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Abstrakt

Bakteridlni RNA polymerdza (RNAP) je proteinovy komplex nepostradatelny pro prepis
DNA do RNA. Jakozto klicovy enzym zodpovédny za regulaci genové exprese shromazd’uje
signaly z bunky a reaguje na né pfesnym nastavenim urovné transkripce jednotlivych gent.
Tento proces ovliviiyji jak vlastni podjednotky RNAP tak i1 dal$i transkripéni faktory (TF),
které pifimo nebo nepiimo interaguji s RNAP.

Cilem této disertace bylo prohloubit znalosti o komplexité transkripcni regula¢ni sité a
o provazanosti jejich jednotlivych nitek, které jsou stale objevovany.

Hlavnim tématem této PhD prace je protein HelD, nové objeveny vazebny partner
RNAP z bakterie Bacillus subtilis. Ukazali jsme, ze HelD se vaze mezi sekundarni kanal
RNA polymerazy a alfa podjednotky tohoto enzymu. HelD se vaze na RNAP ve formé jadra
(bez ptitomnosti sigma faktoru). Dokézali jsme, Ze HelD stimuluje transkripci v zavislosti na
ATP tim, Ze napomahda jejimu cyklovani a elongaci. Stimula¢ni efekt proteinu HelD je
nasoben pusobenim podjednotky delta, malé¢ podjednotky RNA polymerdzy specifické pro
gram positivni (G+) bakterie. Tento fakt odhalil nové vztahy v provdzanosti komplikované
transkripéni site.

Dalsi dvé publikace této prace pojednavaji o vlastni delta podjednotce. Pomoci

nukle4arni magnetické rezonance (NMR) jsme vyfiesili 3D strukturu a ukdzali jsme, Ze delta

.....

(INTP).

V dal$i publikaci jsme provéfili geny pfimo regulované pleiotropnim transkripénim
faktorem Spx. Spx hraje kli¢ovou roli v udrzeni redoxni homeostaze bunék B. subtilis
vystavenych disulfidickému stresu. Pomoci korelace mezi vazebnymi misty Spx-RNAP
Komplexu (nalezenymi  pomoci chromatinové imunoprecipitace) a  srovnani
transkriptomickych dat divokého kmene a kmene mutantniho v Spx, vystavenych
diamidovému stresu ¢i nikoli, jsme identifikovali 144 transkripCnich jednotek piimo
regulovanych faktorem Spx.

Posledni ¢ast disertace pomohla zdokonalit bioanalytickou metodu pro hledani malych
nekodujicich RNA (ncRNA). Soucasné byl nalezen novy typ vysoce exprimované ncRNA
v bakterii Mycobacterium smegmatis.



Abstract

Bacterial RNA polymerase (RNAP) is a multisubunit complex essential for transcription of
DNA into RNA. As a key enzyme responsible for regulation of gene expression it interprets
regulatory signals from the cell and based on these cues RNAP adjusts transcription level of
particular genes. This process is affected both by the regular subunits of RNAP as well as
other transcription factors (TFs) directly or indirectly interacting with RNAP.

The general focus of this Thesis was to extend the knowledge about the complex
transcriptional regulatory networks and about the connections between individual pathways.

The main specific topic and the main publication of the thesis are focused on the HelD
protein, a novel binding partner of RNAP in Bacillus subtilis. We showed that HelD binds
between the secondary channel of RNAP and alpha subunits of the core form of the enzyme.
We proved that HelD stimulates transcription in an ATP dependent manner by enhancing
transcriptional cycling and elongation. We revealed a new connection in the transcription
regulatory machinery when we demonstrated that the stimulatory effect of HelD can be
amplified by delta, a small subunit of RNAP specific for gram positive (G+) bacteria.

Two other publications of the thesis are dealing with the delta subunit. We solved the
3D structure of delta by nucleic magnetic resonance (NMR) and we showed that delta affects
the regulation of RNAP by the concentration of the initiating nucleoside triphosphate (iNTP).

In the next paper, we examined genes directly regulated by a pleiotropic TF Spx. Spx
plays a key role in maintaining the redox homeostasis of B. subtilis cells exposed to disulfide
stress. By correlation of Spx-RNAP binding sites found by chromatin immunoprecipitation
(ChIP-chip) and gene differential expression in wild-type and Spx-mutant strains, exposed or
not to diamide, we identified 144 transcription units potentially under direct Spx regulation
and verified selected results by in vitro transcriptions.

The last part of the thesis improved the method for biocomputational searches
of small non-coding RNAs (ncRNAs) and coincidentally also discovered a new type of a
highly expressed ncRNA in Mycobacterium smegmatis.



1. Uvod

Bakterie jsou dominantni zivotni formou na Zemi. Diky jejich schopnosti pfizpiisobit svou
genovou expresi ménicim se podminkam prostiedi je mizeme najit i v takovych biotopech
jako jsou sopecné kratery, arktické oblasti nebo uvnitt jinych bunék. Jsou dokonce schopné
pfezit ve vesmiru.

Nase laboratof se zabyva regulaci genové exprese gram pozitivni (G+) modelové
bakterie Bacillus subtilis. Jeji genom obsahuje vice nez 4100 kodujicich sekvenci (Kunst et
al., 1997), funkce 1800 z nich vsak neni dosud znama (Ogasawara, 2000).

Zakladnim regulacnim krokem bakteridlni genové exprese je transkripce. Proces
transkripce probiha pomoci DNA dependentni RNA polymerdazy (RNAP), ktera ptepisuje
DNA do RNA. RNAP slouzi jako centralni uzel regula¢ni sité — misto, kde se setkavaji pfimé
1 nepfimé signadly z bunky jako odpovédi na vnéj$i podnéty. Tyto signadly mohou byt
pfeneseny k RNAP mnoha riiznymi zplsoby: regulace genové exprese mize byt
(iNTP), guanosine tetra/pentafosfat (ppGpp/pppGpp)], regulaénimi RNA nebo proteinovymi
transkripcnimi faktory (TF). Pravé tito ,,zprostfedkovatelé signdlu® jsou hlavni naplni moji
disertaéni prace. Ta pojednava o podjednotce J, specifické pro G+ bakterie, proteinech
interagujicich s RNAP G+ bakterii (Spx, HelD) a také o malé regulacni RNA (6S RNA), ktera

ovlivituje vlastnosti RNAP mnoha organismu.
1.1 Bakterialni RNA polymeraza

RNA polymeraza je esencidlni protein genové exprese. Zatimco eukaryota maji vice
typtt RNAP, Archea a bakterie maji ve svych bufikach pouze jeden typ DNA dependentni
RNAP. Ta prepisuje mRNA stejné€ jako i nekodujici RNA. Katalytické jadro RNAP se sklada
z péti podjednotek: axpp’® (Sweetser et al., 1987), a je schopné elongace transkripce, neni
vSak schopné transkripci iniciovat. Tento komplex je sekvencné, strukturné i funkcéné
konzervovany od bakterii az k lidem (Cramer, 2002; Ebright, 2000; Sweetser et al., 1987). Az
teprve vazba pfisluSného o faktoru kjadru RNAP umozni holoenzymu rozpoznat
promotorovou sekvenci na DNA a zahajit transkripci (Campbell et al., 2002; Mooney et al.,
2005). Mimo o faktoru se vaze na RNAP i spousta jinych proteind a neproteinovych faktord,
které ovliviuji rizné faze procesu transkripce.

Tvar RNAP piipomina krabi klepeto. ,,Celisti klepeta jsou tvofena pievazné fap’
podjednotkami a mezi nimi vznikda DNA kanal (~27 A s$iroky) (Zhang et al., 1999), do
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kterého se vejde dvouvldknova DNA jakoZzto templat pro transkripci. Katalytické misto se
nachazi v mist& spojeni ,,Gelisti“ klepeta a pro jeho spravné fungovani jsou dilezité dva Mg
ionty (Severinov, 2000). Skrz RNAP vede i uzky sekundérni kanal. Ten zaina blizko Mg?*
iontt, kon¢i na zadni strané enzymu a slouzi jako brana pro nukleosid trifosfaty (NTP) do
aktivniho centra. Syntetizovanou RNA odvadi z enzymu RNA-vystupni kanal. Pravé vazba
transkripcnich faktorti dovnitf nebo blizko téchto kanali je béznym zplsobem regulace

aktivity RNAP.

1.2 Podjednotky RNAP

B a B’ jsou nejvétsi podjednotky RNAP (geny rpoB, rpoC; 133 respektive 134 kDa).
Dohromady tvofi aktivni centrum zodpovédné za syntézu RNA. Jsou dilezité pro interakci
s templatovym a netemplatovym vlaknem promotorové DNA a ucastni se také procesu
terminace (Gentry and Burgess, 1993; Murakami et al., 2002). Néktera antibiotika se vazou
na 3 podjednotku: napf. rifampicin, sorangicin a streptolydigin (Campbell et al., 2005; Gentry
and Burgess, 1993; Yang and Price, 1995).

a je treti nejvetsi podjednotkou a v kazdé molekule enzymu se vyskytuje ve dvou
kopiich, je kodovana genem rpoA (35 kDa). Jedna z kopii se vaze na 3 a druha na P’
podjednotku (Minakhin et al., 2001). Soucasti a proteinu je vétsi N-koncova (aNTD) a mensi
C-koncova doména (aCTD). oNTD slouzi kvazbé na RNAP. oCTD interaguje
s promotorovou DNA pomoci sekvenéné nespecifickych vazeb s elementy v oblasti kolem
pozice -50 vzhledem k transkripénimu startu (Gourse et al., 2000; Ross et al., 1993). aCTD je
také dualezita pro vazbu nékterych transkripénich faktort jako je napf. Spx (Nakano et al.,
2003; Zuber, 2004).

o podjednotka je nejmensi sou¢ast RNAP. V B. subtilis je kodovana genem yloH (7.6
kDa). o je vysoce konzervovana v ramci G+ bakterii (YloH) i G- bakterii (RpoZ), Archei
(RpoK) a dokonce i eukaryot (Rbp6) (Minakhin et al., 2001). Ptestoze neni esencialni a pro
transkripci je postradatelna (Gentry and Burgess, 1989), pomaha sestavit RNAP a sestavenou
RNAP stabilizuje (Haugen et al., 2008; Mathew and Chatterji, 2006). Nedavno bylo
prokazano, ze ovliviiuje navazani primarniho o faktoru (Gunnelius et al., 2014).

o podjednotka (o faktor) je nepostradatelna pro zahajeni transkripce a je specificka
pouze pro bakterie. o je schopna rozpoznat promotorovou sekvenci a navazat se na ni,
zaroven snizuje afinitu RNAP k nespecifické DNA. Hraje také dtlezitou tilohu pii oddélovani

vlaken dvousroubovice DNA a tim vytvofeni transkripéni bubliny a pfi odstartovani RNAP
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z promotoru (Vassylyev et al., 2002). Pouze RNAP s navazanym o faktorem (RNAP-c;
holoenzym) dokaze rozpoznat promotor. Pocet o faktora je specificky pro jednotlivé druhy
bakterii. B. subtilis ma 17 riznych o faktord (napt. E.coli ma 7 o faktord, Mycoplasma
genitalium 1, Streptomyces coelicolor 63) (Gruber and Gross, 2003). Alternativni ¢ faktory
soupeii o katalytické jadro RNAP. Razné holoenzymy poté rozpoznavaji rizné promotoroveé
sekvence v ramci genomu a aktivuji rozdilné skupiny genti. To umozni buiice piizpusobit
expresi Kk momentalnim potftebam. Transkripce zakladniho setu genli nezbytnych pro
fungovani buiiky je zajisténa faktorem o’ v E. coli a faktorem o™ v B. subtilis. Dalsi
o faktory jsou zodpovédné za odpovéd’ genové exprese hlavné na rizné druhy stresu.

Jak aminokyselinova sekvence, tak piitomnost dalSich podjednotek RNAP se 1isi u
riaznych bakterialnich druht (Lane and Darst, 2010). Na rozdil od G- bakterii, RNAP z B.
subtilis a jinych G+ bakterii obsahuje dvé podjednotky navic: 6 a ;.

o; je kédovana genem ykzG (8.1 kDa) a spekuluje se o jeji funkci chaperonu
Vv pribéhu formovani RNAP komplexu, ale jeji funkce je dosud nejasna (Doherty et al., 2010).
Doposud nebyla opublikovana jedina studie zaméfena na tento protein. m, podjednotka B.
subtilis (7.6 kDa) je homologem k béZzné w G- bakterii (Mathew and Chatterji, 2006).

o je kédovana genem rpoE (20.5 kDa). Produktem tohoto genu je znacné kysely
protein (pl, 3.6) (Lampe et al., 1988). Poprvé byla & zminéna jakoZto protein potiebny pro
spravnou transkripci fagovych proteinti v butikach B. subtilis infikovanych fagem SP01 (Pero
et al., 1975; Tjian et al., 1977). Sklada se ze dvou domén — strukturované N-terminalni
domény (NTD) a nestrukturované kyselé C-terminalni domény (CTD). Aminokyselinova
sekvence CTD (useky obsahujici pifevazné glutamovou a asparagovou kyselinu) z ni délaji
prakticky polyaniont (Lopez de Saro et al., 1999). Tim, Ze in vitro & destabilizuje komplexy
RNAP s DNA, zvysuje specifitu RNAP pro konsensualni promotor (Achberger and Whiteley,
1981; Dobinson and Spiegelman, 1987). Mimo inhibi¢niho efektu & na transkripci, byla
prokazana stimulace na nékterych templatech, pravdépodobné zlepSenim recyklace RNAP
(Juang and Helmann, 1994). Piestoze tento protein neni esencidlni, jeho fyziologicka role
nebyla dosud jasna. U mutantni bakterie postradajici & podjednotku byl pozorovan pouze
slaby fenotyp prodlouzené lag faze rlistu bun€k nafedénych ze stacionarni faze do Cerstvého

média (Lopez de Saro et al., 1999).



1.3 Regulace transkripce

Regulace genové exprese je zasadni pro bunécnou adaptaci ke zménam prostiedi. Mize byt
regulovana na vSech trovnich — transkripce, translace nebo posttranslacni modifikace.
Regulace na urovni iniciace transkripce je ale nejefektivnéjsi a nejvice pouzivana u bakterii a
umoziiuje bunkam piiméfené reagovat na nedostatek zivin (Paul et al., 2004). Tento typ
regulace je zprostiedkovan transkripénimi faktory (TF) stejné jako malymi efektorovymi
molekulami [napt. INTP (Krasny et al., 2008; Rabatinova et al., 2013; Sojka et al., 2011) nebo
(p)ppGpp (Grundy and Henkin, 2004; Srivatsan and Wang, 2008)], nekodujicimi RNA

(ncRNA), aminokyselinami, vitaminy, a dalsimi molekulami (Borukhov et al., 2005).
1.3.1 Proteinové transkrip¢ni faktory

Vedle vlastnich podjednotek RNAP existuje velké mnozstvi jinych proteint, které se
docasné vazou na RNAP jen za urcitych podminek a urcitym zplisobem ovliviiuji jeji funkce
(Epshtein et al., 2010; Lewis et al., 2008; Toulmé et al., 2000; Yang et al., 2009). Kombinaci
nékolika ptistupti bylo odhadnuto, ze v E. coli, ktera obsahuje celkem asi 4400 genu, je 300-
350 regula¢nich DNA-vazebnych proteini (Pérez-Rueda and Collado-Vides, 2000). Velké
mnozstvi dalSich proteint ovliviiuje transkripci 1 bez vazby na DNA. Ze stovek transkripcnich
faktori se v této praci budu zabyvat dvémi dilezitymi proteiny, které jsou predmétem
zkoumani v mych odbornych publikacich: HelD a Spx.

HelD jako vazebny partner RNAP byl prvné publikovan v roce 2011 (Delumeau et al.,
2011). Na zaklad¢ sekven¢ni homologie se predpoklada, ze je to DNA helikaza z rodiny
UvrD/Rep helikaz. Proteiny této rodiny jsou zavislé na ATP a rozplétaji dvouvlaknovou DNA
(dsDNA) ve sméru 3'=5" (Yang and Lewis, 2010). HelD ma 90 kDa a je kodovana genem
helD (yvgS), ktery je siln¢ exprimovan v priabéhu exponencialni a stacionarni faze rustu. Dalsi
vyrazny narist v expresi HelD mizeme pozorovat ve sporulaci (Nicolas et al., 2012). Dosud
byla zjisténa role HelD v buiice pii opravé DNA a homologni rekombinaci (Carrasco et al.,
2001). Nicméng hlavni funkce ziistala nezjisténa a ani jeji biochemicka charakterizace ani jeji
role v transkripci nebyla zatim zkoumana.

Spx je globalni transkripéni regulator vysoce konzervovany v ramci G+ bakterii
(Zuber, 2004). Pomaha bunkam B. subtilis udrzet redoxni homeostazi i v redukujicim
prostiedi bakteridlni cytoplasmy a branit se proti oxidativnimu stresu vyvoldvajicimu vznik

disulfidickych mastka a $patnému sbaleni proteint a jejich nasledné nefunk¢énosti (Mostertz



et al., 2008; Scharf et al., 1998; Smits et al., 2005). Spx se piimo vaze na CTD o podjednotky
RNAP (aCTD) a tim pozitivné nebo negativné reguluje transkripci svych cilovych gent
(Reyes and Zuber, 2008).

1.3.2 Neproteinové transkrip¢ni regulatory: 6S RNA a malé molekuly

6S RNA je nekodujici RNA (ncRNA) kterou mizeme nalézt téméf u vSech skupin bakterii.
Ma velmi konzervovanou sekundéarni strukturu sklédajici se z centralni bubliny a dvou
bo¢nich nepravidelnych vlasenek. Jeji sekundarni struktura pfipomind rozpletenou
promotorovou DNA a tim umoziuje vazbu na RNAP (Trotochaud and Wassarman, 2005;
Wassarman and Storz, 2000). Vazba 6S RNA na RNAP se zakladnim ¢ faktorem znemoznuje
transkripci z mnoha promotori a umoziuje tak adaptaci na podminky stacionarni faze, kdy je
potiteba RNAP vazana na o faktory specifické pro tyto podminky (Cavanagh et al., 2008;
Neusser et al., 2010; Trotochaud and Wassarman, 2004). 6S RNA mtze slouzit jako templat
pro syntézu transkripénich produktli nazyvanych pRNA, coz vede k ukonceni represe vzniklé
pomoci vazby 6S RNA na RNAP a k uvolnéni RNAP z napodobeného otevieného komplexu
(Cavanagh et al., 2012; Gildehaus et al., 2007; Wassarman and Saecker, 2006; Wurm et al.,
2010).

Inicia¢ni nukleosid trifosfaty (iNTP) a (p)ppGpp jsou malé efektorové molekuly,
jejichz koncentrace se v buiice méni v zavislosti na fazi ristu (Rutherford et al., 2007).
V priibéhu exponencialni faze potiebuji bakterie velké mnoZstvi ribozomt k produkci velkého
mnozstvi novych proteint potiebnych k ristu (Condon et al., 1995). Aktivita ribozomalnich
RNA promotort musi byt zvySena oproti staciondrni fazi, kdy je hladina Zivin v prostiedi
nizka a bakterie musi Setfit energii. Tyto zmény jsou regulovany (p)ppGpp a iNTP (Murray et
al., 2003). E. coli a B. subtilis pouzivaji odlisné strategie regulace exprese ribosomalni RNA
(Krasny and Gourse, 2004; Krasny et al., 2008).

2. Cile prace

Hlavnim cilem této disertace bylo prohloubeni znalosti o genové regulaci na urovni
transkripce. Zaméfila jsem se na vazebné partnery RNA polymerazy v modelové bakterii
Bacillus subtilis a zkoumala jsem jejich strukturu a funkci v pribéhu slozitého procesu
pfepisu DNA do RNA.



Zkoumané proteiny interagujici s RNAP byly:

d podjednotka RNAP (publikace I, 11, 111)
HelD protein (publikace I11)

Spx transkripéni faktor (publikace 1V)
6S RNA (publikace V)

N A

3. Metody

Prace s nukleosid trifosfaty a nukleovymi kyselinami:

PCR Extrakce RNA
Sekvenovani Chromatografie na tenké vrstvé (TLC)
Klonovani Northern blotovani

Izolace plamidové a chromozomalni DNA Kvantitativni ,,primer extension*

Prace s bakteriemi:
Kultivace v riznych mediich za rtiznych Mg¢fteni optické hustoty

podminek Kompeti¢ni esej

Prace s proteiny:

Cisténi proteinti Nedenaturovana PAGE esej
Afinitni chromatografie Méfeni ATPazové aktivity
Nuklearni magneticka rezonance ,,Pull down* experiment

Western blotovani Imunoprecipitace

Western blotovani ptes proteinového Transkripce in vitro

prostfednika MALDI hmotnostni spektrometrie a
Isoelektricka fokusace identifikace proteinti

Celogenomové pristupy:

Chromatinova imunoprecipitace (ChIP—chip) Analyza transkriptomu

In silico analyzy:
Statistické anlyzy promotori Vypocet minimalni volné energie a in silico
Analyzy proteinové sekvence a domén srovnani

srovnani sekvenci metodou BLAST



4, Vysledky a diskuse

Prvni dvé publikace této disertacni prace se zabyvaji & podjednotkou RNAP. V Publikaci I,
ktera byla zpracovana ve spolupraci s Masarykovou Universitou v Brné, jsme vytesSili
strukturu N-terminalni domény (NTD) & podjednotky pomoci nuklearni magnetické
rezonance (NMR). Pro toto méteni byla pouzita zkracena forma proteinu (NTD s histidinovou
kotvou). NTD se sklada ze Cty o-helixti a antiparalelniho B-listu, dale slozeného ze tii
kratkych B-fetézci. Tyto fetézce tvoii vrch pomysiné trojnozky z a-helixi. Ja jsem v tomto
projektu ptispéla pfi ¢isténi proteinii pro NMR.

Publikace Il fesi (Rabatinova et al., 2013)in vitro a in vivo vlastnosti & proteinu.
Dokézali jsme, Ze & je jednou ze zdkladnich slozek transkripéniho aparatu, kterd pomaha
buiice prezit v pfirod€. V sérii experimenti jsme ukazali, ze  umoziuje RNAP reagovat na
koncentraci iNTP, coz je zdsadni pro rychlé zmény v genové expresi v zavislosti na
dostupnosti zivin. To také vysvétluje snizenou zivotaschopnost kmene s mutantni J
podjednotkou, ktery neni schopen pfezit pod tlakem kompetujictho kmene v ménicich se
podminkach. Tato podjednotka je dilezitd pro pfeziti builky v realném svété. V tomto
projektu jsem piispéla optimalizaci in vitro metod pro testovani elonga¢nich komplexd.

d hraje jednu z hlavnich roli i v Publikaci Ill, jelikoz jsme objevili vztahy mezi & a
HelD proteinem. Zjistila jsem, ze HelD protein se vyskytuje pii procesu purifikace v izolatu
RNAP z B. subtilis. Pfiblizné¢ ve stejnou dobu byl také publikovan ¢lanek, ve kterém
globalnim piistupem identifikovali vazebné partnery RNAP. HelD protein byl jednim z nich
(Delumeau et al., 2011). My jsme nasledn¢ ovéfili vazbu mezi HelD a RNAP dal$imi
metodami, urc¢ili jsme vazebné misto HelD na RNAP, a charakterizovali jsme funkci HelD in
vitro a in vivo. Tim, Ze byla objevena funk¢ni spojitost mezi HelD a 6 podjednotkou, zapadl
dalsi dilek skladacky transkripéni masinérie na své misto.

HelD stimuluje transkripci in vitro v zavislosti na ATP a vaze se vyhradné na jadro
enzymu (bez o faktoru). Uz tento fakt naznaCuje, Ze neovlivituje kroky pfi iniciaci
transkripce. Stimulace na nadSroubovicové sbalenych DNA templatech je zvySena spolupraci
s & podjednotkou RNAP. Nase prace ukazala, ze tyto dva proteiny umoziuji efektivnéjsi
cyklovani RNAP. In vivo jsme ukazali, Ze absence HelD prodluzuje ¢as nutny pro op&tovné
zahajeni rlstu po lag fazi ristu, podobné jako absence d. Tento fenotyp ovliviiuje schopnost
bunék se pfizpusobit zménam v dostupnosti zivin v prostiedi. Publikace 11l ptedstavuje hlavni

vysledky moji diserta¢ni prace a provedla jsem 90 % popsanych experimentd.
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Hodné otazek o fungovani HelD zlstalo nezodpovézenych a dalsi posun ve znalostech
oc¢ekavame po analyzovani transkriptomickych dat HelD-mutantniho kmene, které jsme
Vv nedavné dobé obdrzeli (Wiedermannova J., Sudzinova P., Rabatinova A., Delumeau O.,
Krasny L., unpublished).

Vedle vlastnich podjednotek RNAP a proteinti vytvarejicich silné a stabilni interakce
s enzymem je jeSté velké mnozstvi proteind a neproteinovych vazebnych partnert, ktefi se
vazou na RNAP pouze za velmi specifickych podminek. Publikace 1V je zamétena na Spx
transkripcni regulator, ktery hraje kli¢ovou roli v udrzeni redoxni homeostaze v bunkach B.
subtilis vystavenych disulfidickému stresu. Hlavnim cilem této prace bylo identifikovat geny,
které jsou piimo regulované faktorem Spx pfi disulfidickém stresu, pomoci celogenomového
mapovani Spx-RNAP vazebnych mist.

Vazebnd mista Spx-RNAP komplexu na chromozému byla zmapovana nasSimi
spolupracovniky z Francie (laboratof P. Noirota, Insitut national de la recherche
agronomique) pomoci chromatinové imunoprecipitace pies Spx s SPA kotvou nesledované
hybridizaci ziskané DNA na ¢ip (ChIP-chip). To bylo provedeno ptfed nebo po kratkém
pusobeni niz8i nez smrtelné davky diamidu (zpasobujici disulfidicky stres) na buiky B.
subtilis. Takto ziskana data byla zkombinovana s vysledky transkriptomické analyzy
divokého kmene a kmene mutantniho v Spx, vystavenych stejnym stresovym podminkam.
Vysledkem byla identifikace 144 transkripénich jednotek (zahrnujicich 275 geni) pfimo
regulovanych pomoci proteinu Spx.

Moje cast projektu (spolecné s A. Rabatinovou) bylo ovéfeni vybranych Spx-
aktivovanych promotorii pomoci in vitro transkripce. Potvrdili jsme aktivaci sedmi nové
objevenych promotor oxidovanym transkripénim faktorem Spx. Zajimavym vysledkem bylo
objeveni jednoho promotoru (YVgN), ktery pro svou aktivaci nevyzadoval oxidovanou formu
Spx. Budou potieba dalsi experimenty, aby byl mechanismus této aktivace objasnén. Tato
publikace globalné charakterizuje regulaéni sit’ transkripéniho faktoru Spx v B. subtilis.

Posledni publikace této disertacni prace (Publikace V) je zaméfena na neproteinovou
soucast transkripéni sit¢ - 6S RNA. Byla vypracovana ve spolupraci sJ. Pankem
z Mikrobiologického ustavu AVCR, ktery provedl bioinformatickou &ast projektu. Publikace
fesi problém bioinformatického ur€eni a ptedpovézeni homologii zndmych nekddujicich RNA
(ncRNA) v jinych taxonech, ktera cCasto selhava kvuli slabé evoluéni konzervovanosti
sekvenci, struktury, kolokalizace geni na chromozému a genomové lokace. Struktura se

ukazala jako nejkonzervovangj$i vlastnost ncRNA.
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Struktura 6S RNA byla pouzita pro vytvofeni nového bioinformatického postupu pro
volnou energii) a konsensudlnich struktur, suboptimalni struktury mohou lépe zachytit
homologii RNA dokonce i ve vzdalené ptibuznych druzich bakterii.

Vyvinuty algoritmus byl pouzit pro in silico identifikaci 6S RNA v nepiibuznych
bakteriich (Streptomyces, Mycobacterium), kde nebyla 6S RNA dfive identifikovana ani
experimentalné prokazana. Exprese identifikovanych sekvenci ncRNA byly ovéieny
experimentalne.

Prokéazali jsme expresi a vazbu na RNAP shlavnim o faktorem pro jednu
Z navrzenych sekvenci v bakteriich rodu Streptomyces, coz je typickym znakem pro funkéni
6S RNA. Pro Mycobacterium jsme piedpovédéli jednu ncRNAs (Msl), jejiz exprese ve
stacionarni fazi byla v bufice nasledné experimentdlné prokazana, ale nebyla zaznamenana
zadna interakce této RNA s RNAP v komplexu s hlavnim ¢ faktorem. To naznacuje, ze Msl
neni pravou 6S RNA, ale jinym typem ncRNA. Msl je tématem dal§iho vyzkumu v nasi
laboratofi.

Tato publikace ukézala, ze zbiologického hlediska miizou byt suboptimalni
sekundarni struktury pfirozené€jsi nez optimalni a Ze tato vlastnost miize byt tispé$né vyuzita
k predikci nekodujicich RNA u evolu¢né vzdalenych taxonl nejen prokaryot. K této publikaci
jsem pfispéla experimentalnim ovéfenim exprese bioinformaticky navrzeného kandidata

NcRNA v M. smegmatis a ovéfenim jeji vazby na RNAP.

5. Zavéry
Porozuméni genové expresi je jednou ze zakladnich otazek bunécéné biologie. Tento proces je
vysoce konzervovany od bakterii aZz po lidi. Také zdkladni néstroj genové exprese, DNA
dependentni RNA polymeraza, je strukturné konzervovana. Na rozdil od Eukaryot, ktera
pouzivaji 3 rizné druhy RNAP k transkripci riznych RNA, v bakteriich je jeden typ RNA
polymerdzy zodpovédny za transkripci jak stabilni ncRNA (tzn. tRNA, rRNA) tak protein-
kodujici RNA (mRNA). Zaroven hodné prokaryotnich proteint a procestt maji své protéjsky
Vv eukaryotnich. Tato universalnost bakteridlni RNAP spolecné s rychlou a snadnou kultivaci
predurcila bakterie, aby slouzily jako zjednoduseny model pro objevovani novych interakci a
vztahil velmi komplikované transkrip¢ni sité.

Jelikoz je transkripce Zivotné dilezitym procesem pro kazdou bunku, porozumeéni
klicovym soucastem je zasadni pro vyvoj novych antibakteridlnich latek. Universalnost
RNAP je vyhodnad pro vyzkum zakladnich principi transkripce, nicméné jeji specifita a
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jedine¢nost V rtiznych organismech muze pomoci rozsifit moznosti navrhovani novych
druhové specifickych anti-RNAP latek.

Tato disertacni prace strukturné a funkéné charakterizovala n€kolik proteini typickych
pro G+ bakterie (6 podjednotka RNAP, HelD protein, Spx transkripéni regulator), vylepsila
metodu pro bioinformatické hledani malych nekddujicich RNA a soucasné objevila novy typ
vysoce exprimované ncRNA v M. smegmatis. Nase prace posunula porozuméni RNA
polymerazy jakozto centra, kde se sbihaji rizné typy signdli a ovliviuji Vvyslednou
transkripci.

Budouci vyzkumné plany nasi laboratofe zahrnuji analyzu trankriptomickych dat
mutantli v o a HelD a zamétime se také na vyfeSeni 3D struktury HelD nebo jejich casti.
Chceme charakterizovat proteiny potencidlné analogni k HelD (napi. PcrA), které mohou

nahrazovat funkci HelD v mutantnim kmeni.

6. Introduction

Bacteria are the dominant life form on Earth. Due to their ability to adapt by changing gene
expression in response to changing environmental conditions, we can find them even in
volcanos, arctic areas or inside other cells. They are even able to survive in space.

Our laboratory focuses on gene expression regulation in the G+ model bacterium
Bacillus subtilis. Its genome consists of more than 4100 coding sequences (Kunst et al., 1997)
but the function of 1800 is still unknown (Ogasawara, 2000).

The basic regulatory step of bacterial gene expression is transcription. The process of
transcription is performed by DNA dependent RNA polymerase (RNAP), which transcribes
DNA into RNA. RNAP serves as a central point of a regulatory network - as a “meeting
point” of direct or indirect signals produced by the cell to answer the outer stimuli. These
signals can be transported to RNAP by many different ways: regulation of transcription can
be mediated by small effector molecules [e.g. initiation nucleoside triphosphates (iNTP),
guanosine tetra/pentaphosphate (ppGpp / pppGpp)], regulatory RNAs or protein transcription
factors (TF). These mediators are the main topic of my work. The Thesis deals with G+
bacteria-specific subunit of the RNAP (5), proteins interacting with RNAP (Spx, HelD), and
also a small RNA (6S RNA) affecting properties of RNAP.
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6.1 Bacterial RNA polymerase

RNAP is an essential protein required for gene expression. Unlike eukaryotes, Archea
or bacteria have only one type of DNA dependent RNAP (transcribes mRNA as well as non-
coding RNA). The catalytic core of RNAP consists of five subunits: o’ (Sweetser et al.,
1987) and it is capable of transcription elongation but not initiation. This complex is
sequentially, structurally and functionally conserved from bacteria to humans (Cramer, 2002;
Ebright, 2000; Sweetser et al., 1987). Binding of an appropriate o factor to RNAP core
enables the holoenzyme to recognize specific promoter DNA and initiate transcription
(Campbell et al., 2002; Mooney et al., 2005). Besides o factors, RNAP binds many proteins
or non-protein factors which affect various steps of the transcription process.

RNAP resembles a crab claw. The jaws of the claw are composed mostly of the
B and B subunit and form the DNA channel (~27 A width) (Zhang et al., 1999) which is just
wide enough to accommodate the double-stranded DNA (dsDNA) template. The catalytic site
resides at the joint of the pincers of the claw and two Mg®" ions are important for its
appropriate function (Severinov, 2000). A narrow secondary channel runs through the
polymerase molecule. This channel begins close to the catalytic Mg?* ions, opens at the back
of the enzyme and serves as a gate for NTPs to the active site. The RNA exit channel leads
the nascent RNA from the enzyme. Binding of transcription factors inside or near these

channels is a common way to regulate RNAP activity.

6.2 Subunits of bacterial RNAP

The B and B' subunit are the largest subunits of RNAP (rpoB, rpoC gene; 133 and 134
kDa respectively). Together they form the active center responsible for RNA synthesis. They
are important for interaction with template and non-template strands of promoter DNA and
they also participates in the process of transcription termination (Gentry and Burgess, 1993;
Murakami et al., 2002). Some antibiotics interact with the [ subunit: e.g. rifampicin,
sorangicin and streptolydigin (Campbell et al., 2005; Gentry and Burgess, 1993; Yang and
Price, 1995).

The o subunit is the third-largest subunit and it is present in two copies per molecule
of RNAP. a is coded by the rpoA gene (35 kDa). One of the o molecules binds  and the
other binds B” (Minakhin et al., 2001). The a subunit contains a larger N-terminal and a

smaller C-terminal domain (aNTD, aCTD). aNTD contains determinants for assembly of
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RNAP. aCTD interacts with promoter DNA by non-sequence-non-specific interactions with
upstream elements of promoters (Gourse et al., 2000; Ross et al., 1993). aCTD also interacts
with some transcription factors (e.g. Spx) (Nakano et al., 2003; Zuber, 2004).

The ® subunit is the smallest subunit of RNAP. It is encoded by the yloH gene in B.
subtilis (67 aa, 7.6 kDa). The ® subunit is highly conserved in G+ (YloH) and G- bacteria
(RpoZz), Archea (RpoK), and even in eukaryotes (Rbp6) (Minakhin et al., 2001) and facilitates
assembly of RNAP and stabilizes assembled RNAP (Haugen et al., 2008; Mathew and
Chatterji, 2006). It is not essential and it is dispensable for transcription (Gentry and Burgess,
1989). Recently it was shown to also affect the binding of the primary o factor (Gunnelius et
al., 2014).

The o subunit (o factor) is indispensable for transcription initiation and it is strictly
bacteria-specific. o recognizes and binds promoter sequence and reduces the affinity of
RNAP for nonspecific DNA, it plays an important role in separation of DNA strands to create
the transcription bubble and it is also important in promoter escape and clearance (Vassylyev
et al., 2002). Only RNAP bound to o (RNAP-c; the holoenzyme) is capable to recognize
promoter. The number of o factors is specific for different bacterial species. B. subtilis
contains 17 different o factors (e.g. E.coli contains 7 o factors, Mycoplasma genitalium 1,
Streptomyces coelicolor 63) (Gruber and Gross, 2003). Alternative o factors compete for the
catalytic RNAP-core to form the holoenzyme. The different holoenzymes thus recognize the
distinct promoter classes in the genome and activate discrete sets of genes to satisfy the needs
of the cell for adaptation. Transcription of housekeeping genes is provided by ¢’ in E. coli
and by o’ in B. subtilis. Other o factors are responsible for the change of gene expression
mainly during different stresses.

Both the amino acid sequence and the presence of additional subunits of RNAP vary
among bacterial species (Lane and Darst, 2010). Unlike in G- bacteria, RNAP from B. subtilis
and other G+ bacteria contains two extra subunits: 6 and .

w1 1S encoded by the ykzG gene (8.1 kDa) and may function as chaperon during RNAP
folding but the function is still not clear (Doherty et al., 2010). So far not a single study has
focused on this protein. o, (7.6 kDa) is homologous to common ® in G- bacteria (Mathew
and Chatterji, 2006).

o is encoded by the rpoE gene (20.5 kDa). The product of this gene is a highly acidic
protein (pl, 3.6) (Lampe et al., 1988). It was firstly reported as a protein required for accurate
middle gene transcription in phage SPO1-infected B. subtilis cells (Pero et al., 1975; Tjian et
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al., 1977). It consists of two domains — the structured N-terminal domain (NTD) and the
unstructured acidic C-terminal domain (CTD). Amino acid composition of CTD (stretches of
glutamic and aspartic acid residues) makes it virtually a polyanion (Lopez de Saro et al.,
1999). 6 increases RNAP’s specificity for consensus promoter by destabilizing complexes of
RNAP with DNA in vitro (Achberger and Whiteley, 1981; Dobinson and Spiegelman, 1987).
Besides the inhibitory effect of & on transcription, & was shown to stimulate transcription on
some templates, possibly by enhancing RNAP recycling (Juang and Helmann, 1994). As the
protein is not essential, physiological role of & was not clear. Mutants without o display only a
mild phenotype consisting of a prolonged lag phase of cells diluted from stationary phase into

fresh medium (Lopez de Saro et al., 1999).
6.3 Regulation of transcription

Regulation of gene expression is crucial for cell adaptation to environmental changes. It can
be regulated at all levels- transcription, translation or posttranslational modifications but the
regulation at the level of transcription initiation is the most effective and the most used in
bacteria. This kind of regulation enables the cells to properly answer the insufficiency of
nutrients (Paul et al., 2004) and it is mediated by transcription factors (TFs) as well as small
effector molecules like INTP (Krasny et al., 2008; Rabatinova et al., 2013; Sojka et al., 2011)
or (p)ppGpp (Grundy and Henkin, 2004; Srivatsan and Wang, 2008), non-coding RNAs

(ncRNAs), amino acids, vitamins, and other molecules (Borukhov et al., 2005).
6.3.1 Protein transcription factors

In addition to bona fide subunits, a large number of other protein factors temporarily
interact with RNAP and affect its properties under various conditions and in various ways
(Epshtein et al., 2010; Lewis et al., 2008; Toulmé et al., 2000; Yang et al., 2009). Using a
combination of several approaches it was estimated a total of 300-350 regulatory DNA-
binding proteins out of ~4400 genes existing in E. coli (Pérez-Rueda and Collado-Vides,
2000). A number of other proteins affect transcription without binding DNA. From hundreds
of TFs, I will further discuss two important proteins, which were topics of my research
papers: HelD and Spx.

HelD as a binding partner of RNAP was first reported in 2011 (Delumeau et al., 2011).
Based on sequence homology, it is a putative DNA helicase from the UvrD/Rep family.

Proteins from this family unwind dsDNA in 3°-5" direction in an ATP dependent manner
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(Yang and Lewis, 2010). HelD is a 90 kDa big protein coded by the helD (yvgS) gene which
is strongly expressed during the exponential and stationary phase of growth and further
increase of expression is observed during sporulation (Nicolas et al., 2012).

The cellular role of HelD was implicated in DNA repair and homologous
recombination (Carrasco et al., 2001). However the main function in the cell remains
unknown and its biochemical characterization and its role in transcription was not
investigated before.

Spx is a global transcription regulator that is highly conserved in G+ bacteria (Zuber,
2004). 1t helps the B. subtilis cell to maintain redox homeostasis in highly reducing
environment of bacterial cytoplasm and to defend against oxidative stress leading to disulfide
bonds formation and misfolding and inactivation of proteins (Mostertz et al., 2008; Scharf et
al., 1998; Smits et al., 2005). Spx directly binds to the C-terminal domain of the RNA
polymerase o subunit (auCTD) to positively or negatively regulate transcription of its target

genes (Reyes and Zuber, 2008).
6.3.2 Non-protein transcription regulators: 6S RNA and small molecules

6S RNA is a non-coding RNA that can be found in almost all groups of bacteria. It exhibits a
highly conserved secondary structure consisting of a central bulge flanked by two irregular
stem structures, which resembles open DNA promoters and allows its binding to RNA
polymerase holoenzyme containing the primary o factor (Trotochaud and Wassarman, 2005;
Wassarman and Storz, 2000). Binding of 6S RNA to RNAP with the housekeeping o factor
interferes with transcription at many promoters and facilitates adaptation to stationary phase
conditions, where RNAP is bound to stationary phase-specific o (Cavanagh et al., 2008;
Neusser et al., 2010; Trotochaud and Wassarman, 2004). To relieve the 6S RNA-dependent
repression and to release RNAP from the mimicked open promoter complex, 6S RNA can
serve as a template for synthesis of de novo transcription products termed pRNA (Cavanagh
etal., 2012; Gildehaus et al., 2007; Wassarman and Saecker, 2006; Wurm et al., 2010).

INTP and (p)ppGpp are small effector molecules whose concentration changes in
dependence on the bacterial phase of growth (Rutherford et al., 2007). During exponential
phase bacteria needs a high number of ribosomes to produce the huge amount of new proteins
required for growth (Condon et al., 1995). The activities of ribosomal RNA (rRNA)
promoters have to be high compared to stationary phase of growth, where the level of
nutrients is low and bacteria have to save energy. These changes are regulated by (p)ppGpp
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and iINTP (Murray et al., 2003). E. coli and B. subtilis use diverse strategies of rRNA gene
expression regulation (Krasny and Gourse, 2004; Krasny et al., 2008).

7. Aims of the study

The main general aim of this thesis was to extend the knowledge about gene regulation on the
level of transcription. | focused on interacting partners of RNAP in the model organism

Bacillus subtilis and explored their structure and function during the complex process of

transcription. The specific aims focused on four selected interacting partners of RNAP.

The selected RNAP-interacting partners were:

1. d subunit of RNAP (publications I, 11, I11)
2. HelD protein (publication 1)
3. Spx transcription factor (publication IV)
4. 6S RNA (publication V)

8. Methods

Work with NTPs and nucleic acids:
PCR

Sequencing

Cloning

Chromosomal and plasmid DNA extraction

Work with bacteria:
Cultivation in various media and conditions

Optical density measurement

Work with proteins:
Protein purification
Affinity chromatography
Nuclear magnetic resonance
Western blotting

Far western blotting
Isoelectric focusing

Native PAGE assays

RNA extraction
Thin-layer chromatography (TLC)
Northern blotting

Quantitative primer extension

Competition assay

Measuring of ATPase activity

Pull down experiment
Immunoprecipitation

Transcription in vitro

MALDI mass spectrometry and protein

identification
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Genome-wide analyses:

Chromatin immunoprecipitation (ChIP—chip) Transcriptome analysis

In silico analyses:
Statistical analysis of promoter sequences Minimum free energy calculation and in silico
Protein sequence and domain analysis comparisons

BLAST sequence comparisons

9. Results and discussion

The first two papers explore the characteristics of the & subunit of RNAP.

In Publication I, in collaboration with the Masaryk University, Brno, we solved the
structure of the ordered N-terminal domain of & subunit by nuclear magnetic resonance
(NMR). NMR measurements were based on a truncated construct consisting of the N-terminal
domain containing a His tag. The NTD contains four a-helices and an antiparallel -sheet
composed of three short B-strands at the top of a “twisted tripod” formed by the a-helices. |
contributed by preparing the purified protein.

Publication Il deals with the in vitro and in vivo properties of the & protein from B.
subtilis. This work proved that & is a crucial component of the transcription machinery that
allows the cell to survive in nature. In a series of experiments we demonstrated that 6 enables
RNAP to be sensitive to the concentration of the INTP that is crucial for rapid changes in gene
expression reflecting the nutrient availability. This also explains the decrease in fitness of the
d-mutant strain that is unable to survive in a changing environment under the pressure of a
competing strain. Clearly, this subunit of RNAP is important for the cell’s survival in the real
world. I contributed by optimization of in vitro methods for testing elongation complexes.

o also plays one of the main roles in Publication Il as we found its close relationship
with HelD, a protein that I discovered to interact with RNAP from B. subtilis. | found HelD as
a copurifying protein in RNAP preparations. However, at about the same time, a paper was
published where a global approach was taken to identify RNAP binding partners and HelD
was one of them (Delumeau et al., 2011). Nevertheless, we subsequently confirmed the
interaction of HelD with RNAP by other approaches, identified the binding site of HelD on
RNAP, and characterized in vitro and in vivo its function. We added another piece of puzzle
of the transcription machinery when a strong functional link between HelD and & was

revealed.
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HelD stimulates transcription in vitro in an ATP dependent manner and binds
exclusively to the core form of the enzyme (without o factor). This fact indicates that it does
not affect initial steps of transcription. The stimulation on supercoiled templates is
synergistically enhanced by & subunit. Our work revealed that the two proteins promote more
efficient cycling of RNAP. In vivo, we showed that absence of HelD prolongs the lag phase of
growth similarly to the absence of 8. This phenotype affects the cells ability to adequately
adapt to nutritional changes in the environment. This study (Publication 111) represents the
main published result of my Thesis and | performed 90 % of the experiments.

Many questions about HelD functioning have remained unanswered and we expect a
substantial progress after analyzing the recently obtained transcriptomic data of HelD-null
strain (Wiedermannova J., Sudzinova P., Rabatinova A., Delumeau O., Krasny L.,
unpublished).

Besides the regular subunits of RNAP and RNAP-associated proteins making strong
and stable interactions with the enzyme, there are a lot of proteins and non-protein interacting
partners that binds to RNAP only under very specific conditions. The fourth paper
(Publication 1V) focuses on the Spx transcription regulator that plays a key role in
maintaining the redox homeostasis of B. subtilis cells exposed to disulfide stress. The main
aim of this work was to identify genes directly regulated by Spx under disulfide stress by a
genome-wide mapping of Spx-bound RNAP-binding sites.

By chromatin immunoprecipitation of SPA-tagged Spx followed by hybridization of
the obtained DNA to tiling microarrays (ChIP-chip) our French collaborators (lab of P.
Noirot, The French National Institute for agricultural research) mapped chromosomal sites
bound by Spx-RNAP complex. This was done before and after a short exposure of B. subtilis
cells to sublethal diamide stress (inducing the disulfide stress). These data were combined
with results from transcriptome analysis in Spx-proficient and -deficient strains exposed to the
same stress conditions. As a result we identified 144 transcription units (comprising 275
genes) under direct Spx control.

My part of the work was validation of selected Spx-activated promoters by in vitro
transcription assay. | (together with A. Rabatinova with whom | shared the project) confirmed
activation of seven newly identified promoters by oxidized Spx transcription factor.
Interestingly, activation on one of the promoters (yvgN) did not require the oxidized form of
Spx, and future experiments will be required to decipher the mechanism. In summary, this

paper globally characterizes the Spx regulatory network.
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The last paper of this thesis (Publication V) deals with a non-protein component of the
transcription regulatory machinery - 6S RNA. This work was done in collaboration with J.
Péanek from the Institute of Microbiology in Prague who spearheaded the biocomputational
part. The publication solves problems with biocomputational identification and prediction of
homologs of known ncRNAs in other species which often fails due to weakly evolutionarily
conserved sequences, structures, synteny and genome localization. RNA structure appears to
be the most conserved ncRNA property. The structure of 6S RNA was used as a model for
creating a new computational procedure for the identification of homologous ncRNAs and it
proved that unlike optimal (with the lowest free energy) and consensus structures, suboptimal
structures are capable of better capturing RNA homology even in divergent bacterial species.

The developed algorithm was used to in silico identify 6S RNA in divergent bacterial
species (Streptomyces, Mycobacterium) and expression of the obtained sequences of ncRNAs
was verified experimentally. The 6S RNA in these species were previously neither identified,
nor experimentally proven. In Streptomyces, one of the candidate sequences was found to be
expressed and to interact with RNAP in a complex with the housekeeping o factor, which is
the hallmark of functional 6S RNA. For Mycobacterium, one of the predicted ncRNAs (Ms1)
was highly expressed during all stationary phase but the interaction with RNAP in complex
with the housekeeping o factor was not detected, suggesting that Msl is not a genuine 6S
RNA, but a novel type of ncRNA and it is a subject of ongoing research in our lab.

This paper demonstrates that from a biological point of view, suboptimal structures
can be more natural than optimal ones and that this property can be successfully used to
predict ncRNAs in evolutionary distant species not only in prokaryotes. | contributed to this
work by experimentally verifying the expression of bioinformatically identified candidate

nNcRNAS in M. smegmatis.

10. Conclusions

Understanding the gene expression is one of the fundamental questions of cell biology. This
process is highly conserved from humans to bacteria. Also the basic tool of gene expression,
the DNA-dependent RNA polymerase, is structurally conserved. In bacteria, a single species
of RNAP transcribes both stable ncRNA (i.e. tRNA and rRNA) and protein coding RNA
(mRNA), unlike eukaryotic cells, which use 3 distinct RNAP species to transcribe different
RNAs. Many prokaryotic proteins and processes have their counterparts in eukaryote ones.

The versatility of bacterial RNAP together with the fast and easy cultivation predestined
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bacteria to serve as a simplified model for revealing new interactions and relationships of the
complex transcriptional net.

Since transcription is an essential process for every cell, understanding the key players
is crucial for the development of novel antibacterial compounds. RNAP versatility is
beneficial for research of basic principles of transcription however specifics and uniqueness
of RNAP from different organisms can substantially aid to extend the possibilities for the
design of novel species-specific anti-RNAP structures.

This Thesis structurally and functionally characterized several proteins typical for G+
bacteria (5 subunit of RNAP, HelD protein, Spx transcription regulator), improved a method
for biocomputational searches of small ncRNAs, and coincidentally discovered a new type of
highly expressed ncRNA in Mycobacterium. This work has advanced our understanding of
RNAP as a hub where various types of signals converge and affect the transcriptional output.

Future research directions of our laboratory include analysis of recently obtained
transcriptomic data of d-null and HelD-null strains and we will focus on solving the 3D
structure of HelD or its parts. We intend to study whether proteins analogous to HelD (e.g.

PcrA) may substitute its function in the mutant strain.
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