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Summary 

In this work, single-molecule tracking, in combination with SMTracker software, is the main 

microscopy method to generate and analyze data. This allows various processes to be studied 

in a millisecond time range with a high optical resolution in living cells/bacteria. Due to new 

findings, including improved methods, a number of theories that were previously considered 

established have to be reconsidered. This also applies to protein biosynthesis in bacteria. A 

temporal and spatial separation of transcription and translation of these two processes is 

becoming increasingly likely at least in some bacteria. However, the extent to which this 

occurs is still unclear. Two general models exist for this, which attempt to explain where mRNA 

translation takes place and whether this is a process separate from transcription or coupled 

to it: 1.) The mRNA remains close to its transcription site, with the bacterial chromosome 

acting as a template - where both, coupling of transcription and translation and separation, 

are possible - or 2.) mRNAs localize where the protein to be encoded is later required. 

Transcription and translation are thus rather spatially and temporally separated from each 

other. Importantly, these models may apply differently to different bacterial species. 

 This work focuses mainly on the question of where translation of different mRNAs 

takes place in the Gram-positive bacterium Bacillus subtilis and what dynamics they exhibit. 

For this work, the already often used RNA labelling method, the MS2-system, was used, which 

had to be modified a little in advance in order to achieve optimal results. The results show 

that already one and two repeats of the MS2-binding sequence are sufficient to detect mRNAs 

with the MS2-system. In this context, it could be shown that unspecific binding of the MS2-

binding protein occurs and affects the growth of cells expressing it, regardless of the co-

expression of the associated binding site. Nevertheless, detection of mRNAs is still possible.

 To address the question of where translation occurs in B. subtilis, mRNAs encoding 

soluble, membrane and extracellular proteins were used. The localization of these mRNAs 

provides insight into where translation might take place. The results of this work do not fit 

exclusively to either model 1) or model 2), but have features of both models. All tested mRNAs 

show a localization at the poles and the surrounding of the nucleoid, whereas mRNAs 

encoding membrane proteins show a tendency towards the membrane. The co-expression 

and co-localization of a mRNA, ypbR-ypzF, and one of the proteins encoded from it, DynA, 
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supports the assumption that a mRNA and its protein product could colocalize.  

 This investigation further includes the dynamics of mRNAs, which previous studies 

have mainly determined in an indirect or theoretical way. The understanding of how mRNAs 

move in the cell is best explained by assuming at least two, possibly three populations, with a 

static population likely representing the translation of mRNA, a possible transition complex 

with the ribosomal subunits, as well as a freely diffusing population existing if three 

populations are assumed. The square displacement analysis also shows that the diffusion 

constants and thus the speed of the mRNAs appear to be size-independent and that mRNAs 

can move anywhere in the cell within a few seconds, although they are noticeably slower than 

cytosolic proteins.             

 The assembly of the ribosome also plays an important role here and is probably already 

indirectly reflected by the mRNA study. The data generated of the ribosomal protein of the 

50S subunit, by using single-molecule tracking further supports this. In addition to its 

localization, for the first time in a Gram-positive bacterium, its dynamics were investigated. 

Here, more than three populations can be assumed, whereby the static population, which 

represents a possible translation, corresponds to the static population of the investigated 

mRNAs. In addition, a fast, freely diffuse population can be observed, as well as the formation 

of a transition complex with several intermediates, which argues for the dynamic, complex 

structure of the ribosome and agrees with the mRNA data. Furthermore, the localization data 

match and support the results obtained from the mRNAs.     

 The bacterial dynamin-like protein, DynA from B. subtilis, was not only used for co-

localization analyses with its mRNA transcript, but was also further characterized. This protein 

is involved in cell division, where it plays an important role in membrane fusion of the newly 

divided cells. In addition, cells lacking DynA are less resistant to phage attack and membrane 

stress induced by chemical reagents. However, the type of membrane stress responsible for 

DynA recruitment is not fully understood. Using epifluorescence microscopy and single-

molecule tracking, I was able to show that DynA only responds to specific stresses, probably 

induced pores in the membrane caused by attacking components of lipid II. Furthermore, by 

studying the dynamics of DynA, three different populations of mobility could be found. A static 

population that is involved in membrane fusion, including during cell division and repair of 

membrane damage - a process that occurs relatively quickly -, a slow mobile population that 

searches for possible membrane damage, and a population for probably freely diffusing DynA 
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molecules that has a cytoplasmic localization not known so far. Importantly, even a slight 

change in the number of DynA molecules is enough to repair the damage caused by the 

antibiotics.   
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Zusammenfassung 

In dieser Arbeit ist das Verfahren der Einzelmolekül-Verfolgung, in Kombination mit der 

SMTracker Software, die wichtigste Mikroskopiemethode, um Daten zu generieren und zu 

analysieren. Damit können verschiedenen Prozesse im Millisekundenbereich mit einer hohen 

optischen Auflösung in lebenden Zellen/Bakterien untersucht werden.  

 Durch neue Erkenntnisse, u.a. durch verbesserte Methoden, müssen verschiedene, bis 

dahin als etabliert betrachtete Theorien, überdacht werden. So auch die Proteinbiosynthese 

in Bakterien. Eine zeitliche und räumliche Trennung von Transkription und Translation dieser 

beiden Prozesse in verschiedenen Bakterienspezies wird immer wahrscheinlicher. In welchem 

Ausmaß dies geschieht, ist jedoch noch unklar. Dafür existieren zwei generelle Modelle, die 

zu erklären versuchen, wo die mRNA-Translation stattfindet und ob dies ein von der 

Transkription getrennter oder damit gekoppelter Vorgang ist: 1.) Die mRNA verbleibt in der 

Nähe ihres Transkriptionsortes, wobei das bakterielle Chromosom als Vorlage fungiert ς bei 

dem sowohl eine Kopplung von Transkription und Translation als auch eine Trennung möglich 

ist -, oder 2.) mRNAs lokalisieren sich dort, wo das zu kodierende Protein später benötigt wird. 

Transkription und Translation sind damit eher räumlich und zeitlich voneinander getrennt. 

Wichtig ist, diese Modelle können für verschiedene Bakterienspezies unterschiedlich 

zutreffend sein.          

 Diese Arbeit beschäftigt sich im Wesentlichen mit der Frage, wo die Translation 

verschiedener mRNAs in dem Gram-positiven Bakterium Bacillus subtilis stattfindet und 

welche Dynamiken sie aufweisen. Für diese Arbeit wurde die bereits vielfacht genutzte RNA-

Markierungsmethode, das MS2-System, verwendet, das vorab ein wenig abgeändert werden 

musste, um optimale Ergebnisse zu erzielen. Die Ergebnisse zeigen, dass bereits ein und zwei 

Wiederholungen der MS2-Bindesequenz ausreichend sind, um mRNAs mit dem MS2-System 

zu detektieren. In diesem Zusammenhang konnte aufgezeigt werden, dass eine unspezifische 

Bindung des MS2-Bindeproteins auftritt und das Wachstum von Zellen, die dies exprimieren, 

unabhängig von der Koexpression der dazugehörigen Bindestelle, beeinflusst. Trotzdem ist 

der Nachweis von mRNAs damit möglich.        

 Um der Frage nachzugehen, wo die Translation in B. subtilis stattfindet, wurden mRNAs, 

die für lösliche, membranständige und extrazelluläre Proteine kodieren, verwendet. Die 

Lokalisierung dieser mRNAs gibt einen Einblick, wo die Translation stattfinden könnte. Die 

Ergebnisse dieser Arbeit passen dabei weder ausschließlich zu Modell 1) noch zu Modell 2), 
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besitzen jedoch Merkmale beider Modelle. Sämtliche getesteten mRNAs weisen eine 

Lokalisation an den Polen und der Umgebung des Nukleoids auf, wobei mRNAs, die für 

Membranproteine kodieren, eine Tendenz zur Membran aufzeigen. Die Koexpression und Ko-

lokalisation einer mRNA, ypbR-ypzF, und eines der daraus kodierten Proteine, DynA, 

unterstützt die Annahme, dass eine mRNA und ihr Proteinprodukt kolokalisieren könnten. 

 Diese Untersuchung umfasst ferner die Dynamiken von mRNAs, die in bisherigen 

Studien hauptsächlich auf indirekte oder theoretische Weise ermittelt wurde. Die Erkenntnis, 

wie sich mRNAs in der Zelle bewegen, lässt sich am besten durch die Annahme von mindestens 

zwei, möglicherweise drei Populationen erklären, wobei eine statische Population 

wahrscheinlich die Translation der mRNA abbildet, ein möglicher Übergangskomplex mit den 

ribosomalen Untereinheiten vorhanden ist, sowie eine frei diffuse Population existiert, wenn 

von drei Populationen ausgegangen wird. Die quadratische Verschiebungsanalyse (square 

displacement analysis) zeigt zudem, dass die Diffusionskonstanten und damit die 

Geschwindigkeit der mRNAs größenunabhängig zu seinen scheint und sich mRNAs innerhalb 

weniger Sekunden überall in der Zelle hinbewegen können, wobei sie deutlich langsamer sind 

als cytosolische Proteine.          

 Auch der Zusammenbau des Ribosoms spielt hierbei eine wichtige Rolle und wird 

wahrscheinlich bereits indirekt durch die mRNA Untersuchung wiedergegeben. Die 

generierten Daten des ribosomalen Proteins der 50S Untereinheit, L1, mittels Einzelmolekül-

Verfolgung unterstützt dies zusätzlich. Neben dessen Lokalisation wurde erstmals in einem 

Gram positiven Bakterium, dessen Dynamik untersucht. Hier kann von mehr als drei 

Populationen ausgegangen werden, wobei die statische Population, die eine mögliche 

Translation darstellt, der statischen Population der untersuchten mRNAs entspricht. Daneben 

kann eine schnelle, frei diffuse Population beobachtet werden, sowie die Bildung eines 

Übergangskomplexes mit mehreren Zwischenprodukten, was für den dynamischen, 

komplexen Aufbau des Ribosoms spricht und mit den mRNA Daten übereinstimmt. Des 

Weiteren passen die Lokalisationsdaten zu den gewonnenen Ergebnissen der mRNAs und 

untermauert diese.          

 Das bakterielle Dynamin-ähnliche Protein, DynA von B. subtilis, wurde nicht nur für Ko-

lokalisationsanalysen mit seinem mRNA-Transkript verwendet, sondern auch weitergehend 

charakterisiert. Dieses Protein ist an der Zellteilung beteiligt und spielt dort eine wichtige Rolle 

bei der Membranfusion der sich frisch geteilten Zelle. Darüber hinaus sind Zellen, denen DynA 



 

X 
 

fehlt, weniger resistent gegenüber Phagenbefall und Membranstress, der durch chemische 

Reagenzien induziert wird. Welche Art von Membranstress für die Rekrutierung von DynA 

verantwortlich ist, ist jedoch nicht vollständig geklärt. Mit Hilfe von Epifluoreszenzmikroskopie 

und Einzelmolekül-Verfolgung konnte ich zeigen, dass DynA nur auf spezielle Stressfaktoren 

reagiert, wahrscheinlich induzierte Poren in der Membran, die durch das Angreifen von 

Komponenten des Lipid II entstehen. Außerdem konnte bei der Untersuchung der Dynamik 

von DynA drei unterschiedliche Populationen der Mobilität gefunden werden. Eine statische 

Population, die an der Membranfusion beteiligt ist, u. a. während der Zellteilung und bei der 

Behebung von Membranschädenς ein Vorgang, der verhältnismäßig schnell vonstattengeht -, 

eine langsam mobile Population, die nach möglichen Membranschädigungen sucht, sowie 

eine Population für wahrscheinlich frei diffundierende DynA-Moleküle, die eine bisher nicht 

bekannte zytoplasmatische Lokalisation aufweist. Wichtig dabei ist, dass bereits eine 

geringfügige Änderung in der Anzahl der DynA-Moleküle ausreichend ist, um die durch die 

Antibiotika verursachten Schäden zu beheben.  
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1. INTRODUCTION 

1.1 RNAs were essential for the origin of life  

In the beginning, life on Earth was remarkably different from today. This is, of course, common 

knowledge. Still, the question how life began on Earth is not fully uncovered. Different 

theories exist. Besides religious believes, first, it was thought, life arises from dead material, 

also called abiogenesis, and was already theorized by the Greek philosopher Aristoteles (384ς

322 B.C.). In the 20thΩǎ ŎŜƴǘǳǊȅΣ ƴŜǿ ǘƘŜƻǊƛŜǎ emerged. In the 1950th, Stanley Miller and Harold 

C. Urey performed experiments to demonstrate that by energizing inorganic compounds, 

organic material like amino acids, fatty acids and also later on lipids could be generated, by 

developing the theory and experimental set-ups of Aleksandr Oparin and J. B. S. Haldane 

further [1]. The theory of the primordial soup was born [2]. Based on this theory, the RNA-

world theory was developed and first mentioned by Carl Woese [3] and was made famous by 

Walter Gilbert [4]. It states that ribonucleotide acids (RNA), were the initial factor of the 

beginning of life, through their ability to store genetic information and catalyze chemical 

reactions in primitive cells [3, 5]. Experiments in the 21st century showed that RNAs may have 

originated from the primordial soup [6]. The RNA world theory relies on the assumption that 

RNAs, among other things,  have an autocatalytic activity and can perform self-replication, 

which both were found in Escherichia coli in the 1980ths [7]. Not to dive too deeply into this 

theory, also several problems occur. RNAs are too complex that they have developed out of 

nothing. Here, the pre-RNA world theory states that early simple RNA-like polymers evolved 

into the more complex RNA, whereas various models are used to explain this [8, 9]. In the 

80thΩǎ ŎǊƛǘƛŎǎ ŎŀƳŜ ǳǇΣ ōŜŎŀǳǎŜ ǘƘŜ ǎŜǘǘƛƴƎ ƻŦ ǘƘŜ ŀǎǎǳƳŜŘ ǇǊŜƘƛǎǘƻǊƛŎ ŎƻƴŘƛǘƛƻƴǎ ŦƻǊ ǘƘŜ 

primordial soup would not be correct, and the theory of the primordial-sandwich was 

announced by Günter Wächtershäuser. This theory suggests that life began with a chemo-

autotrophic metabolism by reducing iron and sulfur with elemental hydrogen to produce 

different biomolecules, including complex ones [10, 11]. Of course, other theories also exist. 

A famous one is the panspermatism, where life came to Earth by meteorites, etc. [12]. To this 

day, no theory could prove its total accuracy and even more theories exist. It is not known, 

what was first, the simple metabolic activity, the RNA world, or the RNA-peptide coevolution 

theory, to name a few, or a combination of different theories. However, it is indisputable that 

ribonucleotide acids play an important role in modern life. Different processes in cells are only 

https://dict.leo.org/englisch-deutsch/panspermatism


Introduction 

2 
 

possible, because of different kinds of RNAs. Ribosomal RNA (rRNA), transfer-RNAs (tRNA), 

messenger RNAs (mRNA) are the most well-known RNAs, but also processes like splicing in 

eukaryotes might have been originated from an early RNA-world [5]. Also, non-coding RNAs 

(ncRNAs) play an important role, as we start to realize, how many processes in cells are 

regulated by them [13-15], like the inactivation of chromosomes [16] and how important all 

different kinds of RNAs are, therefore.  

1.2 Protein biosynthesis in general ς Transcription in eukaryotes and 

prokaryotes 

RNAs play an important role in a lot of different processes, especially in protein biosynthesis, 

where the activity of genes is regulated by riboswitches [17] or the regulation of alternative 

response mechanisms by non-coding RNAs [18]. Still, most famously is the role of RNAs while 

translation. Without Ribosomes, tRNAs and mRNAs, live in the complex way as we know it, 

would not be possible. However, the genetic information is stored in deoxyribonucleotide acid 

(DNA), because the deoxyribose and its phosphate-sugar backbone make the DNA chemically 

more stable. This, together with its double-helical structure, improves the stability and 

reparations can be performed easier and making it the more suitable solution for storing 

information [19]. A brief overview of protein biosynthesis and the differences between 

eukaryotes and prokaryotes will help to understand the aim of this work.   

 In general, protein biosynthesis is necessary to express new proteins in all cell types 

and is therefore necessary for the metabolism of cells, regardless of single-cell organisms such 

as bacteria and archaea (prokaryotes) or more complex organisms which are made up of more 

than one cell (eukaryotes) [20]. Transcription and translation happen at different places, 

depending on whether the cell is prokaryotic or eukaryotic. In eukaryotes, transcription occurs 

in the nucleus, the mature mRNA leaves the nucleus, and the mRNA is translated in the 

cytoplasm (Fig. 1.1.A) or in the rough endoplasmic reticulum (rough ER) of the nucleus if a 

nuclear localization sequence (NLS) for nucleus localized proteins is present [21] (Fig. 1.3D). 

In prokaryotes, where less compartmentalization is present, transcription occurs in the 

nucleoid [22], while translation also occurs there or also (Fig. 1.1.B) ς as recent studies have 

shown - in the cytoplasm, the membrane and the poles [23]. This will be later on discussed 

further.
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Fig. 1.1 Schematic overview of protein biosynthesis in eukaryotes and prokaryotes. 

In eukaryotes (A) depicts the separated process of transcription of the DNA (blue) in the 

nucleus (violet area) and translation of the mRNA (red) into a protein/polypeptide in the 

cytosol (brown area). The intermediate step of RNA processing of the pre-mRNA (red) is 

depicted in the nucleus. The post-transcriptional modifications are shown in yellow. (B) 

depicts a spatial non-separated transcription and translation event in prokaryotes in the 

nucleoid. Figure adapted and modified after Campbell et al. [21]. 

In short, a gen needs to be transcribed from the DNA into what is called messenger RNA, which 

is then translated into the protein (Fig. 1.2). Transcription of other types of RNAs occurs in a 

similar manner, but they are not called mRNA [21]. During transcription, a RNA-polymerase 

(RNAP) reads the target DNA segment complementary from рΩ-ǘƻ оΩ into the mRNA [24]. 

Transcription can be categorized into three different phases: Initiation, elongation and 

termination [24]. They differ between eukaryotes and prokaryotes [21]. Only brief examples 

are used to illustrate the main differences, because this is not the main topic of this work.

  The initiation of transcription in procaryotes involves a so-called sigma factor (̀-

factor), which is part of the RNA-polymerase and recognizes the promoter upstream of the 

target gene, detaches from the RNA-polymerase and allow transcription elongation to follow 
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[20]. In eukaryotes, on the other hand, different transcription factors are necessary for the 

binding of the RNA-polymerase to the DNA [25-27].     

 During elongation, the RNA-polymerase reads the DNA and transcribes it into a 

ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǎǘǊŀƴŘ ŦǊƻƳ рΩ ǘƻ оΩΣ exchanging thymidine for uracil while the other three 

bases (adenine, guanine, and cytosine) remain the same. Importantly, the mRNA is no longer 

a double-stranded molecule, as DNA is, but single-stranded. The RNA-polymerase contains a 

proofreading mechanism that operates differently from the DNA-polymerase during 

replication [28, 29]. In addition, in eukaryotes, several types of specific elongation factors are 

involved in this step [30].          

 Two mechanisms for termination in prokaryotes are known. In the Rho-dependent way, 

a termination protein, Rho, binds to a specific sequence on the mRNA, which then leads to the 

termination of transcription [31]. In Rho-independent termination, a hairpin is folded after the 

stop codon sequence and the RNA-polymerase dissociates from the DNA [32]. In eukaryotes, 

termination for rRNAs follows a similar pattern to the Rho-dependent way, although here 

other termination proteins are involved and lead to a disassembly of Pol I [33]. Pol II, the RNA-

polymerase that transcribes for mRNAs, dissociates from DNA mainly by recognition of the so-

called poly-A-tail, thereby stopping transcription. Again, different factors are involved here 

[34] and thus, both transcription termination ways are factor-dependent. Only for the 

transcription of non-coding RNAs is a factor-independent mechanism known [34].  

 After transcription, translation of the mRNA takes place. Before this is possible, several 

post-transcriptional modifications take place ς mainly in eukaryotes but also to some extend 

in prokaryotes ς, which may be responsible for the correct localization of mRNA [35].  
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Fig. 1.2 Schematic overview of transcription in eukaryotes and prokaryotes. 

The three steps of transcription, 1) initiation, 2) elongation and 3) termination are depicted in 

(A). The process of the binding of the RNA-polymerase (gray) to the DNA at the promotor 

region, ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŜƭƻƴƎŀǘƛƻƴ ƻŦ ǘƘŜ Ƴwb! ǘǊŀƴǎŎǊƛǇǘ ŦǊƻƳ рΩ ǘƻ оΩ ŜƴŘ and the termination 

of the RNA-polymerase, are illustrated. The doubled-stranded DNA is shown in blue, while the 

single-stranded mRNA transcript is shown in red. The promotor is illustrated in green. The 

factors, which differ between eukaryotes and prokaryotes, are not shown. Figure adapted 

after Campbell et al. [21]. 

1.2.2 Post-transcriptional modifications in eukaryotes 

Different mechanisms are known to regulate the mRNA even after the transcription, but also 

still during transcription. Both will be illustrated shortly here. Before the mRNA leaves the 

nucleoid in its mature form, it is known as the so-called precursor mRNA (pre-mRNA) [36] (Fig. 
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1.1A). One pre-mRNA consists of coding regions, called exons, and non-coding regions, called 

introns [37]. Several introns can be found in one pre-mRNA. By cutting them out ς called 

splicing ς the mRNA consists only of exons and can be translated into a protein. Along the way, 

exons can also be cut out, depending on the intron localization. This is also known as 

alternative-splicing. Thereby, more than one protein can be translated from one mRNA. 

Splicing is mainly mediated by the spliceosome, which consists of small nuclear 

ribonucleoproteins (snRNPs) [38], but the rare event of self-splicing by ribozymes is also 

known, which are introns capable of catalytic reactions and might be a hint to the RNA-world 

theory [39].           

 Another post-ǘǊŀƴǎŎǊƛǇǘƛƻƴŀƭ ƳƻŘƛŦƛŎŀǘƛƻƴ ƛǎ ǘƘŜ рΩ-capping (Fig. 1.1.A). Here, a 

methylated guanosine is connected to ǘƘŜ Ƴwb! ŀǘ ƛǘǎ рΩ-end via a р  ǘƻ 

р triphosphate linkage [40]. Other ways of capping also exist, but this is the most widespread 

[41]. The capping has different functions. It regulates the nuclear export [42], promotes 

translation [43] and the intron excision [44], as well as it protects the mRNA from exonucleases 

[45].             

 The last well-known post-transcriptional modification of the pre-mRNA actually occurs 

already during transcription. The so-called poly-A-ǘŀƛƭ ƛǎ ŀ оΩ-end modification (Fig. 1.1.A). In 

this process, several adenosine phosphates are localized behind each other [46]. This structure 

is necessary for the transcription termination and is found mainly in mRNAs [47] and rarely in 

ncRNAs [48], but also functions as a protector against degradation when the poly(A)-binding 

protein binds to it [49]. Besides this, it is also important for the transport of the mature mRNA 

from the nucleus to the cytoplasm [50]. Similar to alternative splicing, there is also alternative 

polyadenylation [51]. If the poly-A-ǘŀƛƭ ŀǘ ǘƘŜ оΩ-end is shorter, the mRNA is more likely to be 

translated [52]. This mechanism can be used to react to extracellular stimuli [53].  

1.2.3 Post-transcriptional modifications in prokaryotes 

Even though post-transcriptional modifications also occur in prokaryotes, the main focus is on 

eukaryotes. They are often similar to the post-transcriptional modifications in eukaryotes, but 

are less complex and they do not occur for each mRNA transcript. An example of this would 

be the existence of introns in prokaryotes. It was thought that prokaryotes do not need them, 

because of the existence of operons,  in which more than one gene is transcribed into the 

mRNA and therefore, more than one protein can be translated from this polycistronic mRNA 

and thus, providing more diversity [54]. Self-splicing introns of tRNAs were already known [55], 

https://en.wikipedia.org/wiki/SnRNP
https://en.wikipedia.org/wiki/Triphosphate
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but not in mRNAs. Although the number is quite low, introns have been found in mRNAs, with 

their possible function to gain a bigger gene variety, but also to obtain new genes with new 

functions, which underlines the RNA-world theory further [56].     

 As in ŜǳƪŀǊȅƻǘŜǎΣ ǘƘŜ рΩ-end can be protected from degradation, but with a 

triphosphorylated рΩ-end, rather than ŀ рΩ-cap  [57]. The folding of secondary structures at the 

рΩ-end leads to a longer half-time and thus, a longer lifetime of mRNAs, too [58, 59], which 

can also be achieved by the Shine-Dalgarno sequence, also known as the ribosome binding 

ǎƛǘŜ όw.{ύ ƛƴ ǘƘŜ рΩ-UTR (untranslated regions), which is purine-rich [58, 59]. Even though this 

is not a real post-transcriptional modification, the RBS, as the name already suggests, plays an 

important role in ribosomes binding [60].        

 The final post-transcription modification , again as in eukaryotes, is the poly-A-tail, 

done by the polyadenylate polymerases [61]. In eukaryotes, it protects the mRNA from 

degradation, whereas in prokaryotes, the approximately 30 nucleotide (nt) long sequence [62] 

ŀǘ ǘƘŜ оΩ-end leads to a faster degradation, because a special secondary structure cannot fold 

for protection and can even recruit the RNase [63]. A second type of adenylation exists, in 

which the polynucleotide phosphorylase ŜȄǘŜƴŘǎ ǘƘŜ оΩ-end mainly with adenosines, which 

also leads to a faster degradation [64]. This type can also be found in mitochondria [65] and 

plastids in eukaryotes [66].         

 Despite the existence of similar post-transcriptional modifications in eukaryotes and 

prokaryotes, they differ mainly in their composition and function. However, after transcription 

and post-transcriptional modifications, translation of the mRNAs occurs in eukaryotes and 

prokaryotes, to obtain proteins.  

1.3 Translation in general 

The following explanation of translation is mainly based on the processes in eukaryotes, even 

though the actual process of translation is similar between eukaryotes and prokaryotes. In 

short, here, the mRNA is translated into its corresponding protein. This completes protein 

biosynthesis. As with transcription, three main processes can be distinguished in translation: 

Initiation, elongation and termination (Fig. 1.3).       

 In the translation initiation, mRNA, transfer-RNA (tRNA), the small (40S in eukaryotes 

and 30S in prokaryotes) and large (60S in eukaryotes and 50S in prokaryotes) ribosomal 

subunits form the translation-initiation-complex [67, 68] (Fig. 1.4A). The whole composition 

of the translation-complex demonstrates the importance of RNAs in all life form. Furthermore, 

https://en.wikipedia.org/wiki/Polynucleotide_phosphorylase
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the ribosome is a ribozyme, which means, it consists of rRNAs and proteins, whereas the main 

catalytic processes are performed by the ribosomal components. Translation would still be 

possible without the proteins of the ribozyme, but at a slower rate [20]. The tRNA is the carrier 

of the different amino acids, which are needed to make a protein. To ensure the correctness 

of the amino acids, transferred by the tRNA, the tRNA owns an anticodon region. One amino 

acid is made up of three base pairs of the mRNA, which are called a codon. Thus, the anticodon 

is complementary to the codon of the mRNA. The first codon always encodes for the amino 

acid methionine. This ensures the correct reading frame of the codons. The very process of 

attaching the correct amino acid to the tRNA requires energy, in this case ATP. The transfer of 

the amino acid in the translation complex again needs energy, this time GTP (Fig. 1.4A). In 

eukaryotes, several proteins are involved in the formation of the translation-initiation-

ŎƻƳǇƭŜȄΦ ¢ƘŜ ƛƴƛǘƛŀǘƛƻƴ ŦŀŎǘƻǊǎ ǊŜŎƻƎƴƛȊŜ ǘƘŜ рΩ-ŎŀǇ ŀƴŘ ǘƘŜ рΩ-UTR and mediate the binding 

to the small ribosomal subunit. Different initiation factors also play a role in the proper 

ribosome assembly. Unlike in prokaryotes, the order of the binding of mRNA and tRNA is 

important. The small ribosomal subunit scans the mRNA until it reaches the start codon at the 

оΩ-end. The tRNA is brought to the P-site (peptidyl-tRNA-binding site), the initiation factors 

dissolve, and the large ribosomal subunit can bind to it [20]. Only a few mRNAs can be 

ǘǊŀƴǎƭŀǘŜŘ ǿƛǘƘƻǳǘ ŀ рΩ-cap, which occurs mainly under special stress conditions and apoptosis 

[69]. Minor differences from eukaryotes can be observed in the assembly of the translation-

initiation-complex in prokaryotes. Here, the correct binding of the ribosome to the mRNA is 

mediated by the RBS at ǘƘŜ рΩ-UTR ς which is recognized by the 16S rRNA, part of the 30S 

subunit - ŀƴŘ ǘƘŜ ǊƛōƻǎƻƳŜ ǎŎŀƴǎ ǘƻ ǘƘŜ ǎǘŀǊǘ ŎƻŘƻƴ ŀǘ ǘƘŜ оΩ-end. In addition, the first tRNA 

carries a N-formyl-methionyl and various initiation factors are used [70].   

 During elongation, the polypeptide chain is stretched to form the finished protein. In 

the fully assembled ribosome, there are three different sites ς all part of the small subunit. 

First, the tRNAMet binds to the P-site, even though this is the middle one. The next charged 

tRNA binds to the A-site (aminoacyl-tRNA-binding site), which is at рΩ-end upstream of the P-

site and via cleavage and catalyzed fusion, the amino acid of the tRNA at the P-site is 

transferred to the tRNA with the new amino acid. The no longer charged tRNA of the P-site 

moves to the E-site (exit site), leaving the ribosome and the tRNA with the extended 

polypeptide chain moves to the P-site, leaving the A-site free again (Fig. 1.4B,C). That the 

tRNAs can move between the three different sites is possible because the mRNA actually 



Introduction 

9 
 

moves on in the ribosome by one codon. Therefore, ǘƘŜ ǘǊŀƴǎƭŀǘƛƻƴ ƻŎŎǳǊǎ ŦǊƻƳ рΩ-to оΩΦ Those 

steps repeat until the stop codon is reached. One difference between eukaryotes and 

prokaryotes is mainly the use of different elongation proteins [21, 70].   

 The stop codon initiates the termination of translation. No amino acid exists for the 

three different triplets, the stop codon is built up. A release factor in eukaryotes binds to the 

available free A-site and catalyzes the hydrolyses of the peptide chain and the tRNA at the P-

site. In prokaryotes, two different release factors exist, which is the main difference here 

compared to eukaryotes [71]. When the polypeptide chain leaves the ribosome, it is folded 

and modified into a functional protein [21]. Meanwhile, the ribosome disassembles. Again, 

several proteins are involved and GTP is again used as energy. The different parts of the 

disassembled ribosome are recycled and used for the next translation [70].  

 

Fig. 1.3 Schematic overview of translation and electron microscopy of polyribosomes. 

(A) illustrates the assembly of the ribosome out of the small and large ribosomal subunits 

(brown). The mRNA (red) is bound to the small ribosomal subunit. In green is the tRNA 

depicted, while the blue hexagons represent amino acids bound to the tRNA and/or the 

polypeptide chain and the needed energy in the form of GTP and GDP. (B) depicts the process 

of growth of the polypeptide chain, while (C) shows an overall overview of the translation 

event. άEέ stays for exit site, άPέ ŦƻǊ peptidyl-tRNA-binding site and άAέ for aminoacyl-tRNA-

binding site. In (D) the translation of proteins from the nucleus is illustrated, whereas the 

mRNAs consist of a NLS. The nucleus with the rough ER is shown in blue, while the components 
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of the translation complex and the process itself are similar to (A)-(C). (E) shows an electron 

microscope picture of polyribosomes, indicated by a black arrow, which are separated and 

possibly bound to a strand of mRNA, indicated by a red arrow. The tested polyribosomes were 

gained from a mouse cell line of reticulocytes, stained by uracil acetate. The scalebar is 0.1 

µm. (F) also shows an electron microscope picture of polyribosomes, indicated by a black 

arrow, which are bound to a strand of mRNA. DNA is also visible, indicated by a red arrow. The 

tested polyribosomes were gained from E. coli cells. Figure adapted and modified after 

Campbell et al. [21], Slayter et al. [72] and Miller et al. [73].   

1.4 ¢ƘŜ άƴŜǿ ǿŀȅέ ƻŦ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ŀƴŘ ǘranslation in bacteria 

In eukaryotes, transcription and translation are spatially and temporally separated, due to the 

complex compartmentation. While transcription occurs in the nucleus, translation happens in 

the cytoplasm (ribosomes are not bound to a membrane) (Fig. 1.1A) or in the rough ER and 

the outer membrane of the nucleus, where ribosomes are bound to the membrane of the 

rough ER, if the proteins consist of a NLS [20, 35] (Fig. 1.3D). Prokaryotes, on the other hand, 

do not have this high compartmentation and therefore, it was assumed, there is no need to 

separate transcription and translation. Lƴ ǘƘŜ ŜŀǊƭȅ ΨслǎΣ ǘhe finding of polyribosomes on 

mRNA while transcription of this mRNA was still occurring further strengthened this theory  

[73, 74] (Fig. 1.3F)Φ ¢ƘŜ ǘŜǊƳ άǇƻƭȅǊƛōƻǎƻƳŜǎέ ŘŜǎŎǊƛōŜs a group of multiple ribosomes that 

are simultaneously bound to one mRNA. All of those ribosomes translate the mRNA at the 

same time, therefore saving time in protein production. This does not automatically mean that 

the mRNA to be translated is also transcribed at the same time.  Later on, polyribosomes 

where also found in eukaryotic cells, such as in different cell lines of mice and rats [75, 76] and 

in sarcoma cells [77]. Due to the strict separation of transcription and translation in eukaryotes, 

polyribosomes are only found on mature mRNAs, where transcription is already complete (Fig. 

1.3.E).            

 In regards of the development and advantage of different methods and microscopes, 

this old theory of a combined process of transcription and translation needs to be renewed. 

But why? Several groups have found some interesting information leading to the rethinking 

of this old theory. This include the new findings on the location of ribosomes [78, 79] and 

mRNAs localization [80, 81], as well as the realization that prokaryotes are also organized 

without being particularly compartmentalized [82] like eukaryotes. However, the following 

findings focus on bacteria and not archaea, where further studies are needed to be sure, 
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whether or not this is also the case for archaea or not. First, I will provide more information 

on the organization in prokaryotes and then continue with the new information on the 

ribosome and mRNA localization, as well as introduce new models for the transcription and 

translation in bacteria.          

 As mentioned earlier, although bacterial cells do not have a fixed structure for 

compartmentalization like eukaryotes, they are also highly organized in a more dynamic way. 

All different types of proteins show a subcellular localization in bacteria. Cytoskeletal elements 

such as the actin-like MreB [83, 84] and ParM [85] or the tubulin-like FtsZ [86], while not 

forming a structure as in eukaryotes, are essential for the organization of other proteins in the 

bacterial cell. Proteins of the divisome must localize to the correct area in the cell for a proper 

cell division, which in most bacteria the septal region [87], but can also be asymmetrical, as in 

Bacillus subtilis in sporulation [88, 89]. Here, for example, FtsZ, which forms the Z-ring during 

cell division, is essential. The chances are high that proteins diffusive through the cell, till they 

found a fitting interaction partner and therefore localize at the correct spot, still, this can be 

considered as a simple way of organization in bacterial cells. Also, the rod shape of different 

bacteria species leads to a localization of hydrophobic proteins at the membrane of the poles 

or in the cytoplasm, close to the poles [90, 91]. In rod-shaped bacteria, like Escherichia coli, 

chemotaxis components are localized at the poles [92], as well as various components of the 

degradosome [93], and the pole-to-pole oscillation of the Min-system, which is responsible 

for the correct localization of the formation of the Z-ring of the divisome [94]. Hereby, this 

demonstrates, how the localization of one protein affects the localization of other proteins 

and the functionality of different processes in a bacterial cell. The localization of the 

chromosome also plays an important role. For sporulation in B. subtilis, the localization of the 

origin of replication is crucial [95]. Something similar was observed for Caulobacter crescentus 

[96]. Furthermore, the nucleoid of bacteria also appears to be dynamic. In C. crescentus and 

E. coli, an ellipsoidal distribution has been shown [97], with the poles free of it [98] or with 

only specific chromosomal regions near the poles, as in C. crescentus [97]. Also, depending on 

whether the cells grow slowly or fast, the nucleoid is denser in slow-growing E. coli than in 

fast-growing ones [99]. All those examples demonstrate that bacterial cells have an 

organization and structure for the ongoing processes. Of course, this organization also applies 

to all proteins and RNAs involved in transcription and translation.    

 It is not of a big surprise that transcription occurs in the nucleoid. The RNA-



Introduction 

12 
 

polymerases mainly overlap with the nucleoid [79]. This makes sense because the RNAP can 

only transcribe DNA into mRNA when it is bound to the chromosomal DNA. As already 

indicated by the presence of polyribosomes on mRNAs that have not yet been fully transcribed, 

translation appears to occur simultaneously while the mRNA is still being transcribed [22, 73]. 

Also, an interaction of the RNAP with ribosomal subunits, as well as with the ribosome, found 

in E. coli, underlines this further [100]. However, this does not appear to be true for all mRNAs 

in every bacterial species. Interestingly, in the same study where the group of J. C. Weisshaar 

observed an overlap of RNAPs with the nucleoid, they did not found many ribosomes in the 

nucleoid in E. coli [79]. Only 4% or less of the 70S ribosome overlapped with the RNAPs [101]. 

This seems to be contradicted to the findings of an interaction between RNAP and the 

ribosome.  Still, another study performed in E. coli, showed that the nucleoid was mainly 

composed of the small 30S and large 50S subunits of the ribosome, whereas the slower 70S 

ribosome was mostly excluded and found in the cytoplasm around the nucleoid lobe [102]. 

This would still fit with the findings that the RNAP interacts with the ribosomal subunits [100]. 

The large number of monomeric subunits of the ribosome in the nucleoid would also explain 

the observed nucleoid expansion in the exponential growth phase [78]. Most of the work was 

performed in E. coli, but something similar was observed in B. subtilis, too [23]. Those findings 

led to a renewal of the old theory that transcription and translation occur at the same time 

and without any spatial separation in each bacterial species [22].     

 If transcription and translation appear to be separated in space and time, where does 

translation take place? One explanatory model, suggested by the Amster-Choder group, is that 

mRNAs are translated near their site, where the associated protein is later found (Fig. 1.4B-

D). In E. coli, they found the mRNAs for cytoplasmatic proteins, cat and lacI, in the cytoplasm, 

whereas the mRNA for the membrane protein BglG was found at the membrane [81]. Other 

groups found similar localization behavior in different bacteria, like polar localization of flaA 

in Campylobacter jejuni [103] and nifH in Klebsiella oxytoca [104]. Again in E. coli, different 

mRNAs for soluble proteins or the extracellular were found in the cytoplasm and mRNAs for 

membrane proteins were found at the membrane [105]. Nevertheless, these findings should 

not be regarded as true to all bacteria, especially since some results underline the old model 

of a coupling of transcription and translation in bacteria. [73, 100]. Another model is still close 

to the old theory. The suggestion of Jacobs-WagnerΩǎ ƎǊƻǳǇ is that the transcript stays near to 

its transcription site. The mRNA does not move far away from the nucleoid, so to speak, 
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because the chromosome serves as a template for the localization of the mRNA (Fig. 1.4E). 

Their findings in C. crescentus lead to this model [80]. In the same study, they also observed a 

co-localization of ribosomes with the nucleoid, which is different to the previously described 

findings in B. subtilis and partially in E. coli. However, in the work of the Jacobs-Wagner group, 

they also found the mRNA lacZ of E. coli close to its transcription site. This is contradicted by 

the finding of lacZ in the cytoplasm by another group, also performed in E. coli [106]. The 

differences here were the techniques to label the mRNAs.     

 It is obvious that both models lack conviction and may describe only a part of the truth.  

Polyribosomes can be found where DNA is still being transcribed and the resulting mRNA is 

simultaneously already being translated. In addition, as described earlier, RNAP and the 

ribosomes interact with each other to some degree. Therefore, in a few bacteria, transcription 

and translation are coupled to a certain degree [73, 100]. At the same time, however, there is 

evidence that a mRNA is translated by multiple ribosomes, i.e. a polyribosome, but this is not 

spatially and/or temporally linked to transcription, as shown by findings in E. coli and B. subtilis. 

Thus, a combination of the old and new models also seems to be possible and might be closer 

to the truth.  

 

Fig. 1.4 Different schematic models for mRNA localization during translation in prokaryotes. 

(A) depicts a schematic bacterial cell with the bulk DNA in black, with higher density in the 

middle. Membrane localization of the mRNA (B). (C) shows polar localization. (D) illustrates a 

helical localization throughout the cytoplasm, while (E) shows mRNA localization near the 

transcription site in the DNA bulk. mRNA localization at the septal area while cell division (F). 
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The mRNA is depicted in green, DNA in black, cytosol in grey-blue and the cell membrane is 

depicted by a dark grey-blue.  

1.4.1 The chosen mRNAs in Bacillus subtilis 

To gain further insight into the behavior and localization of mRNAs, several mRNAs from B. 

subtilis were selected for this purpose. Single-molecule tracking (SMT) was used to analyse 

the localization of polycistronic and monocistronic mRNAs, as well as their dynamics. Most 

studies focused on only a few mRNAs, mainly encoding for membrane proteins [80, 81, 107], 

some of which were tested by various groups and led to different and contradicting results, as 

demonstrated by the above-mentioned example of lacI  [80, 106]. In this work, I will analyse 

9 different mRNAs, whereas two are monocistronic and the other seven being polycistronic 

mRNAs. Of those 9 mRNAs, one mRNA encodes an extracellular protein, three encode soluble 

proteins, two encode membrane proteins and three encode soluble and membrane proteins 

in one operon. Besides this, two different types of constructs were made. Four constructs have 

two MS2-binding sites (MS2BS) (Fig. 1.5A+D), while eight constructs have only one MS2-

binding site (Fig. 1.5B+E). The MS2-binding site is presented in more detail in 1.5.1. In addition, 

the four constructs with two MS2-binding sites have a translation terminator shortly behind 

them, while the other constructs have this after around 1700 bp and are therefore also 

referred to as artificial mRNAs.         

 From here on, the different mRNAs will be introduced. I will start with the mRNAs with 

two MS2BS, followed by the constructs with one MS2BS.  Those mRNAs with two MS2-binding 

sites are four polycistronic mRNAs (mreB-minD, spoIIIE-ymfC, ypbR-ypzF and rnc-ftsY). With 

the exception of ypbR-ypzF, these mRNAs encode mainly for membrane proteins or proteins 

localized at the poles and the septum. FtsY is a signal-recognition particle (SRP) protein and is 

essential for the correct translation and insertion of membrane proteins and their integration 

into the membrane [108, 109]. It is mainly located at the membrane, as well as partially in the 

periphery [109] and the cytoplasm[108]. rnc encodes for the essential endoribonuclease 

RNase III [110] that is a substrate specific RNase IIIE, which is important for foreign toxin gene 

silencing and localizes in the cytoplasm [111, 112].  SMC, on the other hand, localizes partially 

at the poles and mainly in the nucleoid, where it plays an important role in chromosome 

condensation and segregation [113-115]. Here, it is part of the condensing complex and is 

necessary for origin segregation [116].  MreB, MreC and MreD are all cell shape-determining 

proteins and belong to the Rod complex. They are essential for the lateral cell wall synthesis 
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[117]. Therefore, their localization is at the membrane [118]. It has been reported that MreB 

can be also found in the cytoplasm, but only in stationary growth phase [119]. Since no cells 

of the stationary growth phase were used, this does not play any role. The other two proteins 

encoded by this operon are MinC and MinD and part of the Min-system [120]. They function 

as cell division inhibitors [121] and are localized at the poles and septum. The last operon, 

which encodes for membrane proteins, is spoIIIE-ymfC. YmfC is a transcription factor of the 

HutC subfamily and belongs to the GntR family [122] and therefore should be localized in the 

nucleoid and the cytoplasm. SpoIIIE on the other hand, the other protein encoded by this 

operon, is an ATP-dependent dsDNA translocase, which plays an important role in the 

transport of the forespore chromosome before sporulation occurs [123]. The last mRNA with 

two MS2-binding sites is the ypbR-ypzF operon. According to SubtiWiki, there is currently no 

information known about the encoding product of ypbS and ypzF, nor their functions. ypbR on 

the other side encodes for YpbR, mainly known as DynA. This protein from the bacterial 

dynamin-like family [124] is also tested and further analysed in this work. DynA aids in 

membrane fusion of the invaginating dividing septum [125] and is also involved in membrane 

fusion after lesion [124], but more about this in 1.7.2. DynA is a membrane-associated protein 

which is also localized to the septum and diffuses freely in the cytoplasm.   

 The mRNAs with one MS2BS are artificial constructs because the late presence of the 

translation terminator (Fig. 1.5B+E). In addition to rnc-ftsY, mreB-minD and ypbR-ypzF, which 

are also constructed with one MS2-binding site, five more mRNA constructs were made. Those 

are comN-secDF, rplJ-rplL, rplK-rplA and ylxM-rplS for polycistronic mRNAs and hag for a 

monocistronic mRNA. The operons of rplJ-rplL and rplK-rplA encode only for ribosomal 

proteins of the different ribosomal subunits - where rplA encodes for L1 [126] -, localized 

mainly in the cytoplasm, around the nucleoid and the poles [127]. comN-secDF encodes for 

ComN, which mediates the post-transcriptional control of the comE operon and is mainly 

localized at the cell poles and the division site [128, 129]. SecDF, the other protein encoded 

this operon, is a pre-protein translocase subunit (ATPase) and is part of the Sec-pathway and 

thus localized at the membrane [130, 131]. This is followed by YlxM and Ffh, both proteins of 

the signal recognition particle and are encoded by the ylxM-rplS operon. Those two proteins 

are mainly localized to the membrane and the periphery, like FtsY [132-134]. RpsP [67] and 

RplS [126] are ribosomal proteins of the small and large subunit and thus localized at the poles, 

in the cytoplasm and around the nucleoid. The 16S rRNA processing RNase encoded from the 



Introduction 

16 
 

rimM mRNA of the ylxM-rplS operon plays a role in the maturation of the 16S rRNA and is 

found in the cytoplasm [135]. trmD, also a mRNA of the ylxM-rplS operon, encodes a tRNA 

methyltransferase that plays an essential role in translation and is located in the cytoplasm 

[136]. According to SubtiWiki, there is currently no information known about the encoded 

product of the other two mRNAs of the ylxM-rplS operon, ylqC and ylqD nor their functions. 

The last mRNA to be analysed was hag. This mRNA is an exception. So far, all mRNAs encode 

for membrane or soluble proteins in the cell, but hag translates for flagellin proteins, whose 

subunits build the flagellum of B. subtilis. The flagellin proteins, therefore, are located outside 

of the cell, in the extracellular [137].        

 The chosen mRNAs show a big diversity for the encoded proteins. Membrane proteins, 

soluble proteins and even an extracellular protein are encoded by the monocistronic mRNAs 

and the operons. Moreover, some of those proteins, encoded by the chosen mRNAs, are 

essential for B. subtilis, such as MreB and Ffh, whereas others are not. With this larger 

selection of mRNAs, a nice overview of the behavior and localization of different mRNAs can 

be provided.  

1.5 Different methods for RNA labeling 

To find out more about the behavior of the selected mRNAs, a suitable labeling method is 

necessary. As the contradicted results of lacI in E. coli demonstrate [80, 106], the labeling 

technique plays an important role and can potent also influence the behavior of the tested 

mRNA. A pool of different methods is available, some which have a good potential and need 

further development, while others are widely used to this day. An overview of different 

labeling techniques of mRNAs, in prokaryotes and eukaryotes, will be provided.   

 Some methods for RNA labeling are used in both, prokaryotes and eukaryotes, but one 

new RNA labeling method is only used in eukaryotes, the CRISPR/Cas9 system of Streptococcus 

pyogenes, which has been successfully used for genome engineering in eukaryotes [138]. 

Since CRISPR (clustered regularly-interspaced short palindromic repeats) belongs to the basic 

and adaptive immune systems of prokaryotes, this method cannot be used for them. Because 

the CRISPR/Cas9 system recognizes RNA and not DNA double-strands [139], a so-called 

protospacer adjacent motif (PAM) is required as part of the oligonucleotide [140] and 

hybridizes with the target RNA. The CRISPR-associated nuclease Cas9 [139] ς fused together 

with a fluorophore - then recognizes this and the RNA is visualized. Even though the influence 

on the cells from the system itself is not strong and may be less than of other systems, this 
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labeling method cannot be used in prokaryotes and therefore, other methods are needed. 

  The following methods are used in eukaryotes and prokaryotes. In fixed cells, 

FiSH (fluorescence in situ hybridization) is a common tool for labeling RNAs and was an early 

on established method. Here, the sample is directly labeled with a fluorophore, but this 

method might have problems with the sensitivity and a possible autofluorescence of the 

sample and a dye is necessary, potentially leading to background noise [141]. A more 

advanced version of FiSH is smFiSH, in which a 20-50 base long fluorophore-labeled probe, 

complementary to the target RNA, binds to the RNA and therefore visualizes the RNA. The use 

of more of the 20 base long labels demonstrated a better signal-to-noise ratio, including the 

background of autofluorescence [142]. There are more FiSH-modified RNA labeling methods, 

but because they are all used in fixed cells, this cannot be used for the purpose of this work to 

analyse mRNAs in living cells. However, the use of RNA molecular beacons is in general 

interesting. Here, a beacon consists of a short loop-structure. TƘŜ рΩ-end is fused to a 

ŦƭǳƻǊƻǇƘƻǊŜΣ ǿƘƛƭŜ ǘƘŜ оΩ-end is fused to a quencher that absorbs the emitted energy of the 

fluorophore, as long as they are in close proximity, which is the case when the beacon is in its 

loop state. By binding complementary to the target RNA, the loop structure is no longer 

existent and the emission from the fluorophore is no longer absorbed [143, 144].  Another 

approach would be fluorescent in situ RNA sequencing. Also in fixed cells, by using a reverse 

transcriptase, the RNA is converted into circular DNA (cDNA) and then crosslinked to a cDNA 

library, all performed in situ. After this, the cDNA can be sequenced using a complex way of 

SOLiD (solid-ligation) sequencing [145]. Using wide-field epifluorescence microscopy or a 

confocal, the result can be detected, hence, this can be very time-intensive. At the same time, 

different types of tissue, eukaryotic and prokaryotic cells can be analysed with this method 

[146].   Continuing with labeling systems for live cell imaging, a more recent method is 

the use of aptamers, which consists of a short RNA sequence [147]. With this, it binds to 

synthetic dyes that mimic various fluorophores. After binding, a conformation change occurs 

and the dye emits a fluorescent signal. In the beginning, the signal-to-noise ratio was not good 

enough [148] but has improved [149]. Also, some dyes are cytotoxic to cells, such as malachite 

[147]. In recent years, this method has been used more often, but it still needs some 

improvement. Aptamers can also be used in fixed cells.       

   Over the years, several components of phages - originated from 

bacteriophages - are mainly used to label RNAs in living cells. The use of a recognition or 
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binding sequence, attached to the target mRNA, is recognized by a special protein of the phage 

and binds to it. Because this protein is fused to a fluorophore, the fluorophore binds indirectly 

to the target mRNA, therefore making the mRNA visible. One of those systems is the Lambda 

N22 (˂ N22) system, which uses the N protein of the ˂  ǇƘŀƎŜΦ ¢Ƙƛǎ ǇǊƻǘein is 22 amino acids 

small and binds a short RNA structure, called boxB. The boxB itself is 15 nucleotides short and 

forms a loop-structure. 4-16 repeats of the boxB is a common number to tag the target RNA, 

while the N protein is fused to a fluorophore [150].  This system is mainly used in eukaryotes 

[151] especially in mammalians [150]. The other indirect labelling method using phage 

components, is the MS2-system and is discussed in more detail in 1.5.1. In general, a 

disadvantage of those phage-based indirect labelling methods is the high number of repeats 

of the aptameric binding sites, as well as a possible unspecific binding of the RNA tag to a RNA-

binding protein or instability while replication and transcription, due to too many repeats of 

the RNA tag.     

1.5.1 The MS2-system 

When considering the available methods for live-cell imaging, the use of the ˂N22 was 

dismissed early on, because its more or less exclusive use in eukaryotes does not provide 

sufficient evidence that this system is also suitable for bacterial cells. In contrast, the other 

phage-based indirect labelling system - the MS2-system -, has been used for many years and 

has been used successfully in both, eukaryotes and prokaryotes. Here, a 19 nt short binding 

sequence is tagged to the target mRNA. In most reports, 6-12 repeats of the MS2-binding site 

(MS2BS) are used [81, 107, 152], in the beginning as many as 96 repeats [153]. The dimeric 

coat protein of the bacteriophage MS2 ς 13.7 kDa small - recognizes the RNA loop structure 

of the binding site and binds to it [154, 155] (Fig. 1.5D+E). A fluorophore, similar to the ˂N22-

system, is fused to the coat protein. Although the MS2-system is a well-established RNA-

labeling method, further improvement is needed. To ensure the correctness of replication and 

transcription, a fusion of the MS2BS to ǘƘŜ оΩ-end of the target mRNA is useful [81]. Due to 

the natural occurrence of the MS2 coat protein as a dimer, the use of at least six repeats of 

the MS2BS, twice the amount of the coat protein ς which will be further on referred to as MS2 

tag -, will bind to it. An influence of this massive complex on the mRNA cannot be excluded. 

Therefore, this number must be reduced, but signal still needs to be detectable. By using only 

one or two MS2-binding sites, the influence of the MS2-system itself should be drastically 

reduced (Fig. 1.5). Also, the likelihood of an unspecific binding to RNA-binding proteins is also 
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reduced. To ensure the detection of the signal, a good fluorophore, as well as a sensitive 

microscopy technique, like single-molecule tracking, are necessary. By cloning the MS2 tag 

behind a xylose promoter, its expression can be controlled. With this setup, detection of 

mRNAs in B. subtilis was possible.  

 

Fig. 1.5 Illustration of the labeling of the target mRNA with the MS2-system. 

!ǘ ǘƘŜ оΩ ŜƴŘ ƻŦ ǘƘŜ target mRNA (red) one (B) or two (A) MS2-binding sequences (blue) are 

fused to it via a short linker region (gray). A transcription terminator (gray) follows directly 

after this (A) or roughly 1700 bp later (B). (C) depicts the dimeric MS2-binding protein (orange) 

fused ǘƻ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ǇǊƻǘŜƛƴ Ƴ±Ŝƴǳǎ όȅŜƭƭƻǿύ ŀǘ ǘƘŜ оΩ ŜƴŘΦ όD) and (E) show how the 

MS2BP-mVenus construct binds to the stem loops of the MS2BS (blue), whereas (D) consists 

of two MS2BS, while (E) consists of one MS2BS.  

1.6 Fluorescence microscopy ς different methods for single-molecule tracking 

The microscopy methods used in this work are based on wide-field fluorescence microscopy, 

similar to epifluorescence microscopy, where the sample is illuminated in a wide-field manner 

[156]. Besides the composition of a bright-field microscope, an additional illumination with 

UV-light is added, as well as specific excitation filters to ensure the use of the correct 

wavelength for excitation of the fluorophore, used in the sample. An additional filter, the 

beam splitter, is necessary. It leads the longer wavelength signal, emitted by the sample, to 

the ocular while blocking the excitation wavelength. A camera is often used in this way to 

detect and capture the signal and record it as an image or movie. For a more detailed 

description, see 5.5.1.1.         
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 Another method for microscopy, is single-molecule tracking (SMT) or single-particle 

tracking (SPT). Different SMT methods exist, but important for SMT, which is the basic 

principle behind it, is the observation of single molecules or particles in a medium. This is 

accomplished by taking a fast series of images ς usually assembled as a video - and analysing 

the coordinates of the signal in two and/or three dimensions, which is called trajectories. 

Tracks ς i.e., the signal of one molecule - are detected based on the coordinates of trajectories 

of two or more consecutive frames that are in the nearest position to each other [157, 158]. 

With this principle, the dynamic of molecules can be analysed, as well as the diffusion 

coefficients can be measured, using a suitable statistic tool, in this work, the software 

SMTracker version 1.5 and 2.0 [159, 160]. In general, the detection of a signal takes place by 

using the point spread function (PSF) and by fitting the gaussian function to the PSF, the center 

of the signal can be identified. How precise this is, depends on the number of fluorescent 

molecules, used to label the sample [161]. A good signal-to-noise ratio is also important for 

this. This can be achieved by using only a small detection volume of less than one femtoliter 

[162].            

 Different microscopes and setups are used. A distinction can be made between 

feedback SMT and non-feedback SMT. Feedback SMT means that the laser has to follow the 

diffusing molecules or the diffusive molecules have to be relocated to the center of the laser 

focus by moving the whole stage [163]. By using single-photon-counting detectors and time-

correlated single-photon counting (TCSPC) ς a fluorophore is excited and the deactivation 

probability of it is measured by assuming that the excitation is proportional to the 

fluorescence intensity when it got excited [164] -, SMT of diffusive molecules in three 

dimensions might be easier compared to non-feedback SMT.     

 For non-feedback SMT, early attempts were made by using total-internal-reflection 

microscopy (TIRM). Wide-field illumination is used, so that a larger area of the sample can be 

observed. Hence, the depth cannot be analysed and is therefore a good tool for in vitro 

experiments [165]. Another microscope of the non-feedback SMT is SPT photoactivated 

localization microscopy (PALM) [166, 167]. Here, photoactivatable fluorescent proteins (PA-

FP) are fused to the target molecule. First, a short wavelength, often from the blue light 

spectrum, is used for a few frames to activate the PA-FP. A longer wavelength is used next, to 

excite the activated PA-FP, which then emits a fluorescent signal until it bleaches out. Once 

activated, a PA-FP cannot be reused. Those activation and exciting steps can be repeated to 
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gain more information in one cell [166]. The frequent use of blue light can be damaging to 

cells and lead to an arrest of growth or even death [168]. Therefore, another technique of 

SMT can or should be used as well.         

 In our group, we use an inverted microscope with a similar setup to the one of 

epifluorescence microscopy. Instead of using wide-field illumination, a slim laser is used for a 

strong excitation of the fluorophores, with the intensity of the excitation being a factor of 

around 100 higher than compared with epifluorescence [169]. To achieve this, the slim 

excitation laser is directed at a specific spot on the sample. It underfills the back aperture of 

the objective lens, which then leads to a concentrated, parallel illumination of the selected 

spot. Much faster bleaching on this particular area can be achieved with this and therefore 

the single-molecule level ς where only a few molecules still show fluorescence - is reached 

within a few frames. Newly synthesized, functional fluorophores are also visible and can be 

used for SMT when the sample is excited again. Furthermore, the damage of the cells is 

minimized [123].           

 The approach of SMT leads to a better understanding of processes in living cells, like 

protein-folding [170], virus infections [171], gene regulation [172], translation [173] and of 

course the behavior of mRNA [75]. SMT is used here to enlarge the knowledge of mRNA, its 

localization behavior and dynamics, as well as those of the protein DynA.  

1.7 The Dynamin superfamily 

A great variety of proteins belong to the dynamin superfamily. The first real description of 

dynamin protein and its importance to organisms was found in mutants of Drosophila 

melanogaster [174]. Members of the dynamin superfamily are found in eukaryotes and 

prokaryotes [84, 175]. All members of this family are large GTPases. They are characterized by 

a large GTPase domain of around 300 amino acids, a low binding affinity to GTP, and their 

oligomerization-dependent GTPase (guanosine triphosphatase) activity, which differs from 

other GTPases [176] like Ras-like GTPases [177]. Besides this, they possess a middle domain 

and a GTPase effector domain (GED). Due to new findings of the structure, the nomenclature 

changed and they were renamed as G-domain, stalk, neck and lipid-binding domain [178]. 

Since older paper used the old nomenclature, it is also used here for better understanding. 

The GTPase domain further consists of a GTP-binding motif necessary for the guanine-nucleoid 

binding and hydrolysis  [179]. An oligomerization to dimers or tetramers occurs through the 

interaction of the GTPase domain with the middle domain and GED, which can also interact 
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with itself [180, 181]. In eukaryotes, proline-rich domains (PRD), SRC-homology-3 domain and 

pleckstrin-homology (PH) domains often exist for specific targeting of organelles, such as 

mitochondria and chloroplasts [182, 183]. Also, most of the dynamins in this superfamily can 

interact with lipid membranes via the PH domain [184]. Dynamin proteins in eukaryotes are 

also ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άŎƭŀǎǎƛŎŀƭ ŘȅƴŀƳƛƴǎΦέ They are involved, for example, in the 

scission of clathrin-coated vesicles from the parent membrane [183], in phagocytosis [185], 

cytokinesis [186], budding [179] and during the rearrangements of actin [182]. A variety of 

processes are regulated by dynamins, but all are somehow involved in membrane fission or 

fusion [187]. It is plausible to assume that hemifusion occurs as an intermediate state to 

ensure membrane integrity. This would also explain why different types of dynamins are able 

to do membrane fusion and fission [188, 189].      

 Besides the classical dynamins, dynamin-like proteins exist, too. Those proteins are 

similar to the classical dynamins, but lack the proline-rich domain and are involved in 

mitochondrial division [190]. Other members of the subfamily belong to the dynamin 

superfamily, like Mx-like proteins [191], mitofusin/Fzo1 proteins [192], and OPA1/Mgm1 

proteins [193], to name a few. They lack domains such as the proline-rich domain or the 

pleckstrin-homology domain, but have additional domains, sequences or regions, like a 

transmembrane domain [194]. With those additional domains and sequences, binding to the 

membrane can still occur [193] They are found in numerous eukaryotes, like in plants, yeast, 

several mammalians, etc. [192, 195, 196]. It has not been shown for all of them, but at least a 

few proteins of the subfamily also oligomerizes [197]. 

1.7.1 Bacterial dynamin-like proteins 

In addition to classical dynamins, dynamin-like proteins and all different kinds of proteins of 

the subfamily of the dynamin superfamily, all of which are found in eukaryotes, homologues 

in prokaryotes can be found, too. They are called bacterial dynamin-like proteins (BDLP) and 

were first reported in 2006 [198]. Five years later, it was reported that BDLPs also have the 

ability to catalyze membrane fusion [199]. BDLPs can be found in Gram-negative and positive 

bacteria, as well as in archaea, where they have been found in Methanomicrobia [178]. Often, 

two different BDLPs exist in bacteria and can be found in operons, too [199] (Fig. 1.6A). To 

belong to the dynamin superfamily, the bacterial dynamin-like proteins also need the special 

structure of the G-domain (old nomenclature: GTPase domain), the stalk domain (old 

nomenclature: middle domain and GED), the neck domain (old nomenclature: part of the 
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Fig. 1.6 Overview of the genetic organization of different bacterial dynamin-like proteins 
of different organisms. 

GTPase, middle domain and GED) and a lipid-binding domain. Still, differences among BDLPs - 

with the G-domain being highly conserved - as well as with eukaryotic members of the 

dynamin superfamily exist in many forms [198, 200-202]. The same counts for the way, how 

hydrolysis of GTP and dimerization occur [176, 198, 202, 203]. However, dimerization itself 

occurs mainly through the G-domain [62, 198, 202]. For lipid-binding, most BDLPs do this via 

the paddle, located at the top of the stalk domain [202]. Because BDLPs and the other 

eukaryotic members of the dynamin superfamily still share a lot in common, it is not too 

farfetched to assume that the BDLP evolved first in evolution and different changes led to the 

high variety of dynamin and dynamin-like proteins in eukaryotes that we know today.  

 

 

 

 

 

 

 

 

(A) shows the composition of the BDLPs in Nostoc punctiforme (Np) and Mycobacterium 

tuberculosis (Mt) with two different genes encoding for it, while Staphylococcus aureus COL 

(Sa) and Bacillus subtilis (Bs) show only one longer gene, which encode for the BDLPs. A more 

detailed structure of the protein DynA with its two subunits is schematically depicted in (B), 

whereas the two GTPase domains are (GD) colored in blue. In yellow the helical regions, which 

probably consists of the stalk region with the trunk, neck and paddle domains, are depicted. 

The positions of the lysins K56 and K625 of the P-loop are also shown. Figure adapted and 

modified after Bramkamp et al. [199].  

 

1.7.2 The bacterial dynamin-like protein DynA in B. subtilis 

DynA is one of the best-studied bacterial dynamin-like proteins. It is a protein of B. subtilis and 

is expressed by the gene ypbR. A closer look at DynA reveals some special features, compared 

to the other BDLPs. First of all, DynA is the only protein in B. subtilis and is an intrinsic dimer, 

rather than two different proteins that function together like the other BDLPs [199, 204] (Fig. 

1.6B). This could be due to a gene-fusion event in the past and is therefore a two-headed BDLP. 
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DynA consists of two subunits, D1 and D2, which form the intrinsic dimer and consist of the 

G-domain, stalk and loop (Fig. 1.6B, Fig. 1.7). DynA does not have a transmembrane domain 

like other BDLPs and D2 does not have a paddle region either. Therefore, D1 is essential for 

membrane-binding, which is also a surprise that only one subunit is enough for this (Fig. 1.7B). 

Also, D1 is mainly responsible for membrane fusion, whereas D2 plays a minor role in it, but 

is necessary for the stability of the whole complex [204].  DynA localizes at the membrane. A 

deletion of dynA in combination with mreB or floT leads to an exacerbation of the effects on 

cell shape and growth compared to an only deletion of mreB or floT  [125, 205]. Furthermore, 

DynA localizes at the septal area during cell division and therefore, similar to dynamin in 

eukaryotes might play a role in cytokines. The fact that correct localization only occurs as long 

as MinJ is expressed further supports this assumption [199]. Further possible interaction 

partners, like YneK, RNaseY and YwqG, are also depend on MinJ expression [206]. YneK 

possibly binds to D1, YwqG to both subunits, whereas RNaseY requires the full-length protein 

for interaction [206] (Fig. 1.7B). Even though DynA can catalyze membrane fusion in trans 

alone in in vitro, in vivo this is not so effective. Therefore, those different interaction partners 

might be necessary [204]. Furthermore, DynA has been shown to do hemifusion as an 

intermediate state before membrane fusion finally occurs. Also, suggested for other members 

of the dynamin superfamily, the detachment of the membrane, and therefore the final step 

in membrane fusion, occurs due to the hydrolysis of GTP to GDP [199, 204]. Interestingly, 

unlike the other proteins of the dynamin superfamily, DynA does not require any nucleotide 

for hydrolysis, but Mg2+ [199].        

 Besides its function in cell division, DynA may also play a role in membrane integrity 

(Fig. 1.7A). Under membrane stress, dynA deletion leads to an increase in the sensitivity of 

cells toward membrane stress [125]. Furthermore, antibiotic stress-induced membrane stress 

as well as phage-induced membrane leakage leads to an increase of foci and a better 

resistance if DynA is expressed [124]. 
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Fig. 1.7 Models of membrane fusion mediated by DynA. 

(A) depicts the cell membrane without any membrane leakage in the top, where DynA 

proteins are already bound to it. Beneath this, membrane leakage through Nisin-treatment 

and phage infection is illustrated. At the bottom, DynA-induced membrane fusion is shown, 

whereas the binding to the membrane occurs with the stalk domains and the intrinsic dimer 

fusion via the GTPase domains of the two subunits D1 and D2. (B) represents a model, how 

DynA ς bound to the membrane - interacts with three different proteins (YneK, YwpG and 

RNaseY) and which parts of DynA might be necessary for the interaction. YneK possibly 

interacts with the D1 subdomain, YwpG possibly interacts with both subdomains D1 and D2, 

while RNaseY possibly needs the full-length DynA protein for interaction. Figure adapted and 

modified after Bramkamp et al. [124, 206].  

1.8 Aim of research 

In recent years, the importance of RNAs in bacteria has been recognized and thus the focus 

has been on a variety of RNAs, their function and behavior. In this context, skepticism has 

arisen about well-accepted models and theories, especially about the way, transcription and 

translation occur in bacteria. Are they connected in a spatial and temporary manner, or are 

they separated in one way or another, as in eukaryotes? To gain more insight into it, this work 

focuses on one specific area of this topic: where does translation take place in bacteria? To 

address this question, various mRNAs from the Gram-positive bacteria Bacillus subtilis - a well-

studied model organism -, are tested, to get a more detailed inside into the localization 
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behavior, as well as the dynamics of mRNAs.       

 In addition, one protein, DynA, which is the translated product of one of the mRNAs 

tested, was selected for further characterization. Members of the dynamin superfamily are 

highly necessary for eukaryotes and prokaryotes. Yet, much is not known about the 

representatives of the bacterial dynamin-like proteins. However, DynA of B. subtilis is a better-

studied member of the bacterial dynamin-like proteins. In spite of everything, substantial 

questions remain to be not fully answered. Those are about its function, how it fuses 

membranes and whether it protects the cell from various stress factors and what are those? 

Therefore, as part of this work, different stress factors were used to analyse the response of 

DynA to them, as well as the general dynamics of DynA, and the dynamics of DynA under 

several stress conditions. 
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2.1 Article I 

 

Real time messenger RNA dynamics in Bacillus subtilis 

 

2.1.1 Abstract 

Messenger RNA molecules have been localized to different positions in cells, and have been 

followed by time-lapse microscopy. We have used MS2-mVenus labeled mRNA and single-

particle tracking to obtain information on the dynamics of single mRNA molecules in real time. 

Using single-molecule tracking (SMT), we show that several mRNA molecules visualized via 

two MS2-binding sites and MS2-mVenus expressed in Bacillus subtilis cells show free diffusion 

through the entire cell, and constrained motion predominantly close to the cell membrane, 

and at the polar regions of the cells. Because constrained motion of mRNAs likely reflects 

molecules complexed with ribosomes, our data support the idea that translation occurs at 

sites surrounding the nucleoids. Squared displacement analyses show the existence of at least 

two distinct populations of molecules with different diffusion constants, or possibly of three 

populations, e.g. freely mobile mRNAs, mRNAs in transition complexes, or in complex with 

polysomes. Diffusion constants between differently sized mRNAs did not differ dramatically, 

and were much lower than that of cytosolic proteins. These data agree with the large size of 

mRNA molecules and suggest that within the viscous cytoplasm, size variations do not 

translate into mobility differences. However, at observed diffusion constants, mRNA 

molecules would be able to reach all positions within cells in a frame of seconds. We did not 

observe strong differences in the location of confined motion for mRNAs encoding mostly 

soluble or membrane proteins, indicating that there is no strong bias for localization of 

membrane protein-encoding transcripts for the cell membrane.   

 

Importance 

In contrast to dynamics of proteins, little is known about real time motion of mRNA molecules 

in bacteria. We have added MS2-binding sites to several mRNAs in Bacillus subtilis cells, and 

followed motion of MS2-mVenus at a single molecule level. We find that mRNAs show 

dynamics similar to those of ribosomes, in spite of their polymeric nature, and similar to those 

found in eukaryotic cells. Our data suggest that while mRNAs are preferentially translated at 
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subpolar regions in cells, where also 70S ribosomes are accumulated, they can move through 

cells in a time frame of few seconds. Thus, in general, mRNAs appear to be mobile to reach 

any position in the cell in a short time frame, they are preferentially located at the cell poles 

and close to the cell membrane, facilitating rapid translation and insertion of membrane 

proteins. 

 

2.1.2 Introduction 

In the past, it has been a common model that transcription and translation occur at the same 

space and time in bacteria [1], because of the fact that, in general, bacteria are non-

compartmentalized cells, unlike eukaryotes. Over the years, with the advance of powerful 

light microscopes and fluorescence labeling techniques, a new awareness of the organization 

and the inner structure of bacteria has arisen. Even though bacteria lack internal membrane 

systems similar to those found in eukaryotes, they possess a high degree of three-dimensional 

organization. Model bacteria such as Escherichia coli and Bacillus subtilis show a compacted 

structure called the nucleoid, containing the chromosome, which occupies the central space 

of the cell, but is absent at the cell poles or in the middle of large cells prior to cell division [2]. 

The cytoplasm is crowded with different enzymes diffusing through the cell [3], whereas the 

RNA degradation machinery of E. coli and B. subtilis can be mainly found at the cell membrane 

[4-6]. Transcription and translation occur spatially and temporarily coupled in Caulobacter 

crescentus cells [7], in which the chromosome fills the entire cell, whereas in E. coli and B. 

subtilis, both processes occur largely separated from each other [8], as transcription takes 

place mainly at the periphery of the nucleoid [9], and translation at the cell poles. Different 

studies showed that only a minority of ribosomes, approximately 20%, are localized within the 

nucleoid, while 80% are localized in the cytoplasm surrounding the nucleoid, the membrane 

and the poles [10, 11]. At the same time, only 4% of the RNA polymerase (RNAP) molecules 

and the ribosomes overlap in the nucleoid [12]. Thus, in different bacterial species, 

transcription and translation can take place in close spatial proximity; that is, genes and 

ribosomes can be found at the same place, or largely separated, when the chromosome is 

organized as a nucleoid. In the latter case, the question arises how RNA moves from its places 

of synthesis on the nucleoids to the cell poles, and further, if mRNA might be translated near 

sites where the encoded protein is used, for example, in case of cell division proteins, or 

membrane proteins that specifically localize to the cell poles. Different models for mRNA 
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localization have been discussed. For C. crescentus, the Jacobs-Wagner group has shown that 

mRNAs stay near their transcription sites, whose subcellular location in turn depends on its 

position of the chromosome, whose ordered arrangement serves as a spatial template [13]. 

Considering a bacterium having a nucleoid, a target gen locus would move out of the bulky 

nucleoid to the periphery, where RNAPs would transcribe the gene(s), and a coupling with 

translation (e.g. attenuation) would be possible [9].  A second principle model, suggested by 

the Amster-Choder group, is, that the mRNA is translated near the localization, where its 

encoded protein would later on localize. They could identify three different patterns for RNA 

localization, along the membrane, near the poles and a helical distribution in the cytoplasm, 

for different proteins. Note that not all of the tested mRNAs could be found at the same spot 

as their corresponding protein product [14]. Midcell localization was observed in another 

study, where an involvement of the signal-recognition pathway (SRP) for membrane proteins 

was assumed [15]. In addition, mRNA encoding for membrane proteins has been found to be 

more associated with cell membranes than mRNA for soluble proteins [16, 17]. Off note, 

different models could be possible in different bacteria species.     

 To address the question, where translation occurs in the Gram-positive bacterium B. 

subtilis, and to gain insight into the mode of diffusion of mRNAs, we decided to use the MS2-

system of the bacteriophage [18, 19]. MS2 coat protein binds as a dimer to a 19 nt long RNA 

loop structure, such that MS2 fused to fluorophore would bind to and visualize mRNA in living 

cells. In order to overcome low signal intensity, a large number of repeats of the binding site 

have been used, fixed cells or other larger arrays such as N˂22 in eukaryotes [20]. More 

recently, six repeats of the MS2-binding site have been commonly used [21], which still 

considerably enlarge the molecules, also keeping in mind the many MS2-GFP molecules 

binding to the array. Because of inhibition or delayed degradation of mRNA [22], different 

modifications were done over time by different groups [23]. Other labeling techniques can be 

used with possibly less influence, such as fluorescence in situ hybridization (FISH) in fixed cells 

[21], but do not allow to capture dynamics. In order to limit adverse effects, we decided to 

use only one or two MS2-ōƛƴŘƛƴƎ ǎƛǘŜǎ ŦǳǎŜŘ ǘƻ ǘƘŜ оΩ-end of the mRNA sequence. Our goal 

was to determine if motion of mRNA can be explained by assuming Brownian motion, using B. 

subtilis as a model bacterium, or if the polymers move largely by anomalous diffusion, or show 

no motion at all. We also set out to attempt determining diffusion constants, in order to find 

out if large mRNAs show markedly different dynamics than small molecules. We also wished 
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to address the question of mRNA operons encoding for membrane proteins membrane-

proximal localization can be observed, as was described for some cases before, or if mRNAs 

can be mobile throughout the non-compartmentalized bacterial cells. Using single-molecule 

tracking (SMT), we found evidence for different populations having distinct average diffusion 

constants, indicating low mobility of mRNA bound to a ribosome during translation, and 

mobile populations, in which mRNA could be bound to a partially assembled ribosome or even 

freely diffusing molecules. Our data show that, for model mRNAs, diffusion can occur 

throughout the entire cells, whereas static motion occurs mostly at the periphery of the cell. 

Our data are in agreement with translation occurring at specific subcellular places, but show 

a high degree of mobility to reach these sites.    

 

2.1.3 Results 

2.1.3.1 Use of MS2-mVenus to Investigate mRNA diffusing at Single-Molecule Level in Live 

Cells  

In contrast to other studies using the MS2-system for mRNA detection, in this work, we only 

use one and two MS2-binding sites instead of six or more [14, 24] and MS2 coat protein [18, 

19] fused to the bright, monomeric GFP derivate mVenus [25]. Rather than using fixed cells 

[26] and bulky MS2-GFP tags or slow acquisition speeds (4 Hz) [27], we imaged using slim-field 

illumination and stream acquisition in the milliseconds range [28-30]. We reasoned that at an 

integration time of 75 ms, we would not track freely diffusing MS2-mVenus molecules, for 

which Җ 20 ms would be required [5 ms are necessary to track free mVenus [31]], but 

predominantly track MS2 molecules bound to their target mRNA molecules. To test this 

assumption, we imaged MS2-mVenus via SMT with two different exposure times. We chose 8 

ms to capture freely diffusive molecules, or 75 ms, where we would likely miss out freely 

diffusive molecules.          

 Jump distance (JD) analysis (Fig. 1A,C,E) is based on squared displacement analyses [32, 

33], showing the probability of particles taking certain steps during a given time interval, 

assuming two-dimensional Brownian motion. We used several tests in order to evaluate if a 

single or more populations with an average diffusion constant can explain the observed JD 

distribution, using Rayleigh distributions. Probability-probability plots shown in Fig. 1B,D,F 

plot the deviation between modelled data (red dotted line) and observed data (blue solid line), 

and lack of deviation indicates a high quality for the goodness of the fit  [32]. Based on tests 
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and the probability plots, MS2-mVenus tracked with 8 ms exposure time showed two 

populations, which best explain the data (Fig. 1A,B), having diffusion coefficients (DC) of D2 

with 0.55 µm2s-1, likely freely diffusive MS2-mVenus, and D1 of 0.11 µm2s-1, that is, a slow-

mobile population, likely consisting of MS2 bound to mRNA (Fig. 1G,H). A DC of 0.55 µm2s-1 is 

surprisingly low for a small protein fused to mVenus, but at the acquisition speed used, we do 

not believe that our analyses is hampered by technical limitations. Fig. S1 shows that assuming 

a third population does not increase the goodness of the fit (compare panel B and D) and was 

therefore discarded.          

 On the other hand, for MS2-mVenus tracked with an exposure time of 75 ms, three 

populations can explain the data better than assuming two populations (Fig. S1E-H). The most 

mobile population of MS2-mVenus at 75 ms had a diffusion constant of 0.094 µm2s-1, very 

similar to that of the slower population tracked with 8 ms (Fig. 1G). The intermediate 

population D2 had a DC of 0.012 µm2s-1 and a size of 43.7%, similar to the fast-mobile 

population with 43.6%. D1 with 0.003 µm2s-1 weight only 12.7%. Most likely, the latter 

population represents MS2 bound to mRNA being translated by polysomes, the largest 

structure expected for mRNA to be present in. Very similar DCs were obtained for cells 

expressing ypbR-ypzF mRNA having two MS2-binding sites (Fig. 1 E,F, 2E-H). Here, the triple 

fit covered best the whole data set. These data suggest that MS2 protein binds to mRNA other 

than its target mRNA with considerable affinity. Although this caveat compromises specific 

claims, we found that the static fraction is much larger for cells carrying mRNA with MS2-

binding sites, 25% of MS2-mVenus molecules showed static motion compared to 13% in cells 

lacking the MS2-binding site, and likewise, the intermediate mobile population was larger (49 

versus 44%), whereas the high mobility fraction was smaller (26% versus 44% in cells lacking 

MS2-binding sites). These findings suggest that the high mobility fraction represents mostly 

MS2 bound to non-specifically recognized targets, whereas the other two fractions contain a 

large portion of MS2 bound to its specifically recognized mRNAs.    

 As a further argument for a considerable degree of specificity, we analysed the 

presence of MS2-mVenus molecules in an average size cell of 3 x 1 µm, into which all tracks 

ƻōǘŀƛƴŜŘ ŦǊƻƳ ƘǳƴŘǊŜŘǎ ƻŦ ŎŜƭƭǎ ŀǊŜ ǇǊƻƧŜŎǘŜŘΦ CƻǊ ŜȄŀƳǇƭŜΣ ŀ άƘŜŀǘ ƳŀǇέΣ ǿƘŜǊŜ ǿƘƛǘŜ ŀǊŜŀǎ 

show a low probability of distribution and red to black a high concentration of molecules, 

shows that MS2-mVenus diffuses throughout the cell with no clear preference to a certain 

area (Fig. 1I, J), whereas the presence of the MS2-binding sites on ybpR-ypzF mRNA shows a 
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preferential localization towards the periphery of cells (Fig. 1K). Of note, expression of MS2-

mVenus at low level does not strongly affect exponential growth, but cells reached a lower 

density than cells lacking the fusion protein (Fig. S2). We speculate that MS2 might bind to 

one ribosomal RNA, a highly abundant molecule that would strongly compete with few mRNAs 

carrying two MS2-binding sites. With this caveat in mind, we went on to analyse if differences 

might be observed for different mRNA molecules. 

 

Fig. 1 Analyses of single molecule dynamics of MS2-mVenus expressed in B. subtilis cells 
during exponential growth. 

(A,C,E) Jump distance analysis shows probability of displacements 8 ms acquisition (A) or 75 

ms acquisition (C,E).  (B, D, F) Probability-probability plot display the goodness of the fit of 
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predicted (red dotted lines) and determined data (blue solid lines). Triple Rayleigh fit models 

are shown in blue, double fits are depicted in red. Different dotted lines represent the 

subpopulations, solid lines represent the sum of the subpopulations. (G). Bubble plot shows 

the size of the fractions (proportional to the area) and corresponding diffusion coefficients. 

MS2-mVenus only is shown in yellow, in the presence of ypbR-ypzF carrying two binding sites 

in purple. (I-K) heat maps for MS2-mVenus tracked with 8 ms (I), 75 ms (J) - and in the presence 

of tagged ypbR-ypzF mRNA. White to red: low to the high probability of distribution of tracks.  

 

Table 1 Genes Contained in mRNA Constructs and For What Proteins They Encode For 

 Length Genes essential encodes for 

comN-secDF 1 2950 bp comN, secDF no membrane proteins 

rnc-ftsY 1,2 5301 bp rnc, smc, ftsY yes soluble and membrane-
associated proteins 

hag 1 915 bp hag no extracellular protein 

mreB-minD1,2 3894 bp mreB, mreC, mreD, minC, 
mind 

yes and no soluble and membrane 
proteins 

rplJ-rplL1 873 bp rplJ, rplL yes soluble proteins 

rplK-rplA1 1264 bp rplK, rplA no soluble proteins 

spoIIIE-ymfC2 3191 bp spoIIIE, ymfC no soluble and membrane 
proteins 

ylxM-rplS1 4395 bp ylxM, ffh, rpsP, ylqC, ylgD, 
rimM, trmD, rplS 

yes and no soluble proteins 

ypbR-ypzF1,2 4059 ypbR, ypbS, ypzF no soluble and membrane-
associated proteins 

1 artificial mRNAs with one MS2BS and 1700 bp extra (not added in the table) 
2 mRNAs with two MS2BS 

 

2.1.3.2 mRNA Moves as Three Distinctly Measurable Fractions of Mobility Within cells 

We analysed four different polycistronic mRNAs. The ypbR-ypzF operon comprises open 

reading frames (ORFs) for soluble and membrane-associated proteins (Table 1). ypbR encodes 

for DynA, a soluble protein involved in membrane fusion after lesions [34] and appears to aid 

in membrane fusion of the invaginating division septum [35]. The products of ypbS and ypzF 

are of presently unknown function. The rnc-ftsY operon encodes three different proteins. FtsY 

is the membrane-associated receptor for the signal recognition particle [36] and localizes at 

the membrane, but also diffuses through the cell [37]. RNase Y is also membrane-associated 

[6], whereas SMC localizes to the nucleoids [31]. The mreB-minD operon comprises genes for 

cell shape-determining proteins MreB (soluble), MreC and MreD (membrane proteins), part 
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of the Rod complex for lateral cell wall synthesis [38, 39]. MreB forms filamentous structures 

underneath the cell membrane [40]. MinC ŀƴŘ aƛƴ5Σ ŜƴŎƻŘŜŘ ŀǘ ǘƘŜ оΩ ŜƴŘ ƻŦ ǘƘŜ ƻǇŜǊƻƴΣ 

are part of the membrane-associated Min system [41] and function as cell division inhibitors 

[42], localizing at the septum and cell poles. The fourth mRNA, operon spoIIIE-ymfC, encodes 

for YmfC, a transcription factor of the GntR family [43] and membrane protein SpoIIIE, an ATP-

dependent dsDNA translocase [44, 45]. MreB and MreC are essential proteins, and the 

deletion of FtsY leads to extremely slow growth of B. subtilis. Addition of two MS2-binding 

sites did not considerably slow down growth of cells compared with cells only expressing MS2-

mVenus (Fig. S2), indicating that both mRNAs retain functionality. Although we cannot test 

for functionality of the other two tagged mRNAs during exponential growth (note that SpoIIIE 

is constitutively expressed, and plays an additional role during sporulation), we assume that 

the two binding sites do not cause a major defect in terms of mRNA dynamics.  

 Fig. 2A-G reinforces the idea that the distribution of ypbR-ypzF tracks is best explained 

assuming the presence of three populations. The same holds true for the other three tagged 

mRNAs, indicating that three distinct diffusion constants could be a general property for 

mRNA molecules (Fig. 2I-J).   



                                                                                                                                                ARTICLES 

36 
 

 

Fig. 2 Jump Distance Analyses of four MS2-tagged mRNAs. 

Triple fits are shown in blue, double fits in red. (A-D) Cells expressing MS2-mVenus only, (E-K) 

cells additionally containing MS2-binding sites fused to mRNAs. (E-H) MS2-mVenus + ypbR-

ypzF_MS2-binding site 2x, (I) MS2-mVenus + rnc-ftsY_MS2-binding site 2x, (J) MS2-mVenus + 

mreB-minD_MS2-binding site 2x and (K) MS2-mVenus + spoIIIE-ymfC_MS2-binding site 2x.  

 

For all tagged mRNAs, the diffusion constants for the most mobile populations D3 are 

similar between MS2-mVenus alone and bound to the mRNAs. In MS2-mVenus the mobile 

fraction has D = 0.094 ± 0.001 µm2s-1, ypbR-ypzF 0.09 ± 0.001 µm2s-1, rnc-ftsY 0.083 ± 0.001 

µm2s-1, mreB-minD 0.078 ± 0.001 µm2s-1 and spoIIIE-ymfC 0.09 ± 0.001 µm2s-1 (Fig. 3). Note 

that errors stated in Fig. 3B refer to fitting errors, whereas all data are combined from tracks 

of three independent biological replicates (for statistics, see Table S1). The intermediate 

mobile diffusion constant (D2) is roughly one order of magnitude lower, with 0.019 ± 0 µm2s-1 

for MS2-mVenus and ypbR-ypzF. For rnc-ftsY, D is 0.016 ± 0 µm2s-1, for mreB-minD 0.017 ± 0 

µm2s-1 and for spoIIIE-ymfC ,D = 0.015 ± 0 µm2s-1 (Fig. 3). Those two populations diffuse faster 
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or slower compared to a study about mRNA diffusion, suggesting 0.05 ± 0 µm2s-1 for mRNAs 

moving out of the nucleoid into the ribosome-rich area in E. coli [46]. Thus, for ypbR-ypzF, rnc-

ftsY, mreB-minD and spoIIIE-ymfC, the high mobility population could represent free mRNA, 

and the intermediate-mobile population could consist of partially assembled ribosomes, 

where the mRNA is already bound to the smaller subunit S30, before the large subunit start 

to associate [47]. We will discuss SMT of the ribosomal protein L1 later on. The static 

population D3 does not differ considerably between MS2-mVenus expressed alone or with 

mRNA containing binding sites (Fig. 3). The diffusive coefficient with 0.003 ± 0 µm2s-1 for MS2-

mVenus, ypbR-ypzF, rnc-ftsY and spoIIIE-ymfC and and/or with 0.0042 ± 0 µm2s-1 for mreB-

minD is extremely low, suggesting engagement of mRNA with polysomes. Of note, our 

measured diffusion constants are in good agreement with those found for eukaryotic cells [48, 

49].             

 MS2-mVenus alone has a large high-mobility population of 43.6% and a large 

intermediate mobile fraction (43.7%), but a small static fraction (12.7%). For ypbR-ypzF 

compared with MS2-mVenus control, the highly mobile population decreases to 25.6% ± 0.002, 

whereas the static population increases to 25.3% ± 0.002. Also, the intermediate mobile 

ǇƻǇǳƭŀǘƛƻƴ ǿƛǘƘ пфΦм҈ ҕ лΦллн ƛǎ ƭŀǊƎŜǊ ǘƘŀƴ ǘƘŀǘ ŦƻǊ άa{н-mVenus-onƭȅέΦ  {ǘŀǘƛŎ ǇƻǇǳƭŀǘƛƻƴǎ 

on the other mRNAs were also more than twofold larger than that of MS2-mVenus alone (Fig. 

3), suggesting that static fractions are dominated by MS2-mVenus specifically bound to its 

cognate mRNA. Based on this, we can assume that approximately one-third to half of our data 

in the strains expressing tagged mRNA are tracked MS2 coat protein bound to the binding site 

on the chosen mRNA, and leaving a large but not overwhelming degree of background noise 

of MS2 coat protein binding to unspecific targets, most likely RNA, in the cells.   

 Considering the size of mRNAs, the three big mRNAs, operons ypbR-ypzF with 4059 bp, 

mreB-minD with 3894 bp, and rnc-ftsY with 5477 bp (or 4627 bp when the smc promoter is 

used) and the smaller mRNA spoIIIE-ymfC with 873 bp (Table 1) show similar diffusion 

constants (Fig. 3). Thus, to a first approximation, the size of mRNA does not appear play a 

decisive role for mRNA diffusion, nor for the mobility of assembled polysomes.  
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Fig. 3 Dynamics of different mRNAs for soluble, membrane and membrane-associated 
proteins in comparison to MS2-mVenus. 

For the determination of the diffusive coefficient and the fraction size, square displacement 

analysis (SQD) was used. (A) The bubble plot shows the size of the fraction where each bubble 

is proportional to the area of its corresponding diffusion coefficients. MS2-mVenus alone is 

shown in yellow whereas the different mRNAs are shown in purple. Table (B) states the SQD 

results.  
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2.1.3.3 Single-Molecule Tracking Reveals a Similar Behavior of Ribosomal Protein L1 

Compared to mRNA  

To address the nature of the different populations of MS2 tagged mRNA, we performed SMT 

of the ribosomal protein L1, which is part of the large subunit of the ribosome [50, 51]. L1-BFP 

has been shown to be fully functional and to localize mainly at the cell poles, and around the 

nucleoids using epifluorescence [11]. We performed SMT using 75 ms stream acquisition for 

comparison with the mRNA data, and 20 ms to be able to detect possibly freely diffusive L1. 

Highest density of L1-mVenus molecules was observed at the cell poles, septum area and at 

the membrane (Fig. 4A,B), in agreement with earlier epifluorescence experiments [11]. 

 Jump distance (JD) analyses suggest that assuming two populations for L1-mVenus can 

explain the observed data well, but three populations increase the quality of the overall fit 

(Fig. S3). Square displacement analysis (SQD) shows that L1, tracked with 20 ms exposure time, 

has a high-mobile population of 40.2%, with D = 0.34 µm2s-1, a slow mobile population of 

48.7%, with D = 0.06 µm2s-1, and a static population of only 11%, with D = 0.016 µm2s-1 (Fig. 

4E,F). We can assume that the high-mobile fraction consists of L1 within diffusing large subunit, 

as D3 is similar to that determined by the Elf group for free subunits that diffuse through the 

entire cell [52]. The other two populations likely represent L1 bound to 70S subunits plus 

mRNA. In E. coli a DC of 0.04 µm2s-1 was assumed for a translating ribosome [12]. Our 

investigation suggests that more than a single form of translating ribosomes exists or different 

forms of ribosome/mRNA complexes with distinct mobilities. In comparison, L1-mVenus 

tracked with longer integration time, DCs as all fractions decreased, likely because many fast 

diffusing L1 molecules (e.g., in the free large subunit) are not captured at a 75 ms integration 

time. Here, the fastest population moves with a diffusion coefficient of 0.1 ± 0 µm2s-1, which 

lies in between the mobile and intermediate mobile fractions from the 20 ms condition. Likely, 

many fast diffusing L1 molecules (in the free large subunit) are not captured at 75 ms 

integration time. The static population has a lower DC at 75 ms compared to 25 ms, with D = 

0.003 µm2s-1, because it can be more accurately determined at slower stream acquisition. 

 Interestingly, at 75 ms integration time, the DC of the static population of L1 with 0.003 

µm2s-1 and of the mRNAs with 0.003 µm2s-1 for ypbR-ypzF, rnc-ftsY and spoIIIE-ymfC and 0.004 

µm2s-1 for mreB-minD were very similar (Fig. 4F). Thus, we propose that this population might 

be polysomes in full swing, and/or mRNA for membrane proteins being translated at the 

SecYEG translocon after delivery through the SRP system. 
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Fig. 4 Analyses of a ribosomal L1-mVenus protein fusion using SMT with 20 and 75 ms stream 
acquisition. 

(A+B) all tracks of L1-mVenus are projected into a standardized cell of 1 x 3 µm. From white 

to red, low to the high probability of localization for tracking with an exposure time of 20 ms 

(A) and 75 ms (B). (C+D) Confinement maps. Blue represents freely diffusive tracks, red tracks 

showing confined motion within a 120 nm circle for a minimum of 8 steps, green tracks 

showing mixed behavior. (E) The bubble plot shows the size of the fractions, each bubble is 

proportional to the area of its corresponding diffusion coefficients. (F) Squared displacement 

analysis (SQD) was used for the determination of the diffusion constants and fraction sizes. 
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2.1.3.4 Analyses of Confined Motion Shows Preferential Low Mobility of mRNA at Sites 

Corresponding to Translating Ribosomes  

Heat maps for all four analysed mRNAs showed a tendency for a preferential localization 

towards the cell periphery (Fig. 5A-D), different from the relatively even distribution of MS2-

mVenus only (Fig. 1J), with the ypbR-ypzF transcript revealing the strongest accumulation at 

the cell poles (Fig. 5A). In order to gain spatial information of different dynamics within the 

cell, we set up confinement maps, which visualize low molecule mobility in cells. Confined 

motion was assumed for molecules that stay within in a circle of 120 nm (roughly three times 

the localization error in this study) for a minimum of 8 steps and longer. Such tracks represent 

molecules that stay associated with a defined subcellular position, likely bound to a large, 

static complex, and are represented by red tracks in Fig. 5E-H. Of note, these molecules will 

largely overlap with the population of molecules showing the slowest diffusion constant and 

thus to 50% and more represent MS2-mVenus bound to its specific mRNA molecules rather 

that non-specifically bound MS2-mVenus (see above). While freely diffusing molecules, 

indicated by blue tracks, are found throughout the cells, confined motion is enriched at the 

cell periphery, and is depleted from the central places of the cell (Fig. 5E-H). The exception is 

the cell middle, where in large cells (tracks of all sizes of cells are projected into the 

standardized cell), the segregated nucleoids make space for the invaginating septum, and 

where ribosomes are also accumulated. The trend for depletion at spaces of nucleoids is also 

seen for L1 protein representing the ribosomes (Fig. 4D), especially for the 75 ms acquisitions. 

In general, localization behavior of mRNAs is similar to that of L1 (Fig. 4A-D). As confined 

motion likely represents translating polysomes, that of labeled mRNAs likewise will account 

for transcripts being actively translated.       

 According to the model of the Amster-Choder group [14], mRNAs may be enriched 

near the area where its encoded protein will be active. For the four mRNA molecules, we 

found small but noticeable differences in the probability of confined motion, as apparent from 

the histograms of the short (y) cell axis or long (x) axis distributions (Fig. 5I-L). ypbR-ypzF mRNA 

showed a relatively even distribution with depletion of confined tracks from the cell center 

(Fig. 5J). For rnc-ftsY, enrichment at the septal area can be seen in the x-axis histogram (Fig. 

5I), with a high probability of confined tracks near the cell membrane, as well as in the septal 

area (Fig. 5F). FtsY has been shown to diffuse through the entire cell in Shewanella 

putrefaciens, but to move in confined motion close to the cell membrane [37]. Thus, while 
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enrichment at the septal area might suggest preferred translation at this site in large cells 

commencing division, freely diffusive FtsY can easily reach this place within few seconds. For 

mreB-minD and for spoIIIE-ymfC, we observed polar enrichment (Fig. 5K,L), as judged from 

the x-axis distribution.         

 Mixed behavior between mobile and confined localization, indicated by green tracks 

in Fig. 5E-H, is much more rarely observed than either confined or free mobility. This indicates 

than molecules only rarely switch between free diffusion and confinement, but rather stay in 

either state of mobility for an extended time.  
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Fig. 5 Localization patterns of different mRNAs tagged with two MS2-binding sites. 
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All tracks of MS2-mVenus bound to 2x MS2-binding site tagged mRNAs are projected into a 

standardized cell of 1 x 3 µm. For heat maps, white to red represent low to high probability of 

localization of molecules. (A) MS2-mVenus + ypbR-ypzF_MS2-binding site 2x, (B) MS2-mVenus 

+ rnc-ftsY_MS2-binding site 2x, (C) MS2-mVenus + mreB-minD_MS2-binding site 2x, (D) MS2-

mVenus + spoIIIE-ymfC_MS2-binding site 2x.  For confinement maps, blue represents freely 

diffusive tracks, red tracks restricted to a confined motion within a 120 nm circle for a 

minimum of 8 steps and green tracks with mixed behavior between mobile and confined 

motion. (E) MS2-mVenus + ypbR-ypzF_MS2-binding site 2x, (F) MS2-mVenus + rnc-ftsY_MS2-

binding site 2x, (G) MS2-mVenus + mreB-minD_MS2-binding site 2x and (H) MS2-mVenus + 

spoIIIE-ymfC_MS2-binding site 2x. (I-L) Histograms showing probability of molecule 

localization along long (x) ς or short (y) axis of cells. Histograms correspond to panel (E-H). 

 

2.1.3.5 Rifampicin Stress Affects the Localization of spoIIIE-ymfC mRNA  

As further test for the idea that the MS2 tag with two repeats of the MS2-binding site is useful 

for SMT, we tracked molecule fluorescence under Rifampicin stress. We used concentrations 

of Rifampicin where not all RNAP molecules might be inhibited, so some transcription should 

remain active. Fig. 6 and Fig. S4 show a similar change in the localization pattern of MS2-

mVenus expressed without any binding site, and L1-mVenus, which showed exclusive 

accumulations at the cell poles (Fig. 6A,B,E,F).  mRNA spoIIIE-ymfC showed the strongest 

effect. Under normal conditions, spoIIIE-ymfC had a higher density near the poles and the cell 

middle (future division sites) (Fig. 6C), whereas following Rifampicin treatment, membrane-

proximal accumulation was lost; only some increased signal at the poles and the cell center 

remained (Fig. 6D). With regard to the confinement maps, MS2-mVenus only and L1-mVenus 

changed their pattern by stronger polar accumulation, which further suggests that MS2 might 

non-specifically bind to ribosomal RNA, whereas spoIIIE-ymfC mRNAs visually lost peripheral 

localization in favor or more central positioning (Fig. 6G-L). Interestingly, histograms of 

confined tracks revealed stronger polar accumulation of MS2-mVenus only, L1-mVenus and 

spoIIIE-ymfC following RNA depletion, as judged from the x-axis scans (Fig. 6M-R), whereas y-

axis histograms reveal a shift of tracks away from the periphery of the cell toward the cell 

center, most pronounced for specifically labeled mRNA (Fig. 6O,P). Strongest changes seen 

for spoIIIE-ymfC mRNA in response to mRNA depletion support the idea of significant 

specificity in mRNA labeling versus non-specific MS2-mVenus binding.    
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Fig. 6 Localization of MS2-mVenus, spoIIIE-ymfC and L1-mVenus with and without 50 µg 
Rifampicin. 

All tracks of MS2-mVenus alone (A,G), or bound to 2x MS2-binding site tagged mRNA spoIIIE-

ymfC (C,I), or the ribosomal protein L1-mVenus (E,K) are projected into a standardized cell of 



                                                                                                                                                ARTICLES 

46 
 

1 x 3 µm. (B,H) B. subtilis cells expressing MS2-mVenus alone stressed for 40 minutes with 50 

µg/ml Rifampicin (D,J) or bound to 2x MS2-binding site tagged mRNA spoIIIE-ymfC, or (F,L) 

ribosomal protein L1-mVenus. (A-F) Heat maps, from white to red, low to the probability of 

localization of molecules. (G-L) Confinement maps, blue represents freely diffusive tracks, red 

tracks restricted to confined motion within a circle of 120 nm for a minimum of 8 steps, green 

tracks having mixed behavior. (M-R) Histograms showing the probability of molecule 

localization occurring along long (x) ς or short (y) axis of cells. Histograms correspond to panels 

(G-L).  

 

Not only the localization pattern changed following downshift of RNAP activity, but 

also the single-molecule dynamics (Fig. 7). Here the effect was even more pronounced for 

spoIIIE-ymfC and L1 than for MS2 tag-only. DCs for the three populations remained similar for 

all three constructs (Fig. 7B). Population size of the static fraction decreased for MS2-mVenus 

only; the intermediate mobile fraction also decreased under mRNA depletion, whereas the 

high-mobile population increased (Fig. 7A). Thus, mRNA depletion led to higher mobility of 

MS2-mVenus. L1-mVenus showed a similar but stronger trend of increased mobility; the static 

ŦǊŀŎǘƛƻƴ ǿŀǎ ƭŜǎǎ ǘƘŀƴ ƘŀƭǾŜŘΣ ǿƘŜǊŜŀǎ ǘƘŜ ŦŀǎǘŜǎǘ όάŦǊŜŜ рл{ ǎǳōǳƴƛǘǎέύ ŦǊŀŎǘƛƻƴ ŀƭƳƻǎǘ 

doubled (Fig. 7A). Interestingly, spoIIIE-ymfC dynamics changed differently from those of L1. 

The static mRNA population halved under Rifampicin treatment, and the high-mobile 

population increased from 48.9 to 63.6%, whereas the intermediate mobile population 

changed only little. This would fit to our idea that the static and intermediate mobile 

populations of L1 and the tested mRNAs are different stages of assembled ribosome, in which 

the static population could be the translating ribosome, which are similarly affected by a 

reduction in transcription activity.  
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Fig. 7 Rifampicin stress affects population sizes of mRNA and of ribosomal protein L1. 

For the determination of the diffusive coefficient and the fraction size, square displacement 

analysis (SQD) was used. (A) The bubble plot shows the size of the fraction where each bubble 

is proportional to the area of its corresponding diffusion coefficients.  MS2-mVenus is shown 

in yellow whereas the mRNA operon spoIIIE-ymfC is shown in purple. L1-mVenus is colored in 

pink. In table (B) ς another way to display the SQD results - the data shown are the population 

sizes in % at a fixed DC that fits best to all three conditions, for better comparison if changes. 

For the stressed conditions, 50 µg/ml Rifampicin were added to the cells for 40 minutes.   
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2.1.3.6 Artificial mRNAs Behave Similar to Native mRNAs   

As shown, the MS2 tag apparently binds to an unspecific target in B. subtilis. Due to a 

fortuitous mistake in our initial design, plasmids containing mRNA and (initially a single) MS2 

site did not contain a terminator sequence shortly after the MS2-binding site, like for the 

shown samples previously. A downstream terminator sequence in the plasmid, approximately 

1,700 bp after the MS2-binding site, terminated the artificial mRNA constructs. We took 

ŀŘǾŀƴǘŀƎŜ ƻŦ ǘƘƛǎ ŎƻƭƭŜŎǘƛƻƴ ƻŦ ŀǊǘƛŦƛŎƛŀƭ Ƴwb!ǎ όƻǊƛƎƛƴŀƭ Ƴwb! ŀǘ рΩ ŜƴŘΣ a{н ǎŜǉǳŜƴŎŜ ƛƴ ǘƘŜ 

middle, plasmid-derived мΣтлл ōǇ ƛƴŎƭǳŘƛƴƎ ǘŜǊƳƛƴŀǘƻǊ ŀǘ ǘƘŜ оΩ ŜƴŘύ ŀƴŘ ƻōǎŜǊǾŜŘ ǘƘŜ 

ōŜƘŀǾƛƻǊ ƻŦ Ƴwb!ǎ ƘŀǾƛƴƎ ŘƛŦŦŜǊŜƴǘ рΩ ǇƻǊǘƛƻƴǎΦ !ƭƭ ŎƻƴǎǘǊǳŎǘǎ ƎǊŜǿ ǎƛƳƛƭŀǊƭȅ ŀǎ a{н-mVenus 

only-expressing cells (Fig. S2), suggesting that the extended mRNAs did not lead to any major 

problems for the cells. Even with one MS2 dimer bound to the MS2-binding site, we were able 

to track mRNA constructs (for JD analyses, see Fig. S5), whose static fractions were all 

considerably larger than for the cells expressing MS2-mVenus only (Fig. 8Q), again suggesting 

that we receive enough specific labeling of tagged mRNAs. Regarding the mRNAs encoding for 

mostly soluble proteins, (Fig. 8A-D and Table 1) we see the highest density in the heat map 

near the membrane and also a small amount at the pole, whereas confined localization of the 

mRNAs of ribosomal proteins rplJ-rplL and rplK-rplA can be detected in the cytoplasm, 

probably around the nucleoid [53]. The mRNA hag, which is monocistronic and encodes for 

flagellin, the largest extracellular part of the flagellum, is an exception [54]. Its mRNA is most 

evenly distributed and shows a strong midcell accumulation (Fig. 8A and Fig. S6A), whereas 

the other mRNAs showed different variations of the peripherally and polarly accumulation 

theme (Fig. 8B-K and Fig. S6). Interestingly, the heat maps for the two ypbR-ypzF constructs 

with two MS2 sites (Fig. 5A,Eύ ŀƴŘ ƻƴŜ ǎƛǘŜ ŀƴŘ ŀǊǘƛŦƛŎƛŀƭ оΩ ŜƴŘ (Fig. 8D,L) are visually similar 

to each other, and likewise for mRNAs rnc-ftsY and mreB-minD (Fig. 5, 8). This finding suggests 

that our observations made with the artificial mRNAs bear close resemblance to the ones 

made with the native constructs including just the two MS2-binding sites.  

 ComN is a transcription factor localized at the cell poles, whose transcript has also been 

shown to localize to the poles using FISH [15], and SecDF are integral membrane proteins 

involved in protein membrane insertion [55, 56]. ylxM-rplS encodes for SRP and ribosomal 

proteins, but also a 16S rRNA processing RNase and tRNA methyltransferase [53, 57, 58]. Thus, 

upper panels of the confinement maps from Fig. 8 show mRNAs for operons containing open 

reading frames for soluble proteins (or membrane-associated DynA for the ypbR operon), and 
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lower panels represent mRNAs encoding membrane proteins (or membrane associated FtsY, 

Table 1). For all mRNAs, freely diffusive tracks are found through the nucleoid-containing 

cellular spaces. Although histograms of confined tracks show visual differences in membrane 

enrichment (depletion from the cell center), as judged from the y-axis scans, overall, there is 

no convincing general trend for mRNAs containing ORFs for membrane proteins towards the 

cell membrane (Fig. S6E-H), compared to those encoding soluble proteins (Fig. S6A-D); a 

majority of mRNAs tend to be depleted from the central cellular area (Fig. S6).  

 Concerning diffusion constants, for both rnc-ftsY constructs, these are comparable 

among all three populations, but the population size of the mobile population for two binding 

sites with 42.6% is approximately 50% larger than of rnc-ftsY with one binding site (27.8%), 

and the static population shrinks by 50% from 30.2% to 15%. This change in dynamics could 

reflect lowered translation efficiency of the artificially enlarged mRNA. For mreB-minD, no 

significant changes in the population sizes were observed, but DCs differ. Interestingly, with 

one binding site, D1 (static) and D2 (slow mobile) are less mobile than with two repeats. 

Despite of several other differences between the constructs, the general concept of three 

diffusive states for mRNAs holds true.       

 The largest difference between DCs were found for the slow mobile populations, the 

lowest being 0.0126 µm2s-1 for mreB-minD and the highest of 0.0226 µm2s-1 for ypbR-ypzF. The 

monocistronic mRNA hag, possibly containing the lowest number of translating ribosomes (we 

assume), appears to diffuse faster than most polycistronic mRNAs, with a DC of 0.0191 µm2s-

1, except of the operon mRNA of ypbR-ypzF (Fig. 8Q,R). D3 of the different mRNAs varied 

between 0.081 µm2s-1 and 0.104 µm2s-1 (hag with the lowest and rplJ-rplL with the highest DC). 

Thus, assuming that the fast-mobile fraction corresponds to freely moving mRNA, size 

variations cause minor changes in mobility.       

 It could be argued that the MS2-system with two binding sites might be a better option 

to collect data for mRNA dynamics, looking at the number of tracks (Table S1), but the 

dynamics and localization patterns are quite similar between the one ς and two MS2-binding 

sites constructs. Thus, motion of artificial mRNAs does not appear to differ much between 

native and synthetic mRNAs.  
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Fig. 8 Artificially extended mRNAs approximately 1700 bp longer than native mRNAs, with 
one MS2-binding site, behave similar to native mRNAs with two MS2-binding sites. 

(A-H) heat maps. (A-D) are mRNAs for soluble proteins, (E-H) for membrane associated or 

membrane proteins. From white to red is the low to high probability of localization. (A) MS2-
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mVenus + hag_MS2-binding site 1x, (B) MS2-mVenus + rplJ-rplL_MS2-binding site 1x, (C) MS2-

mVenus + rplK-rplA_MS2-binding site 1x, (D) MS2-mVenus + ypbR-ypzF_MS2-binding site 1x, 

(E) MS2-mVenus + comN-secDF_MS2-binding site 1x, (F) MS2-mVenus + rnc-ftsY_MS2-binding 

site 1x, (G) MS2-mVenus + mreB-minD_MS2-binding site 1x and (H) MS2-mVenus + ylxM-

rplS_MS2-binding site 1x. (I-P) Confinement maps. Blue freely diffusive tracks, red confined 

tracks (120 nm circle, minimum of 8 steps), and green tracks with mixed behavior. (I-L) mRNAs 

for soluble proteins, (M-P) for membrane-associated or membrane proteins. (I) MS2-mVenus 

+ hag_MS2-binding site 1x, (J) MS2-mVenus + rplJ-rplL_MS2-binding site 1x, (K) MS2-mVenus 

+ rplK-rplA_MS2-binding site 1x, (L) MS2-mVenus + ypbR-ypzF_MS2-binding site 1x, (M) MS2-

mVenus + comN-secDF_MS2-binding site 1x, (N) MS2-mVenus + rnc-ftsY_MS2-binding site 1x, 

(O) MS2-mVenus + mreB-minD_MS2-binding site 1x and (P) MS2-mVenus + ylxM-rplS_MS2-

binding site 1x. 

 

2.1.4 Discussion 

Until recent developments of high and super resolution imaging methods, it was thought that 

transcription and translation in bacteria happen in a temporally and spatially coupled manner 

[1]. However, it has been shown that in B. subtilis and in E. coli, ribosomes are largely excluded 

from the central nucleoids, and approximately only 4% overlap with RNAP [12], which are 

found at the nucleoid [10]. This leads to the assumption that transcription and translation are 

spatial and temporarily separated. This does not account for all bacterial species, because in 

C. crescentus, chromosome loci, corresponding mRNA and ribosomes were found in close 

proximity, such that mRNAs stay near their transcript site [13].  

 In this study, we set out to study mRNA dynamics and localization at the highest possible 

resolution. We chose B. subtilis, an established model organism for Gram-positive bacteria, 

where it is known that transcription and translation occur in a spatially separated manner [8].  

Using the MS2-system of the bacteriophage MS2 [19] and SMT, we used only two MS2-

ōƛƴŘƛƴƎ ǎƛǘŜǎ ƛƴǘŜƎǊŀǘŜŘ ƛƴǘƻ ǘƘŜ оΩ ŜƴŘ ƻŦ ŦƻǳǊ Ƴwb!ǎΣ ƛƴ ƻǊŘŜǊ ǘƻ ŎŀǳǎŜ ŀǎ ƭƛǘtle deviation 

from native mRNAs as possible. With the caveat that MS2 appears to bind to some (likely 

ribosomal) RNA species in B. subtilis cells in a non-specific manner, we show that it is in 

principle possible to follow the movement of tagged sites on mRNA in a milliseconds time 

scale, assuming that individually tagged sites move similar to the entire mRNA molecule. Even 

given the noise generated by non-specifically binding MS2-mVenus protein, we found 
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evidence for mRNA movement through the entire cell, and for confined motion, indicative of 

mRNA being within a larger structure such as bound by translating ribosomes. In agreement 

with the finding that free ribosomal subunits can move throughout the cells, while translating 

70S ribosomes and polysomes are present at polar regions and at peripheral site surrounding 

the nucleoid [37, 52], we found confined motion predominantly at sites excluded from the 

nucleoids, that is, the cell periphery and the cell poles. Although single-molecule data could 

be best explained by assuming three distinct populations of molecules with different average 

diffusion constants, we cannot exclude that only statically positioned mRNAs (engaged in 

translation) and freely mobile molecule exist. Whether there are two or three populations 

does not change the major finding of considerably fast diffusion for mRNA molecules, be it in 

complex with ribosomes or as free mRNA molecules. Experiments using inhibition of 

transcription supported this view. Thus, we conclude that mRNA molecules are not generally 

excluded from the nucleoids, but can diffuse through this subcellular space, allowing freedom 

for reaching different subcellular sites. Although we cannot prove that the fast-mobile fraction 

observed consists of MS2-mVenus specifically bound to the investigated mRNAs or to the non-

specific RNA species, clearly the slow-mobile/static and medium-mobile fractions contain a 

large degree of specifically labeled mRNA molecules. Assuming a D of 0.02 µm2/s for medium-

mobile diffusing mRNA molecules, and taking this constant as an estimate for 3D diffusion, on 

average, such a molecule would need less than 20 s to diffuse through a 3 µm large (spherical) 

cell, using t = r2/6D. Assuming D of 0.01 for freely diffusing mRNAs, this number would drop 

to less than 4 s. Thus, mRNA molecules appear to have the possibility to reach different regions 

in a bacterial cell in a time frame of few seconds. Interestingly, diffusion of mRNA in eukaryotic 

cells has been determined to occur in a similar range [48, 49], although proteins generally 

show higher diffusion constants in eukaryotic than in bacterial cells.    

 We found little evidence for the assumption that mRNAs encoding for membrane 

proteins are localized and translated at the cell membrane [59]. In general, all tested mRNAs, 

which consisted of operons or of monocistronic mRNAs, showed confined motion at sites 

surrounding the nucleoids, that is, close to the cell membrane. mRNA operons encoding for 

membrane and cytosolic proteins ς like spoIIIE-ymfC and ylxM-rplS ς showed different degrees 

of membrane proximity for confined tracks but did not show clearly distinguishable patterns 

than mRNAs encoding solely soluble proteins, such as operons for ribosomal proteins. For 

mRNA encoding for flagellin that is secreted through the flagellar machinery to form the 
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filament outside of cells, we found a marked localization to the cell middle. As a caveat to 

these experiments, confined tracks for MS2-mVenus only also showed a preference for polar 

localization. However, given that half or more confined tracks for specifically labeled mRNAs 

can be accounted for by specific binding of MS2-mVenus, a generally higher degree of 

membrane proximity for mRNAs encoding membrane proteins, and thus for translation of 

membrane proteins at the membrane, should have been visible, but histograms of confined 

tracks did not show such a clear trend, although different patterns between mRNAs were 

apparent.           

 Our data are not in conflict of studies reporting stronger association of mRNAs 

encoding for membrane proteins with membranes than for mRNAs containing ORFs for 

soluble proteins observed in E. coli [16, 17]. It is also possible that although most mRNAs 

appear to be translated close to the cell membrane and at the cell poles, as seen in our study, 

mRNAs encoding membrane proteins are directly associated with the membrane, which is 

clearly the case of SRP-mediated membrane association of ribosomes translating nascent 

chains for membrane proteins.        

 Interestingly, observed diffusion constants for different mRNAs were rather similar. 

The populations with the highest DC, which we interpret to represent freely mobile molecules, 

showed a mobility much lower than that of even large proteins [31, 37] in agreement with the 

large size of mRNAs. Interestingly, these molecules diffused even through the nucleoids that 

have been discussed to present diffusion barriers within bacterial cells. Based on an optimal 

fitting of data, we found two additional populations, one with an extremely low DC of 

essentially static motion, between 0.003 ς 0.005 µm2s-1, likely composed of mRNA covered 

with many ribosomes (polysomes). Inhibition of RNA polymerase strongly decreased this 

population, supporting the idea of this population being involved in the translation process. 

An intermediate mobility fraction might be composed of mRNAs bound to 30S initiation 

complexes, that is, transition complexes; this population also decreased in size upon inhibition 

of translation.           

 To our knowledge, our study is the first report for CDs of ribosomal proteins in a Gram-

positive bacterium. The observation of three diffusive populations agrees with findings made 

in S. putrefaciens [37]. A single DC was determined for freely diffusive ribosomal subunits or 

for translating ribosomes in E. coli [52]. Although our data can also be explained assuming two 

populations, we suggest that transition states between free subunits and translating 70S 
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ribosomes/polysomes are reflected by out-tracking analyses, because we implemented 

criteria to avoid overfitting of data (Bayesian information criterion) and implemented several 

statistical tests to find the optimal fits for observed data. Dynamics determined for mRNAs 

were similar to intermediate-mobile and static ribosome populations, supporting the idea of 

mRNAs diffusing freely, or more slowly as initiation complexes, and basically arresting at 

peripheral sites in the cell as translation complexes.     

 It has been argued that mRNAs can have specific sites of location within the non-

compartmentalized bacterial cell [14, 60]. Our data are in no way contradictory, as we did 

observe differences in the pattern of localization of confined molecules for different mRNAs. 

In addition, polar localization described for mRNAs [15] is in agreement with our observation 

that confined motion of mRNAs (i.e., translation complexes) is prevalent at the polar areas of 

the cell. Thus, although out study failed to generate a system that is entirely specific for the 

labeled mRNAs to be studied, but is heavily blurred by non-specific binding of MS2 to unknown 

targets in B. subtilis (likely ribosomal RNA), our study provides fundamental data on single-

molecule dynamics of mRNA molecules, and is thus an important step toward understanding 

molecule dynamics in bacteria in real time, and in understanding the intriguing asymmetric 

distribution of RNA molecules [17, 61] in a non-compartmentalized cell.  
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2.1.6 Materials and Methods 
 

Bacterial strains and growth conditions 

Each Bacillus subtilis construct is in the wild type NCIB 3610, which possesses a plasmid for 

increased transformation efficiency with a comI mutation [62]. For cloning, the Escherichia coli 

strain DH5h  was used. Both strains were cultivated in Luria-Bertani (LB) medium, for B. subtilis 

only for overnight cultures. E. coli was grown at 200 rpm and 37°C, while B. subtilis was 

cultivated at 250 rpm and 30°C. For single-molecule tracking B. subtilis was grown in S750 

minimal medium(1% [wt/vol] fructose, 0.1% [wt/vol] glutamate, 0.004% [wt/vol] Casamino 

Acids [63] with the same temperature and speed. For the determination of the growth rate, it 

was measured with an optical density at 600 nm (OD600). An OD of 0.7 was used for microscopy. 

Selection of the strains was accomplished by using the antibiotics ampicillin (100 µg/ml) for E. 

coli and chloramphenicol (5 µg/ml) and spectinomycin (100 µg/ml) for B. subtilis. For mRNA 

depletion, commonly 200 µg/ml is used, which also rapidly induces cell death in the culture. 

We used a lower concentration of 50 µg/ml, where dead cells were rarely seen during the first 

40 min after drug addiction. An even lower concentration of 25 µg/ml was also used 

(Supplementary Fig. 4). 

 

Strain construction 

First the fusion protein MS2-mVenus was constructed in E. coli DH5h  ǿƛǘƘ ǘƘŜ ǇƭŀǎƳƛŘ 

pSG1193 (ECE153). With this plasmid, the coat protein is set between the flanks of the alpha 

amylase amyE. After transformation in B. subtilis, a double crossover occurs with the amyE 

gene section between plasmid and bacterial chromosome and therefore this gene is 
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interrupted and no longer functional in B. subtilis. With this plasmid, a xylose promotor is set 

before the MS2-mVenus and therefore can be induced with xylose. Something, that was not 

done here. The strain MS2-mVenus in B. subtilis NCIB 3610 was then later on used to get the 

different mRNA constructs transformed into it.     

For the mRNA constructs, the plasmid pHJDS [64] with a C-terminal fusion of one or 

two MS2-binding sites was used. After having the monocistronic and polycistronic mRNA 

constructs cloned with the MS2-binding site in E. coli, the constructs were cloned via a single-

crossover event into B. subtilis MS2-mVenus at the original locus. Selection for the correct 

constructs was done by antibiotic resistance selection and test-PCR. L1-mVenus was made by 

using the plasmid pSG1164 with a C-terminal mVenus. With this plasmid also a single-

crossover event occurs at the original locus in B. subtilis. 

 

Preparation of NCIB 3610 constructs for microscopy 

B. subtilis NCIB 3610 cells with only MS2-mVenus, MS2-mVenus + mRNA constructs, and L1-

mVenus constructs were grown in S750 minimal medium at 30°C under shaking conditions to 

an OD of 0.7. For the cells, stressed with 25 and 50 µg/ml Rifampicin, it was added to the 

constructs and incubated for 40 minutes. Cells were spotted on coverslips (25 mm, 

Marienfeld) and covered with an agarose pad (1% (w/v)), made of S750 Medium and a smaller 

coverslip (12 mm, Marienfeld).  

 

Single-molecule tracking, data acquisition- and analysis  

Imaging was performed with a Nikon Eclipse Ti microscope equipped with a high numerical 

aperture objective (CFI Apochromat TIRF 100XC Oil, NA 1.49), an EM-CCD camera (ImagEM X2, 

Hamamatsu), and a YFP filter set (BrightLine 500/24, Beamsplitter 520 and BrightLine 542/27). 

mVenus fluorophores were excited by the central part of a laser beam (TOPTICA Beam Smart, 

515 nm, max. power 100 mW) with a laser intensity of 20 mW. Each movie consists of 

3000 frames and was recorded with an exposure time of 8, 20 and 75 ms, using Nikon NIS-

Elements BR.           

 First, the videos were cut with Fiji (ImageJ) [65] and the first 500 to 1000 frames were 

cut off, to a point where only one or two signals were present in cells. Afterwards, the cell 

meshes were set with oufti [66]. For particle detection, U-track [67], a MATLAB software, was 

used. Here, the minimal length of tracks was set to 8, to avoid analyzing freely diffusive 
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molecules that diffuse slowly for a short time, and to link to points, no gaps for the particle 

detection was allowed. The Brownian search radius was set with the lower bound of 0 and the 

upper bound of 3.  Data were analysed using SMTracker [32]. Here the Stationary Localization 

Analysis (SLA) panel for the confinement maps and dwell time analysis, Spatial distribution 

(SDA) panel for the heat maps and the Square Displacement Analysis (SQD) panel were used.  

R2 was as a measure for goodness, a statistical tests such as Kolmogorov-Smirnov goodness of 

fit and null hypothesis significance were used to find the best fit to Rayleigh distributions. 

Bayesian information criterion was used to avoid overfitting of data. Although, at present, 

SMTracker allows only to differentiate up to 3 populations, assuming more than 3 populations 

ǇǊŜǎŜƴǘŜŘ ƻǾŜǊŦƛǘǘƛƴƎ ƻŦ Řŀǘŀ ŦǊƻƳ ǘƘƛǎ ǎǘǳŘȅΣ ōŀǎŜŘ ƻƴ ŀ w ǾŀƭǳŜ ƻŦ άмέ ŦƻǊ ǳǎƛƴƎ ǘƘǊŜŜ 

populations.            

 With regard to the number of tracks (Supplementary Table 1), the MS2-system with 

two binding sites might be a better option to collect data for mRNA dynamics; however, the 

dynamics and localization patterns were quite similar between the one and two MS2-binding 

sites constructs. Thus, motion of artificial mRNAs does not appear to differ much between 

native and synthetic mRNAs. 
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2.1.8 Supplementary material  
 

 

Fig. S1 A minimum of two populations for MS2 protein are shown by the jump distance 
analysis. 

W5 ŀƴŀƭȅǎƛǎ ǎƘƻǿǎ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜǎΩ ŘƛǎǇƭŀŎŜƳŜƴǘǎ ƛƴ ŀ ŦƛȄŜŘ ǘƛƳŜ ƛƴǘŜǊǾŀƭΣ 

plotted in a histogram (A,C,E,G). The probability-probability plots display the goodness of the 
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 Fig. S2 Growth curves of constructs with the MS2-mVenus fusions. 

fit of predicted (red dotted lines) and measured data, shown with the blue solid lines (B,D,F,H). 

All triple fit models are shown in blue (C,G), double fits are depicted in red (A,E). Different 

dotted lines represent the subpopulations for a double or triple fit, while the solid lines 

represent the totality of the subpopulations. Double and triple fit, as well as the quantile-

quantile plot in comparison to each other for the two different exposure times of the tracked 

MS2-mVenus fusion. (A) shows the double fit for the MS2 tag tracked with 8 ms exposure time 

and its belonging quantile-quantile plot (B). 75 ms is the other tested exposure time, with the 

double fit (E) and quantile-quantile plot (F). The triple fit for MS2-mVenus tracked with an 

exposure time of 8 ms (C), its quantile-quantile plot (D) and tracked with 75 ms exposure time 

(G) and its belonging quantile-quantile plot (H) are shown. For the determination of the 

diffusive coefficient and the fraction size, square displacement analysis (SQD) was used (I). 

The bubble plot shows the size of the fraction where each bubble is proportional to the area 

of its corresponding diffusion coefficients. Table (J) ςdisplays SQD results - the shown data are 

the population sizes in % at its fixed, corresponding diffusion coefficient [µm2s-1] for each 

condition.  

 

 

 

 

 

 

 

 

Every 12 minutes, measurement of the optical density (OD) was done. For each condition, cells 

were grown in a 96 well plate with the rich media Luria-Bertani (LB). Each condition consists 

of a biological triplicate, done on three different days. Each replicate consists of eight technical 

replicates. The LB condition is growth media without cells, that acts as a control for the OD (in 

grey). WT is the other control for the growing behavior of B. subtilis, which consists of the B. 

subtilis wild type 3610 without any fusion, shown in yellow. MS2-mVenus is the MS2 coat 










































































































































































































































