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Summary

In this work, singlenolecule tracking, in combination with SMTracker softwarehésmain
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/bact2aa. to new
findings, including improved methods, a number of theottest 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 $ome 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 NMRNA remains close to its transcription site, with the bacterial chromosome
acting as a templatewhere 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 workfocuses mainlyn the question of where translation of different rNRs
takes place in the Graipositive bacteriunBacillus subtilisnd what dynamics they exhibit.
For this work, the already often used RNA labelling method, the-84S2m, was used, which
had to be modified a little in advance in order to achieve optineallts. The results show
that already one and two repeats of tidS2bindingsequence are sufficient to detect mMRNAs
with the MS2system In this context, it could be shown thahspecific binding of thé1S2
binding protein occurs and affects the growthf cells expressing it, regardless of the co
expression of the associated binding site. Nevertheless, detection of mRE#psssible

To address the question of where translation occur8irsubtilis mMRNAs encoding
soluble, membrane and extracellularoteins were used. Thidcalizationof 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 mMRNAs
show alocalizationat the poles and the surrounding of the nucleoid, whereas mRNAs
encoding membrane proteins show a tendency towards the membrane. Texpression

and colocalizationof a mMRNAypbRypzFE and one of the proteins encoded from it, DynA,
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supports the assumption that a mRN#d 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 thecell 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 existirngree
populations are assumed. The square displacement analysis also shows that the diffusion
constants and thus the speed of the mMRNAs appear to bersispendent and that mMRNAs
can move anywhere in the cell within a few seconds, although they aresiably 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 siglemolecule tracking further supports this. In addition to its
localization, for the first time in a Grapositive bacterium, its dynamics were investigated.
Here, more than three populations can be assumed, whereby the static population, which
represens a possible translation, correspontts 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 mymyacomplex
structure of the ribosome and agrees with the mRNA data. Furthermore, theZatoadi data
match and support the results obtained from the mRNAs.

The bacterial dynamiiike protein, DynA fronB. subtilis was not only used for eo
localiation analyses with its mMRNA 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 resistantaigepdttack 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 trackingl was able to showhat 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 thd is involved in membrane fusion, including during cell division and repair of
membrane damagea process that occurs relatively quicklha slow mobile population that

searches for possible membrane damage, and a population for probably freely diffsiAg
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molecules thathas 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 ds Verfahren der Einzelmolekierfolgung, in Kombination mit der
SMTracker Software, die wichtigste Mikroskopiemethode, um Daten zu generieren und zu
analysieren. Damit kdnnen verschiedenen Prozesse im Millisekundenbereich mit einer hohen
optischen Aufléseng in lebenden Zellen/Bakterien untersucht werden.

Durch neue Erkenntnisse, u.a. durch verbesserte Methoden, missen verschiedene, bis
dahin als etabliert betrachtete Theorien, Uberdacht werden. So auch die Proteinbiosynthese
in Bakterien. Eine zeitlichend raumliche Trennung von Transkription und Translation dieser
beiden Prozessim verschiedenen Bakterienspegigird immer wahrscheinlicher. In welchem
Ausmal’ dies geschieht, ist jedoch noch unklar. Daflr existieren zwei generelle Modelle, die
zu erklaen versuchen, wo die mRNKanslation stattfindet und ob dies ein von der
Transkription getrennter oder damit gekoppelter Vorgang ist: 1.) Die mibeibt in der
Néahe ihres Transkriptionsortes, wobei das bakterielle Chromosom als Vorlage fupigert
dem sowohl eine Kopplung von Transkription und Translation als auch eine Trennung mdglich
ist-, oder 2.) mRNAs lokalisieren sich dort, wo das zu kodierende Protein spater bendtigt wird.
Transkription und Translation sind damit eher raumlich und zeitlatemander getrennt.
Wichtig ist, diese Modelle konnen fur verschiedene Bakterienspeaigerschiedlich
zutreffend sein.

Diese Arbeit beschéftigt sicim Wesentlichenmit der Frage, wo die Translation
verschiedener mRNAs in dem Graositiven Béterium Bacillus subtilisstattfindet und
welche Dynamiken sie aufweisen. Fir diese Arbeit wurde die bereits vielfacht genutzte RNA
Markierungsmethode, das MS&ystem, verwendet, das vorab ein wenig abgeéndert werden
musste, un optimale Ergebnisse zu erzielddie Ergebnisse zeigedass bereits ein und zwei
Wiederholungen der MSBindesequenz ausreichend sind, um mRNAs mit dem-Byg2em
zu detektieren. In diesem Zusammenhang konnte aufgezeigt werden, dass eine unspezifische
Bindung des MSBindeproteins auftritt und das Wachstuwon Zellen, die dies exprimieren,
unabhangig von der Koexpression der dazugehotrigealestelle, beeinflusst. Trotzdem ist
der Nachweis von mRNAs damit mdglich.

Um der Frage nachzugehen, wo die Translatidh subtilistattfindet, wurden mRNAs,
die fur l6sliche, membranstandige und extrazellulare Proteine kodieren, verwendet. Die
Lokalisierung dieser mRNAs gibt einen Einblick, wo die Translation stattfinden kdnnte. Die

Ergebnisse dieser Arbeit passen dabei weder ausschliel3lich zu Modell 1) unkiddell 2),
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besitzen jedoch Merkmale beider Modelle. Samtliche getesteten mRNAs weisen eine
Lokalisation an den Polen und der Umgebung des Nukleoids auf, wobei mRNAs, die fur
Membranproteine kodieren, eine Tendenz zur Membran aufzeigen. epiKession nd Ke
lokalisation einer mRNAypbRypzFE und eines der daraus kodierten Proteine, DynA,
unterstutzt die Annahme, dass eine mRNA und ihr Proteinprodukt kolokalisieren kdnnten.

Diese Untersuchung umfasst ferner die Dynamiken von mRNAs, die in bisherigen
Studien hauptsachlich auf indirekte oder theoretische Weise ermittelt wurde. Die Erkenntnis,
wie sich mRNAs in der Zelle bewegen, lasst sich am besten durch die Annahme von mindestens
zwei, moglicherweise drei Populationen erklaren, wobei eine statische |&opu
wahrscheinlich die Translation der mRNA abbildet, ein moglicher Ubergangskomplex mit den
ribosomalen Untereinheiten vorhanden ist, sowie eine frei diffuse Population existiert, wenn
von drei Populationen ausgegangen wird. Die quadratische Versclgehnalyse square
displacement analysis zeigt zudem, dass die Diffusionskonstanten und damit die
Geschwindigkeit der mRNAs grofienunabhangig zu seinen scheint und sich mRNAs innerhalb
weniger Sekunden Uberall in der Zelle hinbewegen kénnen, wobei siédtelaingsamer 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 Proteter 50S Untereinheit, L1, mittels Einzelmolekil
Verfolgung unterstitzt dies zusatzlich. Neben dessen Lokalisation wurde erstmals in einem
Gram positiven Bakterium, dessen Dynamik untersucht. Hier kann von mehr als drei
Populationen ausgegangen werden, vebbdie statische Population, die eine mdgliche
Translation darstellt, der statischen Population der untersuchten mRNAs entspricht. Daneben
kann eine schnelle, frei diffuse Population beobachtet werden, sowie die Bildung eines
Ubergangskomplexes mit mehrere Zwischenprodukten, was fiir den dynamischen,
komplexen Aufbau des Ribosoms spricht und mit den mRNA Daten ubereinstimmt. Des
Weiteren passen die Lokalisationsdaten zu den gewonnenen Ergebnissen der mRNAs und
untermauert diese.

Das bakterielle Dnamin-dhnliche Protein, DynA vdh subtiliswurde nicht nur fir Ko
lokalisationsanalysen mit seinem mRNmanskript 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. Dartiber hinaus sind Zellen, denen DynA
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fehlt, weniger resistent gegeniber Phagenbefall und Membranstress, der durch chemische
Reagenzien induziert wird. Welche Art von Membranstress fir die Rekrugeran DynA
verantwortlich ist, ist jedoch nicht vollstandig geklart. Mit Hilfe von Epifluoreszenzmikroskopie
und Einzelmolek&Verfolgung konnte ich zeigen, dass DynA nur auf spezielle Stressfaktoren
reagiert, wahrscheinlich induzierte Poren in der Membraire durch das Angreifen von
Komponenten des Lipid Il entstehen. Aul3erdem konnte bei der Untersuchung der Dynamik
von DynA drei unterschiedliche Populationen der Mobilitdt gefunden werden. Eine statische
Population, die an der Membranfusion beteiligt ist,a. wahrend der Zellteilung und bei der
Behebung von Membranschadegrin Vorgang, der verhaltnismanRig schnell vonstattengeht
eine langsam mobile Population, die nach méglichen Membranschadigungen sucht, sowie
eine Population fur wahrscheinlich freiffdindierende DynAViolekiile, die eine bisher nicht
bekannte zytoplasmatische Lokalisation aufweist. Wichtig dabei ist, dass bereits eine
geringfuigige Anderung in der Anzahl der Dywdlekiile ausreichend ist, um die durch die

Antibiotika verursachten Schadeu beheben.
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1. INTRODUCTION

1.1RNAs were essential for the origin of life

In the beginning, life oBarth was remarkably differerftom today. This isof course common
knowledge. Still, the questiohow life beganon Earth is not fully uncovered. Different
theories exist. Besides religious believes, first, it was thoughtadigesfrom dead material,

also called abiogenesisnd was already theorized by the Greek philosopher Aristo(@lg4
322B.C)Inthe20)Qa OS Yy (i dzNE amerngesl én thé 10552 StdkI&yaMiller 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 sa@ps d AleksandrOparin and J. B. S. Haldane
further [1]. The theory of the primordial soup was bd&j. Based on this theory, the RNA
world theory was developed arfist mentionedby Carl Woesg3] and was made famous by
Walter Gilbert[4]. It states that ribonucleotide acids (RNA), were the initial factothe
beginning of lifethrough their ability to store genetic information andcatalyzechemical
reactions in primitie cell§3, 5]. Experiments in the 2% century showed that RNAsayhave
originated fromthe primordial soud6]. The RNA world theory relies on the assumption that
RNAs among other things,have an autocatalytic activity and can perform gelblication,
which both were found in Escherichia coin the 1980"s [7]. Not to dive too deepy into this
theory, alsoseveralproblems occur. RNAs are too complex that theyedeveloped out of
nothing. Here, the prdRNA world theory statethat early simple RNAke polymers golved

into the more complex RNA, whereaariousmodels are used to explaihis [8, 9]. In the
80hQa ONRGAOA OFYS dzLJzx 06SOldzaS GKS aSdaday3
primordial soup would not be correctaind the theory of the primordiadandwich was
announced by Gunter Wéachtershduser. This theory suggests thdtelifanwith a chemo
autotrophic metabolism by reducing iron and sulfur with elemental hydrogemproduce
different biomoleculesincludingcomplex oneq10, 11] Of course, other theories also exist.

A famous one is thpanspermatismwhere life came tdarth by meteorites, etd12]. To this

day, no theory could prove its total accuracy and even more theories exist. It is not known,
what was firstthe simplemetabolic activity, the RNA worldr the RNApeptide coevolution
theory, to name a fewor a combination of different theorieslowever it is indisputable that

ribonucleotide acids play an important ralemodern life Different processes in cells are only

1
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possible, because of different kinds of RNAs. Ribosomal RNA (rRNA), tRINS&eI(tRNA),
messenger RNAs (MRNA) are thest well-known RNAs, but also processes like splicing in
eukaryotes might have beeoriginated froman early RNAvorld [5]. Also, norcoding RNAs
(ncRNASs) play an important role, as we start to realize, how many processes in cells are
regulated by then{13-15], likethe inactivation of chromosomefd 6] and how important all

different kinds of RNAs artherefore.

1.2 Protein biosynthesis in genera Transcription in eukaryotes and

prokaryotes

RNAs playn important rolein a lot of differentprocesses, especially in protein biosynthesis,
where the activity of genes is regulated by riboswitchieg or the regulation of alternative
response mechanisms by naoding RNAEL8]. Still, most famously is the rotd RNAswhile
translation. Without Ribosomes, tRNAs and mRNi#s,in the complex way as we know it,
would not be possible. However, the genetic informatiostaged in deoxyribonucleotide acid
(DNA) because the deoxyribose and its phosphsiiggar backbone make the DNA chemically
more stable.This, together with itsdouble-helical structure,improves the stability and
reparations can be performed easier antbking 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
andistherefore necessary for the metabolism of ceflsgardles®f singlecell organismsuch
asbacteria and archaea (prokaryotes) or more complex organisms wieanadeup of more
than one cell §ukaryote$ [20]. Transcription and translation happen at different places,
dependingonwhether the cell is prokaryotic or eukaryatin eukaryotes, transcription occurs
in the nucleus, the mature mRNA leaves the nucleus the mRNA is translated in the
cytoplasm(Fig.1.1.A) or in the roughendoplasmic reticulum (rough EBfthe nuckusif a
nuclear localization sequence (NiE& nucleus localized proteins present21] (Fig 1.3D).

In prokaryotes, where less compartmentalization is present, transcription occurs in the
nucleoid[22], while translation also occsthere oralso(Fig.1.1.B ¢ asrecentstudieshave
shown - in the cytoplasm, the membrane and the pol@8]. This will bdater on discussed

further.
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Fig. 11 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 protgalypeptide in the
cytosol (brown area) The intermediate step of RNA processing of the-mpRRNA (red) is
depicted in the nucleusThe posttranscriptional modifications are shown in ligv. (B)
depicts aspatial nonseparated transcription and translation event in prokaryotesthe

nucleoid Figure adapted and modified after Campletlil. [21].

In short,a gen needs to be transbedfrom the DNAnNto what iscalled messenger RNA, which
isthen translated into the proteirfFig. 1.2. Transcription of other types of RNAscursin a
similarmanner, but they are notcalled mRNA21]. Duringtranscription a RNApolymerase
(RNAPYeadsthe target DNA segmentomplementary fromp-Q 2 into @he mRNA[24].
Transcription can be categorized into three different phasesialioh, elongation and
termination [24]. Theydiffer between eukaryotes and prokaryot§l]. Onlybrief examples
are used to illustrate the main differences, becausés is not the main topic of this work.
The nitiation of trangription in procaryotes involves a salled sigma factor’ ¢
factor), which is part of the RNgolymeraseand recognizes theromoter upstream of the

target gene detaches from the RNpolymerase anallow transcription elongatiorio follow
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[20]. In eukaryotes, on the other hand, different transcription factors are necessary for the
binding of the RNAolymeraseto the DNA25-27].

During elongation the RNApolymerase reads the DNA and transcribes it into a
O2YLX SYSy il NBE & lekchayighg thyNiliNe fqu @acilivéhile ¢h@ &ther three
bases (adenine, guanine, and cytosine) remain the sémgortanty, the mRNA is no longer
a doublestranded molecule,asDNAis, but singlestranded.The RNAbolymerasecontairs a
proofreading mechanismthat operates differently from theDNApolymerase during
replication[28, 29] In addition, in eukaryoteseveraltypes of specific elongation factors are
involved in this stefp30].

Two mechanisms for termination in prokaryotes are knolmrthe Rhedependent way,

a termination protein, Rho, binds to a specific sequence on the mRNA, which then leads to the
termination of transcriptior{31]. In Rhaeindependenttermination, a hairpin is foldedfter the

stop codon sequence and the Rid8lymerase dissociates from the DN32]. In eukaryotes,
termination for rRNAs follows a similar patteta the Rhedependent way although here
othertermination proteins are involved and lead to a disassembly of [B8].IPol I, the RNA
polymerasethat transcribes for mRNAs, dissociates froAmainlyby recognition of the so

called polyA-tail, thereby stopping transcriptiarAgain, dfferent factors are involved here

[34] and thus, both transcription termination ways are facttependent. Only for the
transcription of norcoding RNA& a factorindependent mechanism know34].

After transcription, tanslation of the mRN#akes placeBefore this is possiblsgveral
posttranscriptionalmodificationstake placeg mainly in eukaryotes but algo0 some extend

in prokaryotes;, whichmay beresponsible for the correct localization of mR[R4].
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Fig. 12 Schematic overview ofranscription 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 Rp&lymerase(gray)to the DNA at the promotor
gStft a GKS St2y3lGdAaz2y 2andtiekedmingtior !
of the RNApolymeraseare illustrated.The doubledstranded DNA is shown in blue, while the

regionl a

singlestranded mRNA transcript is showm red. The promotor is illustrated in greenhe

factors, which differ between eukaryotes and prokaryotes, are not shdwgure adapted

after Campbelet al.[21].

1.2.2 Posttranscriptional modificationsin eukaryotes

Different mechanismare known toregulate the mRNA even after the transcription, but also

still duringtranscription. Both will be illustrated shortly here. Before the mRINAvesthe

nucleoid in its mature form, it isnown aghe socalled precursor mRNA (praRNAJ36] (Fig.

5
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1.1A). One premRNA consists of coding regions, called exons, anecadimg regionsgalled
introns [37]. Several introns can be found in one PRNA.By cutting them ouftg called
splicingg the mRNA consists only of exons and can be translated into a prédemgthe way,
exons canalso be cut out, depending m the intron localization. This is aldaown as
alternativesplicing. Thereby, more than orgrotein can be translatedrom one mRNA
Splicing ismainly mediated by the spliceosome, which consists sfall nuclear
ribonucleoproteins $nRNPg[38], but the rare event of selplicing by ribozymes ialso

known, which are introns capable of catalytic reactions and might be a hint to thenRN&

theory[39].
Another posti NI YA ONR LIGA 2y | f  -yYappmd (Fig. O.L.A. HRrg, a A &
methylated guanosine isconnected to G KS  Ywb ! end vieAd » p @2

p triphosphatelinkage [40]. Other ways of capping also exist, but this is the modespread

[41]. The capping has different functions. It regulates the nuclear ex@@} promotes

translation[43] and the intron excisiof#4], as well as it protects the mRNXAmM exonucleases
[45].

The last welknown posttranscriptional modification of the prenRNA actudy occurs
alreadyduring transcription. The saealled polyA-i | A f -erid dnodificatiotiFig.1.1.A). In
this process,everal adenosine phosphates dogalized behind each oth@t6]. This structure
is necessary for the transption termination and is foundnainlyin mRNA$47] and rarely in
NcRNAg$48], but also functions as a protector against degradation when the pclyi@ing
protein binds to if49]. Besides this, it is also important for the transport of the mature mRNA
from the nucleugo the cytoplasnj50]. Similar to alternativaplicing there is alsalternative
polyadenylation{51]. If the polyA-(i I A f  lend is&Horger, theOMRNA is more likaybe

translated[52]. This mechanism can be used to react to extracellular sti&®ili

1.2.3 Posttranscriptional modifications in prokaryotes

Even thougtposttranscriptional modificationglsooccurin prokaryotes, the main focus is on
eukaryotesThey areoften similar to the postranscriptional modifications in eukaryotes, but
are less complex and they do not occur for each mRNA transcript. An exafbis would
be the existence of introns in prokaryotdswas thoughtthat prokaryotes do not need them,
because of the existence of operonsn which more thanone gene is transcribed into the
MRNA and therefore, more than one protein can be transldteth this polycistronic mRNA

and thus providing more diversitj54]. Seltsplicing introns of tRNAs were already knmg&5],
6
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but not in mMRNASAlthough the number is quétlow, intronshave been foundn MRNAS, with
their possible function to gain a bigger gene variety, but also to obtain new genes with new
functions which underlines the RNworld theory further[56].

As inSdz] I NB 2 (i $ad>caniibé $rotgutedfrom degradation but with a
triphosphorylatedp -@nd,rather thanl  -ga§)Y57]. The folding of ssondary structures at the
p -@nd leads to a longer hatiime and thus, a longer lifetimef mMRNAs, to¢58, 59] which
can alsdbe achieved by the ShinBalgarno sequence, also known as theosibme binding
arisS ow.-YTR (uhtiginsladegions)which is purindch [58, 59] Even though this
is not a ral posttranscriptional modificationthe RBSas the name already suggegitays an
important rolein ribosomeshinding[60].

The final pog-transcription modification , agaiasin eukaryotes,s the poly-A-tail,

done by thepolyadenylatepolymerases[61]. In eukaryotes it protects the mRNArom
degradation, whereas in prokaryotes, themmoximately30 nucleotide (nt) long sequenfg?]
I i Gdndleads@ a fastedegradation because a special secongiatructure cannot fold
for protectionand can evemrecruit the RNas¢63]. A second type of adenytian exiss, in
which the polynucleotide phosphorylasé E (i $y' R &nd in&rfy with @denosineswhich
also leads to a fastategradation[64]. This type camlsobe found in mitochondrig65] and
plastidsin eukaryoted466].

Despitethe exisence of similar postranscriptional modificationsn eukaryotes and
prokaryotesthey differ mainly in their composition and functioHowever, after transcription
and posttranscriptional modifications, translation of the mRNAs occurs in eukaryotes and

prokaryotes, to obtain proteins.

1.3 Translation ingeneral
The following explanation of translatios mainlybasedon the processes in eukaryotes, even
though the actual process of translation is similar between eukaryotes and prokaryotes.
short, here, the mRNA is translated into dsrrespondingprotein. This completes protein
biosynthesisAswith transcription, three main processes can béstinguished irtranslation:
Initiation, elongation and terminatiofFig.1.3).

In the translation initiation, MRNA, transt&NA (tRNA}he small(40Sin eukaryotes
and 30Sin prokaryotes) and large (608 eukaryotes ad 50Sin prokaryotes)ribosomal
subunits form the translationinitiation-complex[67, 68](Fig. 1.4A. The whole composition

of the translationcomplex demonstrates the importance of RNAalitife fam. Furthemore,
7
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the ribosome is a ribozyme, which means, it consists of rRNAs and proteins, whereas the main
catalytic processes angerformed by the ribosomal component$ranslation would still be
possible without the proteins of the ribozyme, but atlawer rate[20]. The tRNA is the carrier
of the different amino acids, which are needed to make a protein. To ensaredirectness
of the amino acids, transferreloly the tRNA, the tRNAwns an anticodon region. One amino
acid is made up of three base paifgshe mRNAwhich are called a codonhis, he anticodon
is complementary to theodon of the mMRNAThe first codon always encodes for the amino
acid methionine.This ensures the correct reading frame of the coddrie very process of
attaching the correct amino acid to the tRNA requires energy, in this casd Ad Ransfer of
the amino acid in th translation complex again needs energy, this time @@ 1.4A. In
eukaryotes, several proteins are involved irthe formation of the translationinitiation-
O2YLX SE® ¢KS AyAlAl GOy T -RYRAMEneds® Bebigifgl S K
to the small ribosomal subunit. Different initiation factors also play a moléhe proper
ribosome assemblyUnlike inprokaryotes, the order of the binding of mMRNA and tRBIA
important. The small ribosomal subunit scans the mRIN& it reaches the startadon at the
0-end. The tRNA is brought to thesRe (peptidyitRNAbinding site), the initiation factors
dissolve and the large ribosomal subunit can bind to[20]. Only a few mRNAs can be
0N yat |l (S Rapgwhichkoecdesimalnly ynder special stress conditions and apoptosis
[69]. Minor differencedrom eukaryotes can be observed in the assembly of the translation
initiation-complex in prokaryotes. Here, the correct binding of the ribosome to the mRNA is
mediated by the RBS afi K SUTRcWhich is recognized by the 16S rRNA, part of the 30S
subunit- YR G KS NAo02a2YS &Ol y &ndirRadditigh$he firdi IRN&I O2 R2
carries a Normyl-methionyl andvariousinitiation factors are usefrQ].

Duringelongation the polypeptide chain istretchedto form the finished proteinin
the fully assembled ribosomehére are hree different sites; all part of the small subunit
First, the tRNXet binds b the Psite, even though this is the middiene. The next charged
tRNA binds to the Aite (aminoacytRNAbinding site), which iat p -@nd upstream of the P
site and via cleavage and catalyzed fusion, the amino acid of the tRNA at-she B
transferred to the tRNA with the new amino acid. The longer chargedRNA of the Fsite
moves to the Esite (exit site),leaving the ribosome andthe tRNA with the extended
polypeptide chain moves to the-site, leavingthe Asite free againFig. 1.4B, That the

tRNAs can move between the three different sites is possible because the Ay
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movesonin the ribosomedy one codonThereforell KS G NI y af I (i iod ez O dzNE

steps repeatuntil the stop codon is reachedOne difference between eukaryotes and
prokaryotes is mainly the use of different elongation protdis, 70]

The stop codon initiates the terminat of translation. No amino acid exists for the
three different triplets, the stop codon is built up.release factor in eukaryotes binds to the
available free Asite and catalyzes the hydrolyses of the peptide chain and the tRNA at the P
site. In prokargtes, two different release factors exiswvhich is the main differenchere
comparedto eukaryoteg71]. When thepolypeptide chain leaves the ribosomieis folded
and modified into a functional proteif21l]. Meanwhile, the ribosome disassemblégyain,
several proteins are involved and GTPagainusedas energy The different parts of the

disassembled ribosome are recycled and used for the next translgtiin
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i i ° ®
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acid to be @ ° 3’ S
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Fig. 13 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 BPdficts the process

of growth of the polypeptide chain, whil&CY shows an overall overview of theatrslation
event. 6E stays for exit sitegPe  PeptdyHRNAbDINding site and¥A¢ for aminoacytRNA
binding site.In (D) the translation of proteins from the nucleus is illustrated,esdas the

mRNAgonsist of a NLS. The nucleus with the rough BRvwersin bluewhile the components
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of the translation complex and the process itsaié similar to A)-(O. (B shows a electron
microscopepicture of polyribosomes, indicated by a black arravhich are separated and
possibly bound to a strand aiRNA, indicated by a red arrowhe tested polyribosomes were
gainedfrom a mouse cell linef reticulocytes, staing by uracil acetateThe scalebar is 0.1
pm. (B also shows an electron microscope picture of polyribosonmeicated by a black
arrow, which are bound to a strand of mMRNBNA is also visible, indicated by a red arrow. The
tested polyribosomes were gained froi. colicells. Figure adaptedand modified after
Campbelkt al.[21], Slayteret al. [72] and Milleret al. [73].

14¢ KS aGyS¢ o &¢ 2 FanslaNdn i baOi®NBR LIG A 2Y | VR
In eukaryotestranscription and translation are spatially and temporally separated, due to the
complex compartmentation. While transcription occurs in theeleus, translation happens in

the cytoplasm(ribosomes arenot boundto a membrang (Fig. 1.1Aor in the rough ERnd

the outer membrane of the nucleusvhereribosomes arebound to the membrane of the
rough ERIf the proteins consist of a N[, 3] (Fig. 1.30. Prokaryoteson the other hand,

do not have this high compartmentation and therefore, it was assumed, there is notoeed
separate transcription and translatioh. yY & KS  SHe Kddiag ofHmlgriiasomésn

MRNA while transcription of this mRNvasstill occuring further strengthened this theory

[73, 74](Fig.1.3A® ¢ KS G SNX a L)k f gagkoop2oindltipls doésoneshatO NRA 6 S

are simultaneouslypound to one mMRNA. Adif those ribosomes translate the mRNA at the
same tine, thereforesaving time iprotein production This does not automatically mean that
the mRNA to be translated is also transcribed at the same tiireter on, polyribosomes
wherealso found ireukaryotic cellssuch asn differentcell lines ofice and ra$[75, 76]and

in sarcoma cellg’7]. Due to the strict separation of transcription and translation in eukaryotes,
polyribosomes arenly found ormaturemRNAswhere transcription is already complgféig.
1.3B.

In regards othe 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?Severalgroupshavefound sme interesting information leathg to the rethinking
of this old theory.This include the new findings on thecation of ribosomeg$78, 79]and
mRNAdocalization[80, 81] as well aghe realizationthat prokaryotes arealso organized
without being particularlicompartmentalized82] like eukaryotes.However the following

findings focus on bacteria and not archaea, whimgher studies are needed tbe sure,
10
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whether or notthisis dsothe casefor archaeaor not. First, | willprovide moreinformation
on the organizationin prokaryotes andhen continue with the new informationon the
ribosome and mRNA localization, as well as introduce new models for the transcription and
translation in bacteria.

As mentioned earlier, although bacterial cellsdo not have a fixed structure for
compartmentalizaibn like eukaryotes, they are albighly organized a more dynamic way.
All differenttypes of proteins show a subcellular locatinn in bacteria. Cytoskeletal elements
such aghe actinlike MreB[83, 84]and ParM[85] or the tubulinlike FtsZ86], while not
forming astructure as in eukaryotes, are essential for the organization of other proteins in the
bacterialcell. Proteins of the divisommustlocalizeto the correct area in the cell for a proper
cell division, whichnimost bacteria the septakgion[87], but can also be asymmetricakin
Bacillus subtilign sporulation[88, 89] Here, for example, FtsZ, which forms thearyduring
cell divisionjsessential. 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 ean b
consideral as asimple way obrganization in bacterial cells. Also, the rod shape of different
bacteriaspeciedeads to a localization of hydrophobic proteins at the membrane of the poles
or in the cytoplasm, close to the pol€30, 91] In rodshaped bacteria, lik&scherichiaoli,
chemotaxiscomponents are localized at the polg®], as well as variousomponents of the
degradosomg93], and the poleto-pole oscillation of the Mirsystem, which is responsible
for the correct localization of the formation of therig of the divisomd94]. Hereby this
demonstrates, how the localization of one proteiffects 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 sporulatioB.isubtilisthe loalization of the
origin ofreplication is crucigB5]. Something similar was observed @aulobacter crescentus
[96]. Furthemore, the nucleoid of bacterialso appearsd be dynamicin C. crescentuand
E. colian ellipsoidal distributiornas beenshown[97], with the poles free of i{98] or with
only spedic chromosomal regions near the polesin C. crescentu®7]. Also, dependingn
whether the cellsgrow slowly or fast, the nucleoid islenserin slowgrowingE. colithan in
fastgrowing ones[99]. All those exampke demonstrate that bacterial cells have an
organization and structure for the ongoing processes. Of course, this organizati@pplss
to all proteins and RNAs involved in transcription and translation.

It is not of a big surprisethat transcription occurs in the nucleoid. The &N

11
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polymerasesmainly overlap with the nucleoiff9]. Thismakes sense because the RNxaR

only transcribe DNAinto mRNAwhen it is bound to the chromosoal DNA As already
indicated by the presence of polyribosomes on mRNAsHaae notyet beenfully transcribed,
translationappeas to occur simultaneously while the mRNA is still being transc{igd’ 3]

Also, an interaction of the RNAP with ribosomal subunits, as well as with the ribosome, found
in E. coliunderlines this furthef100]. However this does noappearto be true for all MRNAs

in everybacterid speciesinterestingly, m the same studyherethe group of J. C. Weisshaar
observedan overlap of RNAPs with the nucleoid, they did not found many ribosomes in the
nucleoidin E. col{79]. Only 4% or less of the 70S ribosome overlapped with the RNAPs

This seems to be contradicted to the findings of an interaction between RNAP and the
ribosome. Still, another studyperformed inE. coli,showed thatthe nucleoidwas mainly
composedof the small30Sand large 50Ssubunits of theribosome whereas the siwer 70S
ribosome was mostly excluded and found in the cytoplasm around the nucleoid16B¢

This would still fivith the findings that the RNAP interacts with the ribosomal sub ai@].

The large number of monomeric subunits of the ribosome in the nuckoidd also explain

the observed nucleoid expaionin the exponential growth phasg’8]. Most of the work was
performed inE. coli but something similar was observedBnsubtilistoo[23]. Those findings

led to a renewdof the old theory that transcription and translation occur at the same time
and without any spatial separatidn each bacterial specig¢22].

If transcription and translatioappearto be separated in space and time, where does
translation take place®@neexplanatory modelsuggested by the Amsté€hoder group, is that
MRNAs are translated neardin site, where theassociatedorotein is later found (Fig. 1.4B
D). In E.coli, theyfound the mRNAs for cytoplasmatic proteinatandladl, in the cytoplasm,
whereas the mRN#or the membrane proteirBglGwas found at the membrang81]. Other
groups found similar localization behavior in different bacteria, like polar localizatibafof
in Campylobacter jejuriL03] and nifH in Klebsiella oxytocfl04]. Again inE. colj different
MRNAs for soluble protesnor the extracellular were found in the cytoplasm and mRNAs for
membrane proteinsvere foundat the membrang105]. Nevertheless these findings should
not be regarded atrue to all bacteria, especially sinsemeresults underline the old model
of acoupling of transcription and translation in bactefia3, 100] Another model is still close
to the old theory. The suggestiai JacobsNagnefQQ a IAdNEatdHeltranscript stagnearto

its transcription site The mRNA does not move far awapm the nucleid, so to speak,
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because the chromosome serves as a template for the localization of the r(FRINA.4[
Their findings irC. crescentulead to this mode[80]. In the same study, they also observed a
co-localization of ribosomes with the nucleoighich is different to the previously described
findings inB. subtilisandpartially inE. coliHowever in the work of the JaobsWagner group,
they also found the mRNIacZof E. coliclose to its transcription site. Thisdentradictedby
the findingof lacZin the cytoplasmby another group also performed irkE. coli[106]. The
differences here were the techniqués label he mRNAs.

It is obvious that both models lack conviction andy descie onlya part of the truth.
Polyribosomes can be found where DNA is still being transcribed and the resulting mRNA is
simultaneouslyalready being translatedin addition asdescribedearlier, RNAP and the
ribosomes interact with each other to some degrThereforen a few bacteriatranscription
and translation are coupled to a certalegree[73, 100] At the same time, however, thelis
evidencethat a mRNA is translated gultiple ribosomes, i.e. a polyribosome, but this is not
spatially and/or temporally linked to transcriptipasshown byfindings inE. colandB. subtilis
Thus, a combination dhe old and new models also sesto be possibleand might be closer

to the truth.
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Fig. 14 Different schematic models for mRNA localizatidaring translation in prokaryotes.

(A) depicts a schematic bacterial cell withretbulk DNA in black, withigher density in the
middle. Membrane localization of the mRNB).((© shows polar localizationDJ illustrates a
helical localization throughout the cytoplasm, whil® 6hows mRNA localization near the

transcription site in the DNA bulk. mRNA locdlmaat the septal areavhile cell divisionH).
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The mRNA is depicted in green, DNA in black, cytosol irbigreyand the cell membrane is
depicted by a dark grellue.

1.4.1The chosen mRNAs Bacillus subtilis

To gain further insight into theehaviorand localizatiorof mMRNAs, several mRN#&sm B.
subtiliswere selected for this purposeSngle-molecule tracking (SMWas used taanaly®
the localization of polycistronic and monocistronic mRNAs, as well as their dgmanaost
studies focusd on only a few mRNAsainlyencoding formembrane proteing80, 81, 107)
some of whiclwere tested byariousgroups and led to differerdand contradictingesults,as
demonstrated bythe abovementioned example ofacl [80, 106] In this work, | wilanaly®

9 different mMRNAs, whereas two are monocistronic and the other sbeamypolycistronic
MRNAs. Of those 9 mRNAs, one mMRNA encodes an extracellular proteirgrtboeesoluble
proteins,two encodemembrane proteins anthree encodesoluble and membranproteins

in one operon. Besides this, two differdgpesof constructs were made. Four constructs have
two MS2binding sites (MS2BSfrig. 1.5A+D, while eight constructs have only one MS2
binding sitg(Fig.1.5B+E&E The MSzbinding sitels presented immore detail in1.5.1 In addition
the four constructs with two MSBinding sites have a translation terminator shortly behind
them, while the other constructs have this after around 1700 bp anel therefore also
referred to asartificial mMRNASs.

From here on, the different mRNA8Il beintroduced | will start with the mRNAs with
two MS2BS, followed by the constructs with one MS2BS. Those mRNAs with tviandigg
sites arefour polycistronic mMRNAsnreBminD, spollleymfG ypbRypzFand rnc-ftsy). With
the excepion of ypbRypzF these mRNAsncodemainly for membrane proteins or proteins
localizel at the poles and the septum. FtsY is a sigaabgnition particle (SRJotein and is
essential for the correct translation and insertion of meaufie proteins and their integration
into the membrang108, 109] It ismainlylocated at the membrane, as well as patrtially in the
periphery [109] and the cytoplasifi08]. rnc encodes for the essential endoribonuclease
RNase I[[110]that is a substrate specific RNase IIIE, which is important for foreign toxin gene
silencing and localizes in the cytoplagithl, 112] SMC, on the other hand, localizestially
at the poles andmainly in the nucleoid where itplays animportant role in chromosome
condensation and segregatida13-115]. Here, it is part bthe condensing complex and is
necessary for origin segregatiphl6]. MreB, MreC and MreD are all cell shagetermining

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 membrarj#18]. It has beerreported that MreB

can bealsofound inthe cytoplasm, but only in stationary growth phgdd.9]. Sinceno 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-8§stem[120]. They function

as cell division inhibitorfl21] and are localized at the poles and septum. The last operon,
which encodes for membrane proteins, spolllEymfC YmfC is a transcription factor of the
HutC subfamily and belongs to the GntR faifiiB2] and therefore should be localized in the
nucleoid am the cytoplasm. SpolllE on the other hand, the other protein encoded by this
operon, is an ATBependent dsDNA translocase, which plays an important role in the
transport of the forespore chromosomnteefore sporulation occur$l23]. The last mMRNA with
two MS2binding sites is thgpbRypzFoperon.According to SubtiWiki, there is currently no
information known about thencodirg product ofypbSandypzF nor their functionsypbRon

the other sideencodes for YpbR, mainly known as DynA. This proteim the bacterial
dynaminlike family[124] is also tested andurther analy®d in this work. DynA aids in
membrane fusion of the invaginating dimgseptum[125]and is alsanvolved in membrane
fusion after lesiorj124], but more about thisn 1.7.2 DynA is a membrarassociated protein
which is also localizea the septum and diffuses freely in the cytoplasm.

The mRNAs witbne MS2BS are artificial constructs becauseltte presence of the
translation terminator(Fig.1.5B+E In addition tornc-ftsY, mreBminDandypbRypzF which
arealsoconstructed with one MSBinding site, five more mRNA constructs were made. Those
are comNsecDFE rpldrplL, rplkrplA and yIxM-rplS for polycistronic mMRNAs anlgag for a
monocistronic MRNA. The operons fidrplL and rplk-rplA encode only for ribosomal
proteins of the different ribosomal subunits where rplA encodesfor L1[126] -, localizel
mainly in the cytoplasm, around the nucleoid and the pglEx7]. comNsecDFencodesfor
ComN, which mediates the pestanscriptional control of thecomEoperon and is mainly
localizedat the cell poles and the division sif&28, 129] SecDF, the other proteencoded
this operon, is gre-protein translocase subunit (ATPasad is part of the Sepathway and
thus localizd at the membrang130, 131] This is followed by IxM and Ffh, both proteins of
the signal recognition particland are encoded by th@ixM-rplSoperon. Those two proteins
are mainly localizedotthe membrane and the periphery, like FtE82-134]. RpsH67] and
Rpl9126]are ribosomal proteins of the small and large subunit and thus localized at the poles,

in the cytoplasm and around the nucleoithel6S rRNA processing RNaseodedfrom the
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rimM mRNA 6 the yIxM-rpISoperon plays a role in the maturation of the 16S rRW is
found in the cytoplasnil35]. trmD, also a mRNA of th@xM-rplSoperon, encodes tRNA
methyltransferasehat plays an essential role in translation and is located in the cytoplasm
[136]. According to SubtiWiki, there is currently no information known about éheoded
product ofthe other two mRNAs of thglxM-rplSoperon, ylgCandylgDnor their functions

The last mRNAo be analy®d washag. This mRNA is an excepti@o far all nRNAgncode

for membrane or soluble proteins in the cell, thag translates for flagellin proteins, vadse
subunits build the flagellum d@. subtilis The flagellin proteins, therefore, al@catedoutside

of the cell, in the extracelluldd37].

ThechosenrmRNAs 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 operonsMoreover, some of those proteinsencodedby the chosen mRNAsye
essentialfor B. subtilis such asMreB and Ffh, wéreasothers are not. With this larger
selectionof MRNAs, a nice overview of the behawaod localizatiorof different mMRNAs can

be provided

1.5 Different methods for RNA labeling

To find out more about the behavior of theelectedmRNAS, a suitable labeling method is
necessary. As the contradicted resultslafl in E. colidemonstrate[80, 106] the labeling
technique plays an important role and canteot also influence the behavior of the tested
MRNA A pool of different methodss available, somevhich havea good potentiaand need
further development,while othersare widely used to this day. An overviesf different
labeling techniques of MRNAs, in paoyotesand eukaryotes, will bprovided

Some methods for RNA labeling are used in both, prokaryotes and eukaryotes, but one
new RNA labelingnethodisonlyused in eukaryotes, the CRISPR/Cas9 syst&tneptococcus
pyogenes which has beensuccessfulljused for genome engineeringn eukaryotes[138].
Sine CRISPR (clustered regulantgrspaced short palindromic repeats) befgto the basi
and adaptive immune systems of prokaryotes, this method cabeoisaed for them.Because
the CRISPR/Cas9 system recognizes RNA and not DNA -divabtis [139], a soecalled
protospacer adjacent motif (PAMs requiredas part of the oligonucleotid¢140] and
hybridizes with the target RNA. The CRIaBsbciated nuclease Cad39] ¢ fusedtogether
with a fluorophore- then recognizes this and the RNA isigized.Even though the influence

on the cells fronthe system itself is not strong andaybe less than of other systems, this
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labeling method cannot be used in prokaryotes and therefore, othethods are neded

The following methods are used in eukaryotes and prokarydtefixed cells,
HSH (fluorescencm situhybridization) is a common todbr labelingRNAsand was arearly
on established method. Here, the sample is directly labeleth a fluorophore but this
method might have problems witthe sensitivityand a possible autofluorescence of the
sampleand a dye is necessarpptentially leadingto background noisg141]. A more
advanced version ofi&H is smBH,in whicha 2050 base long fluorophor&abeled 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 sigmaloiseratio, includingthe
background of autofluorescend&42]. There aremore HSHmModified RNA labeling methods,
but because they are all used in fixed celiés tannot be used for the purpose of this wdtk
analy® mRNAs in living cell$loweer, the use of RNA molecular beaconsirisgeneral
interesting Here, a beacon consists of a short lestpucture. K S -epdCs fused to a
Ff dz2 NP LIK 2 NBehd igflicddd & quénéhthabalsorbs the emitted energy of the
fluorophore, as long as they are in close proximiyichis the casavhenthe beacon is in its
loop state. By binding complementary to the target RNA, the loop strudgsir® longer
existentand the emissiorfrom the fluorophore is no longer absorbgd43, 144] Another
approach would be fluoresceim situRNA sequencing. Also in fixed cells, by using a reverse
transcriptase, the RNA is converted into circular DNA (cDNA) and then crosstirke®NA
library, all performedin gtu. After this, the cDNA can be sequenaesinga complex way of
SOLID (soliigation) sequencing145]. Usingwide-field epifluorescence microscopy or a
confocal, the result can be detected, hence, this candrgtime-intensive At the same time,
different types of tissue, eukaryotic and prokaryotic cells caram&y®d with this method
[146]. Continuing with labeling systems for live cell imagangore recent method is
the use of aptamers, which consists of a short RNA sequgd. With this, it binds to
synthetic dyeghat mimicvariousfluorophores. After binding, a conformian change occurs
and the dye ents afluorescent signal. In the beginning, the sigtehoise ratio was nogood
enough[148] but hasimproved[149]. Also, some dyes are cytotoxaccells,such asnalachite
[147]. In recent years, this methotlas beenused more often but it still needs some
improvement. Aptamerganalso be used in fixed cells.

Over the years,several components of phages- originated from

bacteriophages are mainly usedo label RNAs in living cell§he use of a recognition or
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binding sequencegttachedto the target mRA, is recognized by a special protein of the phage
and binds to it. Because this protein is fused to a fluorophore, the fluorophore binds idgirect
to the target mRNAtherefore makingthe mRNAvisible One of those systemstise Lambda
N22 &N22) system, wich useshe N protein of the< LJK I 3 S din i B2AagninoLabids U
small and binds a short RNA structure, called b@ki& boxB itself is 15 nucleotides short and
forms a loopstructure. 416 repeats of the boxia common number to tag the target RNA,
while the N protein is fused to a fluorophof#50]. This system is mainly used in eukaryotes
[151] especially in mammalianfl50]. The otherindirect labelling method using phage
components,is the MS2system andis discussed in more detaih 1.5.1 In general, a
disadvantage of thosphagebased indirect labelling methods the high number of repeats
of the aptameric binding sites, as well as a possible unspecific binding of the RNA Ry 40
binding proteinor instability while replication and transcriptiodue totoo many repeats of
the RNA tag.

1.5.1 TheMS2system

When consideringhe available methods for liveell imaging, the use of theN22 was
dismissed early on, becau#ts more or lessexclusiveuse in eukaryotes does ngirovide
sufficientevidence that this system is also suitable for bacterial cellsontrast, he other
phagebased indirect labelling systenthe MS2system-, has beenusedfor many years and
has been useduccessfully iloth, eukaryotes and prokaryotes. Here, a 19 nt short binding
sequence is tagge the target mMRNA. In most reports;12 repeats of the MSBinding site
(MS2BS) are usd81, 107, 152]in the beginningas many a96 repeatq153]. Thedimeric
coat protein of the bacteriophage M$213.7 kDa smal recognizes th RNA loop structure

of the binding siteand binds to i{154, 155](Fig.1.5D+E A fluorophore, similar to theN22-
system, is fused to the coat proteiAlthough the MSZystem is a welkkstablished RNA
labeling method, further improvement is eded To ensure the correctness of replication and
transcription, a fusion of the MS2B& i K Senaddthe target mRNA is uséf81]. Due to
the natural occurrence of the MS2 coat protein as a dintlee, use of at leassix repeats of
the M22BSjwice theamount of the coat proteirg which will be further onmeferred to adViS2

tag -, will bind to it. An influence of this massive complex on the mRNA cannot be excluded.
Therefore, this numbemustbe reduced, but signal still needs to be detdae. By using only
one or two MSainding sites, the influence of the M&¥stem itself should bdrastically

reduced(Fig.1.5). Also, thelikelihood of arunspecific binding to RNBinding proteings also
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reduced To ensure the detection dahe signal, agood fluorophore, as well as sensitive
microscopy technique, like singheolecule trackingare necessaryBy cloning the MS2 tag
behind a xylose promet, its expression can be controlledVith this setup, detetton of

MRNAs ifB. subtilisvas possible.

A B
—EtvemBNA [linker [M52BS _[iinker]MS2B5 |terrn|nator|—- — e mBNA [linker [M52B5 |——terminator |———
5 19bp 19 bp 5' 19bp ~1700 bp 3
C
M52-BP
5 3
e —m D

Fig. 15 lllustration of the labeling of the target mMRNA with the MS2/stem.

G GKS o Garg&yiRNAZrdd) cine®)Pr two @) MS2binding sequences (blue) are

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

after this @) or roughlyl700 bp later B). (C depicts thedimericMS2binding protein (orange)

fusedi 2 G KS Ffdz2NBaoOSyO0S LINE G SD ¢nd Pstdw dai thé @ St f 2
MSBPRmVenus construct binds to the stem loops of the MS2BS (blue), whdXasi{sists

of two MS2BS, whileE[ consists of one MS2BS.

1.6 Fluorescence microscopydifferent methods for singlemolecule tracking

The microscopy methodssedin this work are based owide-field fluorescence microscopy
similar toepifluorescence microscopwhere the samjfe is illuminated in a widéeld manner
[156]. Besides the composition of a brigield microscope, an additional illuminatiomith
UVight is added, as well as specific eatdn filters to ensure the use othe correct
wavelength for excitation of the fluorophore, used in the sample.a@lditional filter, the
beam splitter, is necessary. It leads tfloager wavelengtlsignal,emitted by thesample, to
the ocularwhile blockng the excitation wavelengthA camera isoften usedin this wayto
detect and capturethe signaland record itas an image or movie For a more detailed

description, se&.5.1.1
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Another methodfor microscoyy, is singlemolecule trackingSMT)or singleparticle
tracking (SPT)Different SMT methods exjsbut important for SM, which is the basic
principle behind it, is the observation of single molecules or particles in a medhisis
accomplished by taking fast series oimages ¢ usually assembleds a videe andanalysng
the coordinatesof the signalin two and/or three dimensions, which is called trajectories
Tracks; i.e., the signal of one molecuare detected based on the coordinates of trajectories
of two or more consedive frames that are in the nearest position to each othiEs7, 158]
With this principle, the dynain of molecules can banaly®d, as well as the diffusion
coefficients can be measuredising a suitablestatistic tool, in this work, the software
SMTrackewrersion 1.5and 2.0[159, 160] In general, the detection of a signal takgace by
using the point spread function (PSF) and by fitting the gaussian furictibe PSF, the center
of the signal can be identified. How precise thisdispends on the number of fluorescent
molecules, used to label the samfli61]. A good signalo-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 uséd.distinction can be madéetween
feedback SMT and nefleedback SMT. Feedback SMT mettias 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 sta¢#&63]. By using singkphoton-counting detectors and time
correlated singlegphoton counting (TCSPG)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 excitgd64] -, SMT of diffusive molecules in three
dimensiongnight beeasier compared to nofeedbackSMT.

For nonfeedback SMT, early attempts were made by using {intrnalreflection
microscopy (TIRM). Wideeld illumination is used, sthat alarger areaof the sample can be
observed. Hence, the depth cannot lbmaly®d and istherefore a good tool forin vitro
experiments[165]. Another microscope of the neieedback SMT iSPTphotoactivated
localization microscopy (PAL§I66, 167] Here, photactivatablefluorescent proteins (PA
FP)are fused to the target molecule. First, a shevavelength, oftenfrom the blue light
spectrum, is used for a few frames to activate theFA A longer wavelength is used next, to
excite the activated P&P, which then emita fluorescent signalintil it bleaches out. Once

activated, a PA-P cannot be reused. Thoseiaation and exciting steps can be repeated to
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gain more information in oneell [166]. Thefrequent use of blue light can be damaging to
cells and lead tormarrest d growth or even death168]. Therefore, another technique of
SMT caror shouldbe used as well.

In our group we use a inverted microscope with a&imilar setup to the one of
epifluorescence microscopinstead of using widéeld illumination, a slim laser is used for a
strong excitation of the fluorophoresvith the intensity d the excitationbeinga factor of
around 100 higher than comparedith epifluorescence[169]. To achieve thisthe 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 oSétected
spot. Much faster bleaching on thgarticulararea @n be achieved with this and therefore
the singlemolecule levelk where only a few molecules still show fluorescencas reached
within a few framesNewly synthesized, functional fluorophores asé¢sovisible and can be
used for SMT when the sample igcéed againFurthermore, the damage of the cells is
minimized[123].

The approach of SMT leadb a better understanding of processes in living cells, like
protein-folding [170], virus infectiond171], gene regulabn [172], translation[173] and of
coursethe behavior ofmRNA[75]. SMT is used here to enlarge tkeowledge of mMRNA, its

localization behavior and dynamjcss well as those diie proteinDynA

1.7 TheDynaminsuperfamily

A great variety of proteins belong the dynamin superfamilyThe firstreal description of
dynamin protein and its importanceto organisns was foundin mutants of Drosophila
melanogaster[174]. Members of the dynamin superfamilgre found in eukaryotes and
prokaryoteq84, 175] All members othis familyare large GTPases. They are characterized by
a large GTPase domawh around 300 amino acids low bindingaffinity to GTRPand their
oligomerizationdependent GTPas@uanosinetriphosphatasé activity, which differsfrom
other GTPasel 76] like Radike GTPaseld77]. Besides th, theypossessa middle domain
and a GTPase effector domain (GERJe tonew findingsof the structure, the nomenclature
changed and they were renamed asd@main, stalk, neck and lipisinding domain[178].
Shceolder paper used the old nomenclature, it is also used Heréetter understanding
The GTPase domain further consists of a-Gim&ing motif necessary for the guanimeicleoid
binding and hydrolysig§179]. An oligomerizatiorto dimers or tetramerccursthroughthe

interaction of the GTPase domain with the middle domain and,®@Hizh can also interact
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with itself[180,181]. In eukaryotes, prolineich domaingPRD), SRi#bmology3 domain and
pleckstrirhomology (PH)domains often exist for specific targeting of organellesch as
mitochondria and chloroplas{d82, 183] Also, most othe dynamingn this superfamily can
interact with lipid membranesia the PH domaifil84]. Dynamin proteins in eukaryotes are
also2 TUGSY NBTFTSNNBR G2 | TheyiakeSnvavé foredampley the Ry | Y
scission of clathritoated vesicles from the parent membrafi83], in phagocytosi§l85],
cytokinesig[186], budding[179] and during the rearrangements of actih82]. A variety of
processesre regulated by dynamins, but all asBsmehowinvolved in membrane fission or
fusion [187]. It is plausible to assume that hemifusion occurs as an intermediate stat
ensure membrane integrity. This would also explain why different typeymdminsare able
to do membrane fusion and fissi¢gh88, 189]

Besides the classical dynamins, dynafika proteins exist, too. Those proteinsear
similar to the classical dynamins, but lack the profimh domainand are involved in
mitochondrial division[190]. Other membersof the subfamilybelong to the dynamin
superfamily, like Mstike proteins[191], mitofusin/Fzol proteing192], and OPA1/Mgm1l
proteins [193], to name a few. They lack domaissch asthe prolinerich domain or the
pleckstrirhomology domain but have additional domas, sequences or regions, like a
transmembrane domaifl94]. With those additional domains and sequences, binding to the
membrane can still occyd93] Theyare found in numerous eukaryotes, like in plants, yeast,
several mammalians, etfl92, 195, 196]it hasnot beenshown for all of them, but at least a

few proteins of the subfamily also oligomeriZ&97].

1.7.1 Bacerial dynaminlike proteins

In addition toclassical dynamins, dynamike proteins and all different kinds of proteins of
the subfamily of the dynamin superfamily, aflwhich are foundn eukaryoteshomologues
in prokaryotes can be found, tod@hey are called bacterial dynarrlike proteins (BDLRnd
were first reported in 200§198]. Five years later, it was reported that BBaBohave the
ability to catalyze membrane fusigh99]. BDLPs can be found@ram-negative and positive
bacteria, as well as in archaea, whéney have beeriound inMethanomicrobig178]. Often,
two different BDLPs exist in bacteria and can dantl in operons, tod199] (Fig.1.6A). To
belong to the dynamin superfamily, the bacterial dynasilke proteins also need the special
structure of the Gdomain (old nomenclature: GTPase domain), the stalk donfald

nomenclature: middle domain and GED), the neck domain (old nomenclature: part of the
22



Introduction

GTPase, middle domain and GEBJa lipid-binding domainStill, differenceamongBDLRB-

with the Gdomain being highly conserved as well aswith eukaryotic members of the
dynamin superfamily exist imanyforms[198, 200202]. The same counts for the way, how
hydrolysis of GTP and dimerization ocflir6é, 198, 202, 203However, dimerization itself
occurs mainly through the-@omain[62, 198, 202]For lipidbinding, most BDLPs do this via
the paddle,located atthe 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 finevolution and different changes led to the
high ve'l_riety of dynamin and dynamiike Broteins in eukaryotethat we know todg.

BDLP1 BDLP2

Np
. ™ GD stalk .
Mt — DynA NHOQ@OCOO
SACOL 1480 K56 K625
Sa
D1 subunit D2 subunit

dynA
Bs

Fig. 16 Overview of the genetic organization of different bacterial dynamlike proteins
of different organisms.

(A) shows the composition of the BDLPsNostoc punctiformgNp) and Mycobacterium
tuberculosigMt) with two different genesencoding for if while Staphylococcus aurel@OL

(Sa) andBacillussubtilis(Bs)show only one longer genevhich encode for the BDLPs. A more
detailed structure of the protein Dyn#ith its two subunitss schematically depicted i),
whereas the two GPase 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 tHedp are also showrFigure adaptedand
modified after Bramkampet al.[199].

1.7.2 The bacterial dynamhtike protein DynA inB. subtilis

DynA is one of the besttudied bacterial dynamitike proteins. It is a protein d&. subtilisand

is expressed by the genypbR A closer loolat DynArevealssome special features, compared
to the other BDLPs. First of all, DynA is the only protei subtilisand is an intrinsic dimer,
rather thantwo different proteins that function togethelike the other BDLPEL99, 204](Fig.

1.6B). This could belue to a genefusion event in the past and is therefore a theaded BDLP.
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DynA consists of two subunits, D1 and, B&ich form the intrinsic dimeand consist of the
G-domain, stalk and loofFig. 1.6B, Fig..T). DynA does not have a transmembrane domain
like aher BDLPs anB2 does not have a paddle regieither. Therefore,D1 is essential for
membranebinding, whchis also a surprise that only one subunit is enough for(figp1.7B).
Alsq D1 is mainly responsible for membrane fusion, whereas D2 playaa nole in it, but

is necessary for the stability of the whole comp|2@4]. DynA localizes at the membrarfe
deletion ofdynAin combination withmreBor floT leadsto an exacerbation of the effects on
cell shape and growth compared to an only deletiomoé&Bor floT [125, 205] Furthermore,
DynA localizes ahe septal areaduring cell division and thereforesimilar todynamin in
eukaryotesmight play a role in cytokine$he fact that correct localization only occurs as long
as MinJ is expressed furtheupports this assumptiofil99]. Further possible interaction
partners, like YneK, RNaseY and Ywa@,also depend on Min&xpression[206]. YneK
possiblybinds to D1, YwgG to both subunits, whereas RNaseires te fultlength protein
for interaction [206] (Fig.1.7B. Even though DynA can catalyze membrane fusiamans
alonein in vitro, in vivahis is not so effective. Therefore, thos#éfdrent interaction partners
might be necessary204]. Furthermore, DynAhas been shown talo hemifusion as an
intermediate state beforenembrane fusiorfinally occurs Alsosuggested for other members
of the dynamin superfamily, the detachment of the membrane, and therefore the final step
in membrane fusionoccurs due to the hydrolysis of GTP to GD#9, 204] Interestingly,
unlikethe other proteins of the dynamin superfamily, DynA does neafuire any nucleotide
for hydrolysis, but M?*[199].

Besides its functiom cell division, DynAnay also play a rolén membrane integrity
(Fig.1.7A). Under membrane stresslynAdeletion leads to an increasa the sensitivity of
cells toward membrane stre$$25]. Furthermore, antibiotic stressixduced membrane stress
as well as phagsmduced membrane leakage leads to an increase of foci and a better

resistance if DynA is expresgd@4].
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Fig. 17 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 thrdlgimtreatment

and phage infections illustrated At the bottom, DynAinduced membrane fusion is show
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 an@8p2epresents a model, how
DynAc¢ bound to the membrane interacts withthree different proteins (YeK, YwpG and
RNaseY) anevhich parts of DynA mightbe 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-fetigth DynA protein for interdion. Figure adapted and
modified afterBramkampet al.[124, 206]

1.8 Aim of research

In recent years, the importance of RNAs in bactbaa beerrecognized and thsthe focus
has beenon a variety of RNAs, their function and behaviorthis context, skepticisrhas
arisen aboutwell-accepted models and theoriesspeciallyabout the way, transcription and
translation occur in bacteria. Are they connected in a spatial and temporarmenaor are
they separated in one way or anothasin eukaryotes? To gain momesight intoit, this work
focuses orone specific area of thtopic: where does translatiotake placein bacteria?To
address this questiovariousmRNAd$rom the Grampostive bacteriaBacillus subtilisa well

studied model organism, are tested, toget amore detailed inside intohe localization
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behavior, as well as the dynamics of mMRNAs

In addition, one protein, DynA, which is the translated product of onth@fmRNAs
tested, was selecteéor further characterzation Members of the dynamin superfamily are
highly necessaryfor eukaryotes and prokaryotesyet much is not known abouthe
representatives of the bacteridiynaminlike proteins. However, Dyn# B. subtiliss a better
studied member of the bacterial dynamiike proteins. In spite of everything, substantial
guestionsremain to benot fully answered. Those arabout its function, how it fuses
membranes andvhether it protects the cell fom variousstress factorandwhat are thog?
Therefore,as part ofthis work, different stress factors were usedanaly® the response of
DynA to them, as well as the genedhinamics of DynA, and the dynamics of DynA under

severalstress conditions.
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2.1Article |

Real time messenger RNA dynamic®Biacillus subtilis

2.1.1 Abstract

Messenger RNA molecules have been localized to different positions in cells, and have been
followed by timelapse microscopy. We have used M8%enus labeled mRNA and single
particle tracking to obtain information on the dynamics of single mRNA moleculealitime.

Using singlenolecule tracking (SMT), we show that several mMRNA molecules visualized via
two MS2binding sites and MS&hVenus expressed Bacillus subtilisells show free diffusion
through the entire cell, and constrained motion predomingntlose to the cell membrane,

and at the polar regions of the cells. Because constrained motion of mMRNAs likely reflects
molecules complexed with ribosomes, our data support the idea that translation occurs at
sites surrounding the nucleoids. Squared dispment 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 mMRNAs, mRNAs in transition complexes, or in complex with
polysomes. Diffusion catants 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 mMRNAs encoding mostly
soluble or membrane proteins, indicating that there is no strong bias for localization of

membrane proteirencoding transcripts for the cell membrane.

Importance

In contrast to dynamics of proteins, little is known about real time motion of mMRNA megecul
in bacteria. We have added M®ihding sites to several mMRNAsBacillus subtiligells, and
followed motion of MSZnVenus at a single molecule level. We find that mRNAs show
dynamics similar to those of ribosomes, in spite of their polymeric natune samilar 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 gahenRNAs 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.

2.1.2Introduction

In the past, it has been a common model that transcription and translation occur at the same
space and time in bacterifil], 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 innerstructure of bacteria has arisen. Even though bacteria lack internal membrane
systems similar to those found in eukaryotes, they possess a high degree ofithreesional
organization. Model bacteria such Bscherichia coind Bacillus subtilishow acompacted
structure calledhe 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 di@kion
The cytoplasm is crowded with different enzymes diffusing through thg3jeNvhereas the
RNA degradation machinery Bf colandB. subtiliscan be mainly found at the cell membrane
[4-6]. Transcription and translation occur spatially and temporarily couple@anlobacter
crescentus cellg’], in which the chromosome fills the entire cell, whereas€incoliand B.
subtilis both processes occur largely separated froathe other[8], as transcription takes
place mainly at the periphery of the nucled@l, and translation at the cell poles. Different
studies showed that only a minority of ribosomes, approximately 20%, are localized within the
nuclkeoid, while 80% are localized in the cytoplasm surrounding the nucleoid, the membrane
and the poleqd10, 11] At the same time, only 4% ofdiRNA polymerase (RNAP) molecules
and the ribosomes overlap in the nucleo[d2]. 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 latiease, the question arises how RNA moves from its places
of synthesis on the nucleoids to the cell poles, and further, if mMRNA might be translated near
sites where the encoded protein is used, for example, in case of cell division proteins, or
membrane poteins that specifically localize to the cell poles. Different models for mRNA
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localization have been discussed. Eorcrescentyshe Jacob&Vagner group has shown that
MRNAS stay near their transcription sites, whose subcellular location in turn depenits
position of the chromosome, whose ordered arrangement serves as a spatial terfifidte
Considering dacterium 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 possilj8§. A second principle model, suggested by
the AmsterChoder group, is, that the mRNA is translated near the localization, where its
encoded protein would later on localize.&hcould 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 correspoding protein product14]. Midcell localizaon was observed in another
study, where an involvement of the sigraicognition pathway (SRP) for membrane proteins
was assumefll5]. In addition, mMRNA encoding for membrane proteins has been found to be
more associated with cell membranes than mRNA for soluble profé®s17] Off note,
different models could be possible in different bacteria species.

To address theuestion, where translation occurs in the Graoositive bacteriunmB.
subtilis and to gain insight into the mode of diffusion of mMRNAs, we decided to udd$ize
systemof the bacteriophag¢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 suchN&? in eukaryote$20]. More
recently, six repeats of the M&#nding site have been commonly usg2il], which still
considerably enlarge the molecules, also keeping in mind the manyGFF2molecules
binding to the array. Because of inhibition or delayed degradation of mRRJAdifferent
modifications were done over time by different groy@s]. Other labeling techniques can be
used with possibly lesafluence, such as fluorescenitesituhybridization (FISH) in fixed cells
[21], but do not allow to capturelynamics. In order to limit adverse effects, we decided to
use only one ortwo MSB8 A Y RA Yy 3 & A (i Send of tmntRRIA sequendeKQur godd
was to determine if motion of MRNA can be explained by assuming Brownian motionBusing
subtilisas a moel 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. Weisisa w
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to address the question of mMRNA 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 neaompartmentalized bacterial cells. Using seagiolecule
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 par@asembled 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 ocang 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 MSEhVenus to Investigate mRNA diffusing at Sinddmlecule Level in Live
Cells
In contrast to other studies using tiS2systemfor mRNA detectionin this work, we only
use one and two MSRBinding sites instead of six or mof&4, 24]and MS2 coat proteifil8,
19] fused to the bright, monomeric GFP derivate mVe[#5. Rather than using fixed cells
[26] and bulky MSZEFP tags or slow acquisition speeds (42¥4) we imaged using sliffield
illumination and stream acquisition in the milliseconds raf2f30]. We reasoned that at an
integration time of 75 m, we would not track freely diffusing M&2/enus molecules, for
which >X20 ms would be required [5 ms are necessary to track free mVEIij§ but
predominantly track MS2 molecules bound to their target mMRNA molecules. To test this
assumption, we imaged MS88Venus via SMT with two different exposure timé& chose 8
ms to capture freely diffusive molecules, or 75 mdere we would likely miss out freely
diffusive molecules.

Jump distance (JD) analysigy; 1A,CHs based on squared displacement analy328s
33], showing the probability of particles taking certain steps during a given time interval,
assuming twedimensional Browniamotion. We used several tests in order toadvate if a
single or more populations with an average diffusion constant can explain the observed JD
distribution, using Rayleigh distributions. Probabiptpbability plots shown irFig. 1B,D,F
plot the deviation between modelled data (red dotted lirme)d observed data (blue solid line),
and lack of deviation indicates a high quality for the goodness ofithg82]. Based on tests
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and the probability plots, MS&wWenus tracked with 8 ms exposure time showed two
populations, which best explain the datgig. 1A,B, havirg diffusion coefficients (DC) ob D

with 0.55 unts?, likely freely diffusive MS&hVenus, and Dof 0.11 unis?, that is, a slow
mobile population, likely consisting of MS2 bound to mRN#&. (LG, A DC of 0.55 ptslis
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 limitatiBigs.S Ehows that assuming

a third population does not increase the goodness of thecbmpare paneBandD) and was
therefore discarded.

On the other hand, for MSBhVenus tracked with an exposure time of 75 ms, three
populations can explain the data better than assuming two populatibigs §18). The most
mobile population ofMS2mVenus at 75 ms had a diffusion constant of 0.094gimvery
similar to that of the slower population tracked with 8 mBig. 1G. The intermediate
population B had a DC of 0.012 &t and a size of 43.7%, similar to the fasbbile
population wih 43.6%. D with 0.003 pnis! weight only 12.7%. Most likely, the latter
population represents MS2 bound to mRNA being translated by polysomes, the largest
structure expected for mMRNA to be present in. Very similar DCs were obtained for cells
expressing/pbRypzFmMRNA having two MS2inding sitesKig. 1 E,F, 2H). Here, the triple
fit covered best the whole data set. These data suggest that MS2 protein binds to mRNA other
than its target mMRNA with considerable affinity. Although this caveat compromisesfisp
claims, we found that the static fraction is much larger for cells carrying mRNA with MS2
binding sites, 25% of MS&Venus molecules showed static motion compared to 13% in cells
lacking the MSdinding site, and likewise, the intermediate mobilegadation was larger (49
versus 44%), whereas the high mobility fraction was smaller (26% versus 44% in cells lacking
MS2binding sites). These findings suggest that the high mobility fraction represents mostly
MS2 bound to norspecifically recognized tartge 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 MShVenus molecules in an average size cell 0fl3um, into which all tracks
2001 AYSR FTNRY Kdzy RNBRa 2F OSftta NS LINR2SOGS
show a low probability of distribution and red to black a high concentration of molecules,
shows that MSZnVenus diffuses throughouhe cell with no clear preference to a certain

area Fig. 11, )] whereas the presence of the M®ihding sites orybpRypzFMRNA shows a
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preferential localization towards the periphery of celisg. 1K Of note, expression of MS2
mVenus at low levelloes not strongly affect exponential growth, but cells reached a lower
density than cells lacking the fusion protelid. S We speculate that MS2 might bind to
one ribosomal RNA, a highly abundant molecule that would strongly compete with few mRNAs
carryng two MS2binding sites. With this caveat in mind, we went on to analyse if differences

might be observed for different mMRNA molecules.
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Fig.1 Analyses of single molecule dynamics of M8%enus expressed iB. subtiliscells
during exponential growth.

(A,C,B Jump distance analysis shows probability of displacements 8 ms acquisjtion15

ms acquisition@,B. B, D, | Probabilityprobabiity 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 linespresent the sum of the subpopulation$5)( Bubble plot shows

the size of the fractions (proportional to the area) and corresponding diffusion coefficients.

MS2mVenus only is shown in yellow, in the presencgpiiRypzFcarrying two binding sites

in purple. (-K) heat maps for MSEhVenus tracked with 8 m§) (75 msJ) - and in the presence

of taggedypbRypzFmRNA. White to red: low to the high probability of distribution of tracks.

Table 1 Genes Contained in mMRNA Constructs and For What Proteins They Encode For

Length | Genes essential encodes for
comNsecDRP | 2950 bp | comN, secDF no membraneproteins
rnc-ftsy?12 5301 bp | rnc, smc, ftsY yes soluble and membrane

associated proteins
hag? 915 bp | hag no extracellular protein
mreBminD>? | 3894 bp | mreB, mreC, mreD, minC| yes and no | soluble and membrane
mind proteins
rpl3rplLt 873 bp | rpld,rplL yes soluble proteins
rplK-rpl Al 1264 bp | rplK, rplA no soluble proteins
spolllEymfC | 3191 bp | spolllE, ymfC no soluble and membrane
proteins
yIXM-rplS 4395 bp | yIxM, fth, rpsP, ylqC, ylgC yes and no | soluble proteins
rimM, trmD, rplS
ypbRypzR2 | 4059 YpbR, ypbS, ypzF no soluble and membrane
associated proteins

Lartificial 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 Fraction$/1obility Within cells
We analysed four different polycistronic mMRNAs. Hp&RypzFoperon comprises open
reading frames (ORFs) for soluble and membrassociated proteinsT@ble 1. ypbRencodes
for DynA, a soluble protein involved in membrane fusioeliésiong34] and appears to aid
in membrane fusion of the invaginating division sept[88]. The products ofpbSandypzF
are of presently unknowrunction. Thernc-ftsYoperon encodes three different proteins. FtsY
is the membraneassociated receptor for the signal recognition parti@6] and localizes at
the membrane, but also diffuses through the d8lf]. RNase Y is also membraagsociated
[6], whereas SMC localizes to the nucled®ly. ThemreBminDoperon comprises genes for

cell shapedetermining proteins MreRsoluble), MreC and MreD (membrane proteins), part
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of the Rod complex for lateral cell wall synthd8i8, 39] MreB forms filamentous structures
underneath the celmembrane[40]. MinCF YR aAy 5% SyO2RSR G GKS
are part of the membran@associated Min systerd1] and function as cell division inhibitors
[42], localizing at the septumna cell poles. The fourth mMRNA, opergpollIEymfC encodes
for YmfC, a transcription factor of the GntR farfdi$] and membrane protein SpolllE, an ATP
dependent dsDNA translocagd4, 45] MreB and MreC are essential proteins, and the
deletion of FtsY leads to extremely slow growthBofsubtilis Addition of two MSz2inding
sites did not considerably slow down growth of cells compared with @eljsexpressing MS2
mVenus Fig. S, indicating that both mRNASs retain functionality. Although we cannot test
for functionality of the other two tagged mRNAs during exponential growth (note that SpolllE
is constitutively expressed, and plays an additiowée during sporulation), we assume that
the two binding sites do not cause a major defect in terms of mMRNA dynamics.

Fig. 2AGreinforces the idea that the distribution gpbRypzRracks is best explained
assuming the presence of three populatiofifie same holds true for the other three tagged

MRNASs, indicating that three distinct diffusion constants could be a general property for

MRNA molecules=(g. 24)).
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Fig. 2 Jump Distance Analyses of four M&3ged mRNAs.

Triple fits are shown iblue, double fits in red A-D) Cells expressing M®2Venus only,EK)
cells additionally containing M&#nding sites fused to mMRNA&HK) MS2mVenus +ypbR
ypzFE MS2binding site 2x,If MS2mVenus #ncftsY_MS2binding site 2x,J] MS2mVenus +
mreBminD_MS2binding site 2x and{) MS2mVenus +spolllEymfC MS2binding site 2x.

For all tagged mRNA#)e diffusion constants for the most mobile populations de
similar between MS2nVenus alone and bound to the mRNAs. In M8Znusthe mobile
fraction has D = 0.094 + 0.0QIm?s?, ypbRypzF0.09+ 0.001pm?s?, rnc-ftsY0.083+ 0.001
um?st, mreBminD0.078+ 0.001um?s?! and spolllEymfC0.09+ 0.001um?s? (Fig. 3. Note
that errors stated irFig. 3Brefer to fitting errors, whereas all data are combined from tracks
of three independent biological replicates (for statistics, Ja&ble S)1 The intermediate
mobile diffusion constant ) is roughly one order of magnitude lower, with 0.049um?s?
for MS2mVenus and/pbRypzF Forrnc-ftsY,D is 0.016 Opum?s?, for mreBminD0.017+ 0

um?s?t and forspolllEymfC D = 0.015 Oum?s? (Fig. 3. Those two populations diffuse faster
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or slower compared to a study about mRNA diffusion, suggestingt0Qin?s?* for mMRNAs
moving out of the nucleoid into the ribosom&h area irk. col{46]. Thus, foypbRypzF, rne

ftsY, mreBminD and spolllEymfC,the high mobility population could represent free mRNA,
and the intermediatemobile 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 @ does not dffer considerably between MS2Venus expressed alone or with
MRNA containing binding siteSig. 3. The diffusive coefficient with.003 + Qum?s? for MS2
mVenus ypbRypzF, rndtsY and spolllEymfCand and/or with 0.0042 + @m?s?* 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 eukaryotif4&lls
49].

MS2mVenus alone has a large higiobility population of 43.6% and a large
intermediate mobile fraction (43.7%but a small static fraction (12.7%). RgbRypzF
compared with MSanVenus 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
L2 LJdzf F GA2Y GAGK nopdm: 5 -mdenusant & I (NBISNA G KLIZ/
on the other mMRNAs were also more than twofold larger than that of WhiS2nus aloneKig.

3), suggesting that static fractions are dominated by M82enus specifically bound to its
cognate mMRNA. Based on this, we can assume th@abapnately onethird to half of our data

in the strains expressing tagged mRNA are tracked MS2 coat protein bound to the binding site
on the chosen mMRNA, and leaving a large but not overwhelming degree of background noise
of MS2 coat protein binding to @pecific targets, most likely RNA, in the cells.

Considering the size of MRNAs, the three big mRNAs, opgpbiypzFwith 4059 bp,
mreBminDwith 3894 bp, andnc-ftsYwith 5477 bp (or 4627 bp when th@nmcpromoter is
used) and the smaller mRNgpollEymfC with 873 bp Table ) show similar diffusion
constants Fig. 3. Thus, to a first approximation, the size of mMRNA 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 membrassociated

proteins in comparison to MS2nVenus.

For the determination of the diffusive coefficient and the fraction size, square displacement
analysis (SQD) was usefl) The bubble plot shosvthe size of the fraction where each bubble

is proportional to the area of its corresponding diffusion coefficients. #Wh&2nus alone is
shown in yellow whereas the different mRNAs are shown in purple. TBp&tgtes the SQD

results.
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2.1.3.3 SingleMolecule 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 ribos@®e51] LEBFP

has been shown to be fully functional and to localize mainly at the cell poles, and around the
nucleoids using epifluorescengkl]. We performed SMTaing 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 LinVenus molecules was observed at the cell poles, septum area and at
the membrane FEig. 4A,B in agreement vth earlier epifluorescence experimen{dl].

Jump distance (JD) analyseggest that assuming two populations formaYenus 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 ahigh-mobile population of 40.2%with D = 0.34um?s?, a slow mobile population of
48.7%with D = 0.06um?s?, and a static population of only 11%ith D = 0.016um?s? (Fig.
4E,B. We can assume that the highobile fraction consists of L1 within difing large subunit,
as DR is similar to that determined by the EIf group for free subunits that diffuse through the
entire cell[52]. The other two populations likely represent L1 bound to 70S subunits plus
mRNA. InE. colia DC of 0.04 pfs® was assumed for a translating ribosorfte2]. Our
investigation suggests that more than a single form of translating ribosomes exists or different
forms of ribosome/mRNA complexes with distinct mobilities. In comparisomm\{dnus
tracked with longer integration time, DCs as all fractions decreds@dly 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 off00jum?s?, which
lies in between the mobile and interrdeate 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 =
0.003um?s?, becaus it can be more accurately determined at slower stream acquisition.

Interestingly, at 75 ms integration time, the DC of the static population of L1008
um?stand of the mRNAs with.003um?s* for ypbRypzF, rndtsYandspolllEymfCand 0.004
um?stfor mreBminDwere very similatFig. 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 khVenus protein fusion using SMT with 20 and 75 ms stream
acquisition.

(A+B all tracks of L-imVenus are projected into a standardized cell of 1 x 3 um. From white
to red, low to the high probability of localization for trackiwgh an exposure time of 20 ms

(A) and 75 msR). (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 behaviorE( The bubble ploshows the size of the fractions, each bubble is
proportional to the area of its corresponding diffusion coefficien&.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 ofonfined 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 peripheryHig. 5AD), different from the redtively even distribution of MS2
mVenus onlyKig. 1), with the ypbRypzFtranscript revealing the strongest accumulation at
the cell polesKig. 5A. In order to gain spatial information of different dynamics within the
cell, we set up confinement mapghich 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
moleculesthat stay associated with a defined subcellular position, likely bound to a large,
static complex, and are represented by red track&ign S5EH. Of note, these molecules will
largely overlap with the population of molecules showing the slow#stsion constant and

thus to 50% and more represent M&®/enus bound to its specific mMRNA molecules rather
that nonspecifically bound MS&hVenus (see above). While freely diffusing molecules,
indicated by blue tracks, are found throughout the cells,fo@d motion is enriched at the

cell periphery, and is depleted from the central places of the E&l GEH). The exception is

the cell middle, where in large cells (tracks of all sizes of cells are projected into the
standardized cell), the segregatedicleoids 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 ribosomegy( 4D, especially for the 75 ms acquisitions.

In generallocalization behavior of mMRNAs is similar to that of Eifj.(4AD). As confined
motion likely represents translating polysomes, that of labeled mMRNAs likewise will account
for transcripts being actively translated.

According to the model of the Ares-Choder groud14], mRNAs may be enriched
near the area where its encoded protein will be active. For the four mMRNA molecules, we
found small but noticeable differences in the probability of confined motion, as apparent from
the histograms of the shory] cell axis or long( axis distributiongFig. 5iL). ypbRypzFMRNA
showed a relatively even distribution with depletion of confined tracks from the cell center
(Fig. 5). Forrnc-ftsY,enrichment at the septal area can be seen in ¥@xis histogramKig.

51), with a high probability of confed tracks near the cell membrane, as well as in the septal
area fFig. 5F. FtsY has been shown to diffuse through the entire celShewanella

putrefaciens but to move in confined motion close to the cell membrd8&]. Thus, while
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enrichment at the septal area might suggest preferred translation at this site in large cells
commencing division, fedy diffusive FtsY can easily reach this place within few seconds. For
mreBminD and for spolllIEymfC,we observed polar enrichmenfig. 5K,), as judged from
the x-axis distribution.

Mixed behavior between mobile and confined localization, iaghd by green tracks
in Fig. 5EH, 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 M8ding sites.
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All tracks of MS2nVenus bound to 2x MS2nding site tagged mRNAs are projected into a
standardized cell of 1 x 3 um. For heat maps, white to red represent lbvgloprobability of
localization of moleculesAj MS2mVenus ypbRypzF MS2binding site 2x,B) MS2mVenus
+rnc-ftsY_MS2binding site 2x,@ MS2mVenus 4mreBminD_MS2binding site 2x,[§) MS2
mVenus +spolllIeymfC MS2binding site 2x. For confinememaps, 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.  MS2mVenus #pbRypzF MS2binding site2x, © MS2mVenus #ncftsY MS2
binding site 2x,&) MS2mVenus tmreBminD_MS2binding site 2x andH) MS2mVenus +
spollleymfC MS2binding site 2x. I{L) Histograms showing probability of molecule

localization along long) ¢ or short §) axis of cks. Histograms correspond to pan&t).

2.1.3.5 Rifampicin Stress Affects the LocalizatiorspblllEymfCmRNA

As further test for the idea that the MS2 tag with two repeats of the Nd#@ling 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, se $@mscription should
remain active Fig. 6and Fig. S4show a similar change in the localization pattern of MS2
mVenus expressed without any binding site, andmMenus, which showed exclusive
accumulations at the cell pole&i¢. 6AB,E,. mRNAspollEymfCshowed the strongest
effect. Under normal conditionspolllEymfChad a higher density near the poles and the cell
middle (future division sitesy(g. 6¢, whereas following Rifampicin treatment, membrane
proximal accumulation was lost; only sonmereased signal at the poles and the cell center
remained Fig. 6D. With regard to the confinement maps, M&®/enus only and LhVenus
changed their pattern by stronger polar accumulation, which further suggests that MS2 might
non-specifically bind to bosomal RNA, whereapolllEymfCmRNASs visually lost peripheral
localization in favor or more central positioningig. 6G). Interestingly,histograms of
confined trackgevealed stronger polar accumulation of M8®/enus only, L-inVenus and
spolllIEymfCfollowing RNA depletion, as judged from tkkaxis scansHg. 6MR), whereasy-

axis histograms reveal a shift of tracks away from the periphery of the cell toward the cell
center, most pronounced for specifically labeled mRRN®.(60,P Strongest chares seen

for spolllEymfC mRNA in response to mRNA depletion support the idea of significant
specificity in mRNA labeling versus repecific MSanVenus binding.
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Fig. 6 Localization of MS2nVenus,spollleymfCand LEmVenus with and without 50 ug
Rifampicin.
All tracks of MS2nVenus aloneA,G), or bound to 2x MSBinding site tagged mRNgpolllE

ymfC(C,), or the ribosomal protein LthVenus E,K are projected into a standardized cell of
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1 x 3 um. B,H B. subtilis cellsexpressing MSthVenus alone stressed for 40 minutes with 50
pg/ml Rifampicin @, or bound to 2x MS®inding site tagged mRNgpolllEymfC,or (F,D
ribosomal protein LinVenus. A-F) Heat maps, from white to red, low to thgrobability of
localization of moleculesGL) 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 behaviorM{(R) Histograms shwing the probability of molecule
localization occurring along long € or short §) axis of cells. Histograms correspond to panels
(GD.

Not only the localization pattern changed following downshift of RNAP activity, but
also the singlenolecule dynarts Fig. 3. Here the effect was even more pronounced for
spolllEymfCand L1 than for MS2 tagnly. DCs for the three populations remained similar for
all three constructsKig. 7B. Population size of the static fraction decreased for M82Znus
only; the intermediate mobile fraction also decreased under mRNA depletion, whereas the
high-mobile population increased-{g. 7A. Thus, mRNA depletion led to higher mobility of
MS2mVenus. LAnVenus showed a similar but stronger trend of increased mobilitystéigc
FNIXOQlAz2y sl a tSaa GKIYy KIf@OSRY gKSNBFa (KS
doubled Fig. 7A. Interestingly spolllEymfCdynamics changed differently from those of L1.
The static mMRNA population halved under Rifampicin treatment, #ed highrmobile
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 ofrdded 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 mMRNA and of ribosomal protein L1.

For thedetermination of the diffusive coefficient and the fraction size, square displacement
analysis (SQD) was usedl) The bubble plot shows the size of the fraction where each bubble
is proportional to the area of its corresponding diffusion coefficients. 24§ enus is shown

in yellow whereas the mRNA operspolllEymfCis shown in purple. L&nVenus is colored in
pink. In table B) ¢ another way to display the SQD resultke data shown are the population
sizes in % at a fixed DC that fits best to all ¢hcenditions, for better comparison if changes.

For the stressed conditions, 50 pg/ml Rifampicin were added to the cells for 40 minutes.
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2.1.3.6 Artificial mMRNAs Behave Similar to Native mRNAs

As shown, the MS2 tag apparently binds to an unspecifigetam 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 MB&ling site, like for the

shown samples previously. A downstretarminator sequence in the plasmid, approximately

1,700 bp after the MSBinding site, terminated the artificial mMRNA constructs. We took
FRGFyYydF3aS 2F (KA&a O2ftftSOGA2Y 2F I NIAFAOALE Y
middle, plasmiederivedm =X T nn 6L Ay Of dzZRAYy 3 GSNX¥YAYI 2N I
OSKI@A2NJ 2F Ywb! a KIFE@GAy3d RAFFSNBY (I -npvénusJ2 NI A 2
only-expressing celld={g. S?, suggesting that the extended mRNAs did not lead to any major
problems for the cells. Even with one M8inerbound to the MSzbinding site, we were able

to track mRNA constructs (for JD analyses, Bgg S% whose static fractions were all
considerably larger than for the cells expressing M82nus onlyKig. 8Q, againsuggesting

that we receive enough specific labeling of tagged mRNAs. Regarding the mRNAs encoding for
mostly soluble proteinsHig. 8AD and Table ) we see the highest density in the heat map

near the membrane and also a small amount at the pole, wreoeafined localization of the

MRNAs of ribosomal proteingpldrplL and rplk-rplA can be detected in the cytoplasm,

probably around the nucleoif63]. The mRNAag, which is monositronic and encodes for
flagellin,the largestextracellular part of the flagellunmis an exceptiof54]. Its mMRNA is most

evenly distributed and shows a strong midcell accumulafi€ig. 8Aand Fig. S6}\ whereas

the other mMRNAs showed different variations of the peripherally and polarly accumulation
theme Fig. 8BK and Fig. S&. Interestingly, the heatnaps for the twoypbRypzFconstructs

with two MS2 sitesRig. 5A.E | YR 2y S aA (S (Fip. BR).ate M3udliyFshmidak | £ o Q
to each other, and likewise for mRNrs-ftsYandmreBminD(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 M8&ding sites.

ComN is a transcription factor localized at the cell poles, whose transcript has also been
shown to bcalize to the poles using FI$ED], and SecDF are integral membrane proteins
involved in protein membrane insertigfp5, 56] yIxM-rplSencodes for SRP and ribosomal
proteins, but also a 16S rRNA processing RNase and tRNA methyltranf&@r&se 58] Thus,
upper panels of the confinement maps frdfig. 8show mRNAs for operons containing open

reading frames for soluble proteins (or membraagsociated DynA for thgbRoperon), and
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lower panels represent mMRNASs encoding nbeame proteins (or membrane associated FtsY,
Table ). For all mRNAs, freely diffusive tracks are found through the nuetewmithining
cellular spaces. Although histogramscohfined trackshow visual differences in membrane
enrichment (depletion fromhe cell center), as judged from tlyeaxis scans, overall, there is

no convincing general trend for mMRNAs containing ORFs for membrane proteins towards the
cell membrane Kig. S6EH), compared to those encoding soluble proteifidg( S6AD); a
majority of mRNAs tend to be depleted from the central cellular arfég.(Sh

Concerning diffusion constants, for bothc-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 thamnofftsY with one binding site (27.8%),
and the static population shrinks by 50% from23® to 15%. This change in dynamics could
reflect lowered translation efficiency of the artificially enlarged mRNA.nk@BminD, no
significant changes in the population sizes were observed, but DCs differ. Interestingly, with
one binding site, D(static) and D (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 mMRNAs holds true.

The largest difference between DCs were found for thevsiwobile populations, the
lowest being 0.0126 pfs'for mreBminDand the highest of 0.0226 i for ypbRypzF The
monocistronic MRNAag, possibly containing the lowest number of translating ribosomes (we
assume), appears to diffuse faster than mostygistronic mRNAs, with a DC of 0.0191%gim
1 except of the operon mMRN&f ypbRypzF(Fig. 8Q,R D of the different mMRNAs varied
between 0.081 prfstand 0.104 urfst (hagwith the lowest andplJrplLwith the highest DC).
Thus, assuming that the fastobile fraction corresponds to freely moving mRNA, size
variations cause minor changes in mobility.

It could be argued that th1S2systemwith two binding sites might be a better option
to collect data for mRNA dynamics, looking at the number of tratkeblé S}, but the
dynamics and localization patterns are quite similar between the@aed two MS2binding
sites constructs. Thus, moticof artificial mMRNAs 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 MS2binding site, behave similar to native mRNAs with two M8hding stes.

(A-H) heat maps.A-D) are mRNAs for soluble protein&H) for membrane associated or

membrane proteins. From white to red is the low to high probability of localizat®nMS2
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mVenus +hag MS2binding site 1x,) MS2mVenus +pl3rplL_MS2binding site 1x,Q MS2
mVenus #plK-rplA_MS2binding site 1x,[)) MS2mVenus #ypbRypzF MS2binding site 1Xx,
(B MS2mVenus €comNsecDEMS2binding site 1x,) MS2mVenus ¥ncftsY_MS2binding
site 1x, G) MS2mVenus +HnreBminD_MS2binding site 1xand H) MS2mVenus +yIxM-
rplS_MS2binding site 1x.1{P) Confinement maps. Blue freely diffusive tracks, red confined
tracks (120 nm circle, minimum of 8 steps), and green tracks with mixed beh&lyamRNAs
for soluble proteins,NI-P) for membraneassociated or membrane proteind) MS2mVenus
+hag MS2binding site 1x,J) MS2mVenus +pl3rplL_MS2binding site 1x,K) MS2mVenus
+rplkrplA_MS2binding site 1x,1) MS2mVenus 4ypbRypzF MS2binding site 1x,N) MS2
mVenus ‘€omNsecDFMS2bindingsite 1x, N) MS2mVenus +nc-ftsY MS2binding site 1x,
(0) MS2mVenus +mreBminD_MS2binding site 1x andR) MS2mVenus +yIXM-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 thatBn subtilisand inE. coliribosomes are largely excluded
from the central nucleoids, and approxinedy only 4% overlap with RNAP2], which are

found at the nucleoid10]. This leads to the assumption that transcription and translation are
spatal and temporarily separated. This does not account for all bacterial species, because in
C. crescentugshromosome loci, corresponding mRNA and ribosomes were found in close
proximity, such that mRNAs stay near their transcript [{it§j.

In this study, we set out to study mMRNA dynamics and localization at the highest possible
resolution. We chos®. subtilisan established model organism for Grgoositive bacteria,
where it is knowrthat transcription and translation occur in a spatially separated maiier

Using theMS2systemof the bacteriophage MSPL9] and SMT, we used only two MS2
OAYRAY3I aAGSa AydiSaINIYGSR Ayid2 (KSedevtitioBYR 27F
from native mMRNAs as possible. With the caveat that MS2 appears to bind to some (likely
ribosomal) RNA species B subtiliscells in a norspecific manner, we show that it is in
principle possible to follow the movement of tagged sites on mMRNA in a milliseconds time
scale, assuming that individually tagged sites move similar to the entire mMRNA molecule. Even
given the noise geerated by norspecifically binding MS&hVenus protein, we found
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evidence for mMRNA 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 predominantlat sites excluded from the
nucleoids, that is, the cell periphery and the cell poles. Although singlecule data could

be best explained by assuming three distinct populations of molecules with different average
diffusion constants, we cannot excludleat 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 mMRNA molecules, be it in
complex with ribosomesor as free mRNA molecules. Experiments using inhibition of
transcription supported this view. Thus, we conclude that mMRNA molecules are not generally
excluded from the nucleoids, but can diffuse through this subcellular space, allowing freedom
for reachirg different subcellular sites. Although we cannot prove that the-fasbile fraction
observed consists of MS8Venus specifically bound to the investigated mMRNAs or to the non
specific RNA species, clearly the slowbile/static and mediurmobile fractiors contain a

large degree of specifically labeled mRNA molecules. Assuming a D of G/62qumedium

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 tesditfrough a 3 um large (spherical)

cell, using = P/6D. Assuming D of 0.01 for freely diffusing mRNAs, this number would drop
to less than 4 s. Thus, mMRNA molecules appear to have the possibility to reach different regions
in a bacterial cell in a timeame of few seconds. Interestingly, diffusion of MRNA in eukaryotic
cells has been determined to occur in a similar rapdfe 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 &etcell membrang59]. In general, all tested mRNAs,
which consisted of opens or of monocistronic mMRNAs, showed confined motion at sites
surrounding the nucleoids, that is, close to the cell membrane. mRNA operons encoding for
membrane and cytosolic proteirdike spolllEymfCandyIxM-rplS¢ 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 secretedotingh 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 M8®/enus only also showed a preference for polar
localization. However, given thaalf or more confined tracks for specifically labeled mRNAs
can be accounted for by specific binding of M8Zenus, a generally higher degree of
membrane proximity for mRNAs encoding membrane proteins, and thus for translation of
membrane proteins at thenembrane, should have been visible, but histogramsaoffined
tracksdid 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 mMRNAs
encading for membrane proteins with membranes than for mRNAs containing ORFs for
soluble proteins observed i&. coli[16, 17] It is also possible that although most mMRNAs
appear to be translated close to the cell membrane and at the cell poles, as seen indyyr stu
MRNAs encoding membrane proteins are directly associated with the membrane, which is
clearly the case of SRRediated membrane association of ribosomes translating nascent
chains for membrane proteins.

Interestingly, observed diffusion constanfor different mMRNAs 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 protg8is 37]in agreement with the
large size of MRNAs. Interestingly, these molecules diffused even through the nucleoids that
have been discussdd 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 0.0@30.005 unis?, 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 mMRNAs bound to 30S writiati
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 ofrée diffusive populations agrees with findings made
in S. putrefacien§37]. A single DC was detsined for freely diffusive ribosomal subunits or
for translating ribosomes iB. col{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 ewacking analyses, because we implemented
criteria to avoid overfitting of data (Bayesian information criterion) and implemenése sl
statistical tests to find the optimal fits for observed data. Dynamics determined for mRNAs
were similar to intermediatenobile and static ribosome populations, supporting the idea of
MRNAs diffusing freely, or more slowly as initiation complexed, l@asically 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 cdll4, 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, polatocalization described for MRNpSD] is in agreement with our observation
that confined motion of MRNASs (i.e., trdaon 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 byspecific binding of MS2 to unknown
targets inB. subtilis(likely ribosomal RNA), our study provides fundamental data on single
molecule dynamics of mMRNA molecules, and is thus an important step toward understanding
molecule dynamics in bacteria in real time, and in understanding the intriguing asyiomet

distribution of RNA moleculd47, 61]in a norcompartmentalized cell.
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2.1.6 Materials and Methods

Bacterialstrains and growth conditions

EachBacillus subtiligonstruct is in the wild type NCIB 3610, which possesses a plasmid for
increased transformation efficiency withcamimutation[62]. For cloning, th&scherichia coli
strain DH8 was used. Both strains were cultivatied_uriaBertani (LB) medium, f@. subtilis

only for overnight culturesk. coliwas grown at 200 rpm and 37°C, whBe subtiliswas
cultivated at 250 rpm and 30°C. For singlelecule trackingB. subtiliswas grown in S6
minimal mediung1% [wt/vol] fructose, 0.1% [wt/vol] glutamate, 0.004% [wt/vol] Casamino
Acids[63]with the same temperature anspeed For the determination of the growth rate, it
was measured with an optical density at 600 nm ¢§9DAn OD of 0.7 was used for microscopy.
Selection of the strains was accomplishedubing the antibiotics ampicillin (100 pg/ml) fiér
coliand chloramphenicol (5 pg/ml) and spectinomycin (100 pug/miBfosubtilis For mRNA
depletion, commonly 200 pg/ml is used, which also rapidly induces cell death in the culture.
We used a lower carentration of 50 ug/ml, where dead cells were rarely seen during the first
40 min after drug addiction. An even lower concentration of 25 pg/ml was also used

(Supplementary Fig. %

Strain construction

First the fusion protein MSghVenus was constructed iE. coliDH® A 0 K GKS LX |
pSG1193 (ECE153). With this plasmid, the coat protein is set between the flanks of the alpha
amylaseamyE After transformation inB. subtilis a double crossover occurstivthe amyE

gene section between plasmid and bacterial chromosome and therefore this gene is
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interrupted and no longer functional iB. subtilisWith this plasmid, a xylose promotor is set
before the MS2nVenus and therefore can be induced with xyloseam&thing, that was not
done here. The strain MSBVenus irB. subtilisNCIB 3610 was then later on used to get the
different mMRNA constructs transformed into it.

For the mRNA constructs, the plasmid pHJE$with a Gterminal fusion of one or
two MS2binding sites was used. After having the monooisic and polycistronic mMRNA
constructs cloned with the MS2inding site irE. colithe constructs were cloned via a single
crossover event intd. subtilisMS2mVenus at the original locus. Selection for the correct
constructs was done by antibiotic resiace selection and ted?CR. L-inVenus was made by
using the plasmid pSG1164 with ate@minal mVenus. With this plasmid also a siAgle

crossover event occurs at the original locu8irsubtilis.

Preparation of NCIB 3610 constructs for microscopy

B. subilis NCIB 3610 cells with only M&®/enus, MS2nVenus + mRNA constructs, and L1
mVenus constructs were grown insgiminimal medium at 30°C under shaking conditions to
an OD of 0.7For the cells, stressed with 25 and 50 pg/ml Rifampicin, it was added to the
constructs and incubated for 40 minute€ells were spotted on coverslips (25 mm,
Marienfeld) and covered with an agarose pa&o(w/v)), made of SspMedium and a smaller

coverdip (12 mm, Marienfeld).

Singlemolecule tracking, data acquisitiocrand analysis
Imaging was performed with a Nikon Eclipse Ti microscope equipfibda high numerical
aperture objective (CFI Apochromat TIRF 100XC Oil, NA 1.49);@GBNMamera (Imafyl X2,
Hamamatsu), and a YFP filter set (BrightLine 500/24, Beamsplitter 520 and BrightLine 542/27).
mVenudsluorophores were excited by the central part of a laser beam (TOPTICA Beam Smart,
515nm, max. power 100W) with a laser intensity of 2@W. Eachmovie consists of
3000frames 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 (Imagfg] 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 ouff66]. For particle detectionJ-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 thelea
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 SMTrgd82¢rHerethe StationaryLocalization
Analysis(SLA) panel for the confinement maps and dwell time anal@ggiatial distribution
(SDA) panel for the heat mapad the Square Displacement Analysis (SQD) panel were used.
R was as a measure for goodness, a statistical tests silolnogoros8mirnov 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 differenteaup to 3 populations, assuming more than 3 populations
LINSASYGSR 20SNFAGOAYT 2F RFEGEFE FNRBY (GKA&a add
populations.

With regard to the number of trackS(pplementary Table )] the MS2systemwith
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 twaeli@ihg
sites constructs. Thus, motion of artificial MRNAs does not appear to diffeh imetween

native and synthetic mRNAs.
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Fig. S1 A minimum of two populations for MS2 protein are shown by the jump distance
analysis.
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plotted in a histogramA,C,E,%& The probabilityprobability plots display the goodness of the
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fit of predicted (red dotted lines) and measured datagwsin with the blue solid line€3(D,F,hl

All triple fit models are shown in blu€ (G, double fits are depicted in red\(B. Different
dotted lines represent the subpopulations for a double or triple fit, while the solid lines
represent the totality of he subpopulations. Double and triple fit, as well as the quantile
guantile plot in comparison to each other for the two different exposure times of the tracked
MS2mVenus fusion A) shows the double fit for the MS2 tag tracked with 8 ms exposure time
andits belonging quantilguantile plot B). 75 ms is the other tested exposure time, with the
double fit @ and quantilequantile plot ). The triple fit for MS2ZnVenus tracked with an
exposure time of 8 mgj, its quantilequantile plot D) and tracked wth 75 ms exposure time
(G and its belonging quantigquantile plot {H) are shown. For the determination of the
diffusive coefficient and the fraction size, square displacement analysis (SQD) wag).used (
The bubble plot shows the size of the fractionest each bubble is proportional to the area
of its corresponding diffusion coefficients. Tahde;fisplays SQD resukthe shown data are

the population sizes in % at its fixed, corresponding diffusion coefficient§fnfor each

condition.

Fig.S2 Growth curves of constructs with the M$&2Venus fusions.

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 LeBirtani (LB). Each condition consists

of a biological triplicate, done on three different days. Each caf#iconsists 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 behavioBofsubtilis which consists of th8.

subtiliswild type 3610 witlout any fusion, shown in yellow. M$2Venus is the MS2 coat
63































































































































































































































































































































































