRsmG M’G527in 16S rRNA showsincreased robustness towards
certainstress conditionand increased stragmycin resistanceompared to wild typ&. coliand is
only disadvantaged under very specific antibiotic conditi@samoto et al., 2007; Sergiev et al.,
2012) This duality of gain and loss isimilar in KsgA, i.e. loss of methylation but gain of
kasugamycin resistan¢in E. coli). These resistanceepend orstructural changes resulting from
absence of methylation andusimpaired binding of the antibioti€Schuwirth et al., 2006)The
usage of basmodificationsto stabilizethe structural conformatioof the ribosomés amechanisms
used among all three kingdor{iBemirci et al., 2010; SaShen et al., 2020; Sharma et al., 2018)
The degreeof rRNA modification, however varies in betwedimgdoms but alsowithin the

kingdoms( Decat ur and Fournier, 200 2; Gomes .Fil ho
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Concluding thathe nucleotide modification is not the sole purpose ofdemzymedut also their

respectivebinding positiorandthe resultingnteractionand structural change tife ribosome.

In our study we have shown tHdte in bacteria KsgA is not essentidbr cell viability of three
modelarchaeaYet in comparisorio E. coli, doesnot lead to(temperature dependergjowth rate
defectsin H. volcanii(Hv), S. acidocaldariugSaci)andP. furiosus (PfuYFigure4.20, Figure S9
andFigure S8respectively) This isperhaps due ttheir wide temperature toleran¢g0-55 °C(Hv),
65 85 °C (Sac), 70100 °C Pfu). While we did not test a broad range of temperasuire S
acidocaldariusandP. furiosusour default was alreadyt Bwer than optimal growth temperature
which did not show a defedtigure4.20, Figure SB).

For H. volcanii growing both strains isompetition led tdhe wild type outcompetingksgA The
explanation for this is manifold. The easiest being, thatautionary pressure would ta not

retained this factor for so longitfwould not benefit the cells. Brevious literature in bacteria has

shown that loss of KsgA is often associatedatdecreased translationaitiation, fidelity and
increasedrameshifting( Ky uma et al ., 201 5Thisi®veydkelpdue to et al
incomplete/immature formatidimlding of the SSUat the PSite (described ir8.2.3.5.2and4.2.4.

This is also visible in thEHAPE profile ofgksgAwhere aradditional flexibility near the interaction
surfaceof helix 44 and helix 4%seeFigure4.28), a centraklement of thé>- and Asite, results in

additional SHAPE reactivityalso discussed later in detalQur proteome data algupportthese
conclusionsOn a steady state levadgrtain proteins ardess abundant igksgA. Yet someare
detectable in higher abundantreevery living cell, a large variety of mMRNAs compete for access to

the translational machinerfRaveh et al., 2016 How and why specific mMRNAsre translated

inferiorly is difficult to determine. Welo see that a significapart of the upregulatgatoteinsin the

knock outare mRNASs that useonAUG asstart codongseeFigure4.26A,B and D) Interestingly

we also observéhat nonrAUG initiation is associated to upregulated proteimsur preliminary

proteomic dataset comparing tBecoliWT andgksgA(Figure S14). Together, these results agree

with a studyshowing thahon-AUG translation initiations elevatedn gksgA(E.col)( O6 Connor et
al., 1997) Results from analyzing human cells deficient of Dim1 or expressing a catalytic mutant of

it, show thatalternative modes of translatiofe.g.via internal ribosome entry sigdéAlberts, 2002,

chap. 7) wereimpaireddue to-1 sl i ppi ng of t he r(Shbrnoesa.2@0)i n t he
Mildly downregulated proteins in the KO often have an additionalAld@ start codon within the

first 10in-framecodons on the mRNA, indicating that perh#&sgA deficientribosoral subunits

initiate onthis norAUG start codonincorrectly and produce unstapl-terminally shortened,

proteirs (Figure4.26C). Yetin the norAUG mRNAs, an additional notAUG in the first10codors

has a less significant effect on expressidowever there is no visible difference indicating towards

a length biador translation efficiency{Figure S13), indicating thabbnce the hurdle dfanslation

initiation hasheen takerglongatioris notimpededdy the loss of KsgATaken together this supports,
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that thebulk effecton translatiorappears to beathersmall andbnly a minorfraction of the proteome

is leaning toward downregulation.

The lossof rRNA modifications in generas often associated @ global effect on translatidqdanin

et al.,, 2020; Sharma et al., 2018} recent study looking at the overall effect of rRNA
methyltransferase loss, showsimilar effect on translation i&. coli gksgA(Pletnev et al., 2020)

They score this by two exogeneous reporter systemsiléan fluorescent proteend FastFT
expression) as well as by looking at the overall expression by labellSDAPAGE overlays of

wild type vsgksgA(seeFigure5.1B). In all three caseshe to reporters and the 2BDSPAGE,

the differences are marginal but visibldey all show a very slight downregulation of the proteins

in the gksgAstrain.Our preliminaryE. coliWT vs gksgAproteomedatasepaintsa similar picture

to the situation irHv and the data presentedRtetnev et al(2020)(Figure S14). Additionally, a

study shows that Dim1 deficienand a catalytic inactive mutaint human cells leads toverall
decreased translation levéhen et al., 2020PDur initial experiments with 285el comparison of

both H. volcanii strains revealed a very homogenous expression of proteins with some small
differences (sekigure5.1A). Thedifferential expression of proteins based on the start codon usage
in gksgAin bothE. coliandH. volcaniiis a good basis for further studies orgdh proteomidataset.
Especiaf when consideri ng t hldnpPimbdgeficient cellsanbhizngthage i n
dataset for *1 0 o r 6-frameetranslation (Castellana et al., 2008gll possible peptide
compaitions resulting fronall reading frames of the mRNASs) might reveduditionalpatterns of
mistranslation. Yet this requires a lot of computational time and expertise.

Figure5.1 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-greer) and mutanH. volcaniicells(WT=h26,qyfG = qpk s)§CA7-red) mixture are providedTaken

from (Kern and Ferreir&Cerca,submitted)[B] Merge- 2D Gel fromPletnev et al(2020), E. coli WT-Cy3 (red),ppk s g A
(green)

The proteome analysis revealed two candidates, flagellinAl and prepilin. Both showed differential
expression in théd. volcanii proteome data and are associated to motility (degulated) and
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