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ABSTRACT 
Regulation of gene expression by RNA polymerase (RNAP) is an essential ability of living 

organisms, required for their adaption to a changing environment and ultimately enabling 

their survival. Interaction of RNAP with ribonucleic acids (DNA or RNA) is crucial for 

transcription and its regulation. This Doctoral Thesis contains two projects addressing 

interactions of RNAP with nucleic acids: (i) Transcription of modified DNA templates and (ii) 

Ms1, a small RNA (sRNA) from M. smegmatis. 

(i) We investigated the influence of modifications in the major groove of DNA on 

bacterial transcription in vitro. We found out that transcription of modified DNA templates is 

influenced on the transcription initiation level and that the promoter sequence is important 

for the effect of the modifications. Furthermore, we successfully performed transcription 

switch ON and OFF in vitro by bioorthogonal reactions. This regulation of transcription by 

artificial DNA modifications has a future in biotechnologies and/or medical therapy. 

(ii) Regulators of transcription are also small non-coding RNAs. These molecules have 

an important role in gene expression regulation among prokaryotes and eukaryotes. Ms1 is 

an sRNA found in mycobacteria. It makes a complex with the RNAP core and it is abundant in 

stationary phase (in amounts comparable to those of ribosomal RNA [rRNA]). We investigated 

Ms1 synthesis and degradation in M. smegmatis. We discovered that the high abundance of 

Ms1 in stationary phase is caused by its high stability. Next, RNase polynucleotide 

phosphorylase (PNPase) has an impact on Ms1 degradation. Future studies may utilize this 

knowledge in the development of specific antimycobacterial drugs. 
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ABSTRAKT 
Regulace genové exprese RNA polymerázou (RNAP) je nezbytnou schopností živých 

organizmů, která v konečném důsledku umožňuje jejich přežití. Interakce RNAP s nukleovými 

kyselinami (DNA nebo RNA) je pro transkripci a její regulaci rozhodující. Tato doktorská práce 

se zabývá dvěma projekty adresovanými k interakci RNAP s nukleovými kyselinami: (i) 

Transkripcí modifikovaných DNA templátů a (ii) Ms1, malou RNA, v M. smegmatis.  

(i) Zkoumali jsme vliv modifikací v malém žlábku DNA na bakteriální transkripci in vitro. 

Zjistili jsme, že transkripce modifikovaných DNA templátů je ovlivněna ve fázi iniciace 

transkripce a efekt modifikací je závislý na sekvenci promotoru. Dále jsme úspěšně provedli 

zapnutí a vypnutí transkripce in vitro pomocí bioortogonálních reakcí. Regulace transkripce 

pomocí umělých modifikací DNA má budoucnost v biotechnologiích a/nebo v medicíně.  

(ii) Dalšími regulátory genové exprese jsou malé nekódující RNA. Tuto důležitou roli 

mají tyto molekuly jak v prokaryotech, tak v eukaryotech.  Ms1 je malá RNA nalezená 

v mykobakteriích tvořící komplex s jádrem RNAP. Ms1 se v buňkách nachází ve velkém 

množství ve stacionární fázi (množství Ms1 je porovnatelné s ribozomální RNA). Zkoumali 

jsme její syntézu a degradaci v M. smegmatis a došli jsme k závěru, že vysoké množství Ms1 

ve stacionární fázi je způsobeno její zvýšenou stabilitou. Dále jsme zjistili, že RNáza 

polynukleotid fosforyláza má vliv na degradaci Ms1. Vědomosti získané v tomto projektu 

mohou být využity k vývoji specifických léčiv proti mykobakteriím. 
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1. LIST OF ABREVIATIONS 

6mA   6-methyl adenine 

A   Adenosine 

AID   Activation-induced cytosine deaminase 

atc   Anhydrotetracycline 

B. subtilis  Bacillus subtilis 

BER   Base excision repair 

bp   Base pair 

C   Cytosine 

caC   5-carboxy cytosine 

Chm   5-hydroxymethyl cytosine 

CMe   5-methyl cytosine 

CNB   5-nitrobenzyl cytosine 

CP   5-propynyl cytosine 

CRISPR   Clustered regularly interspaced short palindromic repeats 

CuAAC   Copper-catalysed azide-alkyne cycloaddition  

DNMT   DNA methyltransferases 

E   RNA polymerase core 

E. coli   Escherichia coli 

EC   Elongation complex 

EX   Exponential 

E   RNA polymerase holoenzyme 

fC   5-formyl cytosine 

G   Guanosine 

M. smegmatis  Mycobacterium smegmatis 

mRNA   Messenger RNA 

NDP   Ribonucleoside diphosphate 

NMP   Ribonucleoside monophosphate 

NTP   Ribonucleoside triphosphate 

Pi   Inorganic phosphate 
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PNPase  Polynucleotide phosphorylase 

RE   Restriction endonuclease 

RNAP   DNA-dependent RNA polymerase 

RNase   Ribonuclease 

RPc   Closed promoter complex 

RPo   Open promoter complex 

rRNA   Ribosomal RNA 

sRNA   Small non-coding RNA 

ST   Stationary 

T   Thymine 

T. thermophilus Thermus thermophilus  

TBTA   tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine  

TET   Ten eleven translocation 

Tet   Tetracycline 

TF   Transcription factor 

tRNA   Transfer RNA 

U   Uracil 

UDHT   5-{4-[1-(2,3-dihydroxypropyl)]triazolyl}-2´-deoxy uracil 

UE   5-ethynyl uracil 

Uhm   5-hydroxymethyl uracil 

UNB   5-nitrobenzyl uracil 
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2.  INTRODUCTION 

This Doctoral Thesis deals with two types of nucleic acids: DNA and RNA. In the first project, 

the focus is on modified DNA templates and their effects on transcription and the second 

project focuses on Ms1, a small RNA (sRNA) in M. smegmatis. The Thesis consists of five 

publications. 

Natural DNA modifications are epigenetic signals that are vital for the regulation of 

gene expression. Insights into how RNA polymerase (RNAP) interacts with and reads through 

DNA with such modifications are critical for our understanding of how these modifications 

affect gene expression. To study this, we created by PCR DNA templates bearing artificial 

modifications or modifications present in cells. We used different promoter sequences and E. 

coli or B. subtilis RNAPs and investigated transcription in vitro. Modifications influenced 

transcription at the transcription initiation level and their effect was dependent on promoter 

sequence (Publications I and II).  

Next, we performed experiments with modified DNA templates to switch transcription 

ON or OFF by bioorthogonal reactions. One example of a bioorthogonal reaction is the 

conversion of nitrobenzyl U (UNB) or C (CNB) to hydroxymethylated U (Uhm) or C (Chm) by 

irradiation at the 400 nm wavelength. Transcription switch ON was performed by irradiation 

of UNB/CNB-modified DNA templates and subsequent transcription switch OFF by 

phosphorylation of photocaged UNB-modified DNA templates. The second example of a 

bioorthogonal reaction in this Thesis is a click reaction with ethynyl-uridine (UE) modified DNA 

templates to switch transcription OFF. This study provided insight into the regulatory 

potential of these epigenetic marks (Publications III and IV). 

Ms1 is a highly abundant sRNA (rivalling in amounts those of rRNA). Ms1 forms a 

complex with the RNAP core and it is a regulator of gene expression, enhancing survival of 

the cell under various types of stress. Here we showed that Ms1 was highly stable in stationary 

phase and it was rapidly degraded when the cells were shifted into the nutrient-rich medium. 

We identified and characterized the Ms1 promoter, the dynamics of Ms1 expression, and 

revealed the presence of a transcription factor involved in the regulation of its expression. 

Further, we identified an RNase, polynucleotide phosphorylase (PNPase) to have an effect on 

the Ms1 level in vivo. With recombinant PNPase, we demonstrated that it was able to degrade 
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Ms1 in vitro and identified Ms1 secondary structures that affected its stability. In summary, 

we provided a comprehensive characterization of how the intracellular level of Ms1 was 

controlled, paving the way to potential future designs altering its expression in the case of 

pathogenic species (Publication V). 

These two projects (DNA modifications and Ms1) deal with basic properties of RNAP 

and its interactions with DNA or RNA. The DNA modifications project sheds light on artificially 

modified DNA transcription and the results can be utilized in future in vivo approaches. The 

Ms1 project deals with an sRNA in M. smegmatis, which is present also in pathogenic species 

such as M. tuberculosis or M. bovis. Understanding the mechanism of action of Ms1 can lead 

to the development of new drugs against these species.  
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3. LITERARY REVIEW 

3.1 Gene expression 

Living cells have to adapt to environmental changes. It means that they have to change 

expression of their genes to survive. Gene expression entails synthesis of RNA from the DNA 

template and subsequent synthesis of a protein from the RNA template. The central dogma 

of molecular biology postulates that DNA is either replicated to a new copy of DNA or 

transcribed to RNA. RNA can be either reversibly transcribed to DNA or translated to proteins 

(Snyder et al., 2013). When the central dogma of molecular biology was first proposed, more 

steps were predicted and the following decades demonstrated that only some of these 

predictions were confirmed in cells (Figure 1,  Crick, 1970). 

 

Figure 1. Scheme of the central dogma of molecular biology (Crick, 1970) 

3.2 Bacterial transcription 

Transcription is a level in gene expression which is regulated by many mechanisms. It can be 

divided into three steps – initiation, elongation, and termination (Mustaev et al., 2017; Ray-

Soni et al., 2016; Whipple and Sonenshein, 1992).  

In transcription initiation, the DNA-dependent RNA polymerase (RNAP) core binds to 

a  factor and forms RNAP holoenzyme (E. E recognizes promoter sequence and forms 

the closed promoter complex (RPc) with DNA. The RNAP leading edge then starts to move 

downstream, while the trailing edge stays bound to the promoter, which causes unwinding 

of the double-stranded DNA. This process is called scrunching and it helps to create the open 

promoter complex (RPo). After binding nucleoside triphosphates (NTPs), RNAP makes an 

initiation complex (IC). In some cases, RNAP can before escaping the promoter perform so-
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called abortive transcription, which usually occurs performed in several rounds and short 

products (approximately 6 nucleotides) are released (Winkelman and Gourse, 2017).  After 

transcription of ~12 nucleotides, the  factor is released and RNAP escapes from the 

promoter. Promoter escape causes conformational changes resulting in the transcription 

elongation complex (EC) formation.  After reaching the transcription termination signal, RNAP 

is released from the DNA template and it can be recycled for a new round of transcription 

(Figure 2)(Ma et al., 2016). Eukaryotic and prokaryotic transcription systems differ in their 

composition and mechanisms of regulation.  
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Figure 2. Bacterial transcription cycle. The bacterial transcription cycle. E (RNAP core + sigma factor) 

recognizes promoter sequence and forms the closed promoter complex (RPc). The RPc transitions to 

the open promoter complex (RPo) by unwinding the DNA duplex in the region of -10 promoter 

sequence to the transcription start site (TSS). The addition of NTPs enables the transition to the 

initiation complex (IC), which is responsible for the RNA transcript synthesis. The template strand of 

the DNA is pulled into the IC, this process is known as ‘scrunching’. The scrunched complex can be 

either held at the promoter, which results in cycles of abortive transcription that produce small RNA 

fragments, or the RNAP can escape the promoter. After promoter escape, RNAP enters elongation 

phase, which leads to the release of the  factor and elongation of RNA. Transcription proceeds until 

RNAP reaches a terminator. The RNA transcript is released afterwards and RNAP dissociates from the 

DNA template (Browning and Busby, 2016). 
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3.2.1 RNA structure 

There are several types of RNAs in bacteria: messenger mRNA (mRNA), ribosomal RNA (rRNA), 

transfer RNA (tRNA), and small non-coding RNA (sRNA). mRNA, rRNA, tRNA are involved in 

protein synthesis, sRNAs are involved in regulation, replication, and protein secretion. RNA is 

built from ribonucleoside triphosphates (NTP) that bear four bases guanine, cytidine, adenine, 

and uridine. Uridine is the difference (with respect to the composition of bases) between RNA 

and DNA because DNA bears mostly thymine instead of uridine. RNA bases can be modified 

after incorporation into the RNA chain and/or non-canonical nucleotides can be used by RNAP 

(Barvík et al., 2017). RNA is synthesized from the 5´- to the 3´-end. The primary structure of 

RNA is its sequence of nucleotides. RNA can be single-stranded; however, the pairing of RNA 

in the complementary regions and their folding to double-stranded structures is frequently 

observed too. These double-stranded structures (e. g. hairpins) represent the secondary 

structure of the RNA. There are also tertiary structures of RNA. Unpaired structures of 

secondary structure (loop of a hairpin) pairs with another unpaired region of the same RNA 

molecule and create so-called pseudoknot (Snyder et al., 2013).   

 

3.2.2 Bacterial DNA-dependent RNA polymerase 

The key enzyme of transcription is RNAP. It is a multi-subunit enzyme and its catalytically 

competent bacterial core is composed of α2, β, β´, ω subunits. For successful transcription 

initiation, the interaction between the RNAP core and a σ factor is necessary (Browning and  

Busby, 2016). There are also other subunits, depending on the species, e. g. δ and  in B. 

subtilis (Keller et al., 2014; Rabatinová et al., 2013), interaction partners, e. g. HelD in B. 

subtilis (Wiedermannová et al., 2014), and small molecules binding to RNAP, e. g. ppGpp, a 

regulator of stress response in bacteria (Murakami et al., 2015). 

In bacteria, one type of RNAP is responsible for transcription of all RNAs, including 

mRNA, rRNA, tRNA and sRNA. The size of the whole enzyme is approximately 400 kDa. RNAP 

is responsible for RNA chain synthesis from nucleotide triphosphates (NTPs) by attaching of 

5´phosphate of a ribonucleotide to the 3´hydroxyl group of the preceding nucleotide in the 

nascent chain.  
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The RNAP structure has been studied by crystallization and subsequent X-rays, by 

nuclear magnetic resonance, or by cryo-EM (Murakami et al., 2015; Narayanan et al., 2018; 

Vassylyev et al., 2002).  

The first studied and structurally described bacterial RNAP core was from the 

thermophilic bacterium Thermus thermophilus (Tsuji et al., 1976). The RNAP has a form of a 

crab claw. The claw consists of two pincers:  and ´subunits. The β and β´ subunits assemble 

with N-terminal domains of the α subunit (αNTD) homodimer and form a cleft containing the 

active site. At the base of the cleft is located the so-called switch region serving as a hinge of 

claw pincers. The switch region changes from closed to open claw state (Mukhopadhyay et 

al., 2008). 

 Sequences of β and β´ subunits are highly conserved among bacteria, however, there 

are large inserted sequences in some evolutionary lineages of bacteria. These insertions are 

highly stable as structures and can be isolated and crystallized, their position is usually on the 

protein surface. Each α subunit has independently folded N-terminal and C-terminal domains 

joined by a flexible linker. The C-terminal domain of α subunit (αCTD) of E. coli RNAP regulates 

transcription by interaction with transcription factors and binds to upstream promoter 

sequence (Figure 3.) (Murakami et al., 2015).  

The primary channel of RNAP, where DNA binds, is cleft-shaped and is formed by  

and ´subunits. Its structure is conserved. The cleft is mostly positively charged, while the 

RNAP surface has an overall negative charge. Mg2+ catalyzes nucleotide addition to the RNA 

chain (Steitz et al., 1994) and may contribute to DNA melting. During transcription, NTP 

substrates enter the active site through the secondary channel. The secondary channel of 

RNAP is formed by ´ subunit and it is approximately 12 Å in diameter and funnel-shaped. It 

is so narrow that it allows passage only one NTP or sRNAs called nanoRNAs (oligonucleotides 

2- to ~ 5 nt long)  (Nickels and Dove, 2011), not double-stranded nucleic acids. The ω subunit 

is mainly a chaperon of the β´ subunit (Ma et al., 2016). The bacterial and eukaryotic RNAP 

cores are structurally and functionally homologous. 
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Figure 3. Structure of bacterial RNA polymerase holoenzyme interacting with DNA template. The E 

is shown as a molecular surface, colour coding is: 2 and grey;  cyan; ´ pink; and , orange. The 

DNA phosphate is shown with the template strand (t) dark green and the non-template strand (nt) 

light green, except for the promoter sequence (–35 and –10 elements, which are coloured yellow, and 

the UP elements and extended –10 element, which are in red) (Murakami et al., 2002) 

3.2.3 Bacterial promoters 

Transcription can start only from certain sites of DNA called promoters. Here, and in the 

following chapters, I will describe mainly the E. coli model system form, which most of the 

knowledge about transcription has been derived. Bacterial promoters contain several 

sequence motifs: the -35 element (the numbering applies to the primary/primary-like 

factors), the extended -10 element, the -10 element, and the discriminator region, which 

are recognized by the  factor; and the UP element, which is recognized by CTD (C-

terminal domain)  (Figure 4, Browning and Busby, 2016). The -10 motif is AT-rich to enable 

easier unwinding of double-stranded DNA and formation of the transcription bubble. In some 

cases, the promoters can be organized in tandem to increase the effectivity of transcription. 

We can find them, e. g. upstream of genes for rRNA or 6S RNA (Brosius et al., 1981).  
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Figure 4. Interaction of RNAP holoenzyme with a promoter. Promoter sequence with highlighted 

important elements, their typical sequences, and CTD of RNAP and primary-like  factor domains 

interaction with promoter elements are shown. UP element, the –35 element (positions –35 to –30), 

the extended –10 element, the –10 element and the discriminator element are highlighted (Browning 

and  Busby, 2016) 

3.2.4  factors 

 factor makes a complex with the RNAP core. This complex is called RNAP holoenzyme 

and is capable to recognize a promoter sequence and initiate transcription. Many different σ 

factors are present in bacterial cells. Different  factors are then able to recognize different 

promotor sequences and so regulate transcription of genes in response to changing 

conditions. The cells contain one main σ factor regulating the majority of genes: σA in B. 

subtilis or M. smegmatis (Gram-positive bacteria) and σ70 in E. coli (Gram-negative bacteria) 

and several alternative σ factors. The number of alternative σ factors differs among bacterial 

species. Seven σ factors are present in E. coli (Maeda et al., 2000). In M. smegmatis, 26 σ 

factors are predicted (Waagmeester et al., 2005). B. subtilis contains 18 σ factors 

(Haldenwang, 1995; Helmann, 2016; MacLellan et al., 2008; Matsumoto et al., 2005; Nicolas 

et al., 2012; Zuber et al., 2001)and 1 σ-like factor (Gruber and Gross, 2003). Every σ factor has 

a set of genes under its control called regulon. Genes with connected functions are usually 

under the control of one σ factor and are transcribed together in one long transcript. These 

sets of genes are called operons or cistrons. 

Sigma factors can be divided into four groups according to the presence or absence of 

four conserved regions (R1.1, R1.2–2.4, R3.0–3.2, R4.1–4.2) (Figure 5). These regions are 

structured helical domains (1.1, 2, 3, 4). 2, 3, 4 domains interact with the promoter 

sequence and the RNAP core. The most conserved domain is 2 (R1.2–2.4) and it interacts 

with the ' subunit of RNAP. Regions R2.3–2.4 make base-specific interactions with the -10 

hexamer of the non-template DNA strand during the DNA unwinding process. They stabilize 

RPo. R1.2 in Group 1 and 2 consists of two  helices oriented 90° to each other that interact 
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with the non-template strand “discriminator” element of the promoter (Paget et al., 2015). 

The discriminator element is located between the -10 element and the transcription start site 

(TSS). Domain 3 consists of a three-helix bundle, which interacts with the major groove of 

duplex DNA upstream of the -10 element (Mitchell et al., 2003). Interactions with these 

“extended -10” elements (T-15G-14 in E. coli) can stabilize initiation complexes so strongly that 

the -35 element, which is otherwise crucial for promoter recognition, is not required. 

Promoters of some  factors (e. g. I from B. subtilis) contain also extended -35 region 

(Ramaniuk et al., 2018). Domain 4 (R4.1–4.2) is composed of four helices with the third and 

fourth forming a helix-turn-helix motif binding to the -35 element. Domain 4 forms a contact 

point for transcriptional activators that bind DNA upstream of the -35 element. Domain 1.1 

(R.1.1) is present only in Group 1 and promotes a compact form of free , inhibiting DNA 

binding in the absence of the RNAP core. 1.1 is negatively charged and it mimics DNA upon 

E formation (Zachrdla et al., 2017). It occludes the RNAP active site, however, it is displaced 

by the DNA duplex during RPo formation (Paget et al., 2015). Some  factors from Group 1 

contain a non-conserved region between R1.2 and R2.1 too. It has a variable length and 

composition and it has been implicated in core binding and promoter escape in the case of E. 

coli 70 (Leibman and Hochschild, 2007).  

Alternative factorsvary in size from 20 kDa (Group 4) to 70 kDa (Group 1). All 

members of the 70   family include the 2 and 4 domains that bear major RNAP- and 

promoter-binding determinants. Alternative  factors lack 1.1, the presence of 3 is variable, 

and they differ in specificity and in some aspects of transcription initiation. Alternative  

factors vary hugely among bacteria, starting with their range of functions, sensing and 

responding to different extracellular and intracellular signals and ending with stresses. 

Alternative factors´ active concentrations are controlled by many mechanisms. These 

mechanisms may act on transcription, translation, or protein turnover levels. Some  factors 
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are activated by proteolysis (removal of inhibitory extension) and negative regulation by anti-

 factors binding to  factors was described too (Paget et al., 2015).  

 

Figure 5. Schemes of groups of  factors. Organization of  factor domains from Groups 1, 3 and 4. 

Structural domains are in these colours: 1.1, in white; 2, in green or orange; 3, in blue; 4, in red. 

Each domain and conserved  regions are indicated for Group 1 The non-conserved region (NCR) is 

in pink (Paget et al., 2015).   

3.2.5 Bacterial transcription initiation 

Transcription initiation is an essential step in gene expression regulation and it is most 

thoroughly described for bacterial cells (Saecker et al., 2011). It is regulated by the presence 

of transcription factors (TFs). Econsisting of the RNAP core and a σ factor recognizes 

promoter sequence, binds it (forms RPc) and forms a transcription bubble by unwinding ~12-

14 base pairs (bps) of the DNA double strand to single strands. This transcription-competent 

complex is RPo and it is formed when positions +1 (TSS) and +2 of the unwound template 

strand are able to enter the active site. In the presence of NTPs, RNAP holoenzyme starts from 

the +1 nucleotide directly or by abortive transcription, generating short transcripts without 

escaping the promoter. After the promoter escape, E releases the σ factor and the 

elongation complex is created (Goldman et al., 2009; Murakami et al., 2002). In gram-positive 

bacterium B. subtilis and gram-negative bacterium E. coli was found that initiating NTPs are 

regulators of transcription initiation of a number of promoters  (Krásný et al., 2008; Murray 

et al., 2003; Sojka et al., 2011; Walker et al., 2004). 
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3.2.6 Bacterial transcription elongation 

The next step of transcription is transcription elongation. The nascent RNA remains base-

paired with the template DNA strand forming a 9-10 bp RNA: DNA hybrid. The non-template 

strand is separated from the template strand. The melted region of DNA strands is 10-12 nt 

long and forms the transcription bubble (Turtola and Belogurov, 2016; Zaychikov et al., 1995).  

Transcription can be regulated during elongation and the transcription rate is not 

uniform. Transcription pausing is utilized by mechanisms such as attenuation or phage  

protein Q anti-terminator (Kingston and Chamberlin, 1981; Yarnell and Roberts, 1992).  Some 

pausing may be short and resolved spontaneously, whereas in other cases it may lead to EC 

backtracking. Backtracked EC can be restarted by GreA and GreB factors (Toulmé et al., 2000), 

which cleave from 3'- end of the nascent transcript to the active centre and unblock the active 

centre to let transcription continue. Elongation rate determined by pausing is influenced by 

both template sequence and RNA secondary structure (Mustaev et al., 2017). 

3.2.7 Bacterial transcription termination 

Termination sites are present downstream of operons and single transcribed genes and 

termination of bacterial transcription requires termination signal. There are two different 

types of bacterial transcription termination: Factor-independent and Factor-dependent 

(Peters et al., 2011). 

A typical factor-independent terminator site consists of two parts: a GC rich inverted 

repeat, which gives rise to a hairpin after being transcribed. The hairpin is followed by a short 

stretch Us. The Us make RNAP to pause and subsequently release the DNA template 

(Santangelo and Artsimovitch, 2011). Some elongation factors, e. g. NusA can be involved in 

transcription termination process (Mondal et al., 2017). 

The major termination factor in E. coli is the  factor. The -dependent termination 

sequence in many RNAs has very little in common. The  factor can be found in most bacterial 

species. The factor usually terminates transcription of untranslated RNAs and it has two 

main properties: (i) The  factor is an RNA-dependent ATPase using ATP as an energy source, 

however, its activity depends on the presence of RNA. (ii)  is RNA-DNA helicase unwinding 

double helix formed by RNA in one strand and DNA in the second strand (Snyder et al., 2013).  
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3.2.8 Bacterial transcription inhibitors  

Inhibitors of transcription can be divided into several groups: Primary channel inhibitors, 

mobile elements of the primary channel inhibitors, secondary channel inhibitors, switch 

region inhibitors and transcription factors inhibitors. Targets of some transcription inhibitors 

are not known yet. Currently, two RNAP inhibitors are used in clinical practice as antibacterial 

drugs, rifampin (also known as rifampicin) (Strydom et al., 2019), belonging to primary 

channel inhibitors, and fidaxomicin (also known as DIFICID® and lipiarmycin), belonging to 

switch region inhibitors. Rifamycins were the first group antimicrobial drugs targeting RNAP, 

discovered in Amycolatopsis mediterranei. Fidaxomicin is a derivative from fermentation 

products of Dactylosporangium aurantiacum. It is used for the treatment of Clostridium 

difficile-associated diarrhoea (Ma et al., 2016).  

3.3 Epigenetics 

Epigenetics was defined by Conrad Waddington in early 1940s as “the branch of biology which 

studies the causal interactions between genes and their products which bring the phenotype 

into being“. It is accepted as “the study of changes in gene function that are mitotically and/or 

meiotically heritable and that do not entail a change in DNA sequence“ now. Currently 

described modifications comprise covalent modifications of DNA bases, and posttranslational 

modifications of amino acids (aa) on the amino-terminal tail of histones. Enzymes modifying 

DNA bases or histone aa are called “writers” (e. g. DNA methyltransferases [DNMT], histone 

lysine methyltransferases, protein arginine methyltransferases or acetyltransferases [Ernst et 

al., 2010; Lei et al., 1996]). Proteins recognizing these modifications are called “readers” (e. 

g. methyl-CpG binding proteins [Moore et al., 2013]), and enzymes removing these 

modifications are called “erasers” (e. g. Ten-eleven translocation [TET] proteins [Tahiliani et 

al., 2009]). 

Histones are proteins and several variants of them are known: H1, H2A, H2B, H3, and 

H4. Octamers of histones spooled around by DNA are fundamental blocks of chromatin called 

nucleosomes. Each histone octamer contains two units of these variants: H2A, H2B, H3, and 

H4. A variety of enzymes modify histones post-transcriptionally on specific serine, lysine and 

arginine residues on the amino-terminal tail. The best-characterized histone modifications 
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are methylations and acetylations of lysine residues in histones H3 and H4. Histone 

acetylation leads to transcription activation and methylation to both transcription activation 

and inhibition (Dupont et al., 2009). 

3.3.1 DNA modifications 

DNA is originally synthesized from four natural types of nucleotides: adenosine, guanosine, 

thymine, and cytosine. However, these nucleotides can be postreplicationally changed, or 

modified NTPs can be incorporated into DNA during replication. DNA modifications can be 

natural (present in cells) or artificial (Chen et al., 2016; Gramlich et al., 2008).  

3.3.2 5-methyl cytosine 

Methylation of the cytosines 5th carbon is the best-studied DNA modification. In eukaryotes, 

this epigenetic mark is involved in gene regulation and cell differentiation (Figure 6). 5-methyl 

cytosine (CMe) represents about 1 % of all DNA bases and this methylation is almost exclusively 

present in CpG dinucleotides (Ehrlich and Wang, 1981). The majority of methylated CpG are 

in repetitive elements, probably serving as a defence against transposons or other parasitic 

elements (Goll and Bestor, 2005). Methylation highly changes in early embryogenesis causing 

X-chromosome inactivation or expression inhibition of imprinted genes (Reik, 2007). 

Methylation of CpG in promoter sequences is an important type of gene expression 

regulation. The methylation in CpG disables interaction of transcription factors with promoter 

sequence or binds methyl-CpG binding proteins and represses transcription (Bird, 2002). CpG 

methylation is changing even during ageing or pathological processes like tumorigenesis. 

DNMTs are responsible for cytosine methylation on carbon 5. There are several mutations of 

DNMT which cause diseases. CMe is a substrate for deaminases and the product is thymine. 

They may cause mutations, because 5mC pairs with G, however T pairs with A. CGA can be 

mutated to TGA and lead to a nonsense mutation. There is even a danger of mutations at 

other sites than CpG nucleotides; it can be even at CpHpG, where H is A, C or T (Cooper et al., 

2010). Simultaneously, dCMeTP,  can be incorporated into DNA during replication (Zauri et al., 

2015). 
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Figure 6. Schemes of (A) 5-methyl cytosine,  (B) 5-hydroxymethyl cytosine, (C) 5-formyl cytosine, (D) 

5-carboxy cytosine; R is a DNA backbone (Booth et al., 2013) 

3.3.2.1 DNA methylation in bacteria 

In bacteria, CMe, 4-methyl cytosine (4mC), and 6-methyl adenine (6mA) are present in 

genomes. CMe is present in all taxons, 6mA is present in lower eukaryotes, but not in 

vertebrates and 4mC is present only in bacteria. The modifications are formed 

postreplicativelly and they occur at specific sites. Base methylation can affect recognition of 

specific sites on DNA by DNA-binding proteins, replication control, DNA mismatches repair, 

transcription, and formation of epigenetic lineages by phase variation.  CMe, 4mC, and 6mA 

formations are catalysed by DNA methyltransferases recognizing specific DNA motifs. DNA 

methyltransferases transfer a methyl group from S-adenosyl-methionine to DNA. All these 

described modifications are major-groove oriented. In the major groove, DNA motifs are 

usually recognised by DNA-binding proteins (Sanchez-Romero et al., 2015).  

3.3.2.2 Restriction-modification systems 

A restriction-modification system (RMS) is usually described as a primitive immune system 

protecting the host (bacterium) against phages; however, additional roles as an epigenetic 

role in gene expression have been described. RMSs consist of DNA (adenine or cytosine) 

methyltransferase and a restriction endonuclease (RE). In the majority of restriction-

modification systems, base methylation serves as protection of host DNA by prevention of 

DNA cleavage by restriction endonucleases. However, the activity of some restriction 

endonucleases on modified DNA has been described too. Numbers of RMSs differ even 

among strains, e. g. 15 – 20 in Neisseria gonorrhoeae, and more than 25 in Helicobacter pylori 

(Sanchez-Romero et al., 2015). 

A B C

 

D 
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3.3.3  5-hydroxymethyl cytosine 

In eukaryotes, 5-hydroxymethyl cytosine (Chm) is an intermediate of the demethylation 

pathway and it is produced by TET (ten eleven translocation) proteins. TET proteins are α-

ketoglutarate-dependent dioxygenases, which are responsible for the conversion of CMe to 

Chm and then to 5-formyl cytosine (fC) and 5-carboxy cytosine (caC) (Figure 6) (Tahiliani et al., 

2009). These modifications can be present at as deoxynucleoside triphosphates by reaction 

of dCMeTP with TET proteins (Zauri et al., 2015). 5fC and 5caC can be removed by thymine 

DNA glycosylase during base excision repair (BER) and then the non-modified cytosine can be 

introduced. The biological role of fC and caC is not known. Chm is involved in many processes: 

transcription, pluripotency, differentiation, development, tumorigenesis, and metastasis. 

However, its biological relevance is not fully understood yet (Klungland and Robertson, 2017).  

Some bacteriophages incorporate dChmTP into DNA, subsequently, the glucose moiety 

is loaded onto the base and a highly - or - glycosylated phage DNA is created (Sinsheimer, 

1954). 

3.3.4  5-hydroxymethyl uracil 

5-hydroxymethyl uracil (Uhm) is present in DNA of some phages (Figure 7), e. g. in SPO1 phage 

of B. subtilis and dinoflagellates (Goodrich-blair and David, 1994; Stewart et al., 2009). It can 

also occur as a transmutation product of tritiated T in DNA sequence. Finally, exogenous 

dUhmTP can be accepted by DNA polymerase and incorporated into DNA during 

semiconservative DNA replication (Herrala and Vilpo, 1989). Uhm is present in eukaryotic cells. 

It can be created by the reaction of T with reactive oxygen species, conversion of CMe by TET 

enzymes, or by deamination of Chm and cause mispairing with A (Pfaffeneder et al., 2014). 

 

Figure 7. Scheme of 5-hydroxymethyl uracil (Schormann et al., 2014) 
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3.3.5 Uracil 

In eukaryotes, U (Figure 8) modifications in DNA are produced by C reaction catalyzed by 

enzyme activation-induced cytosine deaminase (AID). AID is expressed in antigen-activated B 

cells. This is the basis of the phenomenon called antigen-dependent antibody diversification 

which occurs in two stages: somatic hypermutation and class switch. This leads to U/G 

mispairing and subsequently, to a generation of antibodies with different effector functions. 

U/G mispairs are repaired to C/Gs by uracil DNA glycosylase in BER (Bregenhorn et al., 2016). 

U was found also in the genome of bacteriophage AR9 of B. subtilis (Sokolova et al., 2017) 

 

 

Figure 8. Scheme of uracil with atom´s labelling (Madzharova et al., 2016) 

3.4 Artificial DNA modifications and bioorthogonal reactions 

The reactivity-based bioorthogonal chemistry approach has been developed to study 

biomolecules such as nucleic acids, glycans, lipids, small molecule metabolites, and 

posttranscriptional modifications in living systems (Devaraj, 2018). It is a two-step approach: 

1) small reporters such as aldehyde, azide, alkyne or alkene are incorporated into the 

molecules of interest. 2) bioorthogonal reactions are done in situ to perform selective ligation 

of probes bearing the cognate reactive groups with the pre-tagged biomolecules (step 1) of 

interest.  

This brings new insights into many biological processes, e.  g. , glycome imaging, 

protein lipidation, and lipid trafficking, and activity-based protein profiling. Many 

bioorthogonal chemistry-based methods have been developed this way (Ramil and Lin, 2013). 
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3.4.1 Copper-catalyzed azide-alkyne cycloaddition 

Copper-catalyzed azide-alkyne cycloaddition (CuAAC), also known as “click chemistry“, is the 

most popular metal catalyzed reaction that is used in bioorthogonal chemistry. This reaction 

was first reported in 1963 by Huisgen as 1,3-dipolar cycloaddition reaction between alkyne 

and azide (Huisgen, 1963, Figure 9). The reaction is accelerated by a Cu(I) salt and by ligands 

with stabilizing effects such as tris[(1-benzyl-1H-1,2,3-triazole-4-yl)methyl]amine (TBTA) and 

tris(3-hydroxypropyltriazolylmethyl)amine. CuAAC of 5-ethynyl uracyl (UE) with organic azides 

belongs among the most obvious reactions to convert small ethynyl modifications to bulky 

groups. It is possible to use both nucleotides (Amblard et al., 2009) or DNA in the reaction 

(Gramlich et al., 2008). UE-modified DNA is a good substrate for DNA polymerases, it enables 

to incorporate deoxy-5-ethynyl uracil triphosphate to DNA by PCR. Most REs have no problem 

to recognize restriction sites in UE modified DNA and UE-modified DNA is sufficient template 

for bacterial transcription (Macíčková-Cahová et al., 2011).  

 

 

Figure 9. – Scheme of Cu(I)-catalyzed CuAAC mechanism (Castro et al., 2016) 

3.5 Regulatory RNAs in bacteria 

Bacterial RNAs can have several types of regulatory functions. They can modulate 

transcription, translation, mRNA stability, DNA maintenance or silencing. They regulate by 

several mechanisms such as RNA conformation changes, protein binding, base-pairing with 

other RNAs or interaction with DNA (Waters and Storz, 2009).  

3.5.1 Riboswitches 

Riboswitches are regulatory elements in the 5´end regions of mRNAs, which can react to 

environmental signals by conformational changes. These environmental changes can be 

stalled ribosomes, uncharged tRNAs, elevated temperature, or small molecule ligands 

(Grundy and Henkin, 2006).  
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3.5.2 Small non-coding RNAs 

Gene expression does not have to yield a protein as its final product, but it can stop at the 

RNA stage, yielding sRNAs. sRNAs are 50-300 nt long and have various functions. They usually 

base-pair with mRNA and influence its stability or mRNA translation efficiency (Storz et al., 

2011) Bacterial species such as E. coli encode hundreds of different sRNAs (Raghavan et al., 

2011). 

3.5.3 Cis-encoded sRNAs 

Cis-encoded sRNAs are transcribed from the same region of DNA as their target RNA but in 

the opposite strand. Therefore, they are fully complementary to these RNAs.  Most of the cis-

encoded RNAs from bacteriophage, transposons or plasmids control a copy number of mobile 

elements (Brantl et al., 2007). Cis-encoded RNAs have several mechanisms of action. They are 

involved in premature transcription attenuation by conformational changes in DNA and 

subsequent terminator loop creation. Another mechanism of action is transcription inhibition 

by direct blocking of ribosome binding sites. Next, they inhibit maturation of primers 

necessary for plasmid replication, e. g. ColE1.  Some of the cis-encoded RNAs prevent the 

formation of an activator RNA pseudoknot necessary for expression of some genes in 

plasmids (Brantl et al., 2007; Waters and Storz, 2009). Generally, cis-encoded RNAs expressed 

from bacterial chromosomes are less understood. Some of them are involved in degradation 

and/or repression of translation of mRNAs encoding proteins which are toxic at a certain 

concentration (Fozo et al., 2008).  

3.5.4 Trans-encoded sRNAs 

Trans-encoded sRNAs bind mRNAs via imperfect, short base-pairing interactions. In many 

aspects, they are functionally analogous to eukaryotic miRNAs (Aiba et al., 2007). They usually 

pair with complementary mRNAs close to the ribosome binding site and they inhibit 

translation, or they influence mRNA stability (Waters and Storz, 2009).  In many cases, Hfq is 

required for regulation of trans-encoded RNAs. The Hfq protein is necessary for some of 

sRNA’s function and/or stability. Hfq function is in many aspects homologous to Sm and Sm-

like proteins involved in mRNA decay and splicing in eukaryotes and can remodel the 

secondary structure of RNA (Aiba et al., 2007). 
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3.5.5 CRISPR RNAs 

Clustered regularly interspaced short palindromic repeats (CRISPR) are adaptable immune 

systems helping microbes to defend themselves against viruses by targeting their sequences 

by complementary RNAs. CRISPR RNAs are regulatory RNAs participating in resistance to 

bacteriophages and prevent plasmid conjugation (Marraffini and Sontheimer, 2008). The 

CRISPR sequences have been found in approximately 90% of archaea and in 40% of bacteria 

and they are highly variable. The DNA regions consist of a ~550 bp leader sequence connected 

with several repeat-spacer units. The repeat-spacer units vary from 24 to 47 nt. The same 

repeat appears in the CRISPR array 2 – 249 times. CRISPR-associated genes are adjacent to 

the CRISPR DNA array (Sorek and Hugenholtz, 2008). 

3.5.6 sRNAs modulating protein activity 

sRNAs can modulate protein activity either by having an intrinsic activity (RNase P), by 

providing essential functions to ribonucleoprotein particles (4.5S, tmRNA) or by acting as 

regulators by antagonizing activities of their cognate proteins by mimicking the structures of 

targeted nucleic acids. These sRNAs are e. g. CsrB, 6S, GlmY, and Ms1 (Hnilicová et al., 2014; 

Waters and Storz, 2009). 

3.5.6.1 6S RNA 

The first identified sRNA was 6S RNA in E. coli. It was found in the 1960s (Hindley, 1967) and 

subsequently, its homologs were found in other bacterial species, for example in Gram-

positive B. subtilis, Gram-negative Streptomyces coelicolor, and many other species (Wehner 

et al., 2014). B. subtilis and other gram-positive bacteria have two variants of 6S RNA. It is 

processed from a longer transcript and it is highly abundant in the stationary phase. 6S RNA 

has a secondary structure mimicking the open promoter and RNAP holoenzyme recognizes 

this structure and binds it. 6S RNA makes a complex with E70. Therefore, RNAP holoenzyme 

is prevented from binding to 70 promoter regions.  RNAP is released from 6S RNA by 

transcription producing a short transcript, which is 12 – 14 nt long and is called product RNA 

(pRNAs). It was observed especially during outgrowth from stationary phase because of the 

availability of nutrients and subsequently increased concentration of NTPs in cells that 

promote escape of RNAP from 6S RNA. The model is that E70 is released from 6S RNA when 
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the concentration of NTPs increases  (Wassarman and Saecker, 2006).  

3.5.6.2 Ms1 

Ms1 is an sRNA which was predicted in silico as a putative 6S RNA in M. smegmatis because 

of a similar predicted secondary structure (Figure 10) containing the central bubble which 

could mimick open DNA helix (Panek et al., 2011). Subsequently, the expression of Ms1 in M. 

smegmatis was verified. Interestingly, a different mechanism of RNAP binding than that of 6S 

RNA was found. It binds only the RNAP core, not E70 as 6S RNA. Ms1 is 300 nt long and it is 

highly abundant in the stationary phase. Its abundance is comparable to ribosomal RNAs. Ms1 

is conserved among mycobacteria including pathogenic species such as Mycobacterium 

tuberculosis (sRNA name MTS 2823; [Arnvig et al., 2011]) and Mycobacterium leprae. Two 

more proteins were found as interacting partners of Ms1 in stationary phase:  factor and 

RNAse polynucleotide phosphorylase (PNPase) (Hnilicová et al., 2014). 

 

 

Figure 10. Ms1 secondary structure based on in silico prediction. Central bubble and tail motifs are 

indicated (Hnilicová et al., 2014) 

3.6 Stability of RNA 

Structured RNAs such as tRNA or rRNA are usually more stable than unstructured RNAs 

(mRNA). Most stable RNAs are processed from their longer forms to mature forms (Carpousis 

et al., 2009).  

3.6.1 Degradation of RNA 

RNA decay in cells is an important part of gene expression regulation. Translation is a highly 

energy-demanding process. Cells can save a lot of energy by degrading mRNAs whose 

translation is unnecessary. The process of RNA degradation is done by ribonucleases (RNases) 

that cleave the phosphodiester linkage of the RNA chain. They are of two basic types: 

Central bubble motif 

Tail motif 
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exonucleases and endonucleases. Exonucleases are responsible for cleavage of nucleoside 

monophosphates (NMP) or nucleoside diphosphates (NDP) from ends (3´or 5´) of the RNA 

chain. Endonucleases cleave inside the RNA chain, producing two shorter oligo fragments. 

There are many types of RNAses and their mechanism of action differ. They may cleave single- 

or double-stranded RNA or they cleave hydrolytically or phosphorytically etc. Hydrolytic 

cleavage produces NMPs and phosphorolytic cleavage produces NDPs (Carpousis et al., 2009). 

There is a suggestion that RNases E, J, and Y are necessary for eubacterial RNA metabolism. 

All known bacteria and eukaryotes contain at least one of these three ribonucleases and 

several of them have all three (Laalami and Putzer, 2011).  

3.6.2 RNAses in M. smegmatis 

M. smegmatis express several endonucleases and exonucleases (Table 1) 

Table1. Overview of RNases predicted in M. smegmatis (Taverniti et al., 2011) 

Endonucleases Exonucleases 

RNase E + RNase J + 

RNase G - PNPase + 

RNase III + RNase T - 

Mini III - RNase R - 

RNase M5 - RNase II - 

RNase P + RNase PH + 

RNase Z + YhaM - 

RNase I - Orn + 

RNase Y - NrnA +? 

RNase J +   

 

3.6.2.1 Polynucleotide phosphorylase  

PNPase or polyribonucleotide nucleotidyltransferase (EC 2.7.7.8) catalyzes 

3´→5´phosphorolysis of polyribonucleotides. NDPs are products of phosphorolysis. PNPase is 

also capable to catalyze reverse template-independent 5´→3´ polymerization of NDPs and 

inorganic phosphate is released in this reaction. 
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𝑅𝑁𝐴𝑛 + 𝑃𝑖 ⇔𝑅𝑁𝐴𝑛−1 + 𝑁𝐷𝑃 

PNPase is widely conserved among bacteria and in eukaryotic organelles that 

originated from bacteria such as chloroplasts and mitochondria. It is absent from Archaea 

(Lin-Chao et al., 2007). PNPase differs functionally in different organisms. The key role of 

PNPase is connected with mRNAs and sRNAs abundance control; Moreover, PNPase is 

involved in DNA metabolism too. CDP generated by RNA phosphorolysis is the precursor of 

both CTP and dCTP.  

PNPase expression is autogenously regulated at the posttranscriptional level or at the 

level of its activity by diverse factors. PNPase may be part of macromolecular complexes 

involved in RNA degradation (e. g. degradosomes). In most analyzed species, PNPase is not 

an essential protein (Danchin, 1997). In PNPase mutants, phenotypes in cold shock, biofilm 

formation, oxidative stress, and virulence were found. PNPase catalysis of RNA reactions 

requires Mg2+; however, it is inhibited by a high concentration of Mn2+ (Reiner’, 1969). On the 

other hand, reactions with dNDPs and DNA are stimulated by Mn2+ (or other ions such as Fe2+) 

and inhibited by Mg2+ (Cardenas et al., 2011). In bacteria, PNPase is an important part of RNA 

decay. It is able to process RNA molecules with 10-12 nt long single-stranded 3´-ends; Stable 

secondary structures block RNA degradation (Coburn and MacKie, 1998). 

PNPase is a homotrimeric ring. In M. smegmatis, PNPase is encoded by the 

MSMEG_2656 gene and the protein is 763-aa long. PNPase consists of several domains:  two 

PH, , KH, and S1. The core of the trimeric ring is created by two RNase PH-like domains. The 

metal-binding site is located in the PH domain.  An α-helical module separating the PH 

domains is located on the interior surface of the ring. The S1 and C-terminal KH domains are 

on the opposite side of the ring and are conformationally mobile (Figure 11). Mutations of S1 

and KH domains strongly inhibit RNA dependent activities. Deletion of the S1 domain 

enhances DNA polymerase and DNA phosphorylase activities. Deletion of both S1 and KH 

domains does not affect DNA synthesis and stimulates DNA synthesis (Unciuleac and Shuman, 

2013).  
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Figure 11. PNPase structure of M. smegmatis (A) primary structure, PH domains are in blue (cyan and 

dark blue),  domain is in green, KH domain is in magenta and S1 domain is in yellow. Numbers of aa 

at the ends are indicated.  (B) The tertiary structure of monomer with colours are distinguished as in 

(A) (Unciuleac and Shuman, 2013). 

3.6.2.2 RNase E 

RNase E is an essential ribonuclease originally identified as involved in 5S rRNA processing 

(Apirion and Lassar, 1978). In E. coli, The RNase E contains 1061 aa. The first half of the enzyme 

has a ribonuclease activity (Mcdowall and Cohen, 1996). It is encoded by gene MSMEG_4626 

in M. smegmatis. In E. coli, RNase E usually catalyzes endonucleolytic cleavage within an AU 

rich single-stranded region. Subsequently, the 3´- 5´exonucleolytic degradation of the 

upstream of the cleavage site is performed. The catalytic region is located within the N-

terminus. The C-terminal part serves as a scaffold for association with PNPase, RhlB RNA 

helicase and the glycolytic enzyme enolase to form the degradosome complex (Carpousis et 

al., 2009).  

1 763 S1 KH PH PH 
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Generally, RNase E proteins are found in gram-negative bacteria.  They are absent 

from many gram-positive bacterial species such as many members Firmicutes including B. 

subtilis. These bacteria missing RNase E and contain the dual-active endo-/5´-

3´exoribonuclease RNase J and/or the endonuclease RNase Y. RNase E was mostly studied in 

E. coli. It is involved in posttranscriptional metabolism of RNA, such as tRNA maturation, rRNA 

processing, and sRNA processing and decay and it is key enzyme initiating mRNA decay. Both 

mRNA decay and processing of primary tRNA transcripts contribute to RNase E´s essentiality 

(Deutscher, 2009).  

The available structure of bacterial RNase E is from E. coli (Callaghan et al., 2005; 

Koslover et al., 2008; Marcaida et al., 2006). Identities of E. coli and M. smegmatis  RNases E 

are only by 16% based on the alignment of protein sequences (Altschul et al., 1990). The E. 

coli RNase E N-terminal domain is conserved and composed from several subdomains (Figure 

12) and C-terminal domain is not conserved and is very poorly structured. Crystallographic 

structures revealed that RNase E has an S1 RNA-binding domain, RNase H-like subdomains, a 

5´ sensor, a DNAse I-like subdomain. The 5´sensor and RNase H-like subdomains form a 

pocket, where active site is (Callaghan et al., 2005). 
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Figure 12. E.coli RNase E structure (N-terminal domain) (A) Primary structure of N-terminal domain 

RNase H-like subdomains in dark blue, S1 subdomain in green, 5´sensor in yellow, DNA I-like 

subdomain in red, Zn-link in black, and small domain in light blue. The S1 RNA recognition fold, a 5´- 

sensing domain, the catalytic DNase-I-like fold and a small domain that forms one of the dimer 

interfaces. (B) Crystal structure of RNase E. The Zn2+ and Mg2+ ions are shown as grey and as magenta 

spheres, respectively (Marcaida et al., 2006). 

3.6.2.3 RNase J 

RNases J1 and J2 were discovered in B. subtilis but orthologous enzymes are present in about 

half of the bacterial and archaeal genomes (Even et al., 2005). They have 5´-3´exonucleolytic 

activity. M. smegmatis contains a protein with high similarity to J1/J2 from B. subtilis. It is 

encoded by MSMEG_2685 gene. In M. smegmatis, it possesses both 5´-3´exonucleolytic and 

endoribonucleolytic activities (Taverniti et al., 2011).  

RNase J has a similar function as XRN RNases in eukaryotes, which have 5´-

3´exonucleolytic activity too. They are essential for fidelity control of RNA turnover in cells 

(Nagarajan et al., 2013). 

RNAse J structure is available from bacterium T. thermophilus (Figure 13). The identity 

of T. thermophilus and M. smegmatis RNases J are 38% based on aligned protein sequences 

(Altschul et al., 1990). The monomer of T. thermophilus RNase J contains globular domains of 

distinct sizes, which are referred to as the -lactamase core, -CASP and C-terminal domains 

(Li De La Sierra-Gallay et al., 2008). 

RNAse H S1 5´sensor

 

RNAse H DNase I Zn-link Small domain 

1 35 118 216 279 400 415 529 

Large domain A 

B 
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Figure 13. Structure T. thermophilus RNase J monomer. The -lactamase core is in green, -CASP  

domain is in purple and C-terminal domain is in magenta. The two zinc ions in the active site are 

shown as yellow spheres. The sulfate ion is visualised as a stick model. The N- and C-terminal ends are 

indicated (Li De La Sierra-Gallay et al., 2008). 

3.7 Model organism - Mycobacterium smegmatis 

M. smegmatis was found in 1885 in smegma (genital secret) with M. wolinskyi and M. goodie. 

These three species were considered to be one species at the time. However, more than 100 

years later, these three species were recognized thanks to developed taxonomic methods 

such as DNA sequencing. They are called the M. smegmatis group now. Characteristic features 

of this group, which were used to distinguish them from other species were negative 3-day 

arylsulfatase reaction, growth at 45°C, and in the presence of 5% NaCl, positive nitrate 

reductase reactions, positive iron uptake, often a very smooth colony type, and utilization of 

mannitol, inositol, and sorbitol as carbon sources. In late growth, yellow to orange 

pigmentation appeared on Middlebrook 7H10 agar in 50% cases.  

Approximately 50% of clinical isolates and additional ATCC reference strains of M. 

smegmatis were found in different studies and hence were renamed M. smegmatis sensu 

stricto. The mycolic acid composition of these isolates was unique and the isolates were 

susceptible to tobramycin agar disk diffusion. Sequence analysis of the 16S rRNA and PCR 

restriction analysis of the 439-bp hsp65 gene sequence was found unique to this species and 

used for its recognition (Brown et al., 1999). M. smegmatis sensu stricto has been 

incriminated in many cases of lymphadenitis, cellulitis, osteomyelitis, wound infections, and 
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rarely in respiratory diseases, usually associated with exogenous lipoid pneumonia (Wallace 

et al., 1988).  

M. smegmatis is often used as a model organism for M. tuberculosis (Shiloh and 

Champion, 2010). M. tuberculosis causes tuberculosis, which is among the top 10 most deadly 

diseases in the world. 1.6 million people died in 2017 from tuberculosis according to 

information from the World Health Organisation.  

Mycobacterial transformation with plasmids was performed in the late 1980s. 

Manipulation with the mycobacterial genome is performed mostly by recombineering or by 

CRISPR. Regulation of gene expression is mostly done by using the Tet (tetracycline) system 

inducible by anhydrotetracycline (atc) (Rock et al., 2017).  
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4.  AIMS 

The topic of this work is nucleic acid interaction with RNA polymerase. I worked on two 

projects. The first project was focused on modifications of DNA and their effect on 

transcription. The second project dealt with an sRNA found in M. smegmatis called Ms1.  

The main goals of the modified DNA templates project were: 

 To perform in vitro transcription assays with DNA templates bearing natural or 

artificial modifications 

 To perform experiments dealing with transcription switch ON and OFF 

The main goals of the Ms1 project were: 

 To prepare an Ms1 knock-out strain and phenotype it 

 To purify recombinant PNPase (interaction partner of Ms1) and perform in vitro 

digestion experiments of Ms1 

 To prepare knock-down strains of selected RNases and examine their effect on the 

Ms1 level in M. smegmatis cells 
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5.  MATERIALS AND METHODS 

The study of Ms1 was performed on the model organism M. smegmatis mc2 155.  Plasmids 

were purified from E.coli DH5, proteins were purified from E. coli DE3. 

 

List of methods: 

Bacterial cells cultivation 

DNA isolation, PCR 

Cloning, transformation 

CRISPR/dCas9 (knock-down strains preparation) 

Bacterial in vitro transcription assays (single- and multiple-round) 

RNA isolation, reverse transcription, qPCR, Northern Blots 

Electromobility shift assays 

Protein purification 

Western blot analysis 

Digestion tests with RNAses 
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assays and I performed all experiments with them to evaluate equilibrium KDs of E. coli RNAP 

and modified DNA templates of interest. I performed all the quantitation and statistical 

analyses. 
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inhibiting transcription with bacterial RNA polymerase 
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IF2017: 6.29 

The contribution of the author: 60%; I performed all quantitation of differently labelled DNA 

from gels. I performed all in vitro transcription assays with fully and partially modifies DNA 

templates. I performed subsequent RNA quantitation and statistical analyses. 
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Publication III 

Turning Off Transcription with Bacterial RNA Polymerase through CuAAC Click Reactions of 

DNA Containing 5-Ethynyluracil 

Michaela Slavíčková, Martina Janoušková, Anna Šimonová, Hana Cahová, Milada Kambová, 

Hana Šanderová, Libor Krásný, and Michal Hocek 
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IF2017: 5.16 

The contribution of the author: 40%; I performed the majority of in vitro transcription assays, 

where conditions of click reactions were tested.  

 

Publication IV 

Switching transcription with bacterial RNA polymerase through photocaging, photorelease 

and phosphorylation reactions in the major groove of DNA 

Zuzana Vaníková*, Martina Janoušková*, Milada Kambová, Libor Krásný and Michal Hocek 
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The contribution of the author: 40%; I prepared Ms1 strain and measured growth curves 

under different stresses. I prepared knock-down strains of genes for: Ms1, RNase E, RNase J 

and PNPase using CRISPR/dCas9. I performed in vivo tests of Ms1 levels in RNase knock-down 

strains. I purified PNPase with His-tag and I performed in vitro digestion assays with PNPase 

and different variants of Ms1. I performed tests of Ms1 promoter activity measuring RNA 

level. 
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7. SUMMARY OF PUBLICATIONS 

Publication I 

Influence of major-groove chemical modifications of DNA on transcription by bacterial RNA 

polymerases  

Publication I is a study focusing on which DNA modifications can be tolerated by RNAP and 

allow transcription. This and the following publications dealing with DNA modifications are 

results of a collaboration with the Michal Hocek´s group of Bioorganic and Medical Chemistry, 

where the modified DNA templates were prepared. We used a set of natural and artificial 

modifications of purines and pyrimidines. 7-modified 7-deazapurines and 5-modified 

pyrimidines were used in experiments. The modified DNA templates were full-length 

modified, prepared by PCR. After multiple-round in vitro transcription assays with B. subtilis 

and E. coli RNAP holoenzyme, the bulkier modifications had a stronger inhibitory effect on 

transcription. However, there were also some unexpected results, e. g. small modifications U 

or UV had a strong inhibitory effect on transcription. The question was in which step 

transcription is inhibited. We performed single-round in vitro transcription assays and 

resolved products on sequencing gels to see shorter products of early transcription 

terminations caused by DNA modifications; however, no shorter products were observed with 

modified DNA template. Then, we focused on transcription initiation and performed EMSA to 

establish equilibrium KDs and transcription initiation was found as the critical step for 

transcription inhibition by DNA modifications. 

 

Publication II 

5-(Hydroxymethyl)uracil and -cytosine as potential epigenetic marks enhancing or 

inhibiting transcription with bacterial RNA polymerase 

Publication II is a study of modifications present in cells: CMe, Chm, U, Uhm. Pveg (promoter of 

B. subtilis – our model promoter functional with E. coli E70) and E. coli RNAP holoenzyme 

were used in in vitro transcription assays.  Surprisingly, the Chm and Uhm modifications had a 

strong stimulatory effect on transcription. We wanted to know, whether another promoter 

with a different sequence had the same effect as Pveg. We used rrnB P1 from B. subtilis and 

the effect was opposite, both modifications Chm and Uhm, inhibited transcription. Then, we 
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focused on the promoter sequence of Pveg and we performed in vitro transcription assays 

with templates modified either in the promoter or in transcribed sequence. Transcription was 

stimulated when modifications were present in the promoter sequence, as expected from 

results published in Publication I. Subsequently, in vitro transcription assays with 

modifications in template or non-template strands of the promoter sequence were 

performed and the template strand was identified to mediate this effect.  

 

Publication III 

Turning Off Transcription with Bacterial RNA Polymerase through CuAAC Click Reactions of 

DNA Containing 5-Ethynyluracil 

Publication III is a study of click reactions as a tool for transcription switch OFF. Click reactions 

required several components to proceed and we first extensively investigated what effects 

had these components on in vitro transcriptions. We performed in vitro transcription assays 

with DNA template in the presence of single components of click reactions and with their 

combinations. We found that the 1 molar equivalents of reaction components did not inhibit 

transcription. Then, using these conditions, we succeeded to switch OFF transcription.  

 

Publication IV 

Switching transcription with bacterial RNA polymerase through photocaging, photorelease 

and phosphorylation reactions in the major groove of DNA 

Publication IV is a study of transcription of DNA with nitrobenzyl-pyrimidine modifications to 

first switch transcription ON by conversion of the nitrobenzyl group to hydroxymethyl group 

by irradiation and then to switch transcription OFF by subsequent phosphorylation of 

hydroxymethyl groups. Firstly, we performed a kinetic study of DNA irradiation by  = 400 nm 

at different times of irradiation. We irradiated nitrobenzyl, non- and hydroxymethyl-modified 

DNA as DNA damage controls. The kinetic study revealed that UNB and CNB irradiation caused 

transcription increases, consistent with the release of part of the nitrobenzyl group. Irradiated 

UNB-modified DNA transcription was on the UNB-modified DNA transcription level after 20 min 

(350%) and CNB-modified DNA transcription after 10 min (230%). It indicated that the 

conversion had been completed. Irradiation longer than 30 min led to a decrease of 

transcription, which was caused probably by DNA damage. Next experiments focused on 
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transcription switch ON by irradiation and subsequent switch OFF by phosphorylation of Uhm. 

We used 5-hydroxymethyl uracil DNA kinase (5-HMUDK) and ATP in reactions with irradiated 

samples under optimized conditions. UNB- modified DNA was irradiated for 30 min at 400 nm 

and the transcription rose to 350%. After phosphorylation of irradiated UNB-modified DNA 

templates (the part of nitrobenzyl group had been released by the irradiation), transcription 

decreased to 37% compared to positive control (non-modified DNA), so the transcription was 

inhibited. However, it was not blocked (original transcription of UNB modified DNA templates 

was 10-15%) completely. In summary, we have demonstrated a transcription switch ON and 

subsequent switch OFF in vitro proof of concept for the first time. 

 

Publication V 

Ms1 RNA increases the amount of RNA polymerase in Mycobacterium smegmatis 

Publication V is a study of Ms1, an sRNA in M. smegmatis. We found out that Ms1 is the most 

abundant non-rRNA in stationary (ST) phase and its level is 115-fold higher than in exponential 

(EX) phase. We prepared an Ms1 strain to perform phenotypic experiments and RNAseq (EX 

vs. ST phase). Based on RNAseq data we found out that Ms1 is the most expressed non-rRNA 

in stationary phase and only 6 genes changed expression in the Ms1 strain including Ms1. 

Genes for  and ´ of RNAP were among them and they were downregulated in the Ms1 

strain and the RNAP level in the Ms1 strain is lower (60-80%) than in the wt strain. 

Subsequently, we prepared an Ms1 knock-down strain with CRISPR/dCas9 system and Ms1 

strain with complemented Ms1 and we made phenotypic tests with them. We found out that 

the Ms1 gives an advantage to the cells during outgrowth. On the other hand, Ms1 strain 

cells reached higher OD600 at the end of exponential phase. Next, we focused on Ms1 

synthesis and degradation. In Ms1´s synthesis research we verified and characterized the 

putative Ms1 promoter (PMs1). Its upstream sequence was found important for its higher 

activity. To investigate Ms1 degradation, experiments of Ms1 stability were performed and 

Ms1 was found to be 60-fold more stable in ST phase in comparison to EX phase. 50% of Ms1 

was degraded after 18 min after dilution of culture in the ST phase to fresh media. 

Subsequently, knock-down strains of RNase E, RNase J and PNPase were prepared with 

CRISPR/dCas9 system and PNPase knock-down caused 30% increase in EX phase. Next, 

PNPase with 6xHis-tag was purified and digestion experiments with variants of Ms1: Ms1 wt, 
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Ms1 no bubble, and Ms1 no tail based on predicted secondary structure in vitro were 

performed. The tail motif was found important for digestion of Ms1 by PNPase. Finally, the 

result of this study is that the Ms1 abundance in ST phase is lack of degradation and Ms1 

increase a pool of available RNAP in the ST phase, which gives an advantage to the cells during 

outgrowth. 
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8.  DISCUSSION 

My Doctoral Thesis focuses on transcription in bacteria, namely on transcription of DNA 

templates modified in the major groove and Ms1, an sRNA found in M. smegmatis. Common 

features of these topics are interactions of nucleic acids with RNAP. My goal in the modified 

DNA templates project was to characterize the ability of RNAP to accept and transcribe 

templates with artificial modifications, tests of modifications present in cells and transcription 

switch ON and OFF in vitro by bioorthogonal reactions (Janoušková et al., 2017; Raindlová et 

al., 2016; Slavickova et al., 2018; Vaníková et al., 2019). The second part of this theses deals 

with Ms1. Ms1 makes a complex with the RNAP core (Hnilicová et al., 2014) and I participated 

in a project that revealed that Ms1 had an impact on RNAP level in M. smegmatis cell (Šiková 

et al., 2019). 

All mentioned publications were prepared in inter- and intra-lab collaborations. Here, 

I discuss topics where I performed the majority of experiments. 

8.1 Influence of DNA modifications in major-groove 

We performed a study on a set of artificially modified templates with a different bulkiness of 

major groove DNA modifications (5-modified pyrimidines and 7-modified 7-deazapurines, 

where was N replaced by C in position 7). The modifications displayed an increasing bulkiness 

(H, methyl, vinyl, ethynyl, and phenyl). It was the first study of a complete set of all four 

deoxyribonucleotides with these modifications. Influence of these modifications was tested 

by in vitro transcription assays with B. subtilis or E. coli EA/E70 on full-length modified DNA 

templates. The trend was mostly as expected – the bulkier modifications had a stronger 

inhibitory effect on transcription. Nevertheless, some exceptions were found.  

The U modification had a strong inhibitory effect. However, it was previously 

published that dihydrouracil in the transcribed sequence was bypassed by E. coli RNAP (Liu 

and Doetsch, 1998). The explanation could be that our templates contained also 

modifications in the promoter sequence. Interestingly, AR9 phage of B. subtilis, has Us in its 

genome instead of thymines (Ts) and it encodes RNAP requiring U modifications at certain 

conserved positions in late phage promoters (Sokolova et al., 2017). Then,  the absence of Ts 

in the -10 hexamer of the TACAAT consensus sequence of the non-template strand might 
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compromise interaction with A region 2 (Liu et al., 2011) and thereby prevent efficient 

transcription initiation. UE partially restored transcription; the ethynyl group could mimic 

methyl group present in the T base, whereas bulkier modifications of U (vinyl or phenyl) 

blocked transcription.  

Interestingly, naturally present CMe was partially tolerated by E. coli RNAP, whereas 

transcription with B. subtilis RNAP was blocked. Bulkier 5-vinyl cytosine modification was 

tolerated by both E. coli and B. subtilis RNAP. In previous research (Viswanathan and Doetsch, 

1998), 5-propynyl cytosine (CP, bulky modification) positioned in transcribed sequence 

blocked transcription, but 5-phenyl cytosine decreased transcription of full-length modified 

DNA templates and no shorter transcripts caused by blocking of RNAP were found. We 

performed single-round in vitro transcription assays with heparin as a competitor of DNA 

template to find products of transcription interruption. In (Viswanathan and Doetsch, 1998) 

they used heparin at 250 g/ml, whereas we used concentration 12.5 g/ml (Raindlová et al., 

2016). Our concentration of heparin was high enough to saturate E70 and block transcription. 

Hypothetically, CP DNA lesion could cause RNAP pausing and destabilization of EC leading to 

premature transcription termination. EC is usually stable in the presence of heparin, however, 

in the case of less stable RPo it was shown that it can be destabilized by heparin (Ross and 

Gourse, 2009). 

Generally, G (guanosine) modifications had a more pronounced effect than A 

(adenosine) modifications on transcription. 7-deaza A and 7-deaza G did not influence 

transcription with both E. coli and B. subtilis RNAP. It indicated that N at position 7 of purines 

is not important for RNAP holoenzyme recognition.  

Transcription of modified DNA templates by E. coli E70 was stronger than by B. subtilis 

E, which was possibly connected with the lower stability of open promoter complex 

stability of B. subtilis E (Whipple and Sonenshein, 1992). Therefore, E. coli E70 was used in 

subsequent experiments. Next, we investigated at what stage transcription was inhibited.  

Firstly, we examined transcription elongation, where shorter transcripts were expected as 

products of transcription interruption caused by DNA modifications as described in (Dimitri 

et al., 2008). We performed single-round in vitro transcription assays as described above and 

we found no shorter transcripts except for short transcripts of the positive control, which 

were most possibly products of abortive transcription (Henderson et al., 2017). To verify the 
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fidelity of transcription, transcripts of modified DNA templates were sequenced and no 

mutations were found. Subsequently, transcription initiation was examined and the 

equilibrium dissociation constants (KDs) (Matos et al., 2010) were determined. The constants 

are consistent with the inhibitory effect of the modifications we used in in vitro transcription 

assays, so the effect of inhibition/stimulation is at the transcription initiation level. 

8.2 5-hydroxymethyl uracil and -cytosine as potential 

epigenetic marks enhancing or inhibiting transcription  

In the next experiments, we examined four DNA modifications present naturally: CMe, 5-

hydroxymethyl cytosine (Chm), U, and 5-hydroxymethyl uridine (Uhm). In vitro transcription 

assays with full-length modified DNA templates, E. coli RNAP holoenzyme, and four B. subtilis 

promoters: Pveg (vegetative promoter [Fukushima et al., 2003]) or rrnB P1 (ribosomal 

promoter [Krásný and Gourse, 2004]) or their reciprocal chimaeras. U and CMe modifications 

were used already in our previous research (Raindlová et al., 2016) and they were used as 

controls in transcription with Pveg.  

Interestingly, the promoter sequence had an important role with respect to DNA 

modifications effects. In the case of Pveg, Uhm and Chm modified templates transcription was 

strongly stimulated (cca 350%). Contrary to this was rrnB P1, where transcription from its 

modified templates was inhibited. Transcription of chimeric promoters did not reach the 

same transcription activity as from Pveg, therefore, the whole Pveg sequence was necessary 

for the strong positive effect on transcription.   Then, we were interested in which strand of 

the promoter was responsible for the strong stimulatory effect. We used templates with 

modifications in non-template, template, both strands of the promoter sequence or both 

strands of transcribed sequence. The positive effect was dependent on the non-template 

strand of promoter sequence consistent with results from Publication I, and we made a 

prediction, which nucleotides were responsible for this effect. However, our predictions were 

not confirmed (changes of individual Ts for Uhms in non-template strand) and the whole 

promoter sequence modification of the non-template strand was necessary for the strong 

stimulatory effect.  
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Modifications in our study were more frequent in our templates then they are in cells. 

Modifications in cells are present only at certain sites of the DNA sequence (CpG nucleotides 

in eukaryotes [Cooper and Krawczak, 1989], restriction sites in bacteria [Cherry, 2018], DNA 

lesions [Pupov et al., 2019]). Still, this research sheds light on the mechanism of how 

transcription is regulated with respect to promoter sequence and DNA modifications. 

8.3 Transcription switch OFF by CuAAC 

We investigated transcription switch OFF on ethynyl uracil (UE) DNA templates bearing Pveg 

with E. coli RNAP. For transcription switch OFF we used CuAAC click reactions with UE-

modified DNA templates and azide (3-azidopropane-1,2-diol) to create the corresponding 

dihydroxypropyltriazoles (UDHT). Click reactions with PCR products (Gierlich et al., 2006) and 

even click reaction in vivo on UE-modified RNA to detect RNA synthesis in cells had been 

performed previously (Jao and Salic, 2008). Nevertheless, this was the first study of 

transcription switch OFF by click reaction.  We had already known from UE modified DNA 

transcription (Raindlová et al., 2016) that it is decreased by 36% in comparison with positive 

control. Still, the 36% transcription is strong enough. 

The reaction required several reactants to proceed (CuBr, TBTA [(1-benzyl-1H-1,2,3-

triazo-4-yl)methyl]amine] and solution). We studied effects of these reagents on in vitro 

transcription. We performed in vitro transcription assays with combinations of click reaction 

components to find out which reagents had negative effects on transcription. In the 

beginning, we used 100 molar equivalent of T/UE in the non-modified linear DNA template. 

We observed transcription inhibition in the presence of CuBr. CuBr at high concentration 

made probably a complex with DNA (as indicated by anomalous migration in agarose gels) 

and it subsequently blocked transcription. There was an investigation of Cu(I) and Cu-TBTA in 

eukaryotic cells and Cu-TBTA complex was found more toxic for cells than Cu alone (Kennedy 

et al., 2011). This is not consistent with our data, where Cu inhibits transcription, whereas Cu-

TBTA combination does not. In bacteria, Cu causes cell envelope damage; there is no evidence 

of mutations or DNA damage at higher Cu concentration (Espírito Santo et al., 2011).  

Then, we used lower equivalents of reactants and we found that 1 molar equivalent 

of all components to UE moieties in modified DNA template did not affect the transcription, 

however, after azide addition, the click reaction was performed and transcription was 
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blocked. The conversion of UE to UDHT was only about 36%, but it was satisfactory for the 

transcription blocking.  

However, as it was previously shown that the azide structure does not affect click 

reactions (Gierlich et al., 2006), we wanted to know, whether the click reaction was 

performed and blocked the transcription even with another azide under these conditions. We 

used 3-azido-7-hydroxycoumarin in the same conditions and the effect was the same: 

transcription with all reactants was switched OFF.  

Although the click reaction requires chemicals, which are not so living cells-friendly,  

there is an effort to use forms of reagents, which will be suitable for in vivo use (Kennedy et 

al., 2011). 

8.4 Transcription switching ON by photocaging and 

subsequent switching OFF by phosphorylation 

This study is the first demonstration of bioorthogonal reaction in the major groove of DNA 

with bacterial (E. coli) RNAP in vitro. The studied process was similar to DNA methylation and 

its demethylation in the regulation of gene expression, which occurs naturally (Chen et al., 

2016). This research was based on our previous studies, where we demonstrated that Uhm- 

and Chm-modified DNA templates were transcribed better (250-350%) than non-modified 

DNA control (Janoušková et al., 2017).  

We used UNB or CNB DNA modifications to convert them to Uhm or Chm by irradiation. 

We used the Pveg promoter sequence and DNA was irradiated by a 3W photodiode with a 

maximum  at 400 nm, as described (Boháčová et al., 2018). 400 nm is a wavelength, which 

should not be harmful to cells in low doses (Ramakrishnan et al., 2016). We used sodium azide 

and 1,4-dithiothreitol (Barth et al., 1997) to avoid DNA damage and light absorption by 

nitrobenzaldehyde, which was a byproduct of nitrobenzyl modified DNA irradiation. UNB and 

CNB modifications of DNA templates can be converted to Uhm and Chm modifications and switch 

transcription ON. Subsequently, Uhm modification was phosphorylated by 5-HMUDK (Lee et 

al., 2018) and this inhibited transcription, switching it OFF this way. We speculated that 5-

HMUDK could protect bacteria against bacteriophages, as some phages contain Uhm 

modification naturally in their genome, e. g. SPO1 (Goodrich-blair and David, 1994). However, 
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further study would be necessary to confirm this hypothesis. Unfortunately, the 5-HMUDK is 

Uhm specific; transcription of Chm remained switched ON after 5-HMUDK treatment. Another 

way of switching could be via further dephosphorylation of phosphorylated Uhm or 

glycosylation of Chm (Borst and Sabatini, 2008). All experiments were performed in vitro and 

further applications in vivo will require future extensive research because just the 

introduction of modified dNTPs in cells is challenging (Guixens-Ballardo et al., 2018). 

Nevertheless, this study was the first step on way to get tools to switch transcription ON or 

OFF by artificial modifications in cells. 

8.5 Synthesis and degradation of Ms1 

Ms1 was found as the most abundant non-rRNA transcript in stationary phase in 

mycobacteria (Arnvig et al., 2011). Its abundance in ST phase was 115-fold higher than in EX 

phase (Šiková et al., 2019). The question was: What was the reason – higher degradation in 

EX phase or higher synthesis in ST phase?  

To characterize the synthesis of Ms1, -galactosidase assays were performed to 

examine the activity of the putative PMs1 promoter with different lengths of upstream 

sequence (the putative core [-38/+9], -131/+9, -231/+9, -331/+9, -491/+9), a promoter with 

mutated -10 hexamer and upstream sequence without promoter sequence (-491/-22). The 

activity of the mutated putative core promoter and the activity of upstream sequence with a 

partially deleted putative core promoter (-491/-22) was at the level of the empty plasmid 

without any promoter. Therefore we identified/confirmed the core promoter sequence and 

we showed that the Ms1 gene had only one core promoter (PMs1), which seemed to be 

probably A dependent according to its sequence. On the other hand, 6S RNA in E. coli has 2 

promoters, one is 70 and the second is S dependent (Kim and Lee, 2004). The PMs1 activity 

is the highest when the upstream sequence is present, so there must be some enhancer 

increasing transcription activity of the promoter. In our -galactosidase assays we used the 

rrnB promoter of M. smegmatis as a control, however, it had a higher activity in stationary 

phase, which was not consistent with the literature (Aviv et al., 1996; Deutscher, 2009; Krásný 

and Gourse, 2004). Therefore, we decided to perform qPCR to directly measure the level of 

lacZ transcripts.  These results for the rrnB promoter were then consistent with the literature 

and the rrnB promoter activity was the highest in EX phase and decreased in the ST phase. 
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With respect to the activity of control rrnB promoter in the literature in comparison with our 

results, the qPCR method was more appropriate than protein level measurement in M. 

smegmatis cells. The LacZ protein probably accumulated in cells during the growth (e. i. the 

protein was too stable) and the protein level did not correspond to the real activity of the 

PMs1. The PMs1 activity was 2-fold higher with -491/+9 construct in late ST phase (48 h of 

growth) than in EX phase (~6 h of growth); however, the Ms1 level was 115-fold higher in ST 

phase.  Thus, the Ms1 amount in the cells must be regulated mainly at the level of RNA 

stability/degradation. 

To examine the degradation of Ms1, I prepared knock-down strains of RNase E, RNase 

J, and PNPase based on the CRISPR/dCas9 system (Rock et al., 2017). RNase E and RNase J are 

suggested as the most important RNases in bacteria (with RNase Y, which is not present in 

mycobacteria [Taverniti et al., 2011])  (Laalami and Putzer, 2011) and PNPase that was found 

as an interaction partner of Ms1 (Hnilicová et al., 2014). First, we showed that all three RNases 

had higher levels of transcripts in EX than in ST phase (8 - 30-fold), so they were promising 

candidates to be involved in the rapid degradation of Ms1 in EX phase. I measured the Ms1 

level in knock-down strains in EX phase and only the PNPase knock-down affected the Ms1 

level. The Ms1 level was approximately 30% higher after PNPase depletion compared to 

control strain. On the other hand, recently published data showed opposite effect of PNPase 

depletion in M. tuberculosis (Płociński et al., 2019). The MTS2823 (homolog of Ms1 in M. 

tuberculosis [Arnvig et al., 2011]) level is decreased with depletion of PNPase. The phase of 

growth of M. tuberculosis is not described in the article and the effect of PNPase depletion, 

e. g. in ST phase in M. smegmatis, has not been investigated yet. Therefore comparison of 

these two results is discutable. Back to our research, even though the Ms1 level in strain with 

depleted PNPase increased, it was not as high as in the ST phase. Therefore, other factors or 

RNases must participate in the rapid Ms1 degradation during EX phase. This could be 

addressed by knock-downs of other RNases present/predicted in M. smegmatis (Taverniti et 

al., 2011) and measurements of Ms1 levels.  

To validate whether PNPase alone was able to fully digest Ms1, I expressed and 

purified mycobacterial PNPase with 6xHis-tag from E. coli and performed in vitro digestion 

tests with three forms of Ms1 coming from its predicted secondary structure  – Ms1 wild type, 

Ms1 no tail, lacking a tail motif, and Ms1 no bubble, lacking central bubble. Ms1 wild type was 
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digested by PNPase, but not fully (~50%) which corresponded to the in vivo data. The Ms1 “no 

tail” was almost immune to digestion by PNPase, so the tail motif was important for PNPase 

and Ms1 interaction or PNPase digestion. To prove that the accumulation of Ms1 in ST phase 

was caused mainly by the lack of degradation, we diluted a ST phase culture to fresh media 

and monitored the Ms1 level just immediately after dilution. The Ms1 decay was very fast, 

about 50% of Ms1 accumulated during stationary growth decayed within ~18 min after 

dilution. The stability of Ms1 was examined too and the Ms1 half-life in ST phase was 8 h 

whereas in EX phase 8 min. In E. coli, 6S RNA (sRNA making a complex with E70) level is 

regulated in EX phase by RNase BN from the RNase Z family. RNase BN has an 3´exonuclease 

hydrolytic activity whereas PNPase has an 5´ exonuclease phosphorolytic activity (Chen et al., 

2016; Unciuleac and Shuman, 2013). RNase Z is predicted in M. smegmatis and in M. 

tuberculosis based on BLAST (Altschul et al., 1990; Taverniti et al., 2011); however, it has not 

been studied yet.  

Taken together, the accumulation of Ms1 in ST phase was not caused by increased 

synthesis of Ms1 according to promoter activity assays. Then, the fast degradation of Ms1 

after dilution of culture in the ST phase to fresh media showed that the low Ms1 level in EX 

phase was caused by degradation. The assays of Ms1 in knock-down strains and digestions 

tests in vitro showed that PNPase was important for Ms1 degradation, however, there must 

be another RNase/s or some agonist of the reaction, e. g. helicase similar to one, which is 

necessary for degradation of sRNAs in E. coli (Lin and Lin-Chao, 2005). In M. smegmatis,  

factor was found as an interaction partner of Ms1 and it has helicase activity (Hnilicová et al., 

2014; Walmacq et al., 2004).  factor could be an agonist of PNPase or another RNase cleaving 

Ms1. 
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9. CONCLUSIONS 

 

My Doctoral Thesis brought novel insights into topics of transcription of modified DNA 

templates, and synthesis and degradation of Ms1.  

In the modified DNA templates project, we performed a study of the influence of 

bulkiness of artificial and non-artificial modifications on transcription. We found their effect 

on transcription initiation level, and subsequently, we demonstrated the promoter sequence 

(when modified) had the largest effect on transcription.  

Then, we did a study of CuAAC click reaction conditions and performed transcription 

switch OFF in vitro. Next, we investigated transcription switch ON by conversion of bulky 

modifications to smaller modifications by irradiation and subsequently, we phosphorylated 

these modifications to switch transcription OFF, both in vitro. Transcription switch ON as a 

proof of principle enables study/application of this approach in cells and it is under 

investigation in our laboratory. Next investigation under our interest is the influence of 

modified NTPs on transcription. Modified NTPs are present in cells and they are incorporated 

into RNA co-transcriptionally, however, their functions are generally not completely clear 

(Huang et al., 2019). 

In Ms1 project, we made a study of synthesis and degradation of Ms1. We found 

promoter sequence of Ms1 gene and found the important upstream sequence, whose 

presence increases promoter activity.  We found that stability in ST phase is caused by lower 

degradation, not by higher synthesis. PNPase, the interaction partner of Ms1, digests Ms1 and 

we found the secondary structure of Ms1 important for its activity. Results from this project 

shed light on the degradation of Ms1 in M. smegmatis. We made the next step in the 

investigation of Ms1 RNAses in mycobacteria and their research is in progress in our 

laboratory. 
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