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Summary

Cellular levels of RNdependon the rate of its synthesis and degradatiolVhile synthesis is
performed by RNA polymerasenserved irall domains of life, thenzymes responsible f&(RNA
degradationare more unique even among organisms from the same donhaitne best studied
bacterium the gramnegative Escherichia cqliRNAdegradation is achieved through a protein
complex called RNA degradosonwehich is assembled around the essential endoribonuclease
RNase BHdowever, RNase E et present in the granpositive modelorganismBacillus subtilis
Instead, an ezyme called RMN& Y 1hy) has beenproposed as its functional counterpart
responsible fothe initiation of RNA degradatiorNeverthelessunlike RNase Bf E.coli, it can be
deleted from the genomgleaving an open questioaf its true significanceand function This
project was designed to get a deeper understandifithe crucial process of RNA degradation in
B. subtilisand of the role RNase playsthere. AlthoughRNase Ys dispensable for survivalthe
rny gene deleion leads to detrimental pbnotypic effectsincluding filamentous growthmpaired
cellularmorphology or defects ithe development of genetic competence and sporulatidime
rny mutant strain also lysesapidy and subsequentlysuppressor colonies appeadsing this
natural forceof suppressoevolution, we could demonstratthat no other RNase can take over
the tasks ofRNase YConversely, laidentified mutations were aimed to reduceRNA synthesis
This was achieved eithéry inactivation of transcription factors in conjunction with duplication of
core RNA polymerase genashich results indecreaseé number of correctly assembledRNA
polymerasecomplexes or, if the fird suppressing mechanism was prevented, by mutations
occuriing directly in the RNA polymerase core gereading to orders of magnitude decrease in
transcription. Thefact that the mutations always affect RNA syntheaigrocess on the opposite
side of RNA lifeo the oneRNase Y agtsuggestclose collaboratin of RNase With the RNA
polymerasen establishingstableequilibrium betweenRNAsynthesis and degradatiokVhile the
suppressor mutant analysis helped to identify the pivotal functimih RNase Yit did not
necessarily provide an explanation for alethhenotypes associated with the deletion of they
gene In an attempt to better understand such phenotypes, Ridégquencing analysis revealed
global remodeling of gene expression in they strain. Furthermore,a screeningsystem to
recognize the reasons for the loss of genetic competemas established and helped to deciphe
the reasons fothe loss of competence in theny mutant as well as in othestrains, among them
in the ytrA mutant overexpressing putativdBC transporter YtrBCDEFis was shown to ait
remodeling of the cell wall thickneswhich hampers developméewnf genetic competencas well
as other lifestyles oB. subtilis The possible influence of disorderedcell wall is also discussed as

a potential reason for the loss of competence in thg mutant.
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1 Introduction

All organisns are dependent ontheir ability to adapt tothe surrounding environmerst
and to use the wailableresources for theirsurvival and reproductionDue to their small size,
bacteria are extremely vulnerable to changing environmental conditiand are therefore
equipped withremarkable abiliesto accommodate to the changing and challenging conditions.
These abilitiesncludeshort generation timefast evolutian, rapid modulation of gene expression
or differentiationinto specific cell types

Qrucialfor fast adaptations to regulatethe amount and/or activity oproteins. This ould
be doneeither directly on the protein level or indirectly lmgodulatingleves of messenger RNA
(mRNA) The cellular level of mMRNA determinedby the iate of its synthesis and degradation.
Synthesiof MRNA is performed bg multi-subunitenzyme calledRNA polymeras@ process of
transcription, whichs subjecto strict controland regulation Howeverthis control has a delayed
onset of action andtherefore mRNA leved must be alsocontrolled by its degradation
Degradation of mRN#& thus one of the main mechanisms by which protsynthesis is regulated
in alldomains of life sincetimely degradation of no longer necessary mRNASs is importasdve
energetic costs of translation and release ribonucleotides for new rousdf conditionadjusted
transcription.

In conjunction with short generation timend fastadaptation also falf-lives of bacterial
MRNAs are shortanging from seconds to tens of mimst with majority of transcripts from
model bacterial organisr&scherichia coéind Bacillus subtiliiaving mRNA haHives shorter than
8 minutes(Hambraeut al, 2003; Bernsteiet al., 2004)

The ezymes responsible for the RNA degradatioa called ribonucleaseRNasesand
can be dividd into two main groups(endo and exeribonucleasespased on their mode of
action. Endoribonucleasesleave RNA internallywhile exoribonucleaseattackthe RNA molecule
from its 5 or 3 ends. Whereas some RNases do have ayverrrow substrate specificity and act
on a limited number of transcripts, otharare responsible foa broad degradatiorof cellular
mMRNAs. Thosdhbonucleasesare often localizednto multi-enzyme complexe$o achieve high
degree of effective cooperatiorBuchprotein complexescanbe found in all domains of lifeas
exosomes ireukaryotes and archaea(Mitchell et al, 1997; Evguenievidackenberget al,, 2014)
or as secalled RNA degradosomeshacteria Thesecompexes have already been found in many

bacterial species andill be further described in the following chapter



1.1 mRNAdegradation and RNA degradosomasbacteria

Degradation of mRNA is generaliyery fast process once it starts, so it is the initial
cleavage event which determines the degradation rélt@alamiet al., 2014) In theory, RNA
degradation could be initiated by three different ways/ exaibonucleolytic degradation from
either the 3 or the 5 end of RNAmnoleculeor by internal endabonucleolytic cleavagddowever,
MRNAs are often equipped with protective structures fgrevent premature and uncontrolled
degradation.The 3 ends areusually protected from the action of exbonucleases by secdary
stem loop structurs, moreover degradation from the 3  SwoOukd be energetically very
inefficient process, since the degradation would proceed in opposite direction than translation,
thus leading to creation of truncated proteinkaalamiet al, 2014) The 5 ends are mainly
protected bya triphosphate group although there isan increasing evidence about presence of
other 5  $rbtRcting moleculessuch asnicotinamide adenine dinucleotide (NAD)/ | Ke @t
al.,, 2015; Frinderet al., 2018) Therefore, dugo the abovementioned protections,initiation by
exoribonudease accountsnly for minority of transcripts andt is the endaibonucleolytic attack
which usually initiates the degradation pathw@ohanty and Kushner, 2018)

The exdoribonuclease responsible for the initial cleavage i thest studiedmodel
organismE.coliis called RNase Ehis enzymeas capable tdnitiate RNAdegradationby direct
endaibonucleolyticcleavage ofingle strandednRNAs protectedoth on the 5 FYR o SYR
however, this is the case only for some transcripts. Activity of RNaseltBgugh it is an
endaibonuclease, is in fadlsoaffected by the phosphorylation state of the é&nd, as RNase E
was shownin vitro to preferentially cleave transcripts with monophosphtated 5 ends,which
rarely occurin nature (Mackie, 1998)In order to overcome this problent. colis equipped with
an additional enzymatic activity that alters the phosphorylation state of thensl andcreates
monophosphorylated RNA molecslahus faciliiting the initial cleavageby RNase .BNe can
therefore define two different pathways by which the degradation is initiated, theebd
dependent pathway anthe 5 end independenpathway(see Figl).

In the first casethe 5 end dependent pathway is initiated ljeavageof two phosphates
from the 5 end, which leads to creation of Snonophosphorylated RNA molecule. Anzgme
called RppH was traditionally thougto be responsible for is dephosphorylationDeanaet al,,
2008) However, recent studies sugested that the dephosphorylation ia sequentialprocessand
that RppHcan efficiently catalyzenly the second reaction fromiphosphate to monophosphate,
leaving a possibility thaanother, as yet undiscoverednzyme may beinvolvedin this pathway
(Luciancet al.,, 2017) Whena 5 monophosphorylated RNA molecule is created, the presence of

the monophosphate group stimulates endoonucleolytic activity of RNase E, leading to creation

2



of two fragments. The first fragmeunlioesno longerhave astem loop structure on the 2nd and
GKSNBEFTF2NE O2dzZ R 0 Sto-pS | &R X &dikbisEiedsesRlikgdlynackotide

phosphorylase(PNPase) The second fragments, thanks 12 A (& Y2y 2LIK23LIK2 NEf

agreat substrag for further cleavage byRNase E. Thehole RNA ishis waygradually degraded
up to dinucleotides,which arethen degraded into the individual nucleotides reusable in new
round of transcription by an enzyme call@&tigoribonucleaséOrn)(Kimet al,, 2019)

The second pathway, 8nd independent or sometimes also called direct entry pathway,
is initiated by cleavagby RNase Hn this case RNase E directly accesses and cleavaternal
site ofthe MRNA molecule independently from the phosphorylation state of ienfl. Althoudp
this pathway seemed to be less likely due to the vitro preference of RNase E for
5 monophosphorylated RNAs, in reality it was shdw be the major initiating pathwain vivoin
E. coli(Mackie, 1998; Clarket al., 2014) The endaibonucleolytic cleavage here resuligainin
two fragments, the first one contains the original 5 Sy Ri@esno kmgerhave astem loop
structure on the 3SY R YR GKSNBF2NBxX |a Ay GKS p SYR

A > 4 oA o~

RSANI RI gp 2y ROPRB OISR SE2NAR 62y dzOf SIaSad ¢KS asoz

containsa stem loop structure on the 3end, but is monophosphorylated onait p SYR |
therefore more susceptible for further cleavage evebysRNase EThe RNA molecules thisway
again further fragmented until dinucleotides are producednd degraded by OriiKim et al,

2019)

A 5’ end dependent pathway B 5’ end independent pathway

RppH
P-P-p
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Figurel: Schematic depiction of mMRNA degradation pathway<inoli

(A) In the 5 end dependent pathway, pyrophosphate is first removed from the RNA molecule by
(dark green) and possible other enzyme (light green), monophosphorylatiisactivates RNase E (re
in further steps PNPase (blue) degrades RNA ftioen3 end. Finally, degradation of dinucleotide:
achieved by Orn (orangefB) In the 5 end independent pathway, degradation is initiated directly
cleavage of RNase E, followed by actions of PNPase and Orn as described in A.



As already mentioned, the enzymes involved in the degradation are oftganized in
complexes called RNA degradosoniBse enzymegresent in the degradosomess well as their
amount are varying between bacterial specieghe only conserved requiremenorf the RNA
degradosome ithe presence okt leastone RNase and one RNA helicase of the BDisgkDamily,
which supports the degradation by unwinding of complex RNA structBuesh aninimalistic two
component degradosomeould be found in the gastric gabgenHelicobacter pyloriRedkeet al.,
2013) however we can alstind degradosomewith severalcomponents(for overview of some
known bacterial degradosomes and their components see Table The best studied
degradosomeis the oneof the gramnegative model organisni coli, where the coreof this
complex is composed dbur proteins RNase E, PNPafeNA helicas&hIB andhe glycolytic

enzymeenolase

Tablel: Comparison of proteins present in different bacterial RNA degradosomes

Endoribonucleases are indicated withue background, &o-3 directed exoribonucleases with pink-t8-
5 with orange, RNA helicases with green andtabolicenzymes with grey backgroundhe tble was
constructed based ofiCarpousis, 2007; LehAiabrinket al, 2010; Hardwiclet al, 2011; Redkeet al,
HnmoT teDd,2A18)%tganisms are indicated as follows: coli= Escherichia colB. sibtilis =
Bacillus subtilisM. tuberculosis= Mycobacterium tuberculosisC. crescentus Caulobacter crescentus
H. pylori=Helicobacter pylori.

E. coli B. subtilis M. tuberculosis C. crescentus H. pylori
RNase E V - V V -
RNase Y - V - - -
RNase J - V V - \Y
PNPase V V V V -
DEAEbox RNA helicase \/ V V V V
Metabolic enzyme Eno Eno,PFK - Aco -

The RNA degradosomef E. coliis assembled around the central essential ribonuclease
RNase ECarpousis, 2007)Whereas its Nerminal domain (NTD) contasrihe active center with
endoribonuclease activitymportant forinitiation of MRNA degradatigrthe interactions to other
degradosome components are mediated thrbuthe unstructured Germinal domain (CTD)
Furthermore,the CTD als@ontainsan amphipathic helixhrough which is RNase dftachedto
the membrang(Khemiciet al., 2008) Although the membrane localizatiaaf RNase E and thus of
the whole degradosomds not conservedamong bacteria withRNase E homologuesnd
cytoplasnic degradosoms associated with the nucleoidere reported(Montero Llopiset al.,,

2010; Yaret al, 2020) it was recently showrto be important for precise regulation of RNA



degradation in E. coli(Hadjeraset al,, 2019) The detachmentof RNase Erom the membrane
here leadsto destabilization of the enzymeslowdown of MRNA degradatipdecreased growth
rates as well amissingregulaionsby membrane associateproteins(Hadjeraset al.,, 2019)

Other degradosome components of E. coli are the polynucleotide phosphorylase
(PNPase), which has-to-p S E 2 Mltio acivityOtie BEABbox RNA helicase RhlBvhich
helps unwinding secondary structures in RNA and thus makes them accessible for the RiNhses;
the glycolytic enzymesnolase (Carpousiset al,, 1994; Pyet al, 1996; Miczalet al, 1996) The
precise role ofenolasein the complex is not fully understood, although there are reports
suggesting thaenolase is able to sendevels of glucose phosphateand oxygen, respectively, to
modulate RNase E action by promotitgydisassociatiorfrom the membrangMorita et al., 2004;
Murashko and Li€Chao, 2017)

In addition to hose enzymes foring the core of the RNA degradosome complex, there
are also other proteins associating with RNA degradosamnly temporally or depnding on
conditions. For examplavhen RNAsecondarystructures are stabilizedt low temperatures the
RNA degradosome can acquire additioDABbox RNA helicases to cope witim increased
demand forresolving thesestructuresto allowcontinuing RNA degradatipas showmot onlyfor
E coli but also forCaulobactercrescentusd t NHzR QB 8 Y § &failz2004; Khemicet al.,
2004; Aguirreet al, 2017) Furthermore, Poly (A) polymerase| can associate with the
degradosore to facilitate the RNA degradatiorand RNA chaperone Hfgssociates with the
degradosome t@idin cleavage of SRNA tagged mRNA spd€lagbettaet al., 2010; Brucet al,,
2018) Similarly, CspA and CspBYA bindingold shock proteingBaeet al., 2000) were found to
be associated to the degradosome complewiycobacterium tuberculosis t O 2 etalZ2019R
In this organism, alsthe RNA polymerase&an interact wih the degradosome components,
suggesting possibldirect cooperationto establishthe mRNA equilibriun® t O 2 @tAalZ 2019
Proteins RraA and RraB were further shown to intesaith the degradosome to module its
composition and activityLeeet al,, 2003; Gaat al., 2006)and dso ribosomes wergroposed to
influencethe degradosomectivity by direct bindingTsaiet al., 2012; Redket al., 2013) Many
other proteins interactwith the degradosome ira non-stoichiometric mannerfor instance
helicasessrmBand HrpAor RNase Rf E. coli however it is not clear whether these interactions
do have a physiologicalrole or whether they are just stochasti(Carabettaet al., 2010)
Interestingly, association of the first and last enzyoé the degradation pathways (RppH and
Orn) was never observedsince this thesis is focused on the model giq@ositive organism

Bacillus subtlisthe following parts will discuss more in depttRNA degradation in this organism



1.2 mRNA degradation and degradome-like network of B. subtilis

Due to the general importance of mMRNA processing degradationit could beassumed
that the key components arkighlyconservedamongindividual bacteria specieff. wastherefore
surprising that the gram-positive model organismB. subtilisdoes not contain any homolog of
RNase Ethe central enzyme of mRNA degradationEn coli Thisalso brought a questionof
whether there is a RNAdegradosomen B. subtilisand ifso, what does it look like?

This question was later addressed Hye discovery ofan enzyme called RNase Y
(Commichatet al., 2009; Shahbabiagt al., 2009) Although RNase Y does not have any sequence
homology to RNase & E. cdi, it was proposed to be the scaffolding protein Bf subtilisRNA
degradosome based on interactions with other RNases, RNA hebcakglycolytic enzymes
(Commichatet al., 2009; LehniHabrinket al., 2010) Except these interactions, RNase Y has also
other striking functional similarities to RNas@fE. coli since it also possesses endoribonuclease
activity and is localized to the cytoplasmic membrg8bahbaian et al., 2009; CascantEstepa
et al, 2016) Apparently, the key players of the mRNA degradation process have evolved
independenty to fulfill very similar roles in the cell§his is further supported by the fact thie
essential RNasedi E. colicould besubstituted with RNase Y Bf subtilig Tamuraet al., 2017)

The proposedRNA degradosome complex B. subtilisbuilt around central RNase (¥ee
Fig 2) is further composed of two otheRNases showingndoriborucleaseactivity in vitro, the
paraloguegroteinsRNases J1 and (Rvenet al., 2005) In addition,those twoRNases were also
shown toK | @ $o-omirectedexaribonuclease activit, which isanactivity completely missinim
E. coli(Mathy et al, 2007) Furthermore, the proposed RNRS3I NI} R2a2 YSto-®2y il Ay
directed exoribonucleasePNPase anda DEADBbox RNA helicase called CshA. Like the
degradosome oE. colj also this one containthe glycolytic enzyme enolasand on top of that
another glycolytic enzymg phosphofructokinaseTheir role in the complex, however, remains
mysterious.

In contrast to the RNA degradosomef coli the degradosomenf B. subtiliswas never
successfully purifieds a comple®and interactions between the individual components werdy
shown via bacteriattwo hybrid studies or croskinking pull downexperiments(Coburnet al,
1999; Worrallet al., 2008; Commichaat al., 2009; Lehnidabrinket al., 2011a) In combination
with data showinghat the degradosone components localize mainly in the cytoplasm and do not
colocalize with RNase Y at the membrai@ascanteEstepaet al, 2016) the existence of true
degradosomein B. subtilisis questiomd. Hence, recent literature is rathetalking about
degradosomdike network (DLN), since the interact®mare probablyjust transientand highly

dynamic(Durand and Condon, 2018)



Figure2: The proposed RNA degradosome complexBofsubtilis

The complex is anchored to the membratigough the Nterminus of RNase Y, which also serves
scaffold for the other components, complex of RNases J1/J2, PNPasebDERDA helicase CshA
glycolytic enzymes enolase (Eno) and phosphofructokinase (PfkA). ModifiedGlmm2017ando 2 | {
2018)

Initiation of MRNA degradatiom B. subtiliscan dso occurby different pathwayghat are
similar to those from E. coli (see Fig 3). The 5 end dependent pathway starts with
dephosphorylation of RNA molecule Byhosphohydrolasalso called RppHilthoughthis does
not havea high degree of homology to the one froB. coli RppH ofB. subtiliscan efficiently
remove phosphatestep by stepas orthophosphates and thus, in contrastEo colj there is no
need for additional enzyme@Richardset al, 2011) Neverthelessthere are reports about other
enzymes capable of Bnd dephosphorylation which might benvolved in thispathway as well
(Frindert et al, 2019) The dephosphorylationstep is followed either by complete
exaribonucleolyticdegradation of RNAy RNase J1 in-©-3 direction (5 end dependent exo
pathway) orby endaibonucleolytic cleavagby RNase {5 end dependent endgathway) which
has alsqoreference for substrates with monophosgates(Shahbabiaret al., 2009; Richardet
al., 2011) Fragments created by RNasel¥avagecould be then rapidly degraded taction of
exaibonucleases RNase J1 and PNPake.fnal degradatiorstep isnot done by Orn enzyme as
in E. coliinsteadB. subtilishas at least two s@alled nanoRNases encodedthg genesnrnAand
nrnB which were shown to degrade short oligoriboteatides up to 5 nt long from the &nd.
However, some capacity to complete the decay of RNA was also found in RNigssdf#ihd 3 -to-

p exaribonucleaseYhaM so it is possible that this functidn B. subtiliss redundantly distributed

among various enzyméMecholdet al., 2007; Fangt al., 2009)
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Similarlyto E. colj B. subtiliscan also initiate RNA degradation &% end independent
pathway. Despite the fact that RNase Y has preferencé foronophosphorylated substrates, it
was shown to efficientlyinitiate degradation of ermC mRNA regardless of the 5 Sy R
phosphorylation statgShahbabiaret al, 2009; Yaet al, 2011) Taken together, the repertoire
of degradationpathwaysis extended in the gramositive model organism by the action of-to-

AL~ 4 oA~

3 R A Bd&iBonuslEase RNase J1.

A 5’ end dependent exo-pathway B 5' end dependent endo-pathway C 5’ end independent pathway
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Figure3: Schematic depiction of mMRNA degradation pathwaysBinsubtilis

(A) Inthe 5 end dependentexo-pathway,two orthophosphates are first removed from the RNA mole
by RppH (green scissarg)onophosphorylated 5end activates RNasel1/J2(green) to degradehe RN/
exoribonucleolyticallyfollowed by the degradation of short RNA fragments byaiRiNases (orangé€B) In
the 5 end dependent endgpathway, RppHreatesmonophosphorylated 5end, which activatesRNase
(purple scissork for endoribonuclease cleavagén further steps PNPase (blue) degrades RNA fror
3 end and complex ofhe RNass J1/J2 from the 5end. Finally, short RNA fragments are degrade
nanoRNAseqC)In the 5 end independent pathway, RNase Y cleaves the transcript internally witt
requirement for removal of phosphates frothe 5 end, this cleavage is followed bgction o
exoribonucleases as B

An dovious question which might appear is why there is no pathway initiating mRNA
decay from the 3end? Although mRNAs are generally protected by stem loop structures at this
terminus as already discussedespecially considering collaboration of the PNPase with RNA
helicasepresent in thedegradosomethis protective structure does naiecessarilyhaveto be a
complete obstacle for such a pathway. Results obtainegraviousstudies however, suggest
that this is not the casesince absence of PNPase does not lead to stglabal effect on gene
expressiorand pnpAdeletion strain accumulatesnly degradationfragments and not full length
transcripts, as would be expected if PNPase is involved in the decay initjatitimgeret al,,
1996; Oussenket al., 2005) Thereforethis possible initiation pathway seems to plaply a
minor role, if any, possibly in degradation of transcripts with Rho dependent termirgtathich

are rare inB. subtiliginghamet al.,, 1999; Liet al., 2016)



1.2.1RNase Y

RNase Y, encoded Hye generny, previously callegmdA is the decay initiating enzyme
and the scaffolding protein of the degradososikee network (Commichauet al, 2009;
Shahbabiaret al, 2009) RNase Y is composed of four main domains, tkeridinal domain
which is responsibléor anchoring of the enzyme to the membrarem) unstructured coileecoil
domain, which is likely a place for interactions with thtber DLNcomponents, the KH domain
(ribonucleoprotein K homology), responsible for RNA binding, and the HD ddidesnAsp)
responsible for the endibonucleolytic cleavaggAravind and Koonin, 1998; Grishin, 2001;
Shahbabiaret al., 2009; Lehnidabrinket al., 2011a; Cho, 2017)

Except the interaction with dter proteins,RNase Mlso interacs with itself and forms
oligomers (LehnikHabrink et al, 2011a) Multimeric complexesof RNase Y located ithe
membrane were recently spotted as dynamim¢i using totalinternal reflection fluorescence
microscopy(Hamoucheet al., 2020) Thosemultimeric foci were proposed to contain less active
form of the enzyme in absence of substrdtéamoucheet al., 2020) in contrast to the sitation
of RNase EBf E. colj where oligomers represent the more active form of the enzyBteahlet al.,
2015)

The mportance ofthe membrane localizatiof RNase Ys not yet completely cleaiit
was initially shown thad membrane detached variant of RNase Yids able to complemenfor
the membrane boundrotein (LehnikHabrinket al., 2011a) however recent evidence suggsst
that memlrane anchoring is not essential nor required for eridonucleolytic activity Its
importancethus likely lays in spatialrestriction of the enzymaticactivity and/or in regulation of
interactions with other proteingKhemiciet al,, 2015; Hamouchet al., 2020)

As described above, RNase Y participates in initiation of degradation of many transcripts,
andin agreement with thatdepletion of RNase Y led to stabilization and differential expression of
huge amount of transcriptén three independent transcriptomictiedies (LehnikHabrinket al,,
2011b; Durancet al,, 2012a; Laalamét al,, 2013) Importantly, all thosestudies wereperformed
with only a depletion of RNase Y, since by time oftheir publication the generny wasthought
to be essential

Except its role in global degradation of mMRNAasgt Y is also responsible for specific
maturation events of functional RNAsas shown forthe RNA component of the RNAse P
ribozyme scRNAor rnaC(Giletet al, 2015; DeLoughergt al, 2018). RNase Y cleavage is also
important for uncouding expressionof genes from some single operos, asit is the case for
instancefor infGrpml-rplT, cggRgapApgk-tpi-pgmeno or ginRgIinA operons (Commichatet al,,
2009; Bruscellet al., 2011; DeLoughemst al., 2018)
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As already mentionedhe rny genewas though for a long time to be essential, however
in 2013 it wagdeleted by Figarand coworkersand this was latereproduced in another study
(Figaroet al, 2013; Kooet al., 2017) Nevertheless, eletion of rny gene leads to severe
phenotypic defects Colonies are small and smogtiguickly lysing and forming suppressor
mutants(seeFig. 4) The dubling times are more than doublescompaedto the wild type, cell
separation is impaired, so themy mutant cells grow in chaingsee Fig. 5)Furthermore, the strain
is cold sensitive, its peptidoglycan layer is disordered, dsd sporulation anddevelopmentof

genetic competence are abolishé@igarcet al., 2013)

A 2

Figure4: Colony morphology and suppressor formation thfe rny mutant

(A) Comparison of colony morphology wild type strain 168 and deletion mutant afy gene. Plates wel
ANR Y F2NI H RIFE@& otc/ & ! £t AYlB)Suppres®iNibtarislajp&ay
the surface of lysingrny colonies The pcture was taken after 12 days of incubatiori o T ¢/ ®

RNase Y is an endoribonucleaséh a preference for 5 monophosphorylatedends
(Shahlabianet al.,, 2009) However, it isa matter of discussionwhether there is any sequence
specificity for RNase Y cleavage events. In related organisms, preferential cldawarptream of
guanosine was reported both f@taphylococcus auread Strepbcoccus pyogeng&hemiciet
al., 2015; Brogliat al., 2020) Furthermore, presence of double stranded secondary structure 6 nt
downstream of the cleavage site was reported to decisive forcleavage of saePQR®peron
mRNAIn S.aureus(Marincola and Wolz, 2017Concerning RNase Y fr@nsubtilisno sequence
preference for guanosine was identified far, on theother handpresence of secondary structure
might be the determinant also forthe B. subtilis enzyme, as it was shown for S
adenosylmethionineriboswitches, where RNase Y cleagest downstream from the riboswitch
aptamer structureg(Shahbabiaret al., 2009) Nevertheless, such a structural requiremeves not
identified in a wholetranscriptomeapproachand might be specific only for certain transcripts
(DeLougheret al., 2018)

Except the proteins proposed to be part of the degradoséike network RNase Y also

interacts withthree additional prokins {flIbF, YmcA and Yadfat form the so called Xomplex.
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This complexs necessary for RNase Y cleavéBelLoughenet al., 2016)and involved inthe
majority of known cleavage events. However, the phenotypes connected with the deletion of
enzymes from this complex are far less seviian those ofrny deletion, so the complex likely
acts as a sort of specificity factor involved in some cleavage evdoigever, any sequence or
other determinant of its actioris yet to bediscovered(DelLoughenet al, 2018) Although the
mode of actionof the ¥complexis not clear, recent studies suggest that the complex madsla

selfassociation of RNaséand tlerebyits activity(Hamoucheet al., 2020)

Figure 5: Phenotypic comparison of individual cells and their cell walls between wild type gmwdy
The upper panel shows light microscopy images of wild type strain(l&&8 and nrny cell morpholog
(right). The lower panel shows transmission electron microscopy of the altered cell wathyfright)
comparing to wild type strain 168 (left). (pg) peptidoglycan layer, (m) cellular membrane, (rx
ribosomes(b) ¢ base of the peptloglycan layer. Modified frorfFigaroet al., 2013)

1.2.2RNases J1 and J2

RNases J1 and Jencoded by the genesjA and rnjB) are paralogousproteins originally
discoveredduring the search for possible functional homologs of RNase E in-gwaitive
bacteria thanksto their endaibonucleaseactivity in vitro (Evenet al,, 2005) However, later
studies demonstrated that RNase §hs unique bifunctional properties, since except the
endaibonuclease activityit was also shown to degrade RNAexaribonucleolyticallyA y -tom
direction. Thisis anactivity that wasat the time of the discoverthought to be absenfrom the
bacterid domain of life(Mathy et al., 2007) Later on, the exdobonuclease activity was proposed
to be the main ondor RNase Jlbased on the structural data showing that accommodation of a
substrate for enddbonuclease cleavage into the active center is physidaifyossible without

further conformational change@Newmanet al., 2011)
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After the discovery of RNaseirdB. subtlis this enzyme was found to be conserved in
different, mainly grampositive bacterial species, buirthologues of RNasecduld be also found
in some archaeéEvenet al., 2005; CloueR Q h N#Al, 2018) This is striking since theege no
homologs outside of bacteriéor RNases Y anH, the two degradationnitiating enzymes in
B. subtilisandE.coli, respectively

Both RNases J1 and J2 are able to cleave substratesileomlacleolyticallyin vitro with
equal specificity and efficiengvenet al,, 2005) however the exobonuclease activity of RNase
J2is about 100 times weakethan of RNase J@Mathy et al., 2010) That brings a question of
RNase J2 relevande vivg especiallysince deletion ofnjB gene does not leadb a significant
phenotypic effectin B. subtilis SinceRNases J1 and J2 form a heterotetrametric compiexvo
(Mathy et al., 2010; Newmaret al., 2011)it is possible that the main role of RNase J2 lays in
altering cleavage site preferences of the J1/J2 complekich was shown to be different
comparing topreferences oRNase J1 and RNase J2 alfiiathy et al., 2010) The assumption
that the ribonuclease activity is not thaain role of RNase J&further supported by the fact that
in S. aureuswhere deletim of both genes foRNase J1 and J&ads to strong phenotypic effects,
only active site mutation of RNase J1 leads to the same phenotypes as deletion, whereas it is not
the casefor active site mutations of Rase J4Linderet al., 2014)

Similar to RNases E and Y, activity of RNase J1 is also affected by the phosphorylation
adrdsS 2F GKS p ,witspfeferedcd for kndndphdsplzorgaieti RNSthy et al.,
2007) RNase J1 idirectty NS &4 L2y AA 06t S T2 NJ Y bfileBNRNABRrigofietAlF (1 KS
2007) and also for some specificcleavage eventsas for instancecleavageof the yflS mRNA
(Durandet al., 2017) It wasalsoshown to participate in the turnover of thiep leadersequence
and both maturation and degradation bbsmRNA(Deikuset al., 2008; DaotChaboet al., 2009;
Deikus and Bechhofer, 200®Ithough it is able to initiate mMRNA degradation followingeid
dephosphorylation (see Fig. 3), the globalevance of this pathwageems to be rather small, as
assumedrom nontaltered globalmRNA stability in double mutatacking bothRNase J1 and J2
(Evenet al,, 2005; Laalamet al., 2014) On theother hand the role of RNase J1 subsequent
steps of mMRNA degradation, following initial cleavage by RNase Y, seems to be crucial, since
depletion of RNases J1 and d#luencesabundanceof hundreds of transcript® a N RSk,
2008; Duranckt al., 2012a)

Corresponding to its important role in RNA degradatibe rnjAgenewasfor a long time
thought to be essentiabndalthough it could bdater deleted from the genome, itdeletion leads
to similar phenotypic effects as deletion ofiy (Figaroet al, 2013) Thanks to the mutual
interaction of RNase J1 with RNase Y, PNPasg@lwgphofructokinase (PFEKRNases J1 and J2
are proposed to be part of the degradosorike network althoughRNase J2 interagbnly with
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RNase J{Commichatet al., 2009) Localization studies revealed thaiNRse J1 isnainlylocalized
around the nucleoiqCascantéEstepaet al., 2016) suggesting more pleigipic role of RNase J1
in the cellthan justbeing part of thedegradosomdike network. Indeedin agreement withthe
nucleoid localizationlatest finding suggest its role in recovering of stalled RNA polymerases
6 ~ A BtAIP2020.

1.2.3 Polynucleotide phosphorylase (PNPase)

PNPase is one of the foBr-to-p S E 2 NRA Gercgdddlrt titelgenénde . subtilis
together with RNase R, RNase PH and YhaM, and seems to be the most important one for the
global mRNAlegradation¢t KA a Aa o0l aSR 2y (KS 20aSNBIGAZ2Y (KL
is not compensated by the other enzymesa pnpA mutant (Oussenkecet al., 2005; Livet al,,

2014) Furthermore transcriptomicanalysis showed thategradation of about 10% @fanscripts
is fully dependent oraction ofthis 3 -to-p S E 2 NJA (Lid of dzOPD13)-Relévance of this
enzyme for global mMRNA degradation is even supportethbyfact that PNPase was found to
interact with other components of soalled degradosomike network ofB. subtilis(Commichau
et al., 2009)

Unlike other components of the degradosodike network, PNPase is widely conserved
across bacterial species as well as eukaryotic organglie€haocet al., 2007) Except its3 -to-p
exoribonuclease activity, PNPase can also reverse the reaction and is able to polymerase RNA by
addition of unspecific polyAtailsontlle Sy R&a 2 F Jndfdct this B theSaCtidity iBvéas
initially discoveed for (GrunbergManagoet al., 1956; Mohanty and Kushner, 2000)

Although PNPase is required for degradation of s@pecific transcripts, its activity was
shown to be blocked by the presence of secondary structures on the RNA, which likely limits its
role in the mMRNA decay to downstream path after initial ertolanucleolytic cleavagéarret al.,

1999) Initiation of MRNA degradation by PNPase itselthigs limited to few exceptional
transcripts with Rho dependent terminatgras shown foslrAmRNA(Liuet al,, 2016). PNPase is
also involved in maturation processes of some tR{B&shhofer and Deutscher, 2019)

In addition to therole in RNA degradation, also othéunctions within the cell were
proposed for PNPassince PNPase can also degr&dé®Amolecules andhe substratespecificity
(DNAvs. RNA) is supposed to be determined by the energetic status of the cell. Furthermore
PNPae is likely involved in double atrded break repair and homologsurecombination
processeswhere itsdegradative and polymerizing activitiase required to cooperate with RecN

and Rechoroteins(Cardenagt al., 2009; Cardenast al, 2011)
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Deletion ofpnpAgene is possible, howevabsenceof PNPase leads ®omephenotypic
effects similar to those observed forthe rny and rnjA mutants i.e. strongly decreased
transformation rates growth in long filaments of cells,extremely poor growth at cold
temperaturesor increased sensitivity ttetracycline(Luttingeret al,, 1996; Wang and Bechhofer,
1996; Figaret al., 2013)

1.2.4CshA, a DEADPbox RNA helicase

Another component of the degradosonrii&e networkis a DEAMDox RNA helicase called
CshAcold shackhelicaselike proteinA). Thiswas hitially described as aold-shock respons&NA
helicase since its expressiogeemed to bencreased in low temperaturg8eckeringet al,, 2002;
Hungeret al, 2006) However,later studiesshowed that cshAis expressedstably at different
temperaturesmedia, as well agrowth stagegLehnikHabrinket al, 2010; Nicolast al., 2012)

Despite thisconditionindependent expressiornhe role of CshA seems to ledeedmore
important at low temperaturesunderH H ¢ / cBuldlbé judgedrom the impaired growthof the
deletion mutantand curly phenotypereminiscent of tke phenotpyedrom mutantsof other DLN
componentsgenes(for prny, see Fig. 5jLehnikHabrinket al., 2013; Figareet al., 2013) The
reason for the increased need for CshA during cold likely lies in the fact that under cold
temperatures RNA secondary structures are more stadhd thereforeunwinding of these
complex RNA structurds of higher importance.

DEADbox helicases arn generalcomposed of two RecA like domains consisting of 12
sequencemotifs responsible for binding of AT&hd RNA respectively,and for subsequenh
remodeling of the RNAt the expanse of an ATP moleclénder and Jankowsky, 201A)though
most of the DEAoOX helicases are monomeri€shA ofB. subtilisforms ahomodimer, which
likely aids the enzyme to stagssociated with the RNA atecule duringmultiple cycles of ATP
hydrolysis.This can themresult inan effective unwinding of RNA targ@roviding substrate for
action of RNA degrading enzymess it was shown for CshA of closely redat organism
Geobacillis stearothermophilu@_ehnikHabrinket al., 2010; Hueret al., 2017)

CshA wagroposed to be member of th®LNbased on its interactions with RNase Y,
PNPase, enolase apthosphofructokinasélLehnikHabrink et al., 2010) Except its general role in
RNA degradationCshA isalso required for correct rRNA processing and theralspribosome
biogenesis Furthermore,deletion of cshAspecificallyaffects expression of more than 200 genes
(LehnikHabrinket al., 2013)

Interestingly, CshA was recently shown toibeolved in activation of some alternative

sigma factors. CshA is the presence of glucosacetylated on two lysine residues and this
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acetylation seems tde crucialfor “MI y R activation. Although the exactmechanismss not
known, thiseffect is idependent fromthe presence of RN& Y which providesainother evidence
for abroader role of CshA iB. subtiligphysiology(Ogura and Asaf016) This is even supported
by the fact that CshA was also foutalbe associated with the RNA polymeragere it could,
for instance, smulate expression from alternative sigma factor promotdiBelumeauet al,
2011)

In addition toCshA, other RNA helicases from the DEbdR family arealsopresent inthe
genome ofB. subtilis Despitethe fact that these genes had been likely evolved by duplication,
overexpression of the individual RNA helicases cannot complement for each other suggesting very
specific role for each RNA helicasd 2 y IDtd£( 3 18t MINFD18) Whether the other helicases
except CshAlso play a rolén RNA degradation is nget clear, however it is possible that one or
more of them asociates with the complexin candition dependent mannein analogy to similar
situation inE. colid t NHzR QK g ¥ § BtRldZD04; Lehnitiabrinket al, 2010)

1.2.5Enolase and phosphofructokinas

The bst two componerd of the degradosoméike networkof B. subtilisare the glycolytic
enzymes enolaséEno)and phosphofructokinas€PFK) which were found both to interact with
other DLN components as well as with each otf@mmichatet al., 2009; LehnifHabrinket al.,
2010; LehnilHabrinket al, 2011a; Newmaret al., 2012) These two enzymedave a known role
in glycolysis, wher@®FK phosphorylast fructose-6-phosphateto fructose-1,6-bisphosphateand
enolase catalyzes conversion &phosphoglyceratéo phosphoenolpyruvateln agreement with
their main role outside of the RNA degedibn, both are localized in the cytoplasm, witimolase
aggregating at cell poles of some céllmscantéEstepaet al., 2016; EIl Najjast al.,, 2018) Enolase
is also part of the degradosonie E. coliand generally metabolic enzymes seem to be conserved
among most of theRNA degradation machines (see 1Mgverthelessthe roles of metabolic
enzymes in RNA degradation and specifically of Eno and Rird&Kdagracdsomelike network of
B.subtilisare ratherunclear Basedon some initialstudiesabout the role of enolase inthe RNA
degradosome oE. colj it is likely that these enmyes can monitothe energetic status of the cell
and adjust RNA degdation accordingly(Morita et al, 2004; Murashko and Li@hao, 2017)
However,simplecontrol of RNA degradation based tre energetic status of the cells would be
much easier througldirect binding ofregulatorymolecules(e.g.ATP(p)ppGpp, edi-AMP) to the
RNA degrading enzymes, therefdhe role of these glycolytic enzymés the DLNs presumably

more complexand will need futher investigation irthe future (Cho, 2017)
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1.3 Essemality and RNase Y

Definingof the minimal necessary genetic equipmefudr sustainable and autonomouse
on earth has long been one of tifandamentalscientific topics.However, withthe increasel
number of sequencedenomest becomes more and more gprent that such a conserved tsaf
essential genedoes not exist even within one domain of lif@stead, essential functions seems
to be more universal, but often performeldy genes witbut any mutual sequencehomology
Contradictory reportsconcerningessential genes wva been published even about the same
organisms, likely due to the slight difference between laboratory strains and/or conditions used
for thescreengLagesert al> H n mn T-Carankidt N.y2&1B)

It isalsonot easy to define what an essential gemeuallyis, becausemany genes might
be essentialinder certain conditionsbut dispensable under other®espite that, several studies
focusing on essentidi of B. subtilisgeneshave been performedThesewere defined as genes
that cannot be deleted from the genome to sustdaboratory growth at rich medium at 3XC
(Kobayashet al,, 2003; Commichaat al, 2013) A recentwhole genome study addressing gene
essentiality exactly in these conditions identified 257 essential geBedft\Wiki database
currently defines even less essential geriasthe genome oB. subtilis specifically251 protein
coding and 2 sRNA codifigooet al> HAMT T %Kdz |T{ieRe ninibBré greShbweven my 0
likely underestimated concerning minimaquirementsfor living cells, since they do not consider
genes of redundat function and even themallestautonomously replicating organism contains
473 genegHutchisoret al., 2016)

RNase E and RNasefYE. coliand B. subtilis respectivelyare in many aspectstriking
examples of convergent evolution, thanks toethsimilar structure cellular localizationand
function. For a long timeit was thought that there is another similarity between 8eetwo
enzymes, their essentiality, since any of th genes couldot be deleted from the genomin
the respective studiegKobayashet al.,, 2003; Babat al., 2006) Howeverin 2013the rny gene
was deleted from the chromosome &. subtilis(Figaroet al., 2013)and this result was later
reproduced by another independent studioo et al, 2017) Although this deletin leads to
severe phenotypes as shown befotlee rny geneis since tha considered as neassential.

This is a strikinglifference since one might expect that initiation of mMRNA degradation
would be equally importanand thus essential function inoth model organisms. Endifference
might be most easily explained liye fact, thatB. subtiliscontains anotheribonuclease RNase
J1 which couldalsoinitiate some mRNA degradations evensedFig 3) in addition to RNase Y
and therefore initiation of mMRNA degradation is not fully dependent oreg&NYin B.subtlis

whereas it is fully dependent on RNase E.icoli
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Regardlessof the fact that deletion of rny gene is possible, this leads to severe
phenotypic defects and gemaic instability(see Fig.4suggesting that although not completely
essential, it is inevitable for theny strain to undergo further genetic adjustments for stable life.
This is interestingly not the case for some even closely related organisnsdreggaoccus
pyogenesor Staphylococcus aurey®larincolaet al, 2012; Cheret al, 2013)bringing up an
question, why igleletion of RNaseY so harmful foB. subtilis Thishas not yet been discovered
and thus it remains possiblhat these phenotypes areaused becausan essential cleavage
event is missing, as found for instance for RNase Il which is essduniaio its cleavage of
prophage encoded toxindurandet al, 2012b)or due to some general effecn total levels of

multiple mMRNA species.

1.4 Natural competencean B. subtilis

Loss of competence is not only a problem for the cellular survival in its natural habitat, but
also major obstacle for théaboratory work.Since this thesis is focused on RNase Y thed
response of the cell to its absence, it is important to note tmgtmutant strain has lost its ability
to become competen{Figaroet al., 2013; Koaet al., 2017) Thatdoes not onlybring a slowdown
during theexperimentalwork, but also a question wiy

Competence oB. subtilisis evolved ina subpopulation of cells in response to increased
cellular density and nutritional starvatiohis is fully dependent on the levels of the master
transcription regulator Comivan Sinderert al., 1995) Its expression is regulated in response to
extrae and intracellular signals by various regulators on the levelgehe expression, mRNA
stability, as well as protein stabilitand only those cells, where ComK levels reach certain
thresholdbecome competentn an all or nothing scenario thanks mComKauto activationloop
(Serror and Sonensheih996; Turgat al., 1998; Hoat al., 2002; Hamoert al., 2003b; Gamba
et al, 2015)

There a@e various mechanism translating tnals into molecular resporseThecellular
density is for instanceensed bythe quorum sensing ComP#vo componentsystem which can
respond to the levels ahe ComX pheromonéWeinrauchet al., 1990; Magnusomt al., 1994)
Nutritional limitation is sensed bthe transcription regulator CodY, whiagkspondsto levels of
GTPand 6 NJ y OK S R m® &cids(Sérrot avidh 8nhenshein, 1996; Shivers and Sonenshein,
2004)

Interestingly, also other transcription regulators play a role in activation of competence
(for instance Spo0A) and they are often shared between competencelevelopment of other

social behaviors iB. subtilis like sporulationor biofilm formation (for review seed [ 5 ef&ll,
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2009) Whenthe master regulator ComK is present in sufficient amoutrdgctivates expression of
more than100 genes responsible for the DNA uptake and the recombination (Befkaet al.,
2002; Hamoeret al., 2002; Ogurat al., 2002; Boonstrat al., 2020)

Not only absenceof RNase Yeads to the loss afompetencethere are many more genes
whose deletion leads to the same phenotyfiéooet al, 2017) Reasons and mechanigior the
loss of competencenay bedifferent. This can be direct block of he DNA uptake or its further
incorporation into the genome, as it is the case flwletion of the comGA and recA genes,
respectively(Brileyet al, 2011; Yadaet al., 2013) Alternatively, deletion of a gene camterfere
with proper activaton of the ComK master regulatdihis is exactly the case for instance the
degU mutant, where absence of Degblocks the competenceevelopmentby dysregulatirg of
comK expression(Shimane and Ogura, 2004)his is kely to be the case also in some of the
uncharacterized competencmutants, sinceregulation of ComK isghtly controlled and fine
tuned on multiple levelsand even small interferences with the regulation process might
completely preventdevelopmentof genetic competenceWhether this is the case for loss of
competence ofrny mutant is to be discovered, howevénere is an intcation that it could be
sincecomKexpressioris downregulated in theny depletion strain(LehnikHabrinket al., 2011b;
Laalamkit al., 2013)

During transformation, DNA must pass some physical barriers suhb asll wall andhe
membrane The gram-positive cell wall is known to be composedaothick peptidoglycan layer,
which consists of glycan chains crlisged with peptides, and teichoic acids that can be attached
either to the membrane (lipoteichoic acidspr to the peptidoglyan itsef (wall teichoic acids)
These passahirough thetop of the peptidoglycan and forms the uppermost layer of the ol
(Silhavyet al., 2010) Interestingly,recent findings suggest thatall teichoic acidsire specifically
modified duringdevelopmentof genetic competence antthat this is important for DNA binding
which could beblockedby the action of some wall teichoic acids targeting antibiofigBrouzeet
al., 2018) Furthermore, wherthe cellwall is too thick, DNA binding proteins might be masked by
the peptidoglycan layer and tis be unableto efficiently bind DNA to the transport machinery.
Sincethe rny mutant has indeed a thicker and disordered cell wall, ¢se might be another
reasorsfor the absence of competence. Lastly, it vedso show that DNA is preferentially bound
to the cell poleshut the rny mutant grows in unseparated chains and cell poles are therefiorte
exposed to the environmentwhich might also prevent the DNA binding and transformation

(Figareet al.,, 2013; Mirouzest al., 2018)
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1.5 Aims of this thesis

Turnover of MRNA B key regulatoryrocessn all domains of lifeRNase Y is the enzyme
initiating this process ithe well-studiedmodd organismB. subtilis yet it could be deleted from
the genome and therefore jdy definition considerednot to be essential. However, such a
deletion leads to severe phenotypes affecting many cellular processestarigh genetic
instability. In the presentedwork the essentiality of RNase Y arehsons for the deleterious
phenotypes are addressed

Analysisof suppressor mutantds used to identify the maintenance ofequilibrium
between RNA synthesis and degradataathequasiessenial function missing in theny mutant.
Furthermore,speed of evolutionary forces and natural selectiogtween variants present ia
bacterial population is shown Subsequent transcriptomic analysis used toconfirm the
enormous influence of RNaseow B. subtilisphysiologyand to reveal possible causder some
specificrny related phenotypes

In addition, a new experimental set ups establishedo assess the reasons for the loss of
genetic competence noobnly in the rny mutant strain, but also in some othgpreviously
uncharacterizedcompetence mutants ofB. subtilis This way, the reason for the loss of
competenceas well asother socialbehaviors ofthe mutant overproducingunknown ABC

transporterYtrBMEF islescribedand further investigated.
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2 Quastessentiality of RNase Y iBacillus subtilisis caused by its

critical role in the control of mMRNA homeostasis

The results of this chapter apeiblished in the following prprint:

Benda, M., Woelfel, S., Gunka, K., Klumpp, S., Poehlein, tAaldt , D, ~ I y R S NJDgrtiel
R.Y N} &yaédf G N ©.12&0)Quasiessentialiy of RNase Y acillus subtiliss caused by its
critical role in the control of mMRNA homeostasimRxiv2020.05.20.106237.
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Abstract

RNA turnover is essential in all domains of life. The endonuclease RNasg i¥ ¢dne of
the key components involved in RNA metabolism of the model orgarBsmillussubtilis
Essentiality of RNase Y has been a matter of discussion, since deletiorrmf tfene is possible,
but leads to severe phenotypic effects. In this work, we demonstrate thatrlgenutant strain
rapidly evolves suppressor mutations to at least partially alleviate these defects. All suppressor
mutants had acquired a duplication ah about 60 kb long genomic region encompassing genes
for all three core subunits of the RNA polymerase = = i @& 2 KSy (KS RdzLJ A
polymerase genes was prevented by relocation of theA gene in theB. subtilisgenome, all
suppressor mutats carried distinct single point mutations in evolutionary conserved regions of
3SySa O2RAY 3 of Al KiSIkD dFyANDaG RSF i KS wb! LIR2f&8YSNI A&
wild type bacterialn vitro transcription assays with the mutated polymeraseiaats showed a
severe decrease in transcription efficiency. Altogether, our results suggest a tight cooperation
between RNase Y and the RNA polymerase to establish an optimal RNA homeo&asighitiis

cells.

Introduction

Among all organisms, bactariare the ones multiplying most rapidly. Under optimal
conditions, the model bacterigscherichia cofind Bacillus subtilidave generation times of 20 to
30 minutes. On the other hand, bacteria are exposed to a variety of changing environmental
conditions, and due to their small size, the impact of environmental changes is particularly severe
for bacterial cells. To adapt to these potentially rapidly changing conditions, bacteria have evolved
a huge arsenal of systems to sense and respond to the envinonmaspecially in the competition
between microorganisms, it is crucial that these responses are both rapid and productive.
However, while regulatory events may be very rapid, there is an element of retardation in the
system, and this is the stability of RINA and protein molecules. If the continued activity of a
protein may become harmful to the bacteria, it is important not only to prevent expression of the
O2NNBalLRyRAYy3I 3ISyS odzi ftaz2 G2 Gd151S G2 AYLRNI
and (ii) degrade the mRNA to exclude further production of the protein. The inactivation or even
degradation of proteins is well documented in the model bacteria. For example, irebaibliand
B. subtilisthe uptake of toxic ammonium is limited by a regiolry interaction of the ammonium
transporter with GInK, a regulatory protein of the PII fanfiGouttset al., 2002; Detsch and
{ G Nf { S Similarly,/the Gptake of potentially toxic potassium can be prevented by inhibition

21



of potassium transporters at high environmental potassium concentrations, either by the second
messenger cyclic dAMP or by interaction with a dedicated modified sigtrahsduction protein,
PtsN(Leeet al, 2007; Corrigaet al, 2013; Gundlaclket al., 2019) To prevent the accumulation

of potentially harmful mRNAs, bacteria rely on a very fast mMRNA turnover. Inddedcatiand B.
subtilis more than 80% of all trandpts have average halives of less than 8 minutes, as
compared to about 30 minutes and 10 hours in yeast or human cells, respec¢tisatybracuset

al.,, 2003; Yanet al., 2003; Bernsteiet al., 2004; Geisbergt al,, 2014) Thus, the mRNA turnover

is much faster than the generation time. The high mRNAawen rate in bacteria contributes to

the fast adaptation even in rapidly growing cells. The rapid mRNA turnover is therefore a major
factor to resolve the apparent growth speadaptation tradeoff.

RNases are the key elements to achieve the rapid mRN#owvar in bacteria. Theses
enzymes can degrade bulk mRNA in a rather unspecific manner, just depending on the
accessibility of the RNA molecules as well as perform highly specific cleavages that serve to
process an RNA molecule to its mature form. In afjaoisms, RNA degradation involves an
interplay of ende and exoribonucleases as well as other proteins such as RNA helicases that
resolve secondary structuredehnikHabrinket al, 2012; Durancet al, 2015; Redder, 2018;
TejadaArranzet al,, 2020) Often, these proteins form a complex called the RNA degradosome. In
E. coli the RNA degradosome is organized around the essential endoribonuclease RNase E
(Carpousis, 2007; Mackie, 201BNase E consists of two parts, théeNninal endoribonuclease
domain that harbors the enzymatic activity and thete@minal macromolecular imraction
domain that serves as the scaffold for the degradosome components and is responsible for the
binding of RNase E to the cell membrafhemiciet al, 2008; Mackie, 2013)As mentioned
above, RNase E is essential for viability of the bacteria. An analysis of thibutins of the two
parts of RNase E to its essentiality revealed that the enzymatically actieerial domain is
essential whereas the -términal interaction domain is dispensab(&ido et al, 1996) This
suggests that the enddronucleolytic attack on mRNA molecules is the essential function of
RNase E, whereas the interaction with other degradosome components is not required for
viability. This conclusion is supported by the fact, that the other components ofttheoli
degradsome are also dispensalfi€arpousis2007)

RNase E is widespread in proteobacteria, cyanobacteria, and actinobacteria, but absent
from many firmicutes,@-proteobacteria, or from bacteria of th®einococcudhermusclass.
However, an efficient RNédegrading machinery is important alsa filnese bacteria to allow both
rapid growth and adaptation. Indeed, these bacteria possess a different endoribonuclease, RNase
Y (Commichatet al., 2009; Shahbabiaet al, 2009) A depletion of RNase Y results in a fetd
increase of the average mRNA hEfié in B. subtiligShahbabiaret al., 2009) Similar to RNase E,
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RNase Y is a membrane protein, and it is capable of interacting with several proteins involved in

RNA degradation. Among these proteins aleKS p mnid2mo SE2NRAOG 2y dzy C
polynucleotide phosphorylase, the RNA helicase CshA, the glycolytic proteins enolase and
phosphofructokinase, and a protein complex composed of YaaT, YIbF, and Gomehichalet

al., 2009; Shahbabiagt al., 2009; Lehniidabrinket al,, 2011a; Newmaset al., 2012; DeLoughery

et al, 2016; Salvet al., 2016) Many of these interactions are likely to be transient as judged

from the distinct localization of RNase Y and its interaction partners in the cell membrane and in

the cytoplasm, respectivelfCascanteEstepaet al, 2016)

We are interested in the identification of the essential cellular components that are
required for the viability oB. subtiliscells with the aim to construct strains that harbor only the
minimal set of genes to fulfill the essential cellular funci¢@ommichawet al> H 1 m ceffal, w S dz(i
H N Mc T etwl SAMY) ForB. subtilis RNase Y and RNase J1 were originally described as being
essential(Kobayashet al, 2003; Huntet al., 2006; Mathyet al,, 2007; Commichast al., 2009;
Shahbabiaret al, 2009) Interestingly, these two RNases are also present in the most genome
reduced independently viable organisrvlycoplasma mycoidedC\Wsyr3.0 (Hutchisonet al.,

2016) Both RNase J1 and RNase Y are involveatlei processing and degradation of a large
number of RNA molecules B subtilisd a N RtSNXP008; Lehik-Habrinket al., 2011bjDurand

et al, 2012a; Laalamét al, 2013; DelLoughergt al, 2018) However, more recent studies
demonstrated the possibility to delete th@jAandrny genes, encoding the two RNag&sgaroet

alY  Hnwmo Tt ak RO2® &t the dispensability of RNase Y was confirmed in a global
approach to inactivate all genes Bf subtiligKooet al., 2017)

Comprehensive knowledge on essential genes and functions is the key to construct viable
minimal genomes. By definition, essential genes cannot be individually deletedvild aype
genetic background under standard growth conditig@®@mmichatet al., 2013) In this study, we
have addressed the essentiality of RNase B.isubtilis While therny gene could indeed be
deleted, this was accompanied by the rapid acquisition of suppressor mutations that affect the
transcription apparatus. We demonstrate thas&ongly reduced transcription activity is required
to allow stable growth oBB. subtilisin the absence of RNase Y. Our results suggest that the
accumulation of mRNA that cannot be degraded is the grdimiiting factor in strains lacking

RNase Y.
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Resuts

Inactivation of the rny gene leads to evolution of suppressor mutations affecting

transcription

RNase Y had been considered to be esse(fiabayashet al., 2003; Commichaet al.,
2009) however, two studies reported that theny gene could be deleted from the genome
(Figaroet al, 2013; Kooet al, 2017) The deletion leads to severe growth defects and
morphological changeg~igaroet al,, 2013) In an attempt to get a better understanding of the
importance of RNase Y fd3. subtilisphysiology, we deleted theny gene in the gnetic
background oB.subtilis168. The colonies of the resulting strain, GP2501, were small and lysed
N} LARf &d® a2NB2@0SNE GKS OStfta 3AINBd OSNEB af2¢f 8
observed the appearance of supgsor mutants after a feways.By analysis of such mutants we
wished to gain a better understanding tbfe growthlimiting problem of therny mutant. For this
purpose, we isolated suppressor mutants in different experimental setups. Firstnyhautant
GP2501 was adapted to grawin liquid LB medium at 22/ & A yhQrButaiitkh&d a severe
growth defect at low temperaturesAfter the adaptation experiment, the culture was plated at
HHCc/ X FyR Gg2 O2f2yArAsSa 6SNB Aaz2ftlGSR F2NJ FdzNI
exSNAYSyYyid Ay fAldAR YSRAdzYZ ¢S Ffaz S@g2t SR adz
YR oTtc/ ® 2SS Aaz2ftl GSR (gwergaajl yia dzy RSNJ SI OK O3
Growth of the isolated strains warified eeFig.6B, and Supplementary Figures S2 and
S3), and for each selection scheme, one mutant was analysed by whole genome sequencing. In all
cases, this confirmed the deletion of thhay gene and revealed the presence of an additional
mutations. Strikingly, there was orfeature common for all the suppressors tested, regardless of
the isolation condition, which was not present in the progenitor strain GP2501: It was an identical
genomic duplication of the approximately 60 kb lactgRpdaBregion. This genomic segment is
flanked by clusters of ribosomal RNA operons. Upstream of the duplicated region aralhad
rrnW operons, and downstream thenl, rrnH, and rrnG operons(see Fig7A). This duplicated
region contains 76 genes encoding proteins of various functionsngrthem proteolysis (ClpC),
signal transduction (DisA), RNA modification (YacO, TruA), RNases (MrnC, Rael), translation
factors (EFG, IF1, EFTu), several ribosomal proteins, and proteins involved in transcription
(NusG, RpoA, RpoB, RpoC, SigH). Sfisikithe genes for all three main subunits of the RNA
polymeraseg rpoA rpoBandrpoCwere present in the duplicated regioithe observation, that

this duplication was observed irrespective of the selective condition used to isolate suppressor
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mutants sugests that this duplication is relevant to overcome the poor growth associated with

the loss of RNase Y. However, in addition, for each selection scheme we found additional

mutations that affect genes involved in transcription.
A B

22°C J 168 Wild type

GP2501 Arny

GP2503 Arny greA” (rrnW-rrnl),

GP2504 Arny greA”

GP2628 Arny AgreA

37°C

Figure6: Suppressors afny show increased growth at 22 /

(A) Schematic depiction of different single nucleotide polymorphisms identified in the initial supp
screen and their overlap with the duplication ofsRpdaB region. (B) Serial drop dilutions compari
growth of the wild type strain 168, themy mutant GP2501, itgreAsuppressors (GP2508reA(Serl25Lel
(rrnW-rrnl),; GP2504greA (Glus57Stop) and therny greAdouble mutant GP2628 on tdgar plate at 22 .
The picture was taken after 2 days of incubation.

C2NJ 0KS aStSOGA2y Ay fAljdZAR YSRAdzY G HHC/ .
mutation that resulted in an amino acid substitution (S125L) in d¢ineA gene encoding a
transcription elongation factofKusuyaet al, 2011) For the other suppressor mutant (GP2504)
isolated under the same selective conditions, we seqadrtbe greAgene to test whether it had
also acquired a mutation in this gene. Indeed, we found a different mutatigmeA resulting in
the introduction of a premature stop codon after E56. Moreover, we evolved two additional
suppressor mutants applyirtis adaptive scenario, and both contained frameshift mutations in
greAthat resulted in premature stop codons after amino acid 23 and 137 (GP2539 and GP2538,
respectivelysee Tabl&3.

¢CKS &GN} AYy Aaz2ftliSR 2y [ . LiftheisKrielemdnt, annc/ 0L
amino acid substitution (Y55N) in the AdeR activator profeinet al., 2012) and a short internal
deletion in the rpoE gene encoding thed subunit of RNA polymerase, which resulted in a
frameshift after residue G66 Wdzl y3 ' YR | St Y I ¥tab 20iB)pkpntie seednd I (G A y 2 |
Ydzi b yG A&azftl dSR | $equenced/theadeRdndrpol genes. WhIlS théideR
gene was identical to the wild type, we found iasertion of an adenine residue after position 87
of rpoE resulting in a frameshift after 29 amino acids and premature stop codon after 38 amino
acids. Therefore, thepoEbut not the adeRmutation is likely to be required for the suppressor

phenotype.
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CKS &adzZllLINB&aaz2N) S@2ft SR +d otvc/ 2y [. LI GS3
the introduction of a premature stop at the eighth codon of tbgpDgene encoding an RNA
binding protein which has transcription antitermination activityncoli(Graumanret al, 1997;

Baeet al,, 2000) Sanger sequencing of the second pgssor isolated under the same condition
(GP2678) also identified a mutation affectingpD,but this time in its ribosomal binding site
(GGAGGA, GGAAGA).

Taken together, the duplication of thectsRpdaB genomic region was
accompanied by specific adidinal suppressor mutation affecting transcription in every single
suppressor mutant analysed. These mutations result in the inactivation ajréfegene in liquid
YSRAdzY |G HHc/ Z ¢gKSNBLa GKS aStSOGAQS LMBEEdNB
the inactivation of the RNA polymerase subunit RpoE or the RNA binding protein CspD,
respectively gee FigbA). It is therefore tempting to speculate that the inactivation of these genes
combined with thectsRpdaBgenomic duplication is causative file suppression.

In order to test whether the inactivation of thgreA rpoE or cspDgenes alone is
sufficient for the suppression of they mutant strain, we constructed the corresponding double
mutants. As bothrny and greAmutants are defective inanetic competencgKooet al., 2017)
the greA rnydouble mutant was obtained by transforming the wild type strain 168 with DNA
molecules specifying both daions simultaneously fee Table §3 For the greA and rpoE
deletions, the double mutants did not phenocopy the original suppressor mutants, instead the
gene deletions conferred only partial suppression (5ég 6B for the rny greAdouble mutant
GP2628, and Supplementary Figure S2 forttyerpoEdouble mutant ®3217). In the case of the
rny cspbdouble mutant GP2615, complete suppression was observed (see Supplementary Figure
S3). However, we cannot exclude that the mutant had already acquired the duplication of the
ctsRpdaB genomic region. Thus, we concludeaththe suppression depends on both, the
duplication of thectsRpdaBregion and the concomitant mutations that inactivate genes involved

in transcription.

Transcriptome analysis of theny mutant and a suppressor strain

As mentioned above, the deletion gfeAallowed only partial suppression of the growth
defect caused by the loss of RNase Y. HoweverrrthagreAdouble mutant GP2628 eventually
gave rise to a better suppressing mutant, GP2518. Whole genome sequencing of this strain
revealed that in addion to the greAdeletion it had only acquired the duplication of tlsR
pdaBgenomic region. Again, this highlights the relevance of the combination ajré&deletion

and thectsRpdaBduplication for suppression.
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To get insights into the global capuences of the suppressing mutations, we compared
the transcriptomes of the wild type strain 168, thay mutant GP2501, and the suppressor
mutant GP2518 by RN3eq analysis. Wieentified 1,102 genes (corresponding to about 25% of
all genes oB. subtil§) with at least twefold differential expression in thprny strain GP2501 as
compared to the wild type 168. It should be noted that the number of differentially expressed
genes is likely to be underestimated, since about 50% of all genes are not or only very poorly
expressed during vegetative grow(Rasmusseet al>  H n n defal., @@ dzdherny gene is
encoded within an operon with thgmdBgene(Diethmaieret al, 2011) however, there was no
polar effect on the expression gimdB suggesting that the observed changes are a direct result
of the loss of RNase Y.

From the dataset mentionedbove, 587 and 515 genes were dovand upregulated,

respectively, in therny strain. The most severe difference (more than 0@ decrease) was

observed fortheyxkC3Sy S ¢KAa 3ISyS O2RSa F2NI LINRPGSAYy 27

regulon(Serizawaet al., 2004) Interestingly, 14 out of the 30 most strongly downregulated genes
I NBdependent éee Supplementary Tabld)SThis may be the result of the reduced expression
of the sigDgene itself.SirD SP controls the expression of many genes responsible for motility as
well as peptidoglycamautolysins KytA, IytB,IytC, Iyttand IytF) this reduced expression of target
genes might cause the disordered cell wall of thg deletion strain(Figaroet al., 2013) Among

the most strongly upregulated genes (s8applementary Tablely many are members of the
ISYSNI f &id NB a EreghidhaAnthérasé&t of TipregiiiateNdenes is controlled by the
aL3R2 NHz | GA 2y aL)Séaw P wlbsedgandsyare alFolmoré thaiiBdd upregulated.
This is espeally striking taking into an account that threay mutant strain is not able to form
spores(Figarcet al,, 2013)

Importantly, we wanted to test whether the suppressor mutant had restored a wild-type
like expression of genes that were affected by the loss of RNase Y. We found 461 genes with
differential expression between the supm®or mutant GP2518 and they mutant GP25010f
these, however, only some were returned towards the expression levels of the wild type (176
genes,see Supplementary Table2g while for others, the mRNA levels were even more distant
from the wild type. Irtotal 115 genes upregulated in thray strain showed reduced expression in
the suppressor mutant. On the other hand, also 61 genes which were downregulated rinythe
mutant, had increased their expression again in the suppressor mutant GP2518 (see
Supplenentary Table &. Amongthese genes with restored expression, fomufAA tagA, tagBb,
ywpB are essential, and only the expression yafpB encoding an enzyme of fatty acid
biosynthesis is 2-4bld reduced in theny mutant. This weak regulation suggests that fatty acid

biosynthesis is not the growtlimiting factor for therny mutant. In contrast, many of these genes
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with (partially) restored expression belong to prophage PBSX or are required for rather specific
metabolic pathways. In conclusion, the evaluation of the genes which had their expression
restored as a result of the suppressing mutations did not give a clear clue to the reason of

suppression.

Genomic separation of the genes encoding the core subunits ARolymerase

As mentioned above, the region duplicated in all suppressor mutants contained genes
encoding RNA modification enzymes, translation factors, ribosomal proteins, RNases, and
proteins involved in transcription. MrnC and Rael are RNaselMimiquired for tle maturation
of 23S rRNANd ribosomeassociated A site endoribonuclease, respecti@®gdkoet al., 2008;

Leroy et al, 2017) As our suppressor screen identified additional mutations related to
transcription, we assumed that the translati@pecific RNases encoded in this regiight not

be relevant for the suppression of they deletion. Therefore, we hypothesized that the
duplication of the genes encoding the main three subunits of RNA polymerase made a major

contribution to the selective advantage provided by the dupliaatio

A Chromosomal arrangementin wild type or GP2501 respectively
ctsk rpoB rpoC rpoA pdaB
[ O | [ A | | J W [ | 4 4 X I HG]
I I I 1 I 1 1 1 1 |
0 20 40 60 80 100 120 140 160 180 kb
B

Chromosomal arrangement in newly created strain GP2903

o T

rpoA ctsR rpoB rpoC rpoA pdaB
(O JA| EEaC > | 4 4 E—X [WIiH|G]
T T T T T T |
0 20 40 60 80 100 120 140 160 180 kb

Figure7: Genomic organization of theuplicated genomic region

(A) Schematic representation of the first 180 kb of tBe subtilischromosome. The orange box indice
the duplicated region in the suppressors wify strain GP2501. rRNA operons are depicted as ¢
rectangles, RNA polymerase gempsA rpoB rpoCas blue arrows, thetsRand pdaBgenes are shown
yellow and red, repectively (B) Chromosomal relocation of thgpoAgene. For the colour code, see ahc
the relocatedrpoAis shown as a purple arrow.

To test the idea that simultaneous duplication of all three genes for the RNA polymerase
core subunits is the key for the suppression of the loss of RNase Y, we decided to interfere with
this possibility. The duplicated region is located between two highhservedrrn gene clusters
which may facilitate the duplicatioavent (see FigiA). Thereforewe attempted to separate the

core RNA polymerase genes by relocatingrif@gene out of this genomic region flanked by the
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rrn operons. Weassumed that if RA polymerase was indeed the key to the original suppression,
such a duplication would not be likely in the new background with relocafs®h since
simultaneous duplication of all three RNA polymerase subunit genes would be disabledriere.
this purpcse, therpoA gene kept under the control of its natural promoter,dwas placed
between the dgk and yaaH genes, and the original copy opoA was deleted (see Fig/B,
Experimental procedurefr details). We then compared the grtiwof the wild type strain 168
and the strain with the relocatedpoA GP2903 using a dreglilution assay. No differences were
observed, thus excluding a possible negative impact of @A relocation on B. subtilis
physiology (see Fig. S4).

Strain GP2903 was then used to delete thg gene, and to isolate suppressor mutants.
Indeed, even with the genomically separated RNA polymerase genes, suppressor mutations
appeared upon the deletion of thely gene encoding R¢e Y There were three possibilities for
the outcome of the experiment. First, the same genomic region as in the original suppressors
might duplicate thus falsifying our hypothesis that the simultaneous duplication of all three genes
encoding the core sulmits of RNA polymerase is required for suppression. Second, both regions
containing therpoAand rpoBCgenes might be duplicated. Third, in the new genetic background
completely new suppressing mutations might evolievo of these suppressor mutants were
subjected to whole genome sequencing. None of them had the duplication ottgfepdaB
region as in the original suppressors. Similarly, none of the mutants had the two regions
containing therpoAand therpoBCgenes duplicated. Instead, both mutants hagint mutations
in the RNA polymerase subunit genes that resulted in amino acid substitutions (GP2912: RpoC,
R88H; GP2913: RpoB,1054C; see Tablg3. A mutationaffecting RNA polymerase was also
evolved in one strain (GP2915) not subjected to whole gem@mquencing. In this case, the
mutation resulted in an amino acid substitution (G45D) in RpoC.

An analysis of the localization of the amino acid substitutions in RpoB and RpoC revealed
that they all affect highly conserved amino acisidues (see Fig§A). G1054 of Rpoénd G45 of
RpoC are universally conserved in RNA polymerases in all domains of life, and R88 of RpoC is
conserved in the bacterial proteins. This high conservation underlines the importance of these
residues for RNA polymerase functiorheTmutations G45D and R88H in RpoC affect the N
GSNYAYEFT 1 Q T-RANBSNI i/ R Ssebbrit resFddeely, that s reduired
for the processivity of the elongating RNA polymer@sedleret al, 1996; Nudler, 2009)51054C
in RpoB is located in the- S NXYAY I £ R2YIFIAYy 2F (GKS | &adzdzyAd
termination (Clergetet al., 1995) In the threedimensional structure of RNA polymerase, these

NBE3IA2ya 2 BubiinksGirelocaled/irRclose vicinity apgite to each other in the region of
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the RNA exit channel which guides newly transcribed RNA out @riyme (see FigB; Nudler,
2009) and they are both in direct contact with DNiRudleret al.,, 1996)

The fact that several independent mutations affecting RNA polymerase were obtained in
the suppressor screen strongly supports the idea that RNA polymerase is the key for the
suppression. As the mutations affect highly conserved residues, they are lileynfromise the
Syl @ YSQ& Babe® iorh e stractural information, the mutations might weaken RNA
polymerasenucleic acid interactions and therefore, destabilize the transcription elongation
complex which may result in increased
premature terminationand reduced RNA polymerase processivitpwever, RNA polymerase is

essential, therefore the mutations cannot inactivate the protein completely.

P, Jihss
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| RpoB |

- OEm
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Figure8: Suppressor mutations in RNA polymerase localizestmlutionary conserved regions

(A) Multiple sequence alignment dRpoBand RpoCsequences from various species, the numberin
amino acid residues is based on tBesubtilissequence. The positions of mutations are indicated witr
double head arrowsgonserved cysteines involved in-mger formation are shown in red. Logos w
created as described (98). AbbreviatioBs:subtilisBacillus subtilisE. coli Escherichia cgIM. tuberculosig
Mycobacterium tuberculosisT. thermophilus Thermus thermophilys M. genitalium Mycoplasmi
genitalium S. acidocaldariysSulfolobus acidocaldariusl. sapiensHomo sapiens(B) Localization of th
mutations (indicated as red spheres) in the RNA polymerase shown at their corresponding postie
structure of T. thermophilusbt 5. L5Y ML2TT dpuvd ¢KS Gg2 h 3
NEBALISOGAG@GStes GKS O adzodzyAld Aa aK2gy Ay RIFNJ
image was created using UCSF Chir(leedtersenret al, 2004)
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