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ABSTRACT 

Bacterial DNA-dependent RNA polymerase (RNAP) is a key enzyme of bacterial transcription. Its activity 

must be tightly regulated. This could be done on the level of promoter DNA topology recognition, by 

changing the intracellular levels of metabolites, or by binding proteins, known as transcription factors. 

Even though the RNAP regulatory network has been intensively studied for decades, new regulators 

are still being described. The main focus of this Thesis is to characterize some of them: i) HelD, a novel 

RNAP interacting factor, with so far unknown protein 3D structure; ii) RNase J1, an enzyme with 

a unique mechanism of functioning; iii) Spx, a major regulator of gene expression in Bacillus subtilis, 

with still new roles to be defined and iv) the effect of the topological state of promoters on 

transcription. 

We identified HelD as an interacting protein of RNAP in Bacillus subtilis and described its biochemical 

properties. It stimulates transcription in an ATP-dependent manner, by enhancing recycling of RNAP 

molecules (Publication I). We published the first insight into the HelD structure by SAXS (small angle 

X-ray scattering) and deepened the understanding of HelD domain composition (Publication III). And 

finally, we were able to solve the cryo-EM structure of HelD:RNAP complexes from Mycobacterium 

smegmatis and described the almost whole cycle of HelD in RNAP binding and transcription 

(Publication VI). 

For RNase J1 we described a novel mode of function, not identified in bacteria before, the so-called 

“torpedo” mechanism, by which RNase J1 helps resolve the RNAPs stalled on DNA (Publication V). 

To the already published roles of Spx in various stresses, we add an observation where Spx plays a role 

in heat stress (Publication II) together with the alarmone ppGpp. Spx and ppGpp were thus newly 

identified as parts of thermo-tolerance and thermo-resistance in B. subtilis (Publication IV). 

The last part of the Thesis reveals that the topological state of promoter DNA plays an important role 

in transcription initiation from primary sigma factor-dependent promoters for ribosomal RNA in 

various stages of the bacterial growth. It also affects transcription starting from promoters dependent 

on alternative σ factors (Manuscript VII). 

Altogether, this Thesis brings new insights into the functioning of RNAP in particular and the 

transcription cycle in general. 

 



 
 

 

  



 
 

ABSTRAKT 

Klíčovým enzymem bakteriální transkripce je DNA-závislá RNA-polymeráza (RNAP). Její aktivita musí 

být přesně kontrolována. Tato kontrola může nastat na úrovni rozeznání různých verzí promotorové 

DNA, v různém stavu nadšroubovicovitého vinutí. Dále také pomocí změn ve vnitrobuněčné 

koncentraci metabolitů, nebo pomocí vazby proteinů, které se nazývají transkripční faktory. 

I když byla RNAP a její regulační síť intenzivně studována po desítky let, stále nové a nové regulátory 

jsou objevovány. Hlavním cílem této doktorské práce je představit několik z nich: i) HelD, nový protein, 

který se váže na RNAP, a jehož trojrozměrná struktura zatím není známa; ii) RNázu J1, enzym s novým 

mechanismem funkce; iii) Spx, důležitý regulátor genové exprese v Bacillus subtilis, jehož všechny 

funkce zatím nejsou popsány a iv) vliv nadšroubovicovitého stavu promotorové DNA na transkripci. 

V Publikaci I jsme popsali HelD protein jako nového vazebného partnera RNAP z Bacillus subtilis 

a charakterizovali jsme jeho biochemické vlastnosti. HelD zvyšuje transkripci tím, že pomáhá 

recyklovat molekuly RNAP, a tato aktivace je závislá na ATP. V Publikaci III jsme prezentovali první vhled 

do trojrozměrné struktury HelD pomocí metody SAXS a popsali jsme doménové složení HelD proteinu. 

A v Publikaci VI jsme vyřešili strukturu proteinového komplexu HelD:RNAP z Mycobacterium 

smegmatis pomocí kryogenické elektronové mikroskopie. Také jsme popsali téměř celý cyklus vazby 

HelD na RNAP a ovlivnění transkripce tímto proteinem. 

V Publikaci V jsme pro protein RNázu J1 popsali nový mechanismus fungování, který nebyl dříve 

v bakteriích znám. Jedná se o mechanismus „torpédo“ a RNáza J1 jím pomáhá uvolňovat zaseklé 

komplexy RNAP na DNA. 

K publikovaným rolím v regulaci stresové odpovědi jsme pro protein Spx v Publikaci II přidali 

pozorování, že Spx působí také v teplotním stresu. Dělá tak zároveň s buněčným alarmonem ppGpp. 

Dále jsme identifikovali Spx a ppGpp jako novou součást odolnosti vůči teplotnímu šoku (Publikace IV). 

Poslední část této práce popisuje, jak důležitou roli hraje stav nadšroubovicovitého vinutí promotorové 

DNA na iniciaci transkripce z ribozomálních promotorů. Tato regulace je závislá na hlavním faktoru 

sigma, a popsali jsme ji pro více růstových fází.  Stav nadšroubovicovitého vinutí má také vliv na 

transkripci závislou na alternativních faktorech sigma (Manuskript VII). 

Shrnuto, tato práce přináší nové poznatky do problematiky zaměřené na fungování RNAP a celkově 

fungování transkripčního cyklu. 
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1. INTRODUCTION 

Bacteria are constantly at the mercy of changes in the environment. Adaptation to these changes is 

mediated by changes in gene expression. Bacterial cells, therefore, need to have quick and effective 

ways to regulate their gene expression. The most effective way is regulation on the transcriptional 

level. Transcription depends on RNA polymerase (RNAP). The activity of RNAP could be regulated i) by 

proteins factors, such as Spx, HelD, and RNase J1; ii) by the small molecules, such as initiating 

nucleoside triphosphates (iNTPs) and the alarmone of the stringent response, (p)ppGpp, and by iii) 

the topological state of promoter DNA. These above mentioned regulators are the focus of this Thesis. 

This Thesis consists of six publications and one manuscript. Publications I, III and VI are focused on the 

characterisation of a newly discovered transcriptional factor – HelD, both on the functional and 

structural levels. Publications II and V show that Spx is not only a regulator of oxidative stress, but has 

also a role in the heat stress response in cooperation with the (p)ppGpp alarmone. Publication IV 

describes a novel mechanism by which bacteria remove stalled complexes of RNAP from DNA. This 

mechanism depends on RNase J1. Manuscript VII then illustrates how the topological state of DNA 

affects transcription from various promoters. The research described in this Thesis was done mainly 

with the model bacterium Bacillus subtilis, with the exception of Publication VI where Mycobacterium 

smegmatis was used instead. 

Bacillus subtilis (B. subtilis) was originally named Vibrio subtilis in 1835 by Christian Gottfried 

Ehrenberg, and in 1872 it was renamed to Bacillus subtilis by Ferdinand Cohn. B. subtilis is a non-

pathogenic, aerobic, rod-shaped bacterium (Figure 1A). Its optimal growth temperature is at around 

30 - 37 °C, resulting in a doubling time of ~30 minutes in rich media. B. subtilis could be found in various 

environments, mainly in soil, but also in the sea, and it is one of the most studied bacteria for its ability 

to form dormant spores. Moreover, it also serves as a model Gram-positive (Gram+) bacterium for 

transcription, translation, replication, biofilm development, protein secretion and more. The life cycle, 

environmental importance and industrial applications of B. subtilis are illustrated in Figure 1B. 

Its genome is a single 4.2Mbp chromosome with more than 4,200 genes, but only a small portion of 

the genes (~250) is essential for cultivation in the laboratory (Commichau et al., 2013; Kobayashi et al., 

2003). It was the first sequenced genome of a Gram+ bacterium, revealing a 43% level of the G+C 

content (Kunst et al., 1997). Nowadays, studies are carried out to define the minimal possible genome 

of B. subtilis. In the MiniBacillus project, researchers have managed so far to reduce the B. subtilis 

genome by 42 %; the resulting strain has a potential in biotechnological applications (Reuß et al., 2016). 
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Figure 1. Cells structure (A), life cycle, environmental importance and industrial applications (B) of B. subtilis. 

(A) Biofilm of wt B. subtilis visualised by electron microscopy, with the collaboration of O. Benada, Institute of 

Microbiology. Panel (B) is adapted from (Errington and van der Aa, 2020). 

All the laboratory strains used world-wide (as 168, PY79, JH642 and others) are descendants from the 

wild type B. subtilis Marburg strain, now known as NCIB 3610 (Earl et al., 2007; McLoon et al., 2011; 

Srivatsan et al., 2008; Zeigler et al., 2008). These laboratory strains were created by the domestication, 

which led to the loss of biofilm formation, swarming and sliding, synthesis of extrapolymers and some 

other antimicrobials agents, and to creating of auxotrophic mutations. On the other hand, the 

laboratory strain gained a process called natural genetic competence, an ability to uptake extracellular 

DNA. Nevertheless, this improved competence was at a cost – it resulted from losing the 84 kb 

endogenous plasmid pBS32 (Earl et al., 2007). In our laboratory, we are mainly using the BaSysBio 

1 (BSB1) 168 trp+ strain as this is perhaps the best characterized Bacillus strain; its characterization 

includes an exhaustive transcriptomic study (Nicolas et al., 2012). 

Mycobacterium smegmatis (M. smegmatis) is another model bacterium from the Gram+ family. 

Among its advantages belong non-pathogenicity and relatively fast doubling time of about ~90 

minutes, compared to harmful bacteria Mycobacterium leprae, Mycobacterium bovis and 

Mycobacterium tuberculosis (doubling time of Mtb ~ 22 hrs). With M. tuberculosis it shares more than 

2000 homologous genes, and, importantly, synthesis of mycothiol and the same cell wall structure 

(Shiloh and DiGiuseppe Champion, 2010; Sundarsingh T et al., 2020). The M. smegmatis genome is GC 

rich, with a 67 % level of the G+C content. In our laboratory, we are working with the M. smegmatis 

mc2 155 wt strain, as its full sequence is known (Mohan et al., 2015). 
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2. LITERARY REVIEW 

2.1. TRANSCRIPTION 

Transcription, as the first step of gene expression, is one of the most regulated processes in the cell. 

The key enzyme of transcription is DNA-dependent RNA polymerase, that either itself or with the help 

of other factors transfers the information encoded in DNA to RNA. In bacteria, transcription starts by 

recognition of a specific sequence in DNA, called the promoter sequence. For the promoter recognition 

a σ factor is responsible. Transcription itself includes three stages – initiation, elongation and 

termination. The following chapters describe the above terms highlighted with bold letters. 

2.1.1. RNA POLYMERASE 

DNA-dependent RNA polymerase (RNAP) is the key enzyme of transcription. Bacteria, unlike 

Eukaryota, have only one version of RNAP, which is capable of synthesis of all types of RNA, including 

mRNA and ncRNA. Archaea possess also only one RNAP, but structurally more similar to a eukaryotic 

one, as reviewed in (Werner and Grohmann, 2011). The structures of RNAPs and their comparison 

illustrates Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The structures of the RNAPs from different kingdoms. 

(a) Bacterial RNAP based on the Thermus aquaticus Protein Data Bank entry 1I6V). (b) Archeal RNAP based on 

the Sulfolobus shibatae Protein Data Bank entry 2WAQ. Homologous RNAP subunits are color-coded according 

to the key on the left. The Mg2+ ion is shown as a magenta sphere, and the bridge helix is in orange. (c, d, e) 

Comparison of RNAP from bacteria (c), archaea (d) and eukaryotes (e). Universally conserved RNAP subunits are 

blue, and those that are unique to the archaeal–eukaryotic lineage are magenta. Adapted from (Werner and 

Grohmann, 2011). 

 

http://www.pdb.org/pdb/explore/explore.do?structureId=1I6V
http://www.pdb.org/pdb/explore/explore.do?structureId=2WAQ
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The structure of the bacterial RNAP core from the Gram- bacterium Thermus aquaticus was the first 

one that was ever solved, the year being 1999 (Zhang et al., 1999). Structures of the holoenzyme were 

published in 2002, showing RNAPs from T. aquaticus and T. thermophilus (Vassylyev et al., 2002). The 

crystal structure of RNAP from E. coli was solved in 2013 (Murakami, 2013), but RNAP from B. subtilis 

is still quite mysterious. Until very recently, only homologous models of B. subtilis RNAP existed 

(Johnston et al., 2009; MacDougall et al., 2005). Nevertheless, with the expansion of the use of the 

cryo-EM method, also RNAPs from Gram+ bacteria, such as Mycobacterium tuberculosis and 

Mycobacterium smegmatis, were solved (Boyaci et al., 2018; Kouba et al., 2019) and it seems that this 

method finally brings success also with RNAP of B. subtilis [see preprints (Newing et al., 2020; Wahl et 

al., 2020)]. RNAP from Mycobacteria, unlike RNAPs from other species, possesses a characteristic non-

conserved domain in β´ (β´-NCD), as is shown in Figure 3. 

Figure 3. Structures of core and holoenzyme of RNAP from M. smegmatis. 

Msmeg RNAP exhibits conformational dynamics that is shown by the red arrows (distances in Å) between β and 

β´ subunits and β´-NCD. Core1/Core2 and Holo1/Holo2 represent the two main conformations. Colour coding of 

subunits: α – grey and cyan, β – yellow, β´ – green, ω – orange, and σA – magenta. Adapted from (Kouba et al., 

2019). 

The bacterial RNAP core enzyme is composed of five major subunits: a dimer of α subunits, β, β´ and 

ω – forming a complex (α2ββ’ω) of about 400 kDa (Burgess, 1969; Sweetser et al., 1987). In the core 

assembly process, the α dimer acts as a scaffold, binding the β and β´ subunits. The ω subunit is not 

essential but it helps binding of β´to the rest and may be important in stress conditions (Haugen et al., 

2008; Kurkela et al., 2020; Mathew and Chatterji, 2006). The main shape of RNAP is defined by β and 
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β´ and it is often described as a crab-claw (Kouba et al., 2019). β and β´ form the pincers, with the 

active site of RNAP in between at their base. This core enzyme is able to transcribe but not to initiate 

transcription. For initiation, recognition of a promoter sequence, a σ factor is needed (Feklistov and 

Darst, 2011; Helmann, 2019). σ factor binds to the core RNAP and forms the holoenzyme. The number 

of types of σ factors varies throughout bacterial species, starting from 1 to 109 (Gross et al., 1998; Han 

et al., 2013; Paget, 2015). In species that have more than one σ factor, each σ factor controls 

transcription of a specific set of genes, the so called regulon. Regulons consist of genes encoding 

proteins required e. g. for a different phase of growth, or for various stress conditions. 

RNAP in Gram+ bacteria has some additional subunits (compared to e. g. Gram– E. coli): δ and 

ε (Doherty et al., 2010; Weiss and Shaw, 2015). The δ subunit is also intensively studied in our 

laboratory, for its binding to RNAP and affecting the transcription in vitro and in vivo and also for its 

interesting structural characteristics – its structured N-terminal domain and highly unstructured acidic 

C-terminal domain (Demo et al., 2014; Motáčková et al., 2010; Rabatinová et al., 2013). The ε subunit 

was described relatively recently (Keller et al., 2014) and its precise role in transcription is still under 

investigation. 

Bacterial RNAP has three major channels (Lee and Borukhov, 2016). The main, the primary channel, 

lays between the β and β’ pincers and binds the DNA:RNA hybrid (Young et al., 2002). The secondary 

channel is narrower than the primary one, and it allows the entrance of the nucleoside triphosphates 

(NTPs) to the active site. These two channels are separated by a prominent structure, the bridge helix, 

that reaches the active centre in the primary channel and plays a role in substrate sensing and template 

translocation (Hein and Landick, 2010; Weinzierl, 2011). The last channel is the one through which RNA 

leaves the RNAP, and it is, therefore, called the RNA exit channel. Binding of transcription factors to 

the proximity of these channels is a common way to regulate the activity of RNAP (Borukhov et al., 

2005; Severinov, 2000). 
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2.1.2. PROMOTER 

Unique sequences in DNA, named as promoters, are necessary for successful initiation of transcription. 

These sequences consist of conserved -10 and -35 elements as well as some auxiliary sequence motifs, 

such as the UP element, spacer, or discriminator. Each element is recognized by the specific domain of 

the σ factor (Paget, 2015; Shultzaberger et al., 2007). Interactions of σ factor domains and a promoter 

are schematically shown in Figure 4. Binding of the RNAP:σ to promoter DNA could be stabilized by the 

binding of α subunit to the AT-rich sequence (UP element) of some promoters (Estrem et al., 1998; 

Gourse et al., 2000; Ross et al., 1993).  

Figure 4. Schematic representation of bacterial RNAP holoenzyme, σ factor and promoter structure. 

(A) Structure of RNAP – core subunits are in various shades of grey – and σ factor domains. Color coding of 

domains corresponds with the schematic domains drawing in (B). (C) Representative picture of a σ70 promoter. 

EXT stands for extended -10 region, DISC for discriminator. Interactions between σ factor domains and promoter 

element are symbolized with the arrow and the same color. Adapted from (Davis et al., 2017). 

 

2.1.3. SIGMA FACTORS 

As mentioned above, different bacterial species have different numbers of sigma (σ) factors, 

responsible for initiation of transcription from different subsets of genes. In B. subtilis, so far one 

primary – σA and 17 alternative σ, and one σ-like, factors were identified (Gruber and Gross, 2003). 

Nevertheless, in the wild type strain of B. subtilis 3610, a new σ factor SigN (zpdN) was recently 

characterized (Myagmarjav et al., 2016). Its gene is located on the 84-kb, low-copy-number plasmid 

pBS32. DNA damage (induced by mitomycin C) triggers transcription of σN-dependent genes and leads 

to cell death (Burton et al., 2019). However, why the plasmid codes for a σ factor that leads to the 

death of the host cells remains unclear. A theory is that the entire plasmid is a defective prophage and 

σN could stimulate lytic conversion (Myagmarjav et al., 2016). Possibly, it could function similarly to 

toxin-antitoxin systems, generating persisters that are resistant to antibiotics (Ronneau and Helaine, 

2019). 
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2.1.4. STAGES OF TRANSCRIPTION 

Transcription could be divided into three stages: i) initiation, where RNAP binds in complex with 

σ factor to the promoter sequence and initiates synthesis of a new RNA transcript; ii) elongation, 

where RNAP follows the DNA template and prolongs the RNA transcript and iii) termination, where 

the complex of RNAP, DNA and RNA dissociates and transcription could start again. For a scheme see 

Figure 5. 

Figure 5. A schematic representation of the bacterial transcription cycle involving RNAP containing σ70. The 

core RNAP subunits are shown in grey, the active site as a dark blue dot, and the σ70 in orange. Double-stranded 

DNA is in two shades of green, and the newly synthesized RNA is in red. RPc stands for closed complex, RPo 

stands for open complex. The scheme is adapted from (Tabib-Salazar et al., 2019) 
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Initiation itself could be subdivided into several steps: i) RNAP:σ complex, called holoenzyme, 

recognizes and binds to promoter sequence, forming the closed complex (RPc); ii) this complex 

undergoes isomerization , where the DNA is opening; iii)  this results in the open-complex (RPo), with 

a formed transcription bubble of about 12-14 bp; and the process ends with iv) promoter escape, 

where the holoenzyme leaves the promoter, releases the σ factor, and RNAP then proceeds to the 

elongation phase of transcription. 

Initiation of transcription is a highly regulated step in bacteria. The promoter sequence itself could 

affect transcription initiation by affecting the strength of interaction with RNAP. It was shown, that the 

length of the spacer, modification of DNA, or the level of supercoiling of promoter DNA could all play 

regulatory roles (Bordes et al., 2003; Raindlová et al., 2016; Schnetz and Wang, 1996). More details 

could be found in the specific chapters about regulation and can be found later on in this Thesis. 

Elongation. After promoter escape, σ factor is released and RNAP forms the elongation complex (EC) 

and proceeds along the DNA in a Brownian ratchet mode (Bar-Nahum et al., 2005). The EC consists of 

the DNA template, RNAP and the newly synthesised RNA. The RNA remains base-paired to the 

template DNA strand, forming a 9-10bp long DNA:RNA hybrid, and the other DNA strand is separated, 

a scheme is shown in Figure 6. 

The precision of the information transfer from DNA to RNA is crucial, although mutations at this step 

occur more frequently than during replication, leading to a pool of diverse proteins that contains 

variants not encoded in the genome (Li and Lynch, 2020). This fact notwithstanding, the elongation 

process is stringently controlled and regulated. RNAP uses a three-step approach to proofread 

a  transcript: i) RNAP could sense the correct base pair geometry, ii) it could slow down catalysis after 

mismatch, and then, iii) it could nucleolytically remove a wrong nucleotide from the 3´end, for a review 

see (Belogurov and Artsimovitch, 2019). When RNAP during elongation encounters an obstacle, it 

could slip back so that the nascent end of the newly formed 3´ end of RNA sticks out from the active 

site into the secondary channel. Factors such as GreA and GreB help the cell in these circumstances by 

inducing hydrolysis of the RNA and reactivating the transcribing ability of RNAP (Borukhov et al., 1993; 

Kusuya et al., 2011; Toulmé et al., 2000). These factors are vital for physiologically appropriate gene 

expression. 
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Figure 6. Structure of RNA polymerase ternary elongation complex (TEC). 

Upper part shows RNAP and domains important for forming the EC. In the lower part the transcription bubble is 

depicted, including schematically shown binding sites. The DNA duplex is in two shades of blue, new RNA in red. 

Most interactions between DNA:RNA hybrid and RNAP are not sequence-specific. The DNA:RNA hybrid is 

accommodated in the main channel between the β´ Bridge helix, β Fork loop II and the active centre at its 

downstream end and the β´ Rudder and β´ Lid loops at its upstream end, which correspond to the front and rear 

zip locks, respectively. Adapted from (Mustaev et al., 2017). 

Termination. Bacteria have two main mechanisms for termination of transcription (Roberts, 2019; 

Santangelo and Artsimovitch, 2011; Washburn and Gottesman, 2015). First, the intrinsic termination 

is caused only by the activity of the core RNAP and by the sequence in the transcript that codes for an 

RNA hairpin and a terminal U-rich segment. This type of termination is also called Rho-independent.  

The second type of termination needs the Rho protein. Rho is an ATP-dependent RNA translocase that 

loads itself on the nascent RNA and then starts moving towards to RNAP. When Rho reaches the EC, it 

pulls the transcript RNA away from RNAP and destabilizes the whole complex (Epshtein et al., 2010). 

In E. coli, about half of the genes are dependent on this type of termination. The physiological roles of 

Rho-dependent termination in gene regulation include sRNA regulation, riboswitches, RNA modelling, 

suppression of bacteriophage expression, controlling pervasive and antisense transcription, and 

maintenance of genomic integrity (R-loops). For details see (Mitra et al., 2017). 

During transcription, RNAP could stop also in the middle of the synthesis of an RNA strand when RNAP 

e. g. encounters a damaged site in DNA. In this situation, the stuck/stalled RNAP needs to be 

terminated prematurely. Specific factors are dedicated for this purpose. One of them is Mfd, also called 
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TRCF (transcription repair coupling factor). Mfd is an ATP-dependent DNA translocase that could 

recognize stalled RNAPs on the DNA, remove it, recruit the UvrA protein that starts nucleotide excision 

repair of DNA (Le et al., 2018). 

Eukaryotes have a different mechanism of termination. After the poly(A) site cleavage, the 

unprotected 5´end of RNA is formed and it is degraded by a 5´- 3´ exonuclease that induces dissociation 

of RNAP II from the EC. This mechanism is called the torpedo (Eaton and West, 2020; Kim et al., 2004; 

Teixeira et al., 2004; West et al., 2004) and till now it was believed that bacteria do not possess 

analogous mechanisms. 
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2.2. REGULATION OF TRANSCRIPTION 

As mentioned above, the most effective way to regulate gene expression is on the level of 

transcription. This topic will be described in the next part of the Thesis, focusing on selected 

mechanisms/factors: (i) protein factors, namely Spx, Rnase J1 and HelD; (ii) small molecules, namely 

iNTPs and (p)ppGpp, and (iii) the DNA topology of the promoter. 

2.2.1. PROTEIN FACTORS 

In E. coli more than 300 transcriptional factors have been described. Surprisingly, only seven of them 

(CRP, FNR, IHF, FIS, ArcA, NarL and Lrp) control expression of about 50 % genes (Martínez-Antonio and 

Collado-Vides, 2003). These transcription factors could activate or repress transcription by various 

modes of action and could affect transcription in different phases of the cycle. For purposes of this 

Thesis, I will focus only on selected factors from B. subtilis that are in direct contact with RNAP. I will 

introduce one transcription factor from each phase of transcription (in some cases that affect more 

than one phase): Spx, RNase J1 and HelD. 

Spx is a transcription factor acting during initiation of transcription. Spx activates transcription of the 

oxidative- and thiol-stress regulon (Nakano et al., 2003a). Genes in these regulons help cells cope with 

misfolded proteins, resulting from non-natural disulphide bond formation. As for these processes are 

mainly ClpPX proteases needed, Spx was initially identified and named as a suppressor of ClpP and 

ClpX in B. subtilis. Now is known that Spx is conserved in the GC-low Gram+ bacteria as reviewed in 

(Rojas-Tapias and Helmann, 2019). Spx contains a redox-active cysteine-x-x-cysteine (CXXC) motif, that 

can act as a redox-sensitive switch (Nakano et al., 2005). 

Spx binds to RNAP, to the C-terminal domain of the α subunit. By this binding, Spx could acts also as 

a transcriptional repressor as it can exclude another factor, ComA, from binding (Nakano et al., 2002, 

2003b) thereby affecting the competence of cells. Spx therefore could affect RNAP function in both 

directions (Nakano et al., 2010, 2005; Zuber, 2004). In 2012 a study was published, defining the global 

regulatory network of Spx, and suggesting its interplay with other stress factors/responses (Rochat et 

al., 2012). Lately, it was shown that Spx could be critical for coping with the heat stress and for the 

development of thermo-tolerance in B. subtilis (Runde et al., 2014) and the response to some cell wall 

targeting antibiotics (Rojas-Tapias and Helmann, 2018), as summarized in Figure 7. 
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Figure 7. Model of the activities and regulation of Spx. 

(A) Spx binds to C-terminal domains of α subunits. By this binding, it upregulated many genes of the heat-, 

oxidative-, and general stress response. On the other hand, motility-, biofilm-, sporulation-, competence- and 

translation-connected genes are repressed. (B) Spx activity is controlled by regulatory proteolysis with ClpXP 

proteases. Adapted from (Schäfer and Turgay, 2019). 

RNase J1 is a first known bacterial 5´ - 3´ exoribonuclease as it was formerly believed that the 5´ - 3´ 

activity of RNases is exclusive for eukaryotes (Mathy et al., 2007). Nowadays it is known that RNase J1 

is also widespread in Gram+ bacteria and Archaea (Durand and Condon, 2018) and in 2020 was 

identified an RNase AM with the 5´ to 3´ activity in E. coli (Jain, 2020). 

RNase J1, the product of the rnjA gene, belongs to the β-lactamase ribonucleases and in the cell it 

forms a dimer (Figure 8). Its exonuclease activity plays a role in the maturation of 16S rRNA (Mathy et 

al., 2007) and in vitro it has also an endonuclease activity (Even et al., 2005). RNase J1 is not essential 

but the mutant strain has its doubling time increased to 145 min compared to the 45 min of wt 

(Dichiara et al., 2016). The mutant strain has also severe problems in sporulation and competence 

(Figaro et al., 2013). These observations were surprising as B. subtilis has also RNase J2, a paralogous 

protein to RNase J1, and it was believed that these two proteins could substitute each other. RNase J1 

and J2 could bind together, but their complex is not necessary for the enzymatic activity (Mathy et al., 

2010; Newman et al., 2011) and the strain lacking RNase J2 grows as well as the wt strain. 

RNase J1 depletion massively affects the transcriptome of the cell (Durand et al., 2012). In 2016, 

a variant of RNA sequencing, the PARE analysis (Parallel Analysis of RNA Ends), was used to map 5´ RNA 

ends in wt and RNase III-null strains. They used strains that were also deleted for rnjA in the 

expectation that this would better preserve 5´ ends that were generated by RNase III. The data analysis 

then revealed also peaks corresponding to 3´ ends that accumulated in the absence of RNase J1, 

proving a role of RNase J1 in degrading RNA fragments containing the transcription terminator 

structures on the global cellular level (Dichiara et al., 2016). This function of RNase J1 was originally 

published just for some selected RNAs (Deikus et al., 2008). Taken together, these observations 

confirmed, but not fully explained, the important role of RNase J1 in the cell. 
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Figure 8. Structure of RNase J from Thermus thermophilus. 

(A) Structure of the RNase J monomer. Important domains, β-strands and α-helices are labelled. Two zinc ions in 

the active site are shown as yellow spheres. In red are shown the loops and β-strands that are not present in 

RNase Z. (B) Structure of the crystallographic dimer. One monomer is drawn in the same color code as in (A), the 

second monomer is in grey. Adapted from (De La Sierra-Gallay et al., 2008). 

HelD, a helicase-like protein interacting with RNAP, was firstly described in the work of (Delumeau et 

al., 2011). HelD is a product of the helD gene, formerly yvgS, with a mass of about 90 kDa. Its expression 

increases from exponential to stationary phase of growth, with the highest peak during sporulation 

(Nicolas et al., 2012). According to its amino acid sequence, HelD belongs to the UvrD/Rep family of 

DNA helicases. These helicases unwind DNA in an ATP-dependent manner in the 3´ - 5´ direction. An 

analogous protein is RapA, a well-characterized helicase-like protein from the E. coli. RapA also binds 

to RNAP and it was shown that it helps with transcriptional recycling – allowing RNAP to conduct 

multiple cycles of transcription (Sukhodolets et al., 2001). RapA, however, belongs to a different 

helicase (SWI/SNF) family (McKinley and Sukhodolets, 2007). 

HelD has been reported to be involved during DNA repair and homologous recombination (Carrasco 

et al., 2001). HelD overexpression leads to the accelerated sporulation (Meeske et al., 2016) and the 

HelD protein was found in the inner membrane of spore (Zheng et al., 2016). But the cellular function 

of HelD as a binding partner of RNAP remains unclear. 

2.2.2. SMALL MOLECULES 

The activity of RNAP could be regulated also by changes in the pools of small molecules, such as are 

iNTPs and (p)ppGpp. Regulation by the initiating NTP (iNTP) is tightly connected with the regulation of 

the activity of the ribosomal (rRNA) promoters. This regulation was described for E. coli as well as for 

B. subtilis (Gaal et al., 1997; Krásný and Gourse, 2004; Liu and Turnbough, 1994; Paul et al., 2004a; 

Sojka et al., 2011; Walker et al., 2004). 
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In general, two types of promoters exist with respect to regulation by the concentration of the iNTP: 

i) sensitive to the changes in the iNTP concentration in vivo and ii) non-sensitive (Gaal et al., 1997). 

Sensitive promoters could modulate their activity according to the intracellular level of iNTP and for 

their highest activity they need relatively high concentrations of iNTP. These promoters form relatively 

unstable complexes with RNAP and the short time that is available for iNTP penetration to the active 

site is the rate-limiting step of their transcription initiation (Gaal et al., 1997). 

On the other hand, non-sensitive promoters are highly active even at low concentrations of iNTP and 

do not respond to changes in intracellular concentrations of iNTPs. The sensitivity of a promoter to its 

iNTP is characterized by the KiNTP constant, defining the concentration of the iNTP at which the activity 

of the promoter is 50 %. Sensitive promoters thus have KiNTP values higher than non-sensitive 

promoters. I point out here that the term “sensitive promoter”, which is used in this Thesis, is a jargon 

term. In fact, it is RNAP that displays the various affinities to iNTPs. Nevertheless, this term is widely 

used in the field and I will use it to make the text flow more smoothly. 

In B. subtilis, an example of sensitive promoters are rRNA promoters, a typical model of non-sensitive 

promoters is e.g. Pveg (Krásný and Gourse, 2004). The Pveg promoter forms in transcription relatively 

stable open complexes and is saturated with a relatively low level of the iNTP. The product of the veg 

gene is involved in biofilm formation and its expression is quite strong and stable (Fukushima et al., 

2003; Lei et al., 2013). In B. subtilis, all of the rRNA promoters are exclusively using as their first 

nucleotide GTP (Krásný and Gourse, 2004; Natori et al., 2009), as depicted in Figure 9. Therefore, 

changes in the concentration of GTP in the cell regulate the activity of these promoters. 
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Figure 9. Characterization of the rrn operons in B. subtilis. 

(A) Location and (B) structure of rrn operons. (C) Sequence alignment of the promoter regions of seven selected 

rrn operons. Namely rrnO, rrnA, rrnJ, rrnI, rrnD, rrnB and rrnE. The -35 and -10 regions are shown in boxes, and 

the +1 position, in all cases +1G, is shown in bold. Adapted from (Natori et al., 2009). 

(p)ppGpp (further used as ppGpp) is a cell alarmone sensing nutrient-limiting conditions and inducing 

the stringent response. In E. coli, the major synthase is RelA and SpoT is the major degradase, also with 

a weak synthase activity (Xiao et al., 1991). B. subtilis and others Firmicutes contain additional SAS 

proteins (small alarmone synthetases) capable of synthesis of ppGpp (Nanamiya et al., 2008; Ronneau 

and Hallez, 2019). ppGpp was found to play a role in transcription, ribosome assembly, translation 

initiation, replication and in others biological processes such is virulence, persistence biofilm formation 

and sporulation (Bager et al., 2016; Dalebroux et al., 2010; Hauryliuk et al., 2015; He et al., 2012; 

Magnusson et al., 2005; Srivatsan and Wang, 2008; Strugeon et al., 2016).  

ppGpp modulates transcription by affecting the activity of RNAP. In E. coli, ppGpp binds directly to it. 

First binding place was found at the interface formed by β´ and ω subunits (Zuo et al., 2013). Second 

binding place lays 60 Å apart, on the interface of RNAP and DksA (Ross et al., 2016). Although ppGpp 

interacts with RNAP, it affects transcription only from some promoters (Barker et al., 2001; Haugen et 

al., 2008). ppGpp shortens the life time of the open complexes, therefore inhibits transcription 

initiation (Ross et al., 2013). This is regulated by the DksA protein (Lennon et al., 2012; Paul et al., 

2004b). In B. subtilis, RNAP lacks residues in β´ and ω that are responsible for ppGpp binding, and 
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a bona fide DksA homologue protein has not been identified (Ross et al., 2016). YdeB, a distant 

homologue of DksA, failed to affect RNAP in transcription experiments (Rabatinová et al., 2013). So, in 

B. subtilis the regulation of RNAP by ppGpp is indirect - GTP is used for biosynthesis of ppGpp and 

ppGpp itself also binds to enzymes responsible for GTP synthesis, thereby decreasing the GTP level. 

ppGpp thus affects the activity of RNAP at rRNA promoters in an indirect manner – by changing the 

GTP level in the cell (Krásný and Gourse, 2004; Kriel et al., 2012). A graphical comparison (E. coli vs 

B. subtilis) is shown in Figure 10. 

 

Figure 10. Models for the regulation of transcription initiation by ppGpp. 

(A) In E. coli, ppGpp (red star) binds directly to two places on RNAP. DksA is represented as a blue triangle. (B) In 

B. subtilis, binding places on RNAP are missing and ppGpp binds to enzymes responsible for GTP synthesis (GMK, 

HPRT). Adapted from (Gourse et al., 2018). 

2.2.3. DNA TOPOLOGY 

DNA supercoiling is a major regulator in bacteria. Its affects a range of processes - from initiation of 

transcription by RNAP to recombination. In nutrient-rich media, the DNA in bacterial cells is under-

wound, which results in negative supercoiling (Higgins, 2016). This contributes to the organization of 

the bacterial nucleoid and influences gene expression. The topological state of genomic DNA stems 

from a composite effect of many factors, such as the enzymatic functions of DNA topoisomerases, 

DNA-binding proteins (Dillon and Dorman, 2010), molecular crowding, electrostatic, and external 

influences (De Vries, 2010). 

The main topoisomerases are gyrase, topo I, topo III and topo IV in E. coli (Champoux, 2001; Sharma 

and Mondragón, 1995). They all change and modulate the level of the DNA supercoiling by breaking 

and rearranging DNA strands (Zechiedrich et al., 2000). Gyrase is the only topoisomerase that increases 

the negative supercoiling (Gellert et al., 1976a). External conditions that affect the level of supercoiling 

are e. g. osmotic stress, oxygen tension, temperature shifts, pH, salt stress, nutritional stress and 

antibiotic treatment (Alice and Sanchez-Rivas, 1997; Balke and Gralla, 1987; Bordes et al., 2003; Gellert 
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et al., 1976b; Goldstein and Drlica, 1984; Karem and Foster, 1993; Krispin and Allmansberger, 1995; 

Rui and Tse-Dinh, 2003; Weinstein-Fischer et al., 2000). The stresses usually affect the ADP/ATP ratio 

in the cell. The changes in the ATP pool then affect the activity of topoisomerases, therefore the levels 

of DNA supercoiling in the cell. (Hsieh et al., 1991b, 1991a; Westerhoff et al., 1988). DNA topology also 

changes with the physiological state of the cell. Fast-growing bacteria have more DNA loops (Deng et 

al., 2005). When bacteria reach stationary phase, the growth is slowed down, the level of transcription 

is lower and DNA becomes more relaxed (Figure 11). 

Figure 11. DNA supercoiling and nucleoid-associated proteins influence the nucleoid structure. 

(A) The folded chromosome is organized into looped domains that are negatively supercoiled during the 

exponential phase of growth. In E. coli, H-NS and Fis proteins bind throughout the nucleoid and are associated 

with the seven rRNA operons. These are organized into superstructures called transcription factories. (B) In the 

stationary phase, the activity of rRNA operons is low and Fis is almost undetectable. The chromosome has fewer 

looped domains and those that are visible consist of relaxed DNA. Adapted from (Dillon and Dorman, 2010). 

DNA topology and transcription are connected on many levels. For purposes of this Thesis, I focus on 

transcription initiation, even though supercoiling has the potential to influence also later stages of 

transcription, such as are elongation and termination (Baaklini et al., 2004; Kim et al., 2019; Kotlajich 

et al., 2015; Lim et al., 2003).  

At the beginning of the transcription, RNAP must be recruited to the promoter, form RPc, and the 

topological state of DNA could affect this step, as negatively supercoiled DNA helps RNAP to melt 

promoter sequence (Vologodskii and Cozzarelli, 1994). Also the state of promoter DNA could be an 

important regulator of transcription. Few examples follow – the non-standard length of spacer could 

affect the binding of the σ factor. The σ70 prefers spacers that are 17 bp long. Missing or extra bases 

could move and rotate the -10 and -35 region out of phase with the binding surface of the σ factor. 

This distortion could be fixed by altering the DNA topology (Aoyama and Takanami, 1988). In E. coli, 
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σS or known as σ38, the main stress factor, initiates transcription more efficiently from promoter in the 

relaxed DNA form as it possesses a non-standard-length spacer (Bordes et al., 2003; Kusano et al., 

1996; Typas and Hengge, 2006). In the cell, DNA becomes more relaxed in the stationary phase (Balke 

and Gralla, 1987; Driica, 1992; Jaworski et al., 1991), exactly when the transcription from the 

σ38-dependent genes is needed. All these regulations are intensively studied in E. coli. For B. subtilis, 

exhaustive studies of this kind are still missing. 

Searches for patterns in genes affected by the changes in topology were reported in many studies (by 

whole-genome approaches). In E. coli, genes induced by the relaxation have a higher AT content in the 

upstream and coding regions (Peter et al., 2004), as it is easier for DNA to melt them and form RPo. On 

the other hand, the GC-rich region (discriminator) is difficult to melt and it needs additional energy 

(Travers and Muskhelishvili, 2005). Next, genes for biosynthesis are preferably transcribed under 

conditions when is DNA highly condensed whereas genes involved in the energy production and genes 

of the citric acid cycle are associated with DNA relaxation (Blot et al., 2006). In B. subtilis, after 

chromosome relaxation induced by novobiocin, genes for SOS response and DNA replication and repair 

were up-regulated (Sioud et al., 2009). Novobiocin is an antimicrobial agent that inhibits the function 

of gyrase and causes DNA relaxation. A novobiocin-study was done also in Staphylococcus aureus, and 

it was shown that sensitivity to topology is characteristic of promoter region independent of the 

chromosomal location (Schröder et al., 2014). But from all this, no common pattern or consensus 

sequence could be identified. 
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3. AIMS 

The overall aim of this Thesis was to describe selected factors that affect transcription by modulating 

the activity of RNAP. The majority of the work was done with B. subtilis and one related project with 

M. smegmatis. 

My main project for all the years was to characterize a novel interaction partner of RNAP, the helicase-

like protein HelD. During the time, I also contributed to characterizing of other transcription factors, 

RNase J1 and Spx. The last project I was working on was to unravel the link between DNA topology and 

transcription of rRNA. 

The specific aims of HelD project were: 

 To characterize a growth phenotype of HelD-null strain. 

 To describe biochemical properties of HelD. 

 To characterize effects of HelD on the transcriptome. 

 In collaboration, to solve the HelD structure. 

 

The aims of RNase J1 and Spx project were: 

 To describe the growth properties of the ΔrnjA strain. 

 To identify effects of Spx on transcription from rRNA promoters in vitro. 

 To test the effect of addition of ppGpp to transcription assays in vitro in the presence/absence 

of Spx. 

 

The aims of DNA topology & rRNA topology: 

 To determine the activity of rRNA promoters after chromosome relaxation in vivo. 

 To compare transcription from supercoiled and linear DNA templates using rRNA promoters 

as models. 

 To characterize DNA promoter topology preferences of alternative σ factors. 

 To test the effect of HelD addition in topological studies.  
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4. LIST OF METHODS 

Work with bacteria 

Bacterial cells cultivation (solid, liquid media) 

Transformation (E. coli and B. subtilis) 

Characterization of bacterial phenotype (stress conditions) 

 

Work with nucleic acids and NTPs 

Cloning, sequencing 

DNA isolation, PCR  

RNA isolation, reverse transcription, qPCR 

Thin-layer chromatography (TLC) 

3H-uridine labelling of total RNA 

 

Work with proteins 

Protein purification (affinity chromatography) 

Assembly of elongation complex in vitro 

Electro-mobility shift assays (EMSA) (radioactive and non-radioactive) 

Transcription in vitro assays (single- and multiple-round)  

Western blot analysis (and dot blots) 

 

Whole-genome approaches 

RNA sequencing (libraries preparation) 
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5. LIST OF PUBLICATIONS (in chronological order) 

Publication I 

Characterization of HelD, an interacting partner of RNA polymerase from Bacillus subtilis. 

Wiedermannová J, Sudzinová P, Kovaľ T, Rabatinová A, Šanderová H, Ramaniuk O, Rittich Š, Dohnálek 
J, Fu Z, Halada P, Lewis P, Krásný L. 

Nucleic Acids Res. 2014 Apr;42(8):5151-63. 

PMID: 24520113 

IF2019/2020: 11.140 

Contribution of the author: 35 %. I performed part of transcription in vitro experiments – studies 

asking whether HelD affects elongation and whether HelD has liberating effects on sequestered RNAPs. 

Next, I characterized the HelD-null strain in phenotypic assays (the effect of KCl, NaCl on growth). 

I contributed to the manuscript preparation. 

 

Publication II 

Spx, the central regulator of the heat and oxidative stress response in B. subtilis, can repress 
transcription of translation-related genes. 

Schäfer H, Heinz A, Sudzinová P, Voß M, Hantke I, Krásný L, Turgay K. 

Mol Microbiol. 2019 Feb;111(2):514-533. 

PMID: 30480837 

IF2019/2020: 3.480 

Contribution of the author: 15 %. I performed all the transcriptions in vitro, and tested all steps of 

transcription in which could Spx inhibits transcription from ribosomal promoters rrnJ P1, P2 (initial 

binding, promoter escape, …). I also created the respective Figure and I contributed to manuscript 

preparation. 

  

https://d360prx.biomed.cas.cz:2469/pubmed/24520113
https://d360prx.biomed.cas.cz:2469/pubmed/30480837
https://d360prx.biomed.cas.cz:2469/pubmed/30480837
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Publication III 

Domain structure of HelD, an interaction partner of Bacillus subtilis RNA polymerase. 

Kovaľ T*, Sudzinová P*, Perháčová T, Trundová M, Skálová T, Fejfarová K, Šanderová H, Krásný L, 
Dušková J, Dohnálek J. 

*These authors contributed equally to the paper as first authors.  

FEBS Lett. 2019 May;593(9):996-1005.  

PMID: 30972737 

IF2019/2020: 6.750 

Contribution of the author: 40 %. I performed all the biochemical analyses with wt and the HelDΔN 

variant (transcriptions in vitro, DNA binding EMSA assay, I contributed to manuscript writing and 

preparation. 

 

Publication IV 

The torpedo effect in Bacillus subtilis: RNase J1 resolves stalled transcription complexes. 

Šiková M*, Wiedermannová J*, Převorovský M, Barvík I, Sudzinová P, Kofroňová O, Benada O, 
Šanderová H, Condon C, Krásný L. 

*These authors contributed equally to the paper as first authors.  

EMBO J. 2020 Feb 3;39(3):e102500.  

PMID: 31840842 

IF2019/2020: 9.960 

Contribution of the author: 10 %. I characterized the ΔrnjA strain with respect to its ability of 

synthetize total RNA (the 3H-uridine labelling experiment). I also created a double deletion strain – 

ΔrnjAΔhelD. I contributed to manuscript preparation. 

  

https://d360prx.biomed.cas.cz:2469/pubmed/30972737
https://d360prx.biomed.cas.cz:2469/pubmed/31840842
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Publication V 

The alarmones (p)ppGpp are part of the heat shock response of Bacillus subtilis. 

Schäfer H, Beckert B, Frese CK, Steinchen W, Nuss AM, Beckstette M, Hantke I, Driller K, Sudzinová P, 
Krásný L, Kaever V, Dersch P, Bange G, Wilson DN, Turgay K 

PLoS Genet. 2020 Mar 16;16(3):e1008275. 

PMID: 32176689 

IF2019/2020: 5.030 

Contribution of the author: 10 %. I performed transcriptions in vitro – a study of the effect of Spx in 

oxidized or reduced forms and/or of ppGpp on the ribosomal promoters rrnJ P1, P2. 

 

Publication VI 

Mycobacterial HelD is a nucleic acids-clearing factor for RNA polymerase. 

Kouba T*, Koval’ T*, Sudzinová P*, Pospíšil J, Brezovská B, Hnilicová J, Šanderová H, Janoušková M, 
Šiková M, Halada P, Sýkora M, Barvík I, Nováček J, Trundová M, Dušková J, Skálová T, Chon U, Murakami 
KS , Dohnálek J, Krásný L 

*These authors contributed equally to the paper as first authors.  

Accepted for publication in Nature Communications 

Temporary DOI: 10.1101/2020.07.20.211821 (BioRxiv) 

IF2019/2020: 11.800 

Contribution of the author: 30 %. I purified RNAP for biochemical assays. I performed the study 

addressing whether HelD is able to resolve stalled RNAP in non-functional elongation complexes. 

I performed DNA binding assays. I contributed to manuscript writing and preparation. 

  

https://d360prx.biomed.cas.cz:2469/pubmed/32176689
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Manuscript VII 

Effects of DNA topology on transcription from rRNA promoters in Bacillus subtilis 

Sudzinová P, Kambová M, Ramaniuk O, Benda M, Šanderová H, Krásný L 

In preparation, will be submitted to Microorganisms 

Contribution of the author: 85 %. I designed the experiments, I measured GTP concentration (TLC 

chromatography) and promoter activities (RT-qPCR) after novobiocin treatment. I performed 

transcriptional studies in vitro (iNTP assay, DNA binding assay). I carried out comparative transcriptions 

with alternative σ factors and I checked the effect of HelD. I wrote the manuscript. 

 

Publication not-related to the Thesis 

Publication VIII 

Lipophosphonoxins II: Design, Synthesis, and Properties of Novel Broad Spectrum Antibacterial 
Agents. 

Seydlová G, Pohl R, Zborníková E, Ehn M, Šimák O, Panova N, Kolář M, Bogdanová K, Večeřová R, Fišer 
R, Šanderová H, Vítovská D, Sudzinová P, Pospíšil J, Benada O, Křížek T, Sedlák D, Bartůněk P, Krásný L, 
Rejman D. 

J Med Chem. 2017 Jul 27;60(14):6098-6118. 

PMID: 28654257 

IF2019/2020: 6.260 

Contribution of the author: 5 %. I measured the effect of the selected compound on the growth of 

M. smegmatis, and I helped with the 3H-uridine labelling.  

https://d360prx.biomed.cas.cz:2469/pubmed/28654257
https://d360prx.biomed.cas.cz:2469/pubmed/28654257
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6. SUMMARY OF PUBLICATIONS 

Publication I 

Characterization of HelD, an interacting partner of RNA polymerase from Bacillus subtilis. 

Publication I describes the discovery of a novel transcription factor that binds to RNAP in Bacillus 

subtilis and affects its function. 

RNAP purifications from B. subtilis were repeatedly displaying a major “contaminating” band. We 

identified this ~90 kDa band by mass spectrometry to be HelD; a helicase-like protein. We verified its 

binding to RNAP by electro-mobility shift assays (EMSA) and with pull-downs of the His-tagged 

HelD/RNAP variant and showed that HelD binds to the RNAP core (without σ factor). Collaborating 

with the group of P. Lewis (Newcastle, Australia), we suggested the localization of HelD on the surface 

of the RNAP. Using the far-western blot analysis we shoved that HelD most likely binds to the 

β´ subunit, in the proximity of the secondary channel of RNAP. 

Next, we searched for a growth phenotype and we tested a strain where the helD gene was interrupted 

with the MUTIN plasmid. Even though we tested a battery of various stresses (salt-, ethanol-, 

temperature-), we observed only a mild growth defect of the mutant strain in the case of growth in 

the presence of the increased amount of salt. The most prominent phenotype shoved that HelD-null 

strain has prolonged lag phase (~15 min) compared to wt. 

As HelD interacts with RNAP, we investigated its role in transcription by in vitro experiments. We 

studied the effect of the HelD on different phases of transcription and found out that HelD has the 

most prominent effect on the recycling of the stalled RNAP molecules. This stimulation is ATP-

dependent. This effect is even more prominent with the help of the δ subunit. The role of HelD on 

transcription was revealed with an elegant experiment – transcription reactions were allowed to 

proceed for 15 minutes. At this time, transcription reaches its maximum, stops, and does not proceed 

further. We had already known that HelD was able to restart such stopped transcriptions. The question 

was, at which step HelD acted.  We therefore systematically tested the addition of which component 

would be able to also rescue the stopped transcription. Neither new RNAP nor NTPs were able to revive 

transcription. It was the addition of plasmid DNA that allowed further accumulation of transcripts. 

Hence, at the 15 min time point, the available template DNA had been covered with stalled RNAPs, 

yielding no productive transcription. This suggested that HelD helps remove non-productive RNAPs 

from DNA.  We proposed that HelD helps with the disassembly of RNAP post-termination and/or with 

dis-assembly of stalled elongation complexes. The effect of HelD was synergistically (the final effect 

was more than the sum of individual effects) stimulated by δ. 

https://d360prx.biomed.cas.cz:2469/pubmed/24520113
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Publication II 

Spx, the central regulator of the heat and oxidative stress response in B. subtilis, can repress 

transcription of translation-related genes. 

Publication II is a result of a collaboration with the group of Kürşad Turgay, previously in Hannover, 

now in Berlin. It started as a global study of the B. subtilis response to heat stress and ends with the 

characterization of the role of B. subtilis Spx in transcription under these conditions. 

Firstly, we performed microarray experiments to characterize the thermo-tolerance in B. subtilis. 

Mainly genes in the σB regulon were affected – genes that are activated in response to general stress 

and heat shock. Interestingly, part of the genes belonged to the Spx regulon that was believed to be 

mainly a regulator of thiol- and oxidative-stresses. Spx was therefore identified as a part of heat stress 

response by our study. A second round of microarrays was then performed, this time with the ΔclpX 

(Spx level is stabilized in this strain) and ΔclpXΔspx strains. Overall, genes required for the stress 

response were up-regulated, and genes active during the vegetative growth were down-regulated. 

Surprisingly, the majority of the ribosomal proteins and genes encoding the RNAP subunits were also 

down-regulated. 

Using the selected rrnJ-rrnW operon and its promoters, we tested effect of Spx. We showed that Spx 

has a repressive effect on these promoters both in vivo (northern blot) and in vitro (transcription in 

vitro). As for its functioning needs Spx a direct contact with the α subunit of RNAP, we suggested that 

this complex binds to a specific sequence on DNA. From the testing of different lengths of the rrnJ 

promoter and the mutant strains in the rpoA gene (abolishing the Spx-RNAP interaction), we showed 

that this inhibiting effect depends on UP elements of rrn promoters and their interactions with the 

α subunit. This is a novel model of regulation transcription with Spx. 

The above mentioned repressive effects of Spx were observed in non-stressed conditions. Surprisingly, 

when we examined how Spx contributes to the down-regulation of rRNA genes during the heat stress, 

we found out this down-regulation to be Spx-independent. Also, the Spx paralogue, MgsR, was not 

responsible for the negative effect. So we observed in our study: i) a strong down-regulation of rrnJ P1 

upon heat shock, ii) but independent of Spx and regardless of the rpoA point mutations. This 

contradictory results suggested that the Spx-dependent down-regulation of rRNA expression may play 

a role under different conditions. And indeed, we observed the accumulation of the Spx in the late 

stationary phase, suggesting the role of Spx in growth arrest, possibly by the down-regulation of rRNA 

expression. 

  

https://d360prx.biomed.cas.cz:2469/pubmed/30480837
https://d360prx.biomed.cas.cz:2469/pubmed/30480837
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Publication III 

Domain structure of HelD, an interaction partner of Bacillus subtilis RNA polymerase. 

Publication III is a follow up on Publication I. The research was carried out in collaboration with the 

group of Jan Dohnálek (BIOCEV). This study showed the first insights into the structure-function 

relationship of the B. subtilis RNAP-associated protein HelD. 

As we were not able to crystalize HelD, we resorted to Small Angle X-ray Scattering (SAXS). This brought 

success – we finally obtained the first glimpses of the HelD structure. We showed that HelD shares 

structure similarities with some other known helicase-like proteins/helicases, namely RapA and UvrD. 

Using non-hydrolysable AMP-PNP (an ATP analogue used to mimic the ATP-bound state) we found out 

that HelD changes its conformation upon the addition of ATP. 

Next, we improved our understanding of the domain composition of HelD. It seems that HelD 

possesses a non-usual domain organisation when compared to other helicases. Our results suggested 

a division of the HelD protein into four structurally compact parts: into the N-terminal part (residues 

1 – 203), the putative 1A domain (204 – ~292 and ~540 – 606, the HelD-specific domain (293 – ~539) 

and the C-terminal (putative 2A) domain (607 – 774). The putative domain 1A is divided in its sequence 

into two parts as it is separated by the HelD-specific domain). 

The N-terminal domain is also quite unique, so we created a HelD variant lacking this domain, HelDΔN 

(residues 204-774). We biochemically analysed the HelDΔN variant and showed that HelDΔN is still 

able to hydrolyse ATP (as the ATP binding place remains), bind to DNA, and also to RNAP. However, it 

lost the stimulatory activity of full-length HelD as shown in Publication I.  

https://d360prx.biomed.cas.cz:2469/pubmed/30972737
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Publication IV 

The torpedo effect in Bacillus subtilis: RNase J1 resolves stalled transcription complexes. 

Publication IV is a study revealing a novel mechanism in bacterial cells that allows them to cope with 

RNAPs stalled on DNA during transcription by using a 5´ to 3´ exoribonuclease, RNase J1. 

First, we created a B. subtilis strain without RNase J1 (ΔrnjA) and phenotypically characterised cell 

morphology and growth, showing that the ΔrnjA strain displays a decreased growth rate. We then 

performed ChIPseq and RNAseq analyses of the ΔrnjA strain compared to wt. In the ChIPseq analysis, 

nearly one third of genes that were affected, contained RNAP accumulated on them. After comparison 

with the RNAseq dataset, we determined that the RNAP accumulation was happening mainly on the 

less transcribed genes, indicating that these accumulated RNAPs were possibly stuck, non-functional 

ECs. On more frequently transcribed genes, the trailing RNAP is able to push the leading, stalled RNAP 

through, thereby lowering the amount of stalled RNAPs. 

This all suggested that RNase J1 contributed to DNA occupancy with RNAP. A hypothesis was that 

RNase J1 helps disassemble stalled elongation complexes by attaching itself to the 5’ end of RNA 

(created by endonucleolytical cleavage) and subsequently degrading the RNA up to RNAP where, upon 

contact, conformational changes are induced, resulting in dissociation of stalled ECs. This also meant 

that RNase J1 and RNAP must interact in vivo. We showed that this interaction was through RNA and 

we further showed that RNase J1 and RNAP co-localized in vivo in cells by super-resolution microscopy. 

Importantly, we subsequently showed in vitro that RNase J1 could resolve stalled elongation 

complexes by “torpedoing” RNAP and dissociating it from DNA. Thus, RNase J1 contributes to 

transcriptional output of the cells, genome integrity (by preventing transcription-replication clashes) 

by removing non-functional RNAPs from DNA. An analogous “torpedo” effect had been previously 

observed and described only in eukaryotes (see Introduction). 

  

https://d360prx.biomed.cas.cz:2469/pubmed/31840842
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Publication V 

The alarmones (p)ppGpp are part of the heat shock response of Bacillus subtilis. 

Publication V is a result of a continuing story starting with Publication II, again with the collaboration 

of the group of K. Turgay. The main focus within the heat shock response was now on (p)ppGpp and 

its role in the development of the thermo-resistance and thermo-tolerance in B. subtilis. 

(p)ppGpp is an alarmone synthesized during stringent response. After exposure to heat and oxidative 

stress, a similar pattern of down-regulation of rRNA and ribosomal proteins as during the stringent 

response was observed (Publication II and others). We therefore measured cellular levels of (p)ppGpp 

in three heat shock conditions: i) heat shock at 50 °C, non-lethal conditions for B. subtilis, ii) heat shock 

at lethal 53 °C, and iii) again, heat shock at 53 °C, but with a priming – a mild pre-shock at 48 °C for 15 

min.  We observed that exposure to the heat stress results in a fast increase in the (p)ppGpp 

concentration that returned to basal levels after 10 min, and did not immediately affect the GTP levels 

in the cell. Next, we identified that activity of RelA synthetase, is the main source of (p)ppGpp during 

heat stress. We showed that increased alarmone levels are responsible for the thermo-resistance. 

We also performed RNAseq experiments, comparing the wt, ΔrelA and (p)ppGpp-null strains in all 

three conditions mentioned above. And the result was that (p)ppGpp has a small, but noticeable 

impact on the transcriptome during heat stress. Publication II showed that Spx has a role in the heat-

stress response by down-regulation of the transcription and translation-related genes. Hence, the 

hypothesis is that Spx and (p)ppGpp could be complementary regulators. 

Then, we examined the impact of (p)ppGpp on translation during heat stress. We observed that 

increased levels of (p)ppGpp lead to lower translation rates under heat stress. Next, we analysed 

proteome from the stressed (15 min 50 °C) and non-stressed strains mentioned above. And (p)ppGpp 

was involved in regulation of the total translation capacity by affecting the levels of ribosomal proteins. 

We also suggested that (p)ppGpp is required for the ribosome integrity and formation of 100 S particles 

upon heat stress. 

The RNAseq and proteomic analyses showed the activation of the stringent response during heat 

stress, probably by the activation of the σB and general stress-dependent pathway. So the final model 

is that cells respond to heat-mediated protein unfolding and aggregation by i) raising the repair 

capacity and also by ii) decreasing translation to reduce the load on the chaperone-dependent protein 

quality control.  

https://d360prx.biomed.cas.cz:2469/pubmed/32176689
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Publication VI 

Mycobacterial HelD is a nucleic acids-clearing factor for RNA polymerase. 

As we were not able to obtain a crystal structure HelD from B. subtilis, we changed our approach – 

with the collaboration of Tomáš Kouba (EMBL Grenoble) and the group of Jan Dohnálek (BIOCEV) we 

used cryogenic electron microscopy (cryo-EM) to characterise HelD from the M. smegmatis (Msmeg 

HelD) in complex with RNAP, resulting in Publication VI. This was possible also due to previously solved 

cryo-EM structures of Msmeg RNAP from (Kouba et al., 2019). 

Publication VI is quite unusual, as it was published back-to-back with two others papers – “Molecular 

Basis for RNA Polymerase-Dependent Transcription Complex Recycling By The Helicase-like Motor 

Protein HelD” from the group of P. Lewis (Newcastle, Australia) and “An energy charge sensor for 

balancing RNA polymerase recycling and hibernation” from the laboratory of M. Wahl (Berlin) – 

(Newing et al., 2020; Wahl et al., 2020). These two papers characterised the structure HelD from 

B. subtilis (Bsu HelD) and RNAP. Results from all three papers together show how unique the 

transcription factor HelD is. 

In this publication we purified recombinant Msmeg HelD and RNAP for cryo-EM experiments and 

obtained ~3.1 Å resolution structures. We obtained cryo-EM structure of RNAP:HelD complex in three 

States (I – III). State I and II revealed that HelD has a crescent-like C-shape. State III showed only two 

domains of HelD binding to RNAP. In the structures HelD interacted with both with primary and 

secondary channels of RNAP. The coiled-coil motif [non-conserved (NCC) domain] was inserted into 

the secondary channel and the other arm of HelD [primary channel loop (PCh-loop)] was reaching into 

the primary (DNA) channel. According to the positions of HelD domains within the primary channel 

and in active site (AS) we named the States accordingly: State I: PCh-engaged, State II: PCh-engaded 

and AS interfering and State III: PCh dis-engaged and AS-interfering. These structures represent a so 

far unknown type of interaction between an RNAP and a protein. 

Next, we tested the critical Msmeg HelD characteristics – its binding to RNAP and to DNA. This binding 

was similar as for Bsu HelD as shown in Publication I. Based on the structure, we speculated that 

Msmeg HelD could prevent non-specific interactions between RNAP and DNA, and we showed that it 

was the case by EMSA analysis. We also tested Msmeg HelD ability to resolve the stalled EC in vitro. 

HelD was indeed able to do so but this process was surprisingly not dependent on the presence of 

ATP/GTP. Nevertheless, Msmeg HelD is capable of hydrolyzing both ATP and GTP. 
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The structure also revealed that Msmeg and Bsu HelD, although similar, are not identical. The 

differences are in their shapes, their interactions with RNAP, and also in the composition of the form 

of RNAP to which they can bind. In Publication I we showed that Bsu HelD binds just to the RNAP core 

whereas Msmeg HelD is able to bind also to the RNAP:σA holoenzyme. This possibly reflects the 

differences in the modes of functioning of between Msmeg and Bsu HelD.  
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Manuscript VII 

Effects of DNA topology on transcription from rRNA promoters in Bacillus subtilis. 

Manuscript VII is a study describing the connection between the activity of ribosomal RNA (rRNA) 

promoters and the state of bacterial DNA in a growth phase-dependent manner. 

We showed that the activity of rRNA promoters that initiate with GTP decreased upon transition into 

stationary phase. This correlated with the decrease in GTP concentration. After some time, however, 

the GTP level stabilized, but rRNA promoter activity kept decreasing. The question was, what was 

responsible for this continuing decrease. From the literature we knew that in stationary phase DNA 

become more relaxed. So, we speculated that this additional decrease in the activity might be caused 

by DNA relaxation. 

To test this hypothesis, we therefore induced chromosome relaxation by novobiocin, a drug, which 

inhibits the activity of gyrase and causes DNA relaxation. After novobiocin treatment in exponential 

phase we observed: i) down-regulation of total RNA synthesis (as rRNA makes ~ 85 %), ii) increase in 

GTP concentration, as total RNA synthesis was decreased, and iii) direct decrease in the activity of a 

selected rRNA promoter, rrnB P1.  

Next, we performed a comparative kinetic study of rrnB and Pveg, a control promoter, which activity 

was less affected by changes in supercoiling. In a transcription system in vitro, we described effects of 

DNA topology on the formation of closed and open complexes. 

We also showed that DNA relaxation decreases transcription for the all alternative σ factors tested. 

The exception was σN, a newly described sigma factor, present on the large pBS32 plasmid of the 

undomesticated B. subtilis NCIB 3610 strain. For σN, the trend was different – transcription from linear 

DNA was either comparable to, or even higher than transcription from supercoiled templates. 

Finally, we showed that DNA supercoiling could affect the stimulatory effect of HelD, an RNAP recycling 

factor (Publication I, III and VI), on rRNA promoters.  
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7. DISCUSSION 

In 2019, RNAP celebrated its 60th anniversary since its discovery [for reviews see Issue 20, Volume 431 

of the Journal of Molecular Biology, “RNA Polymerase Reaches 60: Transcription Initiation, 

Elongation, Termination, and Regulation in Prokaryotes“ (Ebright et al., 2019; Weiss and Gladstone, 

1959)]. Coincidentally, it was also the 50th anniversary of the discovery of the σ factor (Burgess et al., 

1969; Helmann, 2019) and the 20th anniversary of the revelation of the RNAP structure (Zhang et al., 

1999). Despite this long time since its discovery and many studies, we still do not have a complete 

understanding of this enzyme. This deficiency is most apparent in our grasp and knowledge of 

transcription factors that affect the activity of RNAP. Some of them, we believe, are still unknown. This 

Discussion is divided into four parts – i) discussion of Publications I, III and VI dealing with HelD (Kouba 

et al., 2020; Kovaľ et al., 2019; Wiedermannová et al., 2014); ii) discussion of Publication IV about 

RNase J1 (Šiková et al., 2020); iii) discussion of Publications II, V about Spx and (p)ppGpp (Schäfer et 

al., 2019, 2020) and iv) discussion of Manuscript VII about the effects of DNA promoter topology 

(Sudzinová et al., in preparation). 

7.1. HelD from B. subtilis and M. smegmatis 

As an interaction partner of RNAP from B. subtilis, HelD was first discovered in 2011 (Delumeau et al., 

2011). In Publication I we confirmed this observation and performed first functional characterisation 

of this transcription factor in vitro and in vivo. The two main tasks from the very beginning were i) to 

solve the structure of HelD protein and define its binding to RNAP and ii) describe the functional role 

of HelD in the cell. 

HelD: solving the structure 

Our aim from the very beginning was to solve the structure of HelD protein itself. But our attempts to 

crystalize HelD from B. subtilis (hereafter Bsu HelD) were not successful. However, we were able to 

obtain the first structural information from the small angle X-ray scattering (SAXS) approach – as can 

be seen in Publication III. With the expansion of the cryo-EM technology and thanks to the previously 

solved RNAP from M. smegmatis (Kouba et al., 2019), and the assistance of a solved Bsu HelD 

C-terminal domain by the X-ray crystallography we were able to solve the structure of Msmeg HelD in 

complex with RNAP (Figure 12). In Publication VI we reported RNAP:HelD complex in three 

conformational States, which differ in how HelD interacts with the primary channel (PCh) and active 

site (AS). Hence, State I is PCh-engaged, State II PCh-engaded and AS interfering and State III PCh dis-

engaged and AS-interfering. 
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Figure 12. Solving the structure of HelD.  

(A) SAXS envelope of Bsu HelD from (Kovaľ et al., 2019). (B) from (Wahl et al., 2020) (C) from (Newing et al., 2020) 

(D) from (Kouba et al., 2020). 

By coincidence, two other groups solved at the same time the structures of HelD in complex with RNAP 

but from B. subtilis (Newing et al., 2020) and (Wahl et al., 2020). I included also their solved structures 

of Bsu HelD to Figure 12. The overall shape is the same for Bsu and Msmeg HelD. Figure 13 illustrates, 

how also HelD protein domain organization corresponds to this and how its understanding evolved 

over time. Comparison of the Bsu and Msmeg HelD proteins will be presented later on in this Thesis 

(page 50). 

HelD: binding to the RNAP 

After the first shadowy description of HelD’s binding to RNAP in Publication I we were able, after 

several years of research, to obtain a precise picture of its complex with RNAP at a ~3.1 Å resolution 

(Publication VI). Publication I had shown by Far western analysis that the HelD-binding place to RNAP 

is in the proximity of the secondary channel. 6 years later, in Publication VI, we finally defined this 

interaction in atomic detail, showing that HelD binds simultaneously to the secondary and primary 

channels, partially overlapping with our initial hazy model. This type of interaction was not known 

among transcription factors before. Usually, transcription factors bind to either the secondary (Gre 

factors, DksA) or primary channel (Mfd) of RNAP (Borukhov et al., 2005; Haugen et al., 2008; 

Rutherford et al., 2007). 
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Figure 13: Time-evolution of understanding of HelD domain composition. 

(A), (B) and (C) show Bsu HelD, (D) Msmeg HelD. (A) The scheme is from (Wiedermannová et al., 2014). The 

percent values show the level of sequence identity to the marked protein segment. The ATP-binding place is in 

blue. (B) Updated HelD domains from (Kovaľ et al., 2019). The ATP-binding place is represented as a black bar. 

(C) Scheme from (Newing et al., 2020), with depicted helicase motifs. SCA – secondary channel arm, CA – clamp 

arm. (D) The scheme is from (Kouba et al., 2020). Helicase motifs and important structural properties are written 

above in corresponding colors. 

Part of HelD that binds to the secondary channel [secondary channel arm (SCA), HelD-Pike or NCC-

domain, respectively, depending on the work published, see Figure 13] shares structural similarity in a 

pair of anti-parallel helices with the GreB/DksA factors. 

The other arm of HelD [clamp arm (CA), HelD-Bumper or primary-channel loop (PCh-loop), 

respectively] reaches into the primary channel. This binding causes dramatic conformational changes 

in the structure of RNAP. HelD by its binding opens the primary channel and this likely leads to a loss 

of contact of RNAP with DNA and dissociation of DNA from the complex, thereby enabling the recycling 

of RNAP. The widening of the primary channel could also be affected by the δ subunit (Wahl et al., 

2020). 

HelD: Bsu and Msmeg 

HelD Bsu and Msmeg are similar but not identical. These two proteins share identity in only 21 %. From 

Publication VI, (Newing et al., 2020), and (Wahl et al., 2020) we can say that two classes of HelD exist. 

Class I is represented by the Bsu HelD and is present in the low G+C Gram+ bacteria. Class II is 
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represented by the Msmeg HelD and based on sequence homology it is present in the high G+C Gram+ 

bacteria (Figure 14). Some organisms contain multiple copies of HelD (Lactobacillus plantarum – Class 

I, Nonomuraea wenchangensis – Class II) (Newing et al., 2020). 

Figure 14. HelD sequence conservation and comparison of two structural classes of HelD protein. 

(A) Sequence conservation relative to structure – most highly conserved amino acids relative to the location are 

in purple, the least in green. (B) Bsu HelD represents Class I, (C) Msmeg HelD Class II. The main differences are 

shown in orange. Both are close to the active site Mg2+ (green sphere) and the acidic residues are shown as red 

sticks. Adapted from (Newing et al., 2020). 

HelD reaches both into primary and secondary channels. But in Bsu the secondary channel arm 

(SCA/HelD-Pike), mimicking the Gre factor, is longer and even reaches past the Mg2+ ion in the active 

site. In Msmeg HelD, the NCC-domain is shorter as it misses about ~30 AA from its N-terminus. The 

other difference is in the HelD-specific domain (the central domain, Figure 14). Msmeg HelD has in this 

domain a large insertion, forming the primary channel loop (PCh-loop). By this PCh-loop it reaches the 

active site from a different position than Bsu HelD and likely contributes to nucleic acid displacement. 

The presence of the PCh-loop could be compensating for the lack of δ, which is not present in 

mycobacteria and which functions synergistically with HelD. The differences between Class I (Bsu HelD) 

and Class II (Msmeg HelD) lead to different, shifted positions of these proteins on respective RNAPs. 

Bsu HelD protrudes more deeply into the secondary channel with it N-terminus whereas the PCh-loop 

of Msmeg HelD protrudes more aggressively into the primary channel. 

In Publication I, we had shown that Bsu HelD binds to the RNAP core (without σA). In Publication VI, we 

found a complex of Msmeg HelD and σA bind to RNAP. This could represent one of the possible 

transitional states in transcription and also be due to different modes of HelD interaction with RNAP 

in these two organisms. 

HelD: a helicase? 

YvgS, later renamed as HelD, was according to the sequence originally identified as a helicase-like 

protein, belonging to the UvrD SF1 family of DNA helicases. All known UvrD-like helicases in B. subtilis 

and E. coli are schematically shown in Figure 15. UvrD-like helicases unwind DNA mainly in the 3´ - 5´ 
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direction, in an ATP-dependent manner. We showed that Bsu HelD and Msmeg HelD were able to 

hydrolyse ATP, and surprisingly also GTP (Publication I and VI), but I was not able to detect any helicase 

activity on different DNA templates (with the overhangs 3´-5´, 5´-3´, blunt or forked ends) under our 

experimental conditions (Sudzinová, 2013). 

Figure 15. UvrD-like helicases from E. coli and B. subtilis. 

In UvrD all four canonical subdomains (1A, 2A, 1B and 2B) are labelled, color-coding is the same for every helicase 

shown. Additional domains are labelled as Nt (N-terminus), Ct (C-terminus), nuc (nuclease domain). Adapted 

from (Dillingham, 2011). 

In Figure 15 you can see the 1A and 2A domains (red and blue). These domains form the helicase core 

and are present in all SF1 and SF2 enzymes and function as part of the DNA motor (Singleton et al., 

2007). The ATP-binding place is located usually in the 1A domain. Accessory domains 1B and 2B are 

involved in binding to DNA. Interestingly, the 2B accessory domain (green, and Publication VI) is missing 

in HelD – this may possibly explain of the apparent inability of HelD to perform “simple” unwinding of 

DNA. The Nt domain in HelD (grey) is unique amongst the UvrD-like helicases.  

HelD: a possible analogue of RapA from E. coli? 

HelD is widely conserved in Gram+ bacteria, in Firmicutes (Sudzinová, 2013). In Gram– E. coli we could 

find RapA protein, which was proposed to be a functional HelD analogue. Sequence identity to HelD is 

21 % (Publication III). RapA is a 110 kDa protein, binds to RNAP and also possesses the ATPase activity 

(Sukhodolets and Jin, 1998). Similarly to the Bsu HelD, it forms complex with the RNAP core, without 

the presence of a σ factor  (Muzzin et al., 1998; Shaw et al., 2008). As RapA binds to RNAP, it also 

affects its function – it was shown that RapA reactivates stalled RNAPs and stimulates transcription by 

inducing of cycling of RNAP by promoting backtracking (Shaw et al., 2008; Sukhodolets et al., 2001; 

Yawn et al., 2009). In 2015 the crystal structure of complex RNAP:RapA was solved at 4.7 Å (Liu et al., 

2015). From this structure it is evident that even though RapA shares a lot of functional similarities 

with HelD, it binds to a completely different place on RNAP – at the exit of RNA channel. RapA was, 

similarly to HelD, proposed to be a helicase (based on its amino acids sequence), belonging to the 

SWI/SNF translocase family (McKinley and Sukhodolets, 2007). However, also for RapA no helicase 

activity has been detected. 
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HelD: searching for its function 

In the literature, not much is known about the HelD function. Besides reported effects in DNA repair 

and homologous recombination (Carrasco et al., 2001), nothing else had been published when we 

started investigating the role HelD in the cell. As HelD binds directly to RNAP, we started by testing its 

possible effects on transcription. Indeed, we found a stimulatory effect on transcription in vitro. This 

stimulation is caused by enhancing recycling of RNAP molecules (Publication I). This effect is even more 

prominent when the δ subunit is present. This stimulation depends on the N-terminus of HelD, as 

HelDΔN lost this stimulatory effect, even though all other biochemical characteristics (binding to RNAP 

and binding to DNA) remained intact (Publication III). We also tested HelD for the ability to resolve 

stalled elongation complexes – and in fact, HelD helps free RNAP and this effect does not depend on 

ATP or GTP (Publication VI for Msmeg HelD, for Bsu HelD are data not published). 

We tried to define the effect of Bsu HelD also in vivo, using HelD-null strain for the RNA sequencing 

assay. Unfortunately, the changes in the transcriptomes of the wt strain and HelD-null strain were 

minimal (unpublished results). In 2016, it was published that overexpression of HelD led to accelerated 

entry into sporulation, and the HelD protein was found in the inner membrane of spores (Meeske et 

al., 2016; Zheng et al., 2016). Taking that into account, we probably had not selected the ideal growth 

conditions for RNA sequencing to see the maximal effect of the HelD loss for the cell. 

In 2017, a proteomic study was published about M. smegmatis growing at sub-lethal rifampicin 

concentration (Giddey et al., 2017). Rifampicin is an antimicrobial compound that binds to the 

β subunit of RNAP and blocks the exit of nascent RNA from RNAP (at the stage of 5-6 nt transcribed), 

thereby preventing further transcription (Levin and Hatfull, 1993). A proteome analysis was performed 

from three time-points: i) early exposure to rifampicin, ii) onset of bacteriostasis and iii) early recovery 

after the treatment, as cells after some time start growing again. At time point 3, the most up-

regulated protein identified was MSMEG_2174, Msmeg HelD. This nicely supports the model where 

HelD is able to resolve non-functional transcriptional RNAP complexes emerging in stress conditions. 

HelD: future research 

To conclude, we envision that HelD has effects in some types of stress (rifampicin presence?).  Under 

these conditions HelD may help disassemble initiating RNAPs stalled by rifampicin as this cannot be 

done by RNase J1 that needs the nascent RNA to protrude out RNAP (the lengths of RNA protected by 

RNAP is ca 16-18 nt). 

Next, we want to focus on the possible involvement of Bsu HelD in sporulation and its potential effects 

on transcription with alternative, sporulation σ factors. With Msmeg HelD, we are currently preparing 
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the mycobacterial transcription system in vitro to test specific mycobacterial terminators of 

transcription. We are also preparing a knock-out and HelD over-expression strains in M. smegmatis, 

for phenotypic experiments and possible whole-genome approaches. 

The almost whole cycle of Msmeg HelD in transcription (with respect to its binding to, and affecting 

RNAP) has now been described but the last piece of puzzle is missing – how does HelD leave RNAP? 

After HelD releases the non-functional elongation complex, HelD remains bound to RNAP, which is 

blocked from another round of transcription. One possibility is that σA is the factor that could pushes 

out the bound HelD. Consistently, we were able to found a complex of HelD:σA:RNAP in M. smegmatis 

(Publication VI) but still, HelD needs to be released also from this complex to allow the holoenzyme to 

initiate transcription. But how this is done in B. subtilis, where no such complex with σA was observed? 

Finally, another question is, for which part of HelD functioning is important the ATP hydrolysis, as HelD 

bound to RNAP could not bind the ATP (Wahl et al., 2020). These questions will be addressed in the 

near future. 
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7.2. RNase J1 from B. subtilis 

RNase J1 was originally described as essential for B. subtilis (Hunt et al., 2006). Therefore, only studies 

using RNase J1 depletion were performed as it was believed that it could not be knocked-out (Durand 

et al., 2012). However, it was subsequently discovered that the ΔrnjA strain was still able to grow 

although with the defected severe phenotype (growth, competence, sporulation) (Figaro et al., 2013). 

Therefore, we decided to characterize the ΔrnjA strain. 

RNase J1: ΔrnjA characterisation 

We prepared a ΔrnjA strain in the BaSysBio (prototrophic B. subtilis strain 168, (Nicolas et al., 2012) 

genetic background) and examined cell morphology and growth. The doubling time was twice as long 

as in wt. We also measured the ratio of total RNA synthesis and the decrease in ΔrnjA correlated with 

the slower growth of the mutant. Next, to characterize the effect of the rnjA gene knock-out on gene 

expression, we performed RNAseq and ChIPseq experiments (Publication IV), comparing the knock-

out strain with wt. In RNAseq, 40% of genes changed their expression. And compared to the data from 

depletion analysis (Durand et al., 2012), the lists of genes are highly overlapping although we identified 

more genes that were affected with the depletion approach. In ChIPseq analyses, nearly one third of 

genes displayed RNAPs accumulated on them.  

RNase J1: a new model of dissolving stalled RNAPs in bacteria 

After comparison of ChIPseq and RNAseq datasets, the most surprising effect was RNAP accumulation 

was mainly happening on the less transcribed genes. Pausing of RNAP is a regulatory mechanism that 

could affect gene expression (Kang et al., 2019).  On less transcribed genes RNAP get can stuck as it 

cannot be pushed through obstacles by the other RNAPs transcribing behind (Epshtein and Nudler, 

2003). As in the ΔrnjA strain this effect was quite prominent, it led to the hypothesis that RNase J1 

might possibly has some role counteracting RNAP accumulation on these genes. The hypothesis was 

that RNase J1 could have a role similar to “torpedo” termination, seen in Eukaryotes (Eaton and West, 

2020; Teixeira et al., 2004). After cleaving the poly(A) site indicating the end of transcript, RNAP II need 

to be stopped as it continues to transcribe a non-coding “junk” RNA. This junk RNA is recognized by 

a 5´ - 3´ endonucleases, as Xrn1/2 or Rat1 (Kim et al., 2004; West et al., 2004). Endonucleases degrade 

the RNA up to RNAP II and dissociate it from the EC. 

To test the hypothesis, we prepared stalled transcription complexes (EC) in vitro and treated them with 

RNase J1. Indeed, RNase J1 was able to digest the protruding RNA, catch up with RNAP, and resolved 

the stalled complex (Publication IV).  
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So, in addition to the role of RNase J1 in RNA turnover (Deikus et al., 2008; Dichiara et al., 2016) we 

proposed a role of RNase J1 in elongation – by dissolving the stalled RNAPs complexes (Publication IV).    

RNase J1: connection with HelD? 

Interestingly, in the ΔrnjA strain one of the most up-regulated genes was helD (~5fold). This increased 

expression could compensate for the absence of RNase J1. We prepared the appropriate double-null 

strain and stressed the cells by UV irradiation. UV irradiation could lead to the formation of obstacles 

in DNA, such as pyrimidine dimers, (Goodsell, 2001), breaks in the DNA and therefore it could cause 

the pausing of RNAP. We plated serially diluted exponential cells on the plate in two replicates, one 

replicate was irradiated, the cells were allowed to grow, and colony-forming units (CFU) were counted. 

The ΔrnjA strain itself had lower viability compared to wt (Figure 16). The ΔhelD strain was also little 

affected, even though this effect was not significant.  But the ΔrnjAΔhelD behaved the same, as ΔrnjA. 

Also, another transcription factor was included in this experiment – this one was down-regulated – 

Rho, a transcription terminator. The ΔrnjAΔrho strain displayed worsened survival compared to ΔrnjA.  

 
Figure 16. Effect of RNase J1, and HelD and Rho in UV irradiation assays. 

(A) UV sensitivity of the mutant strains was then calculated as the ratio between irradiated vs. non-irradiated 

cells and normalized to the ratio from the wt strain. (B) Relative expression (mRNA) of helD, mfd, rho, greA, nusA, 

nusB, and nusG in the ΔrnjA strain. Adapted from (Šiková et al., 2020). 

So the substitution of RNase J1 with HelD was not proved but it should be noted here that the cells 

were from exponential phase and it seems that HelD might be more important in stationary phase.   
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7.3. Spx, a transcriptional regulator from B. subtilis 

Spx is a central regulator of the B. subtilis many stress responses, belonging to the σB regulon. Spx 

orthologues are found in low GC Gram+ bacteria (Rojas-Tapias and Helmann, 2019; Zuber, 2004). The 

main function published for these Spx orthologues seems to be similar, they play a role in a response 

to oxidative stress (Kajfasz et al., 2012, 2015; Whiteley et al., 2017). By binding to α subunits of RNAP 

Spx could regulate the expression of many stress response genes, both in positive and negative 

manners. 

Spx: the activator 

Although Spx was initially identified as a negative regulator, it also possesses an activatory role. 

Transcriptomic studies by microarrays revealed that Spx activates expression of a large stress regulon, 

mainly genes involved in the thiol-specific oxidative stress (Nakano et al., 2003a). Over 100 genes were 

induced by the Spx-RNAP interaction, and two of the most strongly expressed genes were trxA and 

trxB (responsible for protection of proteins against oxidative damage). This stimulation was lost in 

a strain with a point mutation in the rpoA gene (in C-terminal domain of α subunit). Even after ChIPseq 

analysis of Spx:RNAP complexes, no conserved binding sequence on DNA was found, with the 

exception of the nucleotide composition on -43/-44 positions of the extended -35 promoter element 

(Rochat et al., 2012). So, it is not clear yet, why Spx activates transcription from some promoters, but 

represses transcription from others. 

In Publication II we showed that besides the oxidative stress (Nakano et al., 2003a), diamide stress 

(Rochat et al., 2012), and cell wall antibiotics response (Rojas-Tapias and Helmann, 2018), Spx is also 

the activator of heat stress response genes, making Spx one of the global stress regulators of B. subtilis. 

Spx: the repressor 

As was mentioned above, Spx was originally named as an “anti-alpha” protein (Nakano et al., 2003b). 

Spx binds to the α subunit of RNAP and competes with other transcription factors for RNAP. An 

example of such a factor is ComA, which affects the competence of the cell (Nakano et al., 2002, 

2003b). 

Spx: connection with ribosomal genes 

Additionally, in Publication II we showed that Spx represses the expression of rRNA and r-protein genes 

during heat stress. This repression depended on the presence of UP elements that normally stimulate 

transcription by interaction with α subunits of RNAP (Estrem et al., 1998; Gourse et al., 2000; Ross et 

al., 1993). However, this repression was not restored in the Δspx strain during heat stress, so some 

other mechanism must be included. In Publication II we also show that Spx is accumulated in the cell 
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in the late stationary phase, resulting in smaller, persisting cells, which exhibit higher tolerance to 

stress and some antibiotics (Balaban, 2004). 

Spx: cooperation with ppGpp 

The repression of the translation-related genes is one of the main characteristics of the stringent 

response. The stringent response is a global answer to starvation, and the main role is played by an 

alarmone, (p)ppGpp. In E. coli, (p)ppGpp acts together with the transcription factor DksA, reviewed in 

(Gourse et al., 2018). DksA was originally identified as a dnaK suppressor, playing role in response to 

heat sensitivity (Kang and Craig, 1990). DksA shares the structure with elongation factors Gre and binds 

to the secondary channel of RNAP and influences the open complex formation of rRNA promoters 

(Lennon et al., 2012; Paul et al., 2004b). DksA also could sense redox stress (Crawford et al., 2016). 

However, there is no DksA in B. subtilis and in Firmicutes. We could speculate that Eco DksA and Bsu 

Spx could modulate transcription, as both could sense various stresses. This modulation of 

transcription is achieved by altering the RNAP activity, albeit by different mechanisms. 

Consistently, in Publication V we found out that (p)ppGpp is not only the alarmone of the stringent 

response but also of the heat stress response and our results (Figure 17) suggest a complex interplay 

between (p)ppGpp and Spx during heat stress. 

Figure 17. Complementary roles of Spx and (p)ppGpp under heat stress. 

(A) Down-regulation of rrnJ P1 after heat stress in wt, Δspx, (p)ppGpp-null and Δspx (p)ppGpp-null strains. 

(B) Growth curves the same strains in LB medium at 50 °C. Adapted from (Schäfer et al., 2020). 
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7.4. DNA topology of promoter 

In Manuscript VII we investigated how the topological states of promoters affect transcription from 

rRNA promoters – upon entry to stationary phase. The experiments were performed in B. subtilis and 

we also showed how promoter DNA topology affects transcription mediated by RNAPs in complex with 

main σA and alternative σ factors. 

DNA topology: rRNA promoters activity in B. subtilis 

In Manuscript VII we describe the behaviour of rRNA promoters during the transition of cells from 

exponential to stationary phase. 

rRNA promoter activities were previously studied in exponential phase of growth, in sporulation, 

germination and also in starvation and stringent response. In sporulation rRNA synthesis strongly 

decreased (Bonamy et al., 1973; Hussey et al., 1971; Ohashi et al., 2014; Testa and Rudner, 1975), 

similarly as in response to amino acid starvation (Krásný et al., 2008; Samarrai et al., 2011). In 

germination, the rRNA level is initially relatively low and increases upon initiation of outgrowth (Sloma 

and Smith, 1979). 

In 2012, a first study monitored selected B. subtilis rRNA promoters during the cell culture growth cycle 

(Rosenberg et al., 2012). They showed that in growth in rich medium all rRNA behave promoters more 

less the same – their activity is high during initial growth phases, with maxima in exponential phase. 

Upon entry into stationary phase, the promoter activity is down-regulated, with the minimal 

expression in deep stationary phase (after 24 hours) (Figure 18). 

Figure 18. Expression of rRNA during bacterial growth. 

Strains carrying Prrn-gfp (rrnO, A, B, D, E, I, J), PrplA-gfp or rplA-gfp fusions were grown in rich medium. Samples 

were taken at the indicated time points [hrs] and the GFP signal monitored using fluorescence microscopy. PrplA-

gfp was used here as a control – activity of PrplA-gfp (ribosomal protein L1, dark green) is constant. Adapted 

from (Rosenberg et al., 2012). 
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However, in (Rosenberg et al., 2012) they used promoter constructs fused to a GFP and monitored 

promoter activity by measuring the fluorescence intensity signal. It is noteworthy that GFP is highly 

stable, and the results (especially decreases in promoter activity) do not accurately reflect the 

promoter behaviour. Therefore, in Manuscript VII we described the activity of rRNA promotors upon 

entry to stationary phase with a more direct approach – measuring of promoter activity by quantitative 

primer extension and/or RT-qPCR. We showed that rRNA promoter activity decreases already upon 

entry to stationary phase. 

DNA topology: GTP levels 

GTP concentration is one of the major regulators of activity rRNA promoters. The highest GTP 

concentration is in exponential phase, where synthesis of rRNA preferably occurs. As cells of B. subtilis 

enter the stationary phase, they undergo a decrease in their GDP and GTP pools (Freese et al., 1979; 

Lopez et al., 1979; Mitani et al., 1977). This drop is caused by a depletion of GTP levels used to 

synthetize the alarmone ppGpp (Ochi et al., 1982). When cells were treated with decoyinine, 

a compound that inhibits GMP synthetase, resulting in a decrease in the GTP concentration, the genes 

of stationary phase were induced (Ratnayake-Lecamwasam et al., 2001). 

In Manuscript VII, we measured the GTP levels for the same time points as rRNA promoter activity. As 

mentioned above, the GTP level decreases with the beginning of stationary phase. An rRNA promoter 

(rrnB P1) followed this trend, but even after GTP level reaches a plateau, the rRNA activity was still 

decreasing.  

DNA topology: state of DNA during the time 

As mentioned in the Introduction, the state of the bacterial nucleoid, DNA, changes during cell life. 

From the highly compact DNA in exponential phase, DNA becomes more relaxed in stationary phase 

(Balke and Gralla, 1987; Driica, 1992; Jaworski et al., 1991). This led to a hypothesis that an additional 

decrease in rRNA promoter activity, which no more correlated with the GTP levels in stationary phase, 

could be caused by relaxation of the chromosome.  

We could not compare our results with any topological transcriptomic studies, as the very first step in 

these studies is typically depletion of rRNA from total RNA (Poulsen and Vinther, 2018). So the 

behaviour of rRNA promoters depending on DNA topology was excluded from the previous whole-

genome focused studies. 

Nevertheless, Nicolson and Setlow (1990) showed that negative supercoiling of DNA from vegetative 

cells (in exponential phase) becomes more relaxed in stationary phase, but within the developing spore 

it then becomes even more negatively supercoiled (Nicholson and Setlow, 1990). Consistently, in the 
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work of Rosenberg (2012) mentioned above, we could find a peak of increased rRNA promoter activity 

in the forespore (Rosenberg et al., 2012). 

Consistent with our results, when we tested different topological states of DNA promoter templates 

in transcriptions assays in vitro, we observed that linear, relaxed DNA results in the worst transcription 

rates. 

 DNA topology: novobiocin-induced relaxation 

We measured rRNA activity after induction of chromosome relaxation by novobiocin in exponential 

phase. Novobiocin is an antimicrobial agent that inhibits function of gyrase and causes DNA relaxation 

(Alice and Sanchez-Rivas, 1997; Gellert et al., 1976b; Lewis et al., 1996; Sugino et al., 1978). We 

observed a general decrease in total RNA synthesis and also a specific of the activity of one selected 

rRNA promoter, rrnB P1. After novobiocin treatment we also observed the GTP levels to be increased 

as their major consumers rRNA genes (transcription) were less transcribed. 

DNA topology: RNAP holoenzyme composition 

In E. coli, a connection was described between the presence of the ω subunit on RNAP and preferences 

RNAP for different types of DNA templates (Geertz et al., 2011). This regulation is related to the 

presence of one of the alternative σ factors, σ38, the main stress σ factor of E. coli (Bordes et al., 2003; 

Kusano et al., 1996). Eco RNAP purified from a ω-null strain displays an altered composition, with 

a lower amount of σ70, but with an increase of RNAP:σ38 complexes. These changes result in altered 

gene expression and also in DNA relaxation (Geertz et al., 2011). Similar results were observed in the 

cyanobacterium Synechocystis sp. PCC 6803 (Gunnelius et al., 2014). And from observations made in 

our laboratory, from the countless Bsu RNAP isolations, we could say that the worse the isolation of 

RNAP was (meaning the absence/low amounts of the small subunits δ, ω and ε), the less robust 

transcription. 

In E. coli, mutations in β and β´ were identified that in both directions affected the sensitivity of Eco 

RNAP to different supercoiling states of promoter DNA (Mirkin et al., 1979). For M. smegmatis, it was 

even shown that RNAP was not able to transcribe from the linear DNA template, compared to Eco 

RNAP (Levin and Hatfull, 1993). This could be caused by a missing factor in transcription, as it was 

shown that Msmeg RNAP needs for its proper function CarD and RbpA proteins (Jensen et al., 2019; 

Rammohan et al., 2016). 

In Manuscript VII we described the transcription by Bsu RNAP with selected alternative σ factors – σB, 

σD, σE, σF and σH, and in all cases was the supercoiled DNA (SC) better template then linear (LIN) form. 

This is consistent with the novobiocin-study of (Sioud et al., 2009), where no pattern of genes, induced 
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by relaxation, in any σ regulon was found. As the functional Bsu homologue for Eco σ38 we could 

consider σB and maybe even σH, σ factors for general stress response and the stationary phase, with 

the beginning of sporulation cascade. And we do not observe changes in preferences for DNA 

templates in our study (Manuscript VII). 

The note-worthy exception is σN. For this σ factor we described in Manuscript VII that transcription 

driven from LIN was higher, or the same as from SC DNA. σN is induced by mitomycin C, the agent 

causing DNA damage and subsequently leading to cell death (Burton et al., 2019). Mitomycin induced 

DNA strand scission, by alkylation leading to crosslinking (Burby and Simmons, 2019; Lee et al., 2006; 

Ueda et al., 1982). This DNA damage could lead to forming of linear DNA fragments, the perfect DNA 

template σN-dependent transcription. Preferences for LIN DNA could be caused by a shorter spacer of 

σN consensus, analogously to the situation of Eco σS (Kusano et al., 1996; Typas and Hengge, 2006). 

However, the physiological role of σN, besides cell death, remains unknown. A possible explanation 

could be that this induces the formation of persisters in the bacterial population, which is a commonly 

used mechanism in biofilm-forming bacteria that helps them survive stress conditions (Balaban, 2004; 

Bernier et al., 2013).  

DNA topology: link to HelD? 

We also examined the effect of DNA topology on other phases of transcription – using a transcriptional 

factor HelD. Surprisingly, the effect of HelD was different on supercoiled DNA template compared to 

linear, relaxed DNA (Figure 19).  

Figure 19. Effect of HelD on transcription from rRNA promoter with different DNA topology. 

Transcription in vitro was performed on promoter rrnB P1 and P2. Transcription without any HelD was set as 

1 (black bars), the addition of HelD in ratio 1:4 (dark green) and HelDΔN, the same ratio (light green). HelDΔN 

has lost its stimulatory function, as published in (Kovaľ et al., 2019). SC stays for supercoiled DNA, LIN for linear 

from. Adapted from (Sudzinová et al., in preparation). 
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On supercoiled DNA templates HelD stimulates transcription, similarly to the results published in 

Publication I. On linear templates, the stimulation was abolished and even inhibition by 50 % was 

observed. The inhibitory effect was observed for the ribosomal promoters rrnB P1 P2 and rrnO P1 P2, 

respectively (Manuscript VII). In Publication I, also transcription with HelD on linear DNA templates 

was tested, in experiments to assess the effect of presence/absence terminator structures. Published 

results showed no effect of terminators, but it also show a mild stimulatory effect on linear DNA. 

Nevertheless, the promoter used was Pveg and in all experiments was also present δ subunit, which 

has synergic effect to HelD and this may account for the different observations. 

Interestingly, the level of expression of HelD inversely correlates with the level of topoisomerases from 

B. subtilis (TopA, TopB, GyrA, GyrB, ParC and ParD) – see Figure 20. That could point to the possible 

connection between HelD and DNA topology. Topoisomerases affect transcription elongation by 

resolving R-loops (Massé et al., 1997; Phoenix et al., 1997; Usongo et al., 2016), DNA:RNA hybrids that 

form when the newly synthesized RNA hybridizes to the template strand and the non-template strand 

remains single-stranded (Thomas et al., 1976). Also some RNases and helicases could play roles in this 

phenomena – e. g. RNase III (Baaklini et al., 2004) or helicase Pif1 (Zhou et al., 2014). So, maybe DNA 

topology will bring additional insights into the HelD function, as R-loops are made mainly in stress 

conditions (Allison and Wang, 2019). 

 

Figure 20. Expression levels of helD, gyrA and topA genes in different conditions. 

helD is in red, gyrA in dark blue, topA in light blue. gyrB and topB were excluded from the Figure, but their 

expression follows the same pattern. The peak of helD expression is in condition S1-S8 (sporulation 1h – 8h). 

Conditions and data are from (Nicolas et al., 2012), adapted from SubtiWiki 2.0 (Zhu and Stülke, 2018). 
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8. CONCLUSIONS 

This Doctoral Thesis is focused on transcription and RNAP, and selected factors that affect its 

functioning. This is graphically illustrated in Figure 21. 

Figure 21. Graphical conclusion of this Thesis. 

The scheme of transcription is adapted from (Tabib-Salazar et al., 2019). Factors affecting transcription: Spx, DNA 

topology, RNase J1 and HelD, which are main focus of Thesis, are shown around the transcription cycle. Each 

factor is depicted in the corresponding phase of transcription. 

Spx in oxidized form (Protein Data Bank entry 3GFK) is adapted from (Lin et al., 2013), RNase J1 dimer from (De 

La Sierra-Gallay et al., 2008) and HelD structure model from (Newing et al., 2020). 

In the HelD project, we were able to get from an unknown band co-purifying with RNAP on SDS gels to 

its precise cryo-EM structure at ~3.1 Å resolution. Importantly, we described the mode of HelD action 

on RNAP and illuminated its mechanistic functioning in the transcription cycle. 

In the project revolving around RNase J1, we studied the effects of RNase J1 on the cell. We showed 

that RNase J1 affects cell growth and morphology and also gene expression. We described the mode 

of RNase J1 function – the novel “torpedo” model, which helps to resolved stalled RNAP in B. subtilis. 

In the Spx project, we showed that this protein is also an activator of the heat stress response, which 

extends its mode of functioning, proving its role as a global regulator. We revealed its repressive effect 

https://www.rcsb.org/structure/3GFK
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on rRNA promoters, depending on the UP element. We also proved that Spx and ppGpp are 

complementary regulators of thermo-tolerance and thermo-resistance. 

In the project focusing on the effect of DNA topology on the transcription from the rRNA promoters, 

we showed that activity of rRNA promoters in stationary phase is affected not only by the changes in 

GTP concentration, but also by the changes in the supercoiling level of DNA. This study was expanded 

by characterization of preferences of alternative σ factors. For all of them, it was the more supercoiled 

DNA, which was a better template for transcription. In this project we found one exceptional σ factor, 

σN, for which is linear DNA as good as supercoiled, or even better. The characteristics responsible for 

this behaviour will be addressed in the near future. 
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