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Abstract 

Rapid mRNA degradation facilitates adaptation to changes in environment. In E. coli, mRNA 

degradation is predominantly carried out by a complex known as the RNA degradosome, 

composed of helicases, ribonucleases and glycolytic enzymes, scaffolded by the 

endoribonuclease RNase E. In bacteria lacking RNase E, a non-homologous endoribonuclease; 

RNase Y, often carries out analogous functions.  

The components of the RNase E degradosome are recruited to the membrane in an RNase E-

dependent manner. However, the interaction partners of RNase Y in B. subtilis are not 

normally localised to the membrane, suggesting that the degradosome is not stably 

associated. Using fluorescence microscopy, I have found that RNase Y and some of its 

interaction partners cluster upon dissipation of the proton motive force with CCCP. This 

clustering appears to be driven by RNase Y, as it takes place both in B. subtilis and when RNase 

Y is heterologously expressed in E. coli in the absence of its native interaction partners. 

However, RNase Y interaction partners form CCCP induced foci in an RNase Y deficient strain, 

and foci formed by several interaction partners do not colocalise with RNase Y clusters. 

Additionally, the formation of multimers by RNase Y in vitro, and colocalisation of RNase Y 

with YocM, a reporter for protein aggregation, suggests that clustering is not induced 

degradosome formation, but rather a novel, non-specific aggregation triggered by a decrease 

in cytoplasmic pH. 

RNases E and Y are both postulated to be membrane-associated in almost all organisms where 

they occur, but the reason for this localisation is not well understood. I have found that release 

of RNase Y to the cytoplasm is toxic in B. subtilis and slows growth when heterologously 

expressed in E. coli. This aberrant localisation interferes with vital cellular processes including 

ribosome maturation, nucleoid condensation and bacterial cell division. 
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Chapter 1: Introduction 

1.1 Regulation of gene expression in Bacteria 

All living organisms must respond to changing environmental conditions in order to survive 

and reproduce. The vast majority of the essential activities of the cell are executed by proteins, 

but these are costly to produce, with their production being responsible for around 50% of 

the energy cost on the cell (Russell and Cook, 1995). Therefore, to reduce the energetic cost 

of adaptation, it is better to alter protein levels prior to production by translation, via 

regulation of mRNA levels.  

Much of this regulation is done by altering the rate of transcription of different genes through 

the action of alternative sigma factors and by repression/activation of expression by 

transcription factors. But in order for these changes to initiate rapid responses, RNA must have 

a high rate of turnover. A decrease in transcription of a gene in response to exogenous factors 

in the absence of rapid mRNA degradation would have limited effect, with protein production 

continuing to occur based upon the existing mRNA pool. This results in slower responses to 

exogenous factors and unnecessary use of resources causing a severe fitness deficit. All living 

organisms accomplish this high turnover by having dedicated machinery for degradation of 

RNA. This RNA degradation involves initial cleavage by endoribonucleases which allows for 

further degradation by processive exoribonucleases, via removal of stem loop structures that 

normally inhibit their activity (Spickler and Mackie, 2000; Kushner, 2002; Carpousis, 2007).  

Of these two processes, initial cleavage by endoribonucleases is generally accepted to be the 

rate limiting step. The enzymes that are responsible for this cleavage are best studied in the 

Gram-negative bacterium Escherichia coli (E. coli), and the Gram-positive bacterium Bacillus 

subtilis (B. subtilis) which utilise the single strand RNA specific endoribonucleases RNase E and 

RNase Y respectively (Lehnik-Habrink, Schaffer, et al., 2011; Laalami et al., 2013; Clarke et al., 

2014). Both of these proteins have been found to interact with proteins involved in the later 

steps of RNA degradation (Miczak et al., 1996; Py et al., 1996; Commichau et al., 2009; Lehnik-

Habrink et al., 2010). In E. coli, these interactions form a multi-protein complex termed the 

RNA degradosome, which is able to enhance rates of RNA degradation (Py et al., 1996). It has 

been predicted that a similar complex may form in B. subtilis due to similar interactions made 

by RNase Y. 
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1.2 The RNase E RNA degradosome 

1.2.1 RNase E as the initiator of mRNA degradation in E. coli 

RNase E has been identified as the major initiating endoribonuclease in E. coli (Mudd, Krisch 

and Higgins, 1990; Babitzke and Kushner, 1991). A temperature sensitive mutant of rne was 

found to cause a 5-fold increase in the half-life of mRNA (Ono and Kuwano, 1979), indicating 

its important role in global RNA decay. This protein has often been divided into two halves; a 

catalytically active and highly conserved N-terminal ribonuclease domain (NTD) (McDowall 

and Cohen, 1996), and an intrinsically unstructured, poorly conserved C-terminal scaffolding 

domain (CTD) (Callaghan et al., 2004) (Figure 1.1). Structures of the NTD show that it acts as a 

homo-tetramer and requires the binding of zinc and magnesium ions to function (Callaghan 

et al., 2005). This domain is very similar in sequence to RNase G, a paralogue of RNase E that 

also acts as an endoribonuclease but lacks the CTD of RNase E (McDowall et al., 1993). These 

domains form part of the RNase E/G family of endoribonucleases and appear to be able to 

serve redundant functions to some degree, as overexpression of RNase G is able to ameliorate 

the deleterious effects associated with deletion of RNase E (Lee, Bernstein and Cohen, 2002).  

The catalytic activity of the NTD is relatively broad in terms of sequence specificity, requiring 

only for RNA to be single stranded and possess a Uridine 2 base pairs upstream of the cleavage 

site, with the enzyme also having a preference for AU rich regions (McDowall, Lin-Chaol and 

Cohen, 1994; Chao et al., 2017). This allows the enzyme to play a role in the degradation of a 

wide array of different transcripts. RNase E does, however, show a preference for transcripts 

with a monophosphorylated 5’ end. Polymerisation of RNA leaves a 5’-terminal triphosphate 

on bacterial transcripts, and this phosphorylation state appears to have a protective effect on 

mRNA stability. RNase E cleavage is greatly accelerated when the 5’ terminus of the transcript 

is monophosphorylated, but is able to proceed at a slower rate as long as the 5’ end is exposed 

(Mackie, 1998, 2000; Celesnik, Deana and Belasco, 2007). This terminus interacts with a 

binding pocket on the NTD (Callaghan et al., 2005), which causes conformational changes 

across the enzyme, facilitating cleavage (Koslover et al., 2008).  

The transcript can become monophosphorylated by action of the RppH, a 

pyrophosphohydrolase (Deana, Celesnik and Belasco, 2008), providing an additional step 

where RNA stability can be modulated. Alternatively, transcripts can be cleaved by RNase E 

while still triphosphorylated, but this occurs at a slower rate which maintains the protection 

of the transcript. RNase E activity is then enhanced following initial cleavage, as this cleavage  
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Figure 1.1: The domain structure of RNase E. Adapted from (Górna et al., 2012). RNase E 
consists of an N-terminal catalytical domain (NTD) (orange), and an intrinsically disordered C-
terminal scaffolding domain (CTD). Within the CTD is an amphipathic α-helix which serves as 
a membrane anchor (magenta) and two RNA binding sites, RBD and AR2 (red). The CTD also 
contains sites that have been identified as being responsible for interaction with components 
of the RNA degradosome (green), namely RhlB, Enolase and polynucleotide phosphorylase 
(PNPase). 

 

leaves a monophosphorylated 5’ end. This allows for more rapid degradation of transcripts 

after the initial rate limiting step has been performed, with RNase E progressing towards the 

3’ end of the transcript, exposing sites for processive degradation by 3’-5’ exoribonucleases 

such as polynucleotide phosphorylase (PNPase) (Laalami, Zig and Putzer, 2014). This 

cooperative action between the activities of RNase E and PNPase is not only limited to their 

mechanistic actions but is coordinated by physical interaction in a complex known as the RNA 

degradosome.  

1.2.2 RNase E CTD functions as a scaffold for the RNA degradosome 

Whilst studying the interaction partners of RNase E, it was discovered that the 

exoribonuclease PNPase copurified with RNase E (Carpousis et al., 1994; Py et al., 1994). 

RNase E was later found to also interact with two additional proteins: the DEAD box RNA 

helicase RhlB and, surprisingly, the glycolytic enzyme enolase (Eno) (Miczak et al., 1996; Py et 

al., 1996). It was thought that by bringing these mediators of RNA decay together, their 

activities could be enhanced, forming a complex termed the RNA degradosome. While it is 

unclear what role the glycolytic enzyme enolase may play in RNA degradation, the RNA 

helicase was able to enhance RNA degradation activities, with Its presence in the RNA 

degradosome allowing PNPase to degrade mRNA from its 3’ end, by unwinding of inhibitory 

secondary structures (Py et al., 1996). These proteins bind within the natively unstructured 

CTD of RNase E (Figure 1.1), which thus acts as a scaffold for degradosome assembly (Vanzo 

et al., 1998; Callaghan et al., 2004; Chandran et al., 2007). Mutation of protein binding sites 
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on this scaffold have global effects on the mRNA population, altering the abundance of many 

transcripts that are also altered by depletion of rne, highlighting the importance of these 

interactions in vivo (Bernstein et al., 2004). The interaction of enolase with the RNA 

degradosome is surprising. The potential role of RNA helicases or exoribonucleases in this 

complex is easy to imagine, but how carbon metabolism is linked to mRNA decay is not known. 

However, deletion of enolase did result in an increase in abundance of transcripts encoding 

proteins responsible for utilisation of alternative carbon sources, despite deletion of the entire 

CTD causing a reduction in abundance of these transcripts (Bernstein et al., 2004). In addition, 

Fluorescence Resonance Energy Transfer (FRET) assays have demonstrated that the proximity 

of enolase to RNase E is altered upon glucose stress, providing further insights into the role of 

the enolase/RNase E interaction on the regulation of carbon metabolism (Jaso-Vera et al., 

2021). 

The members of the RNA degradosome also appear to colocalise with RNase E, providing 

further evidence of their interaction. A structured region in the CTD of RNase E between amino 

acids 565-585 (Figure 1.1) was found to act as a membrane anchor by formation of an 

amphipathic α-helix, localising it to the inner cytoplasmic membrane (Khemici et al., 2008). 

Removal of this region will not only cause RNase E to be cytoplasmically localised but will also 

change the localisation of RhlB from being membrane associated to being localised to the 

cytoplasm (Strahl et al., 2015).  

This membrane localisation is important for the activity of the enzyme. The structure of the 

catalytic domain of RNase E is stabilised via its interaction with anionic phospholipids at the 

membrane via positively charged residues. This results in a significant reduction in 

endoribonucleolytic activity when RNase E is not associated with the membrane (Murashko, 

Kaberdin and Lin-Chao, 2012), causing a significant slowdown in mRNA degradation (Hadjeras 

et al., 2019). This affinity of RNase E for the membrane is widespread, but not universal. In the 

α-Proteobacteria model organism Caulobacter crescentus (C. crescentus), RNase E does not 

localise to the membrane. Instead, RNase E is observed to form foci in the cytoplasm. Evidence 

supports liquid-liquid phase separation as playing a role in this foci formation, mediated by 

the natively unstructured CTD, and requires the presence of mRNA substrates (Al-Husini et al., 

2018). Liquid-liquid phase separation is a process whereby unstructured, liquid-like substrates 

form a boundary excluding entry of certain other molecules. This occurs when the free energy 
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of mixing would result in an overall decrease in entropy and is driven by a wide array of weak 

intermolecular reactions (Hyman, Weber and Jülicher, 2014; Nandana and Schrader, 2021). 

While the localisation of this protein differs between this organism, substrate dependent 

clustering of RNase E is also present in E. coli. In the presence of mRNA, RNase E forms highly 

dynamic, short-lived foci, which can be abolished by inhibition of transcription with the RNA 

polymerase targeting antibiotic rifampicin. These foci can be restored by expression of an 

RNase E substrate by a T7 polymerase, which is unaffected by rifampicin (Strahl et al., 2015). 

The dependence of both of these structures on rifampicin, and hence their substrate; RNA, 

suggests that they are active forms of the complex, possibly representing the RNA 

degradosome itself. 

Along with the canonical RNA degradosome members, RNase E has also been observed 

interacting with a number of other proteins. Alternative RNA helicases can be recruited during 

adverse conditions. The DEAD box RNA helicase DeaD has been found to be recruited to the 

degradosome and replace RhlB during cold shock (Prud’homme-Généreux et al., 2004). Two 

other DEAD box RNA helicases, SrmB and RhlE, have also been noted to interact with RNase 

E, and RhlE was able to act as part of a reconstituted RNA degradosome in vitro (Khemici et 

al., 2004).  

1.2.3 Additional functions of RNase E 

Along with its role in global mRNA decay, RNase E moonlights in a number of other roles, 

providing more targeted endoribonucleolytic cleavage for processing of various RNA 

molecules. RNase E plays a key role in the maturation of transfer RNA (tRNA), separating 

transcripts in polycistronic operons by endoribonucleolytic cleavage, allowing for further 

processing by RNase P and exoribonucleases (Ray and Apirion, 1981; Li and Deutscher, 2002; 

Ow and Kushner, 2002). In addition, RNase E appears to serve a vital role in maturation of 

regulatory small RNAs, which requires the action of the RNA chaperone Hfq (Chao et al., 2017). 

RNase E also acts upon the ribosomes, mediating both their maturation and degradation. 

rRNA is usually transcribed as longer transcripts, which must be processed by endo- and 

exoribonucleases. 5S rRNA is transcribed as a 9S molecule, and 16s rRNA as 17S. RNase E is 

essential for the maturation of both molecules into their final product, conducting cleavage 

events that separate out 5S molecules from the larger transcript (Ghora and Apirion, 1978; 

Roy et al., 1983), and by generation of the mature 5’ terminus of 16S rRNA (Li, Pandit and 
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Deutscher, 1999). RNase E can also initiate degradation of ribosomes. In non-stressed cells, 

this is performed in order to remove immature and defective ribosomes, while active, intact 

ribosome subunits are targeted during nutritional stress to reduce the metabolic load. RNase 

E is essential for the initiation of this degradation of rRNA, with its inactivation via a 

temperature sensitive mutant resulting in the accumulation of aberrant rRNA molecules 

(Sulthana, Basturea and Deutscher, 2016).  

1.3 The putative RNase Y RNA degradosome 

1.3.1 Identification of RNase Y as the key initiator of mRNA decay in B. subtilis 

Not all organisms possess a copy of RNase E, but instead have a different endoribonuclease: 

RNase Y. RNase Y, encoded in B. subtilis by rny, has orthologues in many different phyla and 

is almost ubiquitously found in Firmicutes (Shahbabian et al., 2009). This protein was first 

identified as an essential, membrane associated protein in B. subtilis (Hunt et al., 2006), which 

was later determined to be an endoribonuclease, playing a role in the initiation of riboswitch 

turnover. Riboswitches are RNA secondary structures that cause premature termination of 

transcription if its antiterminator aptamer is bound to its cognate metabolite. The aborted 

transcripts containing the riboswitch need to be recycled so that bound metabolites can be 

released and do not act as a sink for these potentially valuable resources (Shahbabian et al., 

2009). Endoribonucleolytic activity of RNase Y was also found to be involved in the processing 

of specific transcripts such as stabilisation of gapA mRNA by cleavage of the cggR cistron 

(Commichau et al., 2009). This study also began to identify interaction partners of RNase Y 

that were analogous to the components of the RNase E degradosome. This included 

homologues of the canonical degradosome components enolase and PNPase, but also the 

glycolytic enzyme 2-phosphofructokinase (PfkA) and the ribonucleases RNase J1 (RnjA) and 

RNase J2 (RnjB). Soon after, the DEAD box RNA helicase CshA was found to interact with this 

proposed RNA degradosome (Lehnik-Habrink et al., 2010), cementing the idea that a Gram-

positive RNA degradosome exists and is centred around RNase Y. 

This protein, much like RNase E, plays a major role in the initiation of RNA decay, having global 

effects on the transcriptome upon depletion (Lehnik-Habrink, Schaffer, et al., 2011; Durand et 

al., 2012; Laalami et al., 2013). While this activity of RNase Y was thought to be essential in B. 

subtilis, later studies found that rny can be deleted and remain viable, albeit with major 

defects in growth rate, cell morphology, competence, sporulation (Figaro et al., 2013) and 

biofilm formation (Deloughery et al., 2016). This protein has now instead been described as 
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quasi-essential, requiring suppressor mutations in order to tolerate its deletion. Among these 

suppressors are mutations in the RNA polymerase subunits and other proteins implicated in 

transcription, which are found to reduce transcriptional activity (Benda et al., 2021), 

suggesting that the deleterious effects of rny deletion is primarily due to its role in bulk RNA 

decay. This is supported by the cross functionality of RNase Y with RNase E. The deletion of E. 

coli rne is able to be complemented by expression of RNase Y (Tamura et al., 2017) and 

similarly, expression of RNase E in a B. subtilis Δrny background restores wild-type growth 

(Laalami et al., 2021). This indicates that the essential role of these proteins lies in untargeted 

degradation of transcripts, as these proteins would be unlikely to share targets of specific RNA 

processing. 

1.3.2 Additional functions of RNase Y  

Similar to RNase E, RNase Y also plays a role in more specific RNA cleavage events. As described 

earlier, RNase Y is involved in specific processing of the polycistronic transcript containing 

gapA, stabilising the gapA gene by removal of cggR (Commichau et al., 2009). This processing 

event is not limited to this transcript, as RNase Y has been found to specifically process a wide 

range of polycistronic mRNAs, aided by the action of the Y-complex (Deloughery, Losick and 

Li, 2018). This complex is composed of three proteins, YmcA, YlbF and YaaT (also known as 

RicA, RicF and RicT respectively). All three genes were implicated as acting in the 

phosphorelay, a pathway consisting of a chain of phosphotransferase reactions terminating 

with phosphorylation of Spo0A, a transcription factor that acts as the master regulator of B. 

subtilis differentiation, regulating processes such as biofilm formation and entry into 

sporulation (Schultz, 2016). YaaT was first identified as a mutant blocking entry into 

sporulation via inhibition of this pathway (Hosoya et al., 2002), and YmcA and YlbF were 

identified in a screen for genes required for biofilm formation (Branda et al., 2004), acting via 

negative regulation of the transcriptional repressor SinR (Kearns et al., 2005). These proteins 

interact, forming a tripartite complex that was able to be reconstituted in vitro (Carabetta et 

al., 2013). This complex interacts with and coordinates RNase Y, allowing it to perform the 

specific mRNA processing events such as degradation of the sinR transcript, and the 

maturation of the cggR-gapA transcript (Deloughery et al., 2016). A large number of other Y-

complex mediated polycistronic transcript targets of RNase Y were identified by end-

enrichment RNA sequencing, allowing the cleavage sites to be mapped on a genome wide 

basis (Deloughery, Losick and Li, 2018), cementing this complex’s role as a specificity factor. 
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RNase Y has also been found to be involved in the maturation of the RNA components of the 

RNase P ribozyme and the signal recognition particle (SRP). These are involved in the 

processing of tRNA and targeting proteins for translocation across the membrane respectively 

(Gilet et al., 2015). However, unlike RNase E, RNase Y has not been observed to be involved in 

maturation of tRNA molecules directly. RNase Y also plays a role in the initiation of ribosome 

degradation, being necessary for depletion of rRNA in aging spores (Segev, Smith and Ben-

Yehuda, 2012).  

1.3.3 Domain structure of RNase Y  

A domain structure of RNase Y was first predicted by Lehnik-Habrink et al. (2011) (Figure1.2A), 

which highlighted a number of functional similarities to RNase E. It is anchored to the 

membrane via an N-terminal transmembrane helix. Removal of this domain is toxic in both B. 

subtilis (Lehnik-Habrink, Newman, et al., 2011) and Staphylococcus aureus (S. aureus), with 

expression of this construct in S. aureus resulting in a growth defect that is even more 

pronounced than deletion of rny (Khemici et al., 2015). This toxicity can be ameliorated by 

replacement of the transmembrane α-helix with a heterologous membrane anchor, with this 

fusion becoming able to complement deletion in B. subtilis (Lehnik-Habrink, Newman, et al., 

2011). Directly adjacent to the transmembrane α-helix is a putative coiled-coil domain that is 

thought to be involved in self-interaction. Coiled-coil domains are α-helices that are able to 

wind around each other to form a supercoil and are often implicated in dimerisation or 

oligomerisation of proteins. This domain has also been suggested to be natively disordered, 

similar to the RNase E CTD, however, this is inconsistent with a model of coiled-coil formation. 

C-terminal of this domain is the KH (K Homology) domain, an RNA binding domain present in 

both eukaryotes and prokaryotes. Endoribonucleolytic cleavage is catalysed by the HD 

domain, which is a metal dependent phosphohydrolase named for adjacent histidine and 

aspartate residues, which are conserved and necessary for activity (Hunt et al., 2006). 

Mutation of these residues causes loss of ribonucleolytic activity in vitro (Shahbabian et al., 

2009), and mimics the effect of deletion of rny in vivo (Khemici et al., 2015). Similar to RNase 

E, RNase Y shows a preference for cleavage of monophosphorylated transcripts with this 

domain (Shahbabian et al., 2009). At the carboxyl end of RNase Y is a C-terminal domain of 

unknown function that is predicted to be folded. This domain is essential for complementation 

of rny deletion and is necessary for interactions with other members of the degradosome 

(Lehnik-Habrink, Newman, et al., 2011). 
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As of yet, the structure of RNase Y has not been experimentally determined. However, recent 

development of the neural network AlphaFold has allowed for the prediction of protein 

structures based upon protein sequence alone (Jumper et al., 2021; Varadi et al., 2022). The  

 

Figure 1.2: Predicted structure of RNase Y. (A) Domain structure of RNase Y. Adapted from 
(Lehnik-Habrink, Newman, et al., 2011). RNase Y is predicted to have an N-terminal 
transmembrane α-helix (magenta) which serves as a membrane anchor, a domain which is 
predicted to form a coiled-coil (blue), an RNA binding KH-domain (red), the catalytically active 
HD-domain (orange) and a predicted structured C-terminal domain of unknown function 
(purple). (B) Predicted structure of RNase Y from B. subtilis 168 produced by the neural network 
AlphaFold (Jumper et al., 2021; Varadi et al., 2022). Model is coloured according to predicted 
domains shown in (A). 

predicted structure of RNase Y (Figure 1.2B) broadly agrees with the domain structure 

proposed by Lehnik-Habrink et al. (2011). The N-terminus is predicted to form an α-helix, 

which continues on from the transmembrane domain into the predicted coiled-coil domain, 

which may facilitate interaction with other RNase Y monomers. The region corresponding to 

the N-terminal transmembrane domain is around 4 nm in length, matching the approximate 

width of the cell membrane, and the coiled-coil extends for approximately 17 nm away from 

this. If RNase Y dimerisation is facilitated by coiled-coil formation, this would allow for 
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relatively large spacing of RNase Y away from the surface of the membrane. This coiled-coil 

domain is connected to the remaining domains via a hinge followed by another extended α-

helix.  

The RNA binding KH-domain and the catalytic HD-domain of RNase Y are located adjacent to 

each other in this predicted structure, connected by a pair of α-helices. This would be 

consistent with the two domains working cooperatively as a catalytic core of the protein in 

order to bind and cleave RNA molecules. Connected to the HD-domain, but separated from 

the catalytic core, is a well-structured C-terminal domain with an extended tail at the very C-

terminus of the protein. This tail has been found to be well conserved, but its function is as 

yet unknown (Lehnik-Habrink, Newman, et al., 2011).  

1.3.4 Interaction partners of RNase Y 

A number of proteins have been identified that interact with RNase Y, and bear resemblance 

to components of RNA degradosome in E. coli. This includes homologues of the canonical 

members of the E. coli RNase E RNA degradosome, or proteins that are related to them in 

function. A combination of bacterial two-hybrid and pull-down assays have identified 11 of 

these interaction partners to date. This includes three ribonucleases: PNPase, RNase J1 and 

RNase J2 (Commichau et al., 2009; Lehnik-Habrink, Newman, et al., 2011). PNPase is an 

orthologue of E. coli PNPase described above and is non-essential in B. subtilis. However, 

deletion mutants do show slightly reduced bulk RNA decay at low temperatures (Wang and 

Bechhofer, 1996), which is similar to the effect of cold shock on E. coli PNPase deletion 

mutants (Awano, Inouye and Phadtare, 2008). It has been identified as an RNase Y interaction 

partner in both two-hybrid and pull-down assays (Commichau et al., 2009; Lehnik-Habrink, 

Newman, et al., 2011), and structural mapping indicates that it interacts with RNase Y via an 

electrostatic channel that is also used for interaction with RNase E in E. coli (Salvo et al., 2016).  

RNase J1 is an important ribonuclease in its own right. Across bacterial species, 40% are 

estimated to have a copy of RNase Y and 50% a copy of RNase E, while RNase J appears in 60% 

of bacterial species (Figure 1.3) (Tejada-Arranz, de Crécy-Lagard and de Reuse, 2020), and is 

almost ubiquitously found in archaea (Dominski, Carpousis and Clouet-d’Orval, 2013). These 

proteins appear to be key for the initiation of mRNA decay in most bacteria, with at least one 

being found in 96.5% of 1535 representative bacterial species (Tejada-Arranz, de Crécy-Lagard 

and de Reuse, 2020). Like RNase E and RNase Y, RNase J1 is an endoribonuclease, in this case 

coming from the β-CASP family of ribonucleases, which in turn is part of the metallo-β-
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lactamase superfamily (Even et al., 2005; Dominski, Carpousis and Clouet-d’Orval, 2013). 

However, RNase J1 also possesses additional 5’-3’ exoribonuclease activity (Mathy et al., 

2007), an activity that is not present in E. coli. Like RNase E and RNase Y, RNase J1 shows a 

preference for degradation of transcripts with a monophosphorylated 5’ terminus for both its 

endo- and exoribonucleolytic activities (Even et al., 2005; Mathy et al., 2007). In archaea, this 

is accomplished with a specific 5’ monophosphate binding pocket (Zheng et al., 2017). This 

not only demonstrates another case of convergent evolution for RNA decay in bacteria, but 

also provides an additional mechanism for enhanced degradation in B. subtilis. Exposure of a 

5’ monophosphorylated terminus by RNase Y cleavage, or direct cleavage by RNase J1, would 

facilitate rapid, processive degradation of not only the 5’ fragment by the 3’-5’ 

exoribonuclease PNPase, but also the 3’ fragment by 5’-3’ activity of RNase J1.  

RNase J1 is not the sole RNase J homologue in B. subtilis; this model organism also possesses 

the orthologue RNase J2 (Even et al., 2005). This protein is primarily an endoribonuclease; 

however, it does possess 5’-3’ exoribonuclease activity, albeit with a very slow rate of activity, 

being 200-400 times slower than RNase J1 (Mathy et al., 2010). Unlike RNase J2,  RNase J1 was 

previously thought to be essential (Even et al., 2005). However, similar to RNase Y, it is instead 

quasi-essential and possesses similar phenotypes to RNase Y when deleted (Figaro et al., 

2013). RNase J1 and RNase J2 interact in vivo, most commonly forming hetero-tetramers. This 

interaction alters the preferred site of endonucleolytic cleavage of mRNA transcripts and can 

cause up to a 20-fold increase in efficiency compared to either nuclease on their own (Mathy 

et al., 2010). These proteins have been shown to interact with RNase Y in both bacterial two-

hybrid and pull-down assays (Commichau et al., 2009; Lehnik-Habrink, Newman, et al., 2011), 

and hence were predicted to form part of a putative RNA degradosome in B. subtilis. 

Like RNase E, RNase Y interacts with a DEAD box RNA helicase, namely CshA. This class of 

proteins is able to resolve RNA secondary structures upon hydrolysis of ATP (Khemici and 

Linder, 2018), which, in E. coli, has been shown to enhance RNA degradation (Py et al., 1996). 

CshA was first identified while looking for transcripts upregulated during cold shock (Beckering 

et al., 2002). It is non-essential but a double deletion of cshA and its homologue cshB is non-

viable (Hunger et al., 2006), and deletion of cshA results in poor growth at 16°C (Lehnik-

Habrink et al., 2013). Cold shock will induce formation of RNA secondary structures that must 

be unwound by helicases to facilitate decay, so loss of cshA would reduce the ability of B. 

subtilis to tolerate this stress. CshA interacts with a number of RNases, including RNase J1, 
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RNase J2 and RNase Y, with these interactions being dependent on its C-terminal domain 

(Lehnik-Habrink et al., 2010; Roux, DeMuth and Dunman, 2011; Giraud et al., 2015).  

 

Figure 1.3: Prevalence of degradosome ribonucleases across bacterial species. Adapted from 
(Tejada-Arranz, de Crécy-Lagard and de Reuse, 2020). Schematic showing number of bacterial 
species in a sample of 1535 representative species that possess a copy of RNase E, RNase Y or 
RNase J. 

 

The glycolytic enzyme enolase is present in the RNase E degradosome, but its role in this 

complex is currently unknown (Miczak et al., 1996; Py et al., 1996). Enolase has also been 

found to interact with RNase Y, along with two other glycolytic enzymes: 6-

Phosphofructokinase (PfkA) and Glyceraldehyde 3-Phosphate Dehydrogenase (GapA) 

(Commichau et al., 2009; Lehnik-Habrink, Newman, et al., 2011; Gimpel and Brantl, 2016). The 

interaction of glycolytic enzymes with RNase Y suggested that, while the role of carbon 

metabolism in RNA decay is not clear, it does appear to be conserved, despite the central 

enzymes being completely unrelated in sequence. While PfkA and enolase have been co-

purified at levels similar to other components of the degradosome, GapA seems to interact 

with RNase Y at a lower frequency; with only 2% of GapA molecules purified being bound to 

RNase Y (Gimpel and Brantl, 2016). The interaction of GapA with RNase Y is mediated by the 

short peptide SR1P, which is expressed from the dual function SR1 locus, encoding both this 

peptide and the small regulatory antisense RNA SR1 (Gimpel and Brantl, 2016). A similar 
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process is observed for the glycolytic enzyme enolase. The binding of enolase to RNase Y is 

greatly enhanced by the SR7P peptide expressed from the dual function antisense RNA gene 

SR7, resulting in a 10-fold increase in RNase Y coeluted with enolase (Nicolas et al., 2012; Ul 

Haq, Müller and Brantl, 2020). Expression of this peptide is controlled by RNA polymerase 

sigma factor B, with the peptide being induced by stresses on the cell (Petersohn et al., 2001; 

Mars et al., 2015). This could suggest that the interaction of enolase, and perhaps other RNase 

Y interaction partners, is not constitutive, but instead induced upon certain stressful 

conditions, potentially mediated by other factors such as SR7P. 

Other RNase Y interaction partners that bear no resemblance to members of the canonical 

RNA degradosome have also been identified. DynA is a membrane associated GTPase that has 

been implicated in membrane fusion events (Bürmann et al., 2011). This protein was identified 

as an interaction partner of RNase Y in two-hybrid assays and appears to share a localisation 

with RNase Y (Bürmann, Sawant and Bramkamp, 2012). However, DynA is dissimilar from the 

other postulated B. subtilis degradosome members. Hence its reported interaction with RNase 

Y may be resulting from an independent process, or from spurious, non-specific interactions 

that are enhanced by the shared localisation at the cell membrane. RNase Y has also been 

found to interact with the Y-complex, which regulates specific mRNA processing events as 

described above. This complex could play a role in a hypothetical RNA degradosome, despite 

no analogue being present in the E. coli degradosome.  

1.3.5 Localisation of RNase Y and its interaction partners 

Like RNase E, RNase Y is localised to the cell periphery, with this protein being anchored to the 

membrane by its N-terminal transmembrane α-helix (Hunt et al., 2006; Lehnik-Habrink, 

Newman, et al., 2011). Imaging by total internal reflection fluorescence (TIRF) microscopy 

found that RNase Y forms highly motile, short-lived foci at the cell membrane. These foci are 

altered by the presence of substrate, increasing in density and intensity upon inhibition of 

transcription with rifampicin (Hamouche et al., 2020). This is in contrast to the effect of 

substrate depletion on RNase E, which results in the disappearance of foci (Strahl et al., 2015). 

A similar effect to rifampicin treatment is observed upon deletion of members of the Y-

complex (Hamouche et al., 2020). These effects indicate that the activity of RNase Y may alter 

its dynamics, which can be observed by fluorescence microscopy. 

Despite biochemical and genetic evidence for these interactions, only DynA (Bürmann et al., 

2011; Bürmann, Sawant and Bramkamp, 2012) and YaaT (Hosoya et al., 2002; Romano et al., 
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2022) have been shown to localise to the membrane. PNPase, enolase and PfkA are found in 

the cytoplasm, while RNase J1, RNase J2 and CshA are found towards the poles of the cells, 

indicative of exclusion from the nucleoid (Cascante-Estepa, Gunka and Stülke, 2016). This is in 

contrast to the RNase E degradosome, where degradosome components RhlB and PNPase 

(but not enolase) are localised to the membrane. This is dependent on the binding of RNase E 

to the membrane, with release of RNase E from this compartment causing localisation of these 

components to the cytoplasm (Strahl et al., 2015; Moffitt et al., 2016). Single molecule 

tracking of predicted RNA degradosome components has been performed. This demonstrated 

that several purported components of the RNA degradosome showed a subset of tracks that 

had a similar pattern of diffusion to RNase Y, with RNase Y, PNPase, CshA and enolase also 

showing altered localisation patterns upon inhibition of transcription with rifampicin (Oviedo-

Bocanegra et al., 2021). However, this single molecule tracking data on its own is not sufficient 

evidence that these similar diffusive patterns represent formation of the RNA degradosome, 

particularly not a stably associated RNA degradome such as that found centred around RNase 

E in E. coli. 

If the RNA degradosome is not stably formed in B. subtilis, then the interactions observed of 

RNase Y may instead be due to conditional formation of the RNA degradosome under adverse 

conditions, being more akin to the cold shock degradosome described in E. coli (Prud’homme-

Généreux et al., 2004). This hypothesis is supported by stress induced expression of the SR7P 

peptide enhancing the interactions between enolase and RNase Y (Ul Haq, Müller and Brantl, 

2020). A possible candidate for stress induced RNA degradosome formation may have been 

observed during analysis of an unrelated process. The cytoskeletal protein MreB was found to 

have its localisation altered upon collapse of the proton motive force with the protonophore 

carbonyl cyanide m-chlorophenyl hydrazone (CCCP), which in turn caused formation of foci, 

also termed clustering, by a number of membrane proteins including RNase Y (Strahl, 

Bürmann and Hamoen, 2014). This is driven by MreB clustering, which is associated with co-

clustering with regions of increased fluidity (RIFs). RIFs are membrane domains that attract 

many membrane proteins due to their low lipid packing. Deletion of MreB and its homologues 

was able to remove this CCCP induced clustering behaviour for all of the tested proteins with 

the exception of RNase Y (Strahl, Bürmann and Hamoen, 2014). Since this clustering appeared 

to be distinct from MreB, it was hypothesised that this could represent induced degradosome 

formation. Degradosome formation under these conditions could allow the cell to minimise 
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the negative effects of PMF collapse. This could occur by facilitating specific RNA processing 

events, enhancing overall RNA degradation to release nucleotides or even by sequestration of 

RNA degradation machinery in order to reduce overall RNA degradation in energy starved 

cells. 

In this thesis, I intend to investigate this clustering of RNase Y induced by collapse of the PMF 

and ascertain the mechanism of cluster formation. The PMF is generated by transport of 

protons across the membrane, typically by oxidative respiration, and is used as a key energy 

source in bacteria for activities such as ATP synthesis, bacterial motility and importing of 

substrates. The PMF consists of two components:  

1. The membrane potential (ΔΨ), which is the electrochemical gradient that results from 

a charge separation of protons across the cell membrane 

2. The ΔpH, which is the chemical concentration gradient of protons across the 

membrane.  

In the environment, collapse of the PMF in Bacillus subtilis could occur due abiotic stresses 

such as depletion of oxygen, which may occur in soil during events such as rainfall (Strahl and 

Hamoen, 2010), or due to exposure to biologically produced agents that perturb the 

permeability of the membrane to ions such as the cation specific ion channel gramicidin, which 

allows free passage of protons across the membrane (Kelkar and Chattopadhyay, 2007). This 

effect is what is mimicked by CCCP, acting as a protonophore and collapsing both components 

of the PMF. It accomplishes this by becoming protonated outside of the cell, losing its negative 

charge and allowing it to diffuse across the membrane to release its proton into the cytoplasm, 

before returning to the extracellular environment to repeat the cycle (Figure 1.4) (Heytler and 

Prichard, 1962; Cunarro and Weiner, 1975). However, in order to selectively abolish the 

individual components of the PMF, different compounds must be used. 

The ΔΨ can be abolished using the membrane permeable potassium carrier valinomycin. 

Addition of this antibiotic to cells, in the presence of an extracellular excess of potassium ions, 

will result in import of positively charged K+ ions into the cell, causing collapse of the 

membrane potential without affecting the chemical proton gradient (Shapiro, 1994). The 

chemical gradient, in turn, can be abolished by application of the antibiotic nigericin. This 

functions as an antiporter of protons and potassium ions, transporting protons across the 

membrane while maintaining the balance of charge (Strahl and Hamoen, 2010). These  
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Figure 2.4: Mechanism of collapse of the PMF by CCCP. CCCP acts as a membrane permeable 
weak acid which, when protonated, can diffuse across the membrane into the predominantly 
negatively charged cytoplasm and release its proton. This anionic form is able to diffuse back 
across the membrane into the extracellular environment and bind additional protons to further 
collapse the proton motive force. 

compounds will enable me to better understand the mechanism of PMF collapse induced 

clustering of RNase Y observed with CCCP treatment. 

It is possible that other factors may be facilitating the formation of these clusters, so I will also 

attempt to determine what components of B. subtilis, and RNase Y itself, are required for 

cluster formation. I will investigate if these clusters actually represent conditional formation 

of the RNA degradosome, or if this clustering is instead a wholly unrelated process.  
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1.4 Spatial organisation of the bacterial cell 

Prokaryotes lack the discrete, membrane separated compartments that are found in 

eukaryotic cells; however, this does not mean that these cells lack organisation. In bacteria, 

the chromosome is compacted to form the nucleoid, a discrete structure spatially separated 

from the cell periphery (Macvanin and Adhya, 2012). This is partially mediated by histone like 

proteins such as Hbsu in B. subtilis, which induce compaction stimulating DNA bending (White 

et al., 1989; Köhler and Marahiel, 1997), and may also be influenced by transertion of 

membrane targeted proteins (Woldringh, Ruhdal Jensen and Westerhoff, 1995). RNA 

polymerase is found to be localised to the nucleoid where it performs transcription, while the 

ribosomes and various other, typically larger, proteins and complexes are found in regions of 

the cell excluded from the nucleoid, often towards the cell poles in B. subtilis (Lewis, Thaker 

and Errington, 2000). The membrane also serves as an additional “compartment” in the 

prokaryotic cell. This can both bring proteins involved in the same or related processes into 

the vicinity of each other by enrichment on this 2D surface or allow for the separation of 

proteins from locations where they may interfere with normal functions by bringing them to 

the cell periphery, spatially isolating them from sites such the nucleoid. The organisation of 

the cell is important for vital cellular processes such as cell division; in the absence of a distinct 

nucleoid structure, division would inevitably occur over the bacterial chromosome resulting 

in loss of genetic material and DNA damage. One way that bacteria avoid this is via the action 

of Noc. Noc is a nucleoid occlusion protein that inhibits division over the nucleoid of the cell 

via physical occlusion of the membrane associated Z-ring (Wu and Errington, 2004). It 

accomplishes this by binding to both DNA and the membrane via an N-terminal amphipathic 

α-helix (Adams, Wu and Errington, 2015). 

This organisation may also allow for spatial regulation of RNA degradation in bacteria. Both 

RNase Y and RNase E are membrane associated in most organisms where they occur, and 

release from the membrane has a significant effect on cell viability (Lehnik-Habrink, Newman, 

et al., 2011; Khemici et al., 2015). It can be suggested that the coevolution of membrane 

localisation of the initiators of RNA decay is to facilitate gene expression via spatial separation 

of each step. RNA is transcribed from the nucleoid, after which it will diffuse through the 

ribosome rich region excluded from the nucleoid by the large size of these ribonucleoprotein 

complexes, thereby allowing translation. After translation has occurred, the transcript can 

reach the periphery of the cell and be subject to RNA degradation. In this thesis I intend to 
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study this model of spatial regulation of RNA degradation by decoupling RNase Y from the 

membrane. 

1.5 Aims 

The primary aims of this work were to determine the role of RNase Y in a putative gram-

positive RNA degradosome and if RNase Y clustering represents its formation. Furthermore, 

the localisation of the initiators of RNA decay to the membrane appears to be conserved, so I 

intended to determine how perturbing it affects RNA homeostasis and cellular organisation, 

in order to better understand the role its localisation plays in this process. To do this I will: 

1) Identify the specific cause of RNase Y clustering including what components are 

essential for clustering such as RNase Y domains, interacting proteins and elements of 

the proton motive force. 

2) Determine if RNase Y clustering is in fact formation of the RNA degradosome. 

3) Analyse the effects of release of RNase Y from the membrane of the cell. 
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Chapter 2: Materials and Methods 

2.1  Bacterial Strains and Plasmids 

Strain Genotype Source/Construction 

168ca trpC2  (Barbe et al., 2009) 

BKK00320 trpC2 yaaT::kan (Koo et al., 2017) 

BKK11600 trpC2 sasB::kan (Koo et al., 2017) 

BKK14990 trpC2 ylbF::kan (Koo et al., 2017) 

BKK16780 trpC2 rnjB::kan (Koo et al., 2017) 

BKK16960 trpC2 rny::kan (Koo et al., 2017) 

BKK17020 trpC2 ymcA::kan (Koo et al., 2017) 

BKK22030 trpC2 dynA::kan (Koo et al., 2017) 

BKK27600 trpC2 relA::kan (Koo et al., 2017) 

BKK38480 trpC2 sasA::kan (Koo et al., 2017) 

BEC01080 trpC2 lacA::Pxyl-dcas9 ery amyE::Pveg-

sgRNA(rpoC) cat 

(Peters et al., 2016) 

GP701 trpC2 gapB::spc Provided by Jörge Stülke, 

unpublished 

GP1700 trpC2 eno-gfpA206K spc (Cascante-Estepa, Gunka and 

Stülke, 2016). gfpA206K encodes 

monomeric GFP 

GP1720 trpC2 pfkA-gfpA206K spc (Cascante-Estepa, Gunka and 

Stülke, 2016). gfpA206K encodes 

monomeric GFP 

GP2506 trpC2 rnjA::spc Provided by Jörge Stülke, 

unpublished 

BWX2006 yycR::ery tetO120 ycgO::phleo PftsW- 

tet-mcherry sacA::hbs-gfpA206K 

(Wang, Llopis and Rudner, 2014). 

gfpA206K encodes monomeric GFP 

IH369 trpC2 lacA::ery Pxyl-yocM-mCherry (Hantke et al., 2019) 

AK061B trpC2 amyE::spc PyneA-mNG Provided by Alan Koh, unpublished. 

mNG encodes mNeonGreen 

ELD6 trpC2 amyE::spc Pxyl-rny (Drury, 2015) 
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ELD7 trpC2 amyE::spc Pxyl-Δtm-rny (Drury, 2015) 

ELD8 trpC2 amyE::spc Pxyl-rny-gfp (Drury, 2015). Strain was induced 

with 0.3% xylose for microscopy 

experiments.   

ELD11 trpC2 amyE::spc Pxyl-AH-rny-gfp (Drury, 2015). Strain was induced 

with 0.3% xylose for microscopy 

experiments.   

TKB29 trpC2 eno-gfpA206K spc (Knetsch, 2017) 

TKB30 trpC2 pfkA-gfpA206K spc (Knetsch, 2017) 

TKB38 trpC2 amyE::spc Pxyl-rny-H368A D369A (Knetsch, 2017) 

TKB40 trpC2 amyE::spc Pxyl-rny-H368A 

D369A-msfGFP 

(Knetsch, 2017). Strain was induced 

with 0.3% xylose for microscopy 

experiments.   

1049 trpC2 amyE::spc Pxyl-rpsB-gfp (Lewis, Thaker and Errington, 

2000).  Strain was induced with 

0.3% xylose for microscopy 

experiments.   

JG044 trpC2 amyE::spc Pxyl-Δtm-rny-msfGFP This work. 168ca transformed with 

pED4. Strain was induced with 0.3% 

xylose for microscopy experiments.   

JG049 trpC2 amyE::spc Pxyl-msfGFP This work. 168ca transformed with 

pJG60. Strain was induced with 

0.3% xylose for microscopy 

experiments.   

JG052 trpC2 rny-msfGFP ery This work. 168ca transformed with 

pJG51 

JG055 trpC2 amyE::spc Pxyl-divIVA-Δtm-rny-

msfGFP 

This work. 168ca transformed with 

pJG74. Strain was induced with 

0.3% xylose for microscopy 

experiments. 
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JG056 trpC2 amyE::spc Pxyl-rny-mScarlet-I This work. 168ca transformed with 

pJG76. Strain was induced with 

0.3% xylose for microscopy 

experiments.   

JG058 trpC2 amyE::spc Pxyl-divIVA-Δtm-rny This work. 168ca transformed with 

pJG73 

JG067 trpC2 amyE::tet Pxyl-rny-mScarlet-I This work. 168ca transformed with 

pJG87. Strain was induced with 

0.3% xylose for microscopy 

experiments.   

JG070 trpC2 aprE::cat Pspac-rpsB-msfGFP This work. 168ca transformed with 

pJG93. Strain was induced with 

0.3% xylose for microscopy 

experiments.   

JG101 amyE::spc Pxyl-Δtm-rny sacA::cat hbs-

gfpA206K 

This work. ELD7 transformed with 

BWX2006. gfpA206K encodes 

monomeric GFP 

JG103 trpC2 amyE::spc Pxyl-rny rny::kan This work. ELD6 transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 0.3% 

xylose. 

JG104 trpC2 amyE::spc Pxyl-rny-msfGFP 

rny::kan 

This work. ELD8 transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 0.3% 

xylose.  

JG105 trpC2 amyE::spc Pxyl-Δtm-rny-msfGFP 

rny::kan 

This work. JG044 transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 0.3% 

xylose.  
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JG108 trpC2 amyE::spc Pxyl-rny-mScarlet-I 

rny::kan 

This work. JG056 transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 0.3% 

xylose.  

JG109 trpC2 amyE::tet Pxyl-rny-mScarlet-I 

rny::kan 

This work. JG067 transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 0.3% 

xylose.  

JG110 trpC2 amyE::spc Pxyl-divIVA-Δtm-rny 

rny::kan 

This work. JG058 transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 0.3% 

xylose.  

JG116 trpC2 aprE::cat Pspac-msfGFP-ymcA This work. 168ca transformed with 

pJG98. Strain was induced with 1 

mM IPTG for microscopy 

experiments.   

JG117 trpC2 aprE::cat Pspac-msfGFP-ylbF This work. 168ca transformed with 

pJG99. Strain was induced with 1 

mM IPTG for microscopy 

experiments.   

JG122 trpC2 aprE::cat Pspac-cshA-msfGFP This work. 168ca transformed with 

pJG106. Strain was induced with 1 

mM IPTG for microscopy 

experiments.   

JG124 trpC2 aprE::cat Pspac-rnjB-msfGFP This work. 168ca transformed with 

pJG110. Strain was induced with 1 

mM IPTG for microscopy 

experiments.   

JG131 trpC2 aprE::cat Pspac-rnjB-msfGFP 

rnjB::kan 

This work. JG124 transformed with 

genomic DNA from BKK16780. 

Strain was maintained with 1 mM 

IPTG. 
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JG133 trpC2 aprE::cat Pspac-rnjA-msfGFP This work. 168ca transformed with 

pJG109. Strain was induced with 1 

mM IPTG for microscopy 

experiments.   

JG147 trpC2 sasA::kan This work. 168ca transformed with 

genomic DNA from BKK38480 

JG154 trpC2 aprE::cat Pspac-msfGFP-ylbF 

ylbF::kan 

This work. JG117 transformed with 

genomic DNA from BKK14990. 

Strain was induced with 1 mM IPTG 

for microscopy experiments.   

JG158 trpC2 ΔylbF aprE::cat Pspac-msfGFP-

ylbF 

This work. JG154 transformed with 

pDR244 to remove kanamycin 

resistance marker. pDR244 was 

eliminated via growth at 42°C 

JG162 trpC2 rnjA::spc aprE::cat Pspac-rnjA-

msfGFP 

This work. JG133 transformed with 

GP2506. Strain was maintained 

with 1 mM IPTG. 
 

JG163 trpC2 ΔsasA This work. JG147 transformed with 

pDR244 to remove kanamycin 

resistance marker. pDR244 was 

eliminated via growth at 42°C 

JG164 trpC2 ΔsasA sasB::kan This work. JG163 transformed with 

genomic DNA from BKK11600 

JG169 trpC2 ΔsasA ΔsasB This work. JG164 transformed with 

pDR244 to remove kanamycin 

resistance marker. pDR244 was 

eliminated via growth at 42°C  

JG170 trpC2 ΔsasA ΔsasB amyE::spc Pxyl-rny-

msfGFP  

This work. JG169 Transformed with 

genomic DNA from ELD8 
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JG171 trpC2 aprE::cat Pspac-dynA-msfGFP  This work. 168ca transformed with 

pJG111. Strain was induced with 1 

mM IPTG for microscopy 

experiments.   

JG172 trpC2 dynA::kan aprE::cat Pspac-dynA-

msfGFP  

This work. JG171 Transformed with 

genomic DNA from BKK22030. 

Strain was induced with 1 mM IPTG 

for microscopy experiments.   

JG173 trpC2 ymcA::kan This work. 168ca Transformed with 

genomic DNA from BKK17020 

JG179 trpC2 rnjA::spc aprE::cat Pspac-rnjA-

msfGFP amyE::tet Pxyl-rny-mScarlet-I 

This work. JG162 Transformed with 

pJG87. Strain was maintained with 

1 mM IPTG.  

JG184 trpC2 rnjA::spc rny::kan aprE::cat 

Pspac-rnjA-msfGFP amyE::tet Pxyl-rny-

mScarlet-I 

This work. JG179 Transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 1 mM 

IPTG and 0.3% xylose.   

JG185 trpC2 aprE::cat pyneA-mNG This work. 168ca Transformed with 

pJG125. mNG encodes 

mNeonGreen 

JG187 trpC2 aprE::cat Pspac-msfGFP-pyk This work. 168ca Transformed with 

pJG114. Strain was induced with 1 

mM IPTG for microscopy 

experiments.   

JG189 trpC2 aprE::cat Pspac-gapB-msfGFP This work. 168ca Transformed with 

pJG116. Strain was induced with 1 

mM IPTG for microscopy 

experiments.   
 

JG190 trpC2 ΔdynA aprE::cat Pspac-dynA-

msfGFP 

This work. JG172 transformed with 

pDR244 to remove kanamycin 

resistance marker. pDR244 was 

eliminated via growth at 42°C 
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JG191 trpC2 ΔymcA This work. JG173 transformed with 

pDR244 to remove kanamycin 

resistance marker. pDR244 was 

eliminated via growth at 42°C 

JG194 trpC2 amyE::spc Pxyl-rny aprE:: cat 

pyneA-mNG  

This work. ELD6 transformed with 

genomic DNA from JG185. mNG 

encodes mNeonGreen  

JG195 trpC2 amyE::spc Pxyl-Δtm-rny aprE:: 

cat pyneA-mNG  

This work. ELD7 transformed with 

genomic DNA from JG185  

JG197 trpC2 ΔrnjB aprE::cat Pspac-rnjB-

msfGFP  

This work. JG131 transformed with 

pDR244 to remove kanamycin 

resistance marker. pDR244 was 

eliminated via growth at 42°C 

JG200 trpC2 gapB::spc aprE::cat Pspac-gapB-

msfGFP 

This work. JG189 Transformed with 

genomic DNA from GP701. Strain 

was induced with 1 mM IPTG for 

microscopy experiments.    

JG201 trpC2 ΔdynA aprE::cat Pspac-dynA-

msfGFP amyE::spc Pxyl-rny-mScarlet-I 

This work. JG190 Transformed with 

pJG76  

JG203 trpC2 ΔrnjB aprE::cat Pspac-rnjB-

msfGFP amyE::spc Pxyl-rny-mScarlet-I  

This work. JG197 Transformed with 

pJG76  

JG209 trpC2 ΔymcA ylbF::kan This work. JG191 transformed with 

genomic DNA from BKK14990 

JG210 trpC2 rny::kan amyE::spc Pxyl-rny-

H368A D369A-msfGFP 

This work. TKB40 Transformed with 

genomic DNA from BKK16960. 

Strain was induced with 0.3% 

xylose for microscopy experiments.    

JG221 trpC2 rny::kan ΔdynA aprE::cat Pspac-

dynA-msfGFP amyE::spc Pxyl-rny-

mScarlet-I 

This work. JG201 Transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 0.3% 

xylose and induced with 1 mM IPTG 

for microscopy experiments. 
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JG223 trpC2 rny::kan ΔrnjB aprE::cat Pspac-

rnjB-msfGFP amyE::spc Pxyl-rny-

mScarlet-I  

This work. JG203 Transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 0.3% 

xylose and induced with 1 mM IPTG 

for microscopy experiments.  

JG233 trpC2 ΔsasA ΔsasB relA::kan amyE::spc 

Pxyl-rny-msfGFP 

This work. JG170 Transformed with 

genomic DNA from BKK27600. 

Strain was induced with 0.3% 

xylose for microscopy experiments.    

JG236 trpC2 gapB::spc aprE::cat Pspac-gapB-

msfGFP amyE::tet Pxyl-rny-mScarlet-I  

This work. JG200 Transformed with 

pJG87  

JG242 trpC2 Δrny amyE::tet Pxyl-rny-

mScarlet-I  

This work. JG109 Transformed with 

pDR244 to remove kanamycin 

resistance marker. pDR244 was 

eliminated via growth at 42°C. 

Strain was maintained with 0.3% 

xylose.  

JG249 trpC2 rny::kan gapB::spc aprE::cat 

Pspac-gapB-msfGFP amyE::tet Pxyl-

rny-mScarlet-I  

This work. JG236 Transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 0.3% 

xylose and induced with 1 mM IPTG 

for microscopy experiments. 

JG250 trpC2 ΔymcA ΔylbF This work. JG209 Transformed with 

pDR244 to remove kanamycin 

resistance marker. pDR244 was 

eliminated via growth at 42°C 

JG251 trpC2 ΔymcA ΔylbF amyE::spc Pxyl-rny-

msfGFP  

This work. JG250 Transformed with 

genomic DNA from ELD8  

JG252 trpC2 aprE::cat Pspac-pnpA-msfGFP This work. 168ca Transformed with 

pJG108. Strain was induced with 1 

mM IPTG for microscopy 

experiments.  
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JG254 trpC2 aprE::cat Pspac-p16.7-msfGFP This work. 168ca Transformed with 

pJG118. Strain was induced with 1 

mM IPTG for microscopy 

experiments.   

JG255 trpC2 aprE::tet Pspac-msfGFP-gapA This work. 168ca Transformed with 

pJG147. Strain was induced with 1 

mM IPTG for microscopy 

experiments.   

JG260 trpC2 amyE::spc Pxyl-rny-mScarlet-I 

rny::kan aprE::tet Pspac-msfGFP-gapA 

This work. JG108 Transformed with 

pJG147. Strain was maintained with 

0.3% xylose and induced with 1 mM 

IPTG for microscopy experiments.  

JG267 trpC2 Δrny amyE::tet Pxyl-rny-

mScarlet-I aprE::cat Pspac-p16.7-

msfGFP 

This work. JG242 Transformed with 

pJG118. Strain was maintained with 

0.3% xylose and induced with 1 mM 

IPTG for microscopy experiments.  

JG268 trpC2 amyE::spc Pxyl-TM-CC-rny-

msfGFP 

This work. 168ca Transformed with 

pJG145. Strain was induced with 

0.3% xylose for microscopy 

experiments.  

JG269 trpC2 amyE::spc Pxyl-TM-CC-KH-rny-

msfGFP 

This work. 168ca Transformed with 

pJG146. Strain was induced with 

0.3% xylose for microscopy 

experiments. 

JG270 trpC2 Δrny amyE::tet Pxyl-rny-

mScarlet-I pfkA-gfpA206K spc  

This work. JG242 Transformed with 

GP1720. gfpA206K encodes 

monomeric GFP. Strain was 

maintained with 0.3% xylose. 

JG273 trpC2 amyE::spc Pxyl-rny-H368A D369A 

aprE::cat Pspac-p16.7-msfGFP  

This work. TKB38 transformed with 

genomic DNA from JG254  

JG275 trpC2 amyE::spc Pxyl-rny-H368A D369A 

aprE::cat Pspac-rnjB-msfGFP  

This work. TKB38 transformed with 

genomic DNA from JG124  
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JG276 trpC2 amyE::spc Pxyl-rny-H368A D369A 

aprE::cat Pspac-rnjA-msfGFP  

This work. TKB38 transformed with 

genomic DNA from JG133  

JG277 trpC2 amyE::spc Pxyl-rny-H368A D369A 

aprE::cat Pspac-dynA-msfGFP  

This work. TKB38 transformed with 

genomic DNA from JG171  

JG280 trpC2 amyE::spc Pxyl-rny-H368A D369A 

aprE::cat Pspac-gapB-msfGFP  

This work. TKB38 transformed with 

genomic DNA from JG189  

JG285 trpC2 rny::kan amyE::spc Pxyl-rny-

H368A D369A aprE::cat Pspac-p16.7-

msfGFP  

This work. JG273 Transformed with 

genomic DNA from BKK16960  

JG289 trpC2 rny::kan amyE::spc Pxyl-rny-

H368A D369A aprE::cat Pspac-dynA-

msfGFP  

This work. JG277 Transformed with 

genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

and 0.3% xylose for microscopy 

experiments.    

JG293 trpC2 rny::kan amyE::spc Pxyl-TM-CC-

KH-rny-msfGFP 

This work. JG269 Transformed with 

genomic DNA from BKK16960. 

Strain was induced with 0.3% 

xylose for microscopy experiments.     

JG296 trpC2 rny::kan aprE::cat Pspac-p16.7-

msfGFP 

This work. JG254 Transformed with 

genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

for microscopy experiments.    

JG297 trpC2 rny::kan aprE::tet Pspac-msfGFP-

gapA 

This work. JG255 Transformed with 

genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

for microscopy experiments.    

JG302 trpC2 amyE::spc Pxyl-rny-H368A D369A 

aprE::tet Pspac-msfGFP-gapA 

This work. TKB38 transformed with 

genomic DNA from JG255. Strain 

was induced with 1 mM IPTG and 

0.3% xylose for microscopy 

experiments.    
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JG309 trpC2 rny::kan amyE::spc Pxyl-AH-rny-

msfGFP 

This work. ELD11 transformed with 

genomic DNA from BKK16960. 

Strain was maintained with 0.3% 

xylose.  

JG311 trpC2 rny::kan eno-gfpA206K spc This work. TKB29 transformed with 

genomic DNA from BKK16960. 

gfpA206K encodes monomeric GFP  

JG312 trpC2 rny::kan pfkA-gfpA206K spc This work. TKB30 transformed with 

genomic DNA from BKK16960. 

gfpA206K encodes monomeric GFP  

JG313 trpC2 rny::kan  This work. 168ca transformed with 

genomic DNA from BKK16960  

JG315 trpC2 rny::kan aprE::cat Pspac-rpsB-

msfGFP 

This work. JG070 transformed with 

genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

for microscopy experiments.     

JG319 trpC2 rny::kan aprE::cat Pspac-rnjB-

msfGFP 

This work. JG0124 transformed 

with genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

for microscopy experiments.     

JG320 trpC2 rny::kan aprE::cat Pspac-rnjA-

msfGFP 

This work. JG0133 transformed 

with genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

for microscopy experiments.     

JG321 trpC2 rny::kan aprE::cat Pspac-dynA-

msfGFP  

This work. JG0171 transformed 

with genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

for microscopy experiments.     

JG324 trpC2 rny::kan aprE::cat Pspac-gapB-

msfGFP 

This work. JG189 transformed with 

genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

for microscopy experiments.     
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JG328 trpC2 Δrny amyE::tet Pxyl-rny-

mScarlet-I eno-gfpA206K spc 

This work. JG242 transformed with 

genomic DNA from TKB29. 

gfpA206K encodes monomeric GFP. 

Strain was maintained with 0.3% 

xylose.     

JG329 trpC2 rny::kan amyE::spc Pxyl-divIVA-

Δtm-rny aprE::cat Pspac-rnjB-msfGFP  

This work. JG110 transformed with 

genomic DNA from JG124. Strain 

was maintained with 0.3% xylose 

and induced with 1 mM IPTG for 

microscopy experiments. 

JG330 trpC2 rny::kan amyE::spc Pxyl-divIVA-

Δtm-rny aprE::cat Pspac-rnjA-msfGFP  

This work. JG110 transformed with 

genomic DNA from JG133. Strain 

was maintained with 0.3% xylose 

and induced with 1 mM IPTG for 

microscopy experiments.   

JG331 trpC2 rny::kan amyE::spc Pxyl-divIVA-

Δtm-rny aprE::cat Pspac-dynA-msfGFP  

This work. JG110 transformed with 

genomic DNA from JG171. Strain 

was maintained with 0.3% xylose 

and induced with 1 mM IPTG for 

microscopy experiments.   

JG336 trpC2 rny::kan amyE::spc Pxyl-divIVA-

Δtm-rny aprE::cat Pspac-p16.7-msfGFP  

This work. JG110 transformed with 

genomic DNA from JG254. Strain 

was maintained with 0.3% xylose 

and induced with 1 mM IPTG for 

microscopy experiments.   

JG339 trpC2 aprE::cat Pspac-msfGFP-yaaT This work. 168ca transformed with 

pJG153. Strain was induced with 1 

mM IPTG for microscopy 

experiments.      

JG340 trpC2 Δrny amyE::tet Pxyl-rny-

mScarlet-I aprE::cat Pspac-msfGFP-

yaaT 

This work. JG242 transformed with 

pJG153  
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JG344 trpC2 rny::kan amyE::spc Pxyl-rny-

H368A D369A aprE::tet Pspac-msfGFP-

gapA 

This work. JG302 transformed with 

genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

and 0.3% xylose for microscopy 

experiments.     

JG345 trpC2 rny::kan aprE::cat Pspac-msfGFP-

yaaT  

This work. JG339 transformed with 

genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

for microscopy experiments.  

JG347 trpC2 amyE::spc Pxyl-rny-H368A D369A 

aprE::cat Pspac-msfGFP-yaaT  

This work. TKB38 transformed with 

genomic DNA from JG339  

JG349 trpC2 yaaT::kan ΔymcA ΔylbF 

amyE::spc Pxyl-rny-msfGFP 

This work. JG251 transformed with 

genomic DNA from BKK00320. 

Strain was induced with 0.3% 

xylose for microscopy experiments. 

JG350 trpC2 yaaT::kan Δrny amyE::tet Pxyl-

rny-mScarlet-I aprE::cat Pspac-msfGFP-

yaaT  

This work. JG340 transformed with 

genomic DNA from BKK00320. 

Strain was maintained with 0.3% 

xylose and induced with 1 mM IPTG 

for microscopy experiments.  

JG351 trpC2 rny::kan amyE::spc Pxyl-rny-

H368A D369A aprE::cat Pspac-msfGFP-

yaaT 

This work. JG347 transformed with 

genomic DNA from BKK16960. 

Strain was induced with 1 mM IPTG 

and 0.3% xylose for microscopy 

experiments.    

JG353 trpC2 rny::kan amyE::spc Pxyl-divIVA-

Δtm-rny aprE::cat Pspac-msfGFP-yaaT 

This work. JG110 Transformed with 

genomic DNA from JG339. Strain 

was maintained with 0.3% xylose 

and induced with 1 mM IPTG for 

microscopy experiments. 
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JG354 trpC2 lacA::Pxyl yocM-mCherry ery This work. 168ca transformed with 

genomic DNA from IH369. Strain 

was induced with 0.3% xylose for 

microscopy experiments.  

JG355 trpC2 amyE::spc Pxyl-rny-msfGFP 

lacA::Pxyl yocM-mCherry ery 

This work. ELD8 transformed with 

genomic DNA from IH369. Strain 

was induced with 0.3% xylose for 

microscopy experiments. 

Table 2.1: B. subtilis Strains 
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Strain Genotype Source 

MG1655 λ+ F- ilvG- rfb-50 rph-1 (Blattner et al., 1997) 

DH5α fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 

Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 

hsdR17 

(Taylor, Walker and 

Mclnnes, 1993) 

Lemo21 fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS/ 

pLemo(CamR) λ DE3 = λ sBamHIo ∆EcoRI-

B int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5 

New England Biolabs 

Table 2.2: E. coli Strains 
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Plasmid Genotype Source/Construction 

pDR244 bla cre spc (Koo et al., 2017) 

pJS107 bla pmutin4-msfGFP ery Provided by Janina Stutz, unpublished 

pHJS105 

bla amyE::spc Pxyl-

msfGFP- (Jahn, Brantl and Strahl, 2015) 

pAPNCcat bla aprE::cat Pspac- (Jahn, Brantl and Strahl, 2015) 

pET-21d bla T7-MCS-his6 Novagen 

pBAD322 bla ParaBAD- (Cronan, 2006) 

pED1 bla amyE::spc Pxyl-rny (Drury, 2015) 

pED2 

bla amyE::spc Pxyl-Δtm-

rny (Drury, 2015) 

pED3 

bla amyE::spc Pxyl-rny-

msfGFP (Drury, 2015) 

pED4 

bla amyE::spc Pxyl-Δtm-

rny-msfGFP (Drury, 2015) 

pED5 bla amyE::spc Pxyl-AH-rny (Drury, 2015) 

pED6 

bla amyE::spc Pxyl-AH-rny-

msfGFP (Drury, 2015) 

pTK6 

bla amyE::spc Pxyl-rny-

H368A D369A (Knetsch, 2015) 

pTK8 

bla amyE::spc Pxyl-rny-

H368A D369A-msfGFP (Knetsch, 2015) 

pJG51 bla rny-msfGFP lacI ery 

rny, amplified with oligos JWG146 and 

JWG147 was inserted via NEBuilder 

assembly into pJS107 linearised by PCR with 

oligos JWG144 and JWG145  

pJG60 bla amyE::spc Pxyl-msfGFP 

pHJS105 was muted by site directed 

mutagenesis with oligos JWG181 and 

JWG182 
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pJG73 

bla amyE::spc Pxyl-divIVA-

Δtm-rny 

divIVA, amplified with oligos JWG071 and 

JWG072 was inserted via NEBuilder 

assembly into pED5 linearised by PCR with 

oligos JWG034 and JWG051 

pJG74 

bla amyE::spc Pxyl-divIVA-

Δtm-rny-msfGFP 

divIVA, amplified with oligos JWG071 and 

JWG072 was inserted via NEBuilder 

assembly into pED6 linearised by PCR with 

oligos JWG034 and JWG051 

pJG76 

bla amyE::spc Pxyl-rny-

mScarlet-I 

msfGFP was replaced with mScarlet-I 

amplified with oligos JWG204 and JWG205 

via NEBuilder assembly, inserted into pED3 

linearised by PCR with oligos JWG202 and 

JWG203 

pJG87 

bla amyE::tet Pxyl-rny-

mScarlet-I 

spc was replaced with tet amplified with 

oligos HS514 and HS515 via NEBuilder 

assembly, inserted into pJG76 linearised by 

PCR with oligos HS05 and HS06 

pJG93 bla aprE::cat rpsB-msfGFP 

rpsB, amplified with oligos JWG239 and 

JWG240, and msfGFP amplified with oligos 

JWG210 and JWG241, were inserted via 

NEBuilder assembly into pAPNCcat 

linearised by digestion with SalI 

pJG95 bla aprE::cat Pspac-RBS 

A ribosome binding site generated by 

annealing of oligos JWG039 and JWG040 

was inserted via NEBuilder assembly into 

pAPNCcat linearised by PCR with oligos 

JWG007 and JWG041  

pJG96 

bla aprE::cat Pspac-

msfGFP-gapA 

gapA, amplified with oligos JWG261 and 

JWG262, and msfGFP amplified with oligos 

JWG259 and JWG260, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 
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pJG98 

bla aprE::cat Pspac-

msfGFP-ymcA 

ymcA, amplified with oligos JWG265 and 

JWG266, and msfGFP amplified with oligos 

JWG259 and JWG260, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 

pJG99 

bla aprE::cat Pspac-

msfGFP-ylbF 

ylbF, amplified with oligos JWG267 and 

JWG268, and msfGFP amplified with oligos 

JWG259 and JWG260, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 

pJG106 

bla aprE::cat Pspac-cshA-

msfGFP 

cshA, amplified with oligos JWG055 and 

JWG056, and msfGFP amplified with oligos 

JWG210 and JWG258, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 

pJG108 

bla aprE::cat Pspac-pnpA-

msfGFP 

pnpA, amplified with oligos JWG065 and 

JWG066, and msfGFP amplified with oligos 

JWG210 and JWG258, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 

pJG109 

bla aprE::cat Pspac-rnjA-

msfGFP 

rnjA, amplified with oligos JWG067 and 

JWG068, and msfGFP amplified with oligos 

JWG210 and JWG258, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 

pJG110 

bla aprE::cat Pspac-rnjB-

msfGFP 

rnjB, amplified with oligos JWG069 and 

JWG070, and msfGFP amplified with oligos 

JWG210 and JWG258, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 
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pJG111 

bla aprE::cat Pspac-dynA-

msfGFP 

dynA, amplified with oligos JWG057 and 

JWG058, and msfGFP amplified with oligos 

JWG210 and JWG258, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 

pJG114 

bla aprE::cat Pspac-

msfGFP-pyk 

pyk, amplified with oligos JWG288 and 

JWG289, and msfGFP amplified with oligos 

JWG259 and JWG260, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 

pJG116 

bla aprE::cat Pspac-gapB-

msfGFP 

gapB, amplified with oligos JWG286 and 

JWG287, and msfGFP amplified with oligos 

JWG210 and JWG258, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 

pJG118 

bla aprE::cat Pspac-p16.7-

msfGFP 

p16.7, amplified with oligos JWG294 and 

JWG295, and msfGFP amplified with oligos 

JWG210 and JWG258, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 

pJG125 bla aprE::cat PyneA-mNG  

PyneA-mNG, amplified from AK061B with 

oligos JWG333 and JWG334 was inserted 

via NEBuilder assembly into pAPNCcat 

linearised by PCR with oligos HS666 and 

JWG332. 

pJG127 bla T7-dtm-rny-his6 

rny, amplified with oligos JWG339 and 

JWG340 was inserted via NEBuilder 

assembly into pET-21d linearised by PCR 

with oligos JWG337 and JWG338 
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pJG128 

bla T7-dtm-H368A D369A-

rny-his6 

rny(H368A D369A), amplified with oligos 

JWG339 and JWG340 was inserted via 

NEBuilder assembly into pET-21d linearised 

by PCR with oligos JWG337 and JWG338 

pJG130 bla ParaBAD-rne 

rne, amplified with oligos JWG341 and 

JWG342 was inserted via NEBuilder 

assembly into pBAD322 linearised by PCR 

with oligos JWG163 and JWG164 

pJG131 bla ParaBAD-Δmts-rne 

rne(N-566), amplified with oligos JWG341 

and JWG343 and rne(583-C), amplified with 

oligos JWG344 and JWG342 were inserted 

via NEBuilder assembly into pBAD322 

linearised by PCR with oligos JWG163 and 

JWG164 

pJG132 bla T7-dtm-C201A-rny-his6 

pJG127 was muted by site directed 

mutagenesis with oligos JWG271 and 

JWG272 

pJG145 

bla amyE::spc Pxyl-rny(N-

150)-msfGFP 

rny(N-150), amplified with oligos JWG214 

and JWG228 was inserted via NEBuilder 

assembly into pED3 linearised by PCR with 

oligos JWG034 and JWG210 

pJG146 

bla amyE::spc Pxyl-rny(N-

280)-msfGFP 

rny(N-280), amplified with oligos JWG215 

and JWG228 was inserted via NEBuilder 

assembly into pED3 linearised by PCR with 

oligos JWG034 and JWG210 

pJG147 

bla aprE::tet Pspac-

msfGFP-gapA 

cat was replaced with tet amplified with 

oligos HS514 and HS515 via NEBuilder 

assembly, inserted into pJG96 linearised by 

PCR with oligos HS05 and HS06 
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pJG153 

bla aprE::cat Pspac-

msfGFP-yaaT 

yaaT, amplified with oligos JWG373 and 

JWG374, and msfGFP amplified with oligos 

JWG259 and JWG260, were inserted via 

NEBuilder assembly into pJG95 linearised by 

PCR with oligos JWG005 and JWG052 

Table 2.3: Plasmids 

 

2.2  Oligonucleotides 

Oligo Sequence Use 

HS03 ATG CCG CGA TTT CCA ATG AG Sequencing of amyE plasmids 

HS05 

GCT AAT TTT ATT GCA ATA ACA 

GGT G 

Linearisation of plasmids for resistance 

marker exchange 

HS06 GAC CGT TAG CGT TTA AGT ACA TC 

Linearisation of plasmids for resistance 

marker exchange 

HS84 

GGC AAC AAA CTA ATG TGC AAC 

TTA C Sequencing of amyE plasmids 

HS85 TCA ACA AGA ATT GGG ACA ACT C Sequencing upstream of msfGFP 

HS514 

TGC AAT AAA ATT AGC CTG CAG 

GTC GAT ATG AAC AGC Amplification of tet 

HS515 

TAA ACG CTA ACG GTC CTC TCT 

CCC AAA GTT GAT CC Amplification of tet 

HS666 CTC TAG AGG ATC CCC GGG 

Linearisation of pAPNCcat derived 

plasmids 

KS51 CCC AAC GAA AAG CGT GAC C Sequencing downstream of msfGFP 

JWG005 GGC GTT AGC CCA AGC GCA TC 

Linearisation of pAPNCcat derived 

plasmids 

JWG007 GGA TCC CCG GGC GAG CTC G 

Linearisation of pAPNCcat derived 

plasmids 

JWG028 

GCT TCA ATA ATC CTG AAG TCG 

GGG 

Sequencing of pAPNCcat derived 

plasmids 
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JWG029 GTC CGC CAA GGC TCA TGT TGA TA 

Sequencing of pAPNCcat derived 

plasmids 

JWG034 

CAT CCT AGG AAT CTC CTT TCT 

AGA TGC ATT TTA TGT C Linearisation of the pED5 plasmid 

JWG039 

TGA CCT GCA GGC ATG TAG AAA 

GGA GAT TCC TAG GAT GGG ATC 

CCC GGG CGA G Addition of ribosome binding site 

JWG040 

CTC GCC CGG GGA TCC CAT CCT 

AGG AAT CTC CTT TCT ACA TGC 

CTG CAG GTC A Addition of ribosome binding site 

JWG041 

CAT GCC TGC AGG TCA ATT GTG 

AGC G 

Linearisation of pAPNCcat derived 

plasmids 

JWG044 

CTC ACA ATT GAC CTG CAG GCA 

TGT AG 

Verification of insertion of ribosome 

binding site into pAPNCcat 

JWG045 

CGA CTG TTT TCA GCG CTG TAG 

AAC C 

Verification of insertion of constructs 

into pAPNCcat derived plasmids 

JWG046 AAT CCA GCT ATA TTG GCC GC 

Sequencing of pAPNCcat derived 

plasmids 

JWG047 ACT CAT GGC CGT TCA TAG AC 

Sequencing of pAPNCcat derived 

plasmids 

JWG048 ATT ACA CAG TGG TGG AGC AG 

Sequencing of pAPNCcat derived 

plasmids 

JWG051 GGC TCA GGA AGC GGC TCA GG 

Linearisation of pAPNCcat derived 

plasmids 

JWG052 

CCT AGG AAT CTC CTT TCT ACA 

TGC CTG CAG 

Linearisation of pAPNCcat derived 

plasmids 

JWG055 

AAG GAG ATT CCT AGG GTG GTA 

AAT CAC GAC ATT ACT GAA ACA GC 

Creation of C-terminal cshA-msfGFP 

fusion  

JWG056 

GCC GCT TCC TGA GCC GTA AGA 

TTT TTT CTG GCG TCT GTC ACC 

Creation of C-terminal cshA-msfGFP 

fusion  
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JWG057 

AAG GAG ATT CCT AGG ATG ACA 

GAT CAA AAC AGA AAA GAG CTT 

TTG C 

Creation of C-terminal dynA-msfGFP 

fusion  

JWG058 

GCC GCT TCC TGA GCC CAT TTT 

TAT TGT ATT GTC TGA ATT TTT CCA 

GGA GAT GC 

Creation of C-terminal dynA-msfGFP 

fusion  

JWG065 

AAG GAG ATT CCT AGG ATG GGA 

CAA GAA AAA CAT GTC TTT ACC 

ATA G 

Creation of C-terminal pnpA-msfGFP 

fusion  

JWG066 

GCC GCT TCC TGA GCC AGA TTG 

TTG TTC TTC TTT TTC TTT CTC TTC 

ACG 

Creation of C-terminal pnpA-msfGFP 

fusion  

JWG067 

AAG GAG ATT CCT AGG ATG AAA 

TTT GTA AAA AAT GAT CAG ACT 

GCT GTT TTC 

Creation of C-terminal rnjA-msfGFP 

fusion  

JWG068 

GCC GCT TCC TGA GCC AAC CTC 

CAT AAT GAT CGG CAG GAT C 

Creation of C-terminal rnjA-msfGFP 

fusion  

JWG069 

AAG GAG ATT CCT AGG TTG AAA 

AAG AAA AAT ACA GAA AAC GTT 

AGA ATT ATC GCC CTT G 

Creation of C-terminal rnjB-msfGFP 

fusion  

JWG070 

GCC GCT TCC TGA GCC TAC TTC 

CAT AAT AAT TGG GAT GAT CAT 

CGG TTT ACG 

Creation of C-terminal rnjB-msfGFP 

fusion  

JWG071 

AAG GAG ATT CCT AGG ATG CCA 

TTA ACG CCA AAT GAT ATT CAC 

AAC 

Amplification of divIVA for divIVA-rny 

fusions 

JWG072 

GCC GCT TCC TGA GCC TTC CTT TTC 

CTC AAA TAC AGC GTC GAC TTC 

Amplification of divIVA for divIVA-rny 

fusions 

JWG073 

CGA GTC TCT ACG GAA ATA GCG 

AGA GAT G 

Verification of integration of pAPNCcat 

derived plasmids into aprE locus 

JWG074 

GAA GCA GGT ATG GAG GAA CCT 

GC 

Verification of integration of pAPNCcat 

derived plasmids into aprE locus 
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JWG075 

GAA TTG TCA GAT AGG CCT AAT 

GAC TGG C 

Verification of integration of pAPNCcat 

derived plasmids into aprE locus 

JWG076 

GGT GTG GCA TAA TGT GTG GAA 

TTG TGA G 

Verification of integration of pAPNCcat 

derived plasmids into aprE locus 

JWG077 AGA GAA GAG GAT GCA GGA AG Sequencing interior of dynA gene 

JWG078 TCG CAT AGT TTG TCT GCC TC Sequencing interior of dynA gene 

JWG079 TGA GCA GTA ACA ACC TCT GC 

Sequencing of pAPNCcat derived 

plasmids 

JWG105 CGC TTC GGC AAT GGT TTT AC Sequencing upstream of rny 

JWG126 TGA TTT GGT CTT GAA GCG GC Sequencing interior of dynA gene 

JWG127 CTG GAC CGT TAG CGT TTA AG 

Sequencing lacI in pAPNCcat derived 

plasmids  

JWG128 GCT GAA AGA TCG TAC GTA CC 

Sequencing lacI in pAPNCcat derived 

plasmids  

JWG144 GGA TCC GGA AGC GGC TCA G Linearisation of the pJS107 plasmid 

JWG145 

TCA GGG TGC GCT ATT TTT AAG 

GTG C Linearisation of the pJS107 plasmid 

JWG146 

AAT AGC GCA CCC TGA ATT CCA 

TGG AAG TCG CAT TCT TGG 

Amplification of rny for own locus rny-

msfGFP fusion 

JWG147 

GCC GCT TCC GGA TCC TTT TGC 

ATA CTC TAC GGC TCG AGT CTC TC 

Amplification of rny for own locus rny-

msfGFP fusion 

JWG163 GTA CCC GGG GAT CCT C Linearisation of pBAD322 

JWG164 CAT GGT GAA TTC CTC CTG C Linearisation of pBAD322 

JWG172 AAT TCT ACA CAG CCC AGT CC Sequencing of pJS107 derived plasmids 

JWG181 

CTA CAA ATA AAT GTC CAG ACT 

TCG GAT CC 

Site directed mutagenesis for addition of 

stop codon to msfGFP 

JWG182 

GAC ATT TAT TTG TAG AGC TCA 

TCC ATG C 

Site directed mutagenesis for addition of 

stop codon to msfGFP 

JWG202 

TAG ATG TCC AGA CTT CAG ATC 

CAC TAG TTC 

Linearisation of pED3 to replace 

fluoresecent proteins 

JWG203 GCC GCT TCC TGA GCC TTT TG 

Linearisation of pED3 to replace 

fluoresecent proteins 
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JWG204 

GGC TCA GGA AGC GGC ATG GTC 

TCC AAA GGA GAG G Amplification of mScarlet-I 

JWG205 

TCT GAA GTC TGG ACA TCT ATT 

TAT ACA GCT CAT CCA TAC CAC C Amplification of mScarlet-I 

JWG210 GGC TCA GGA AGC GGC ATG Amplification of msfGFP 

JWG214 

CGC TTC CTG AGC CCA GAC TCG 

AAA TTC GTT CCA ACT CAG Amplification of rny(N-150) 

JWG215 

CGC TTC CTG AGC CAT GAA TAC 

GGC CAT CCT GAA C Amplification of rny(N-280) 

JWG221 TTT GAC CGT AGC TTG TAC GG Sequencing interior of rny gene 

JWG228 

AGA AAG GAG ATT CCT AGG ATG 

ACC Amplification of rbs-rny 

JWG239 

ATG CCT GCA GGT CGA AGA AAG 

GAG ATT CCT AGG ATG TCA GTC 

ATT TCT ATG AAG CAA TT 

Creation of C-terminal rpsB-msfGFP 

fusion  

JWG240 

GCC GCT TCC TGA GCC CGC AGT 

TGT TGT TTC TGT TTC 

Creation of C-terminal rpsB-msfGFP 

fusion  

JWG241 

GGA TCC TCT AGA GTC GAC TAT 

TTG TAG AGC TCA TCC ATG CCA TG Amplification of msfGFP 

JWG257 TGA TCT TGA GGC TCA TCG AC Sequencing downstream of rny gene 

JWG258 

GCT TGG GCT AAC GCC CTA TTT 

GTA GAG CTC ATC CAT GCC ATG Amplification of msfGFP 

JWG259 

TAG AAA GGA GAT TCC TAG GAT 

GAG C Amplification of msfGFP 

JWG260 TCC AGA GCC TGA TCC TTT GTA G Amplification of msfGFP 

JWG261 

GGA TCA GGC TCT GGA GCA GTA 

AAA GTC GGT ATT AAC GG 

Creation of N-terminal msfGFP-gapA 

fusion  

JWG262 

GCT TGG GCT AAC GCC TTA AAG 

ACC TTT TTT TGC GAT GTA AGC 

Creation of N-terminal msfGFP-gapA 

fusion  

JWG265 

GGA TCA GGC TCT GGA ACG CTC 

TAC TCA AAA AAA GAC ATT G 

Creation of N-terminal msfGFP-ymcA 

fusion  
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JWG266 

GCT TGG GCT AAC GCC TTA GAG 

AGA ACA GCT GTT ATT TGA ATG C 

Creation of N-terminal msfGFP-ymcA 

fusion  

JWG267 

GGA TCA GGC TCT GGA TAT GCG 

ACG ATG GAA TCC G 

Creation of N-terminal msfGFP-ylbF 

fusion  

JWG268 

GCT TGG GCT AAC GCC TCA GGA 

CAC TTT ACA TCC GCA G 

Creation of N-terminal msfGFP-ylbF 

fusion  

JWG271 CGC GCT GCA GCG GAC CAC GTT G 

Site directed mutagenesis for rny C201A 

substitution 

JWG272 

TGC AGC GCG CTG TAA GGC GAG 

TG 

Site directed mutagenesis for rny C201A 

substitution 

JWG275 

AAA GAT GTT TAC GCC AGG GAG 

CAG Verification of deletion of rny 

JWG276 

ACT TGT CGC TTC GGC ATG AAA 

GTC Verification of deletion of rny 

JWG286 

AAG GAG ATT CCT AGG ATG AAG 

GTA AAA GTA GCG ATC AAC 

Creation of C-terminal gapB-msfGFP 

fusion  

JWG287 

GCC GCT TCC TGA GCC TAC AGC 

AGA CGG ATG TTT CAT TC 

Creation of C-terminal gapB-msfGFP 

fusion  

JWG288 

GGA TCA GGC TCT GGA AGA AAA 

ACT AAA ATT GTT TGT ACC ATC G 

Creation of N-terminal msfGFP-pyk 

fusion  

JWG289 

GCT TGG GCT AAC GCC TTA AAG 

AAC GCT CGC ACG G 

Creation of N-terminal msfGFP-pyk 

fusion  

JWG294 

AAG GAG ATT CCT AGG ATG GAA 

GCT ATT TTA ATG ATC GGT G 

Creation of C-terminal p16.7-msfGFP 

fusion  

JWG295 

GCC GCT TCC TGA GCC TTT CAA 

TGA CCC CCG ATA TAG TTT TTT C 

Creation of C-terminal p16.7-msfGFP 

fusion  

JWG296 

TCC TCG AAA TTT TGC TGA TTC 

CGC TG Verification of deletion of dynA 

JWG297 TCT GTT TCC GAG CTT TGT TCT GCC Verification of deletion of dynA 

JWG299 CGC TTG GCG TAG GTT TTG CG Verification of deletion of relA 

JWG300 TTG GTT ATT ACC GGT GCC GCA AG Verification of deletion of sasA 
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JWG301 

TGG GGA GAC CCG GAA ACA GAA 

G Verification of deletion of sasA 

JWG302 GCA AGC CGT CAG GTC AAA TGC Verification of deletion of sasB 

JWG303 CTG TGT GAA CGC CGA CAA ATG C Verification of deletion of sasB 

JWG304 CCA CTC ACG TCG CGG TCT TC Verification of deletion of pnpA 

JWG305 CGT ACT CCG GCG CTT TTT GAA G Verification of deletion of pnpA 

JWG306 

AGC AAT TGG CAA AGT CTC GGT 

TGA AG Verification of deletion of pfkA 

JWG307 

AGC TCA ATA CCG CCG TTT TCC 

ATT G Verification of deletion of pfkA 

JWG308 

CGA AGT TCT CCG CTG GAT TCT 

TGG Verification of deletion of cshA 

JWG309 

CGC CAA ACC TTT AAT CCG TCT 

GGA C Verification of deletion of cshA 

JWG310 CCA TTC CGC ATC GGG TGA ATC AG Verification of deletion of ylbF 

JWG311 

CGT ATT CTT TTG CCT TAT CAA GCT 

TTG ACT CG Verification of deletion of ylbF 

JWG312 

ACC CAT CAA GAA ATG GGT CTT 

GAT ATG CTC Verification of deletion of yaaT 

JWG313 

CCC CTA TAT CAG TTT GCT CTG TCT 

TCT GTG Verification of deletion of yaaT 

JWG314 

TCT AAA CGC ACT GGT GAA TGA 

AAT TTC TGC Verification of deletion of ymcA 

JWG315 TGC TGG GCA TTT GTC TAG TGT GC Verification of deletion of ymcA 

JWG316 GTT CTC CGA GTG CTG CTG ACC Verification of deletion of pyk 

JWG317 CTT GTT TTT TTG CAG CTG CTG CG Verification of deletion of pyk 

JWG318 

GGA ATC ATA AAG CAT GAG GGC 

AGT CAG Verification of deletion of gapB 

JWG319 

GTG AAA TTC CAA CAA CTG GGT 

CGG Verification of deletion of gapB 

JWG320 

TCA CAA AGT GCA TTC TGT CGG 

AAT GC Verification of deletion of gapA 
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JWG321 TCT TTT TCG GCA CAG GGC AGT TC Verification of deletion of gapA 

JWG324 

TGA TTA CAG AAT CAG GCG AAC 

CGC Verification of deletion of eno 

JWG325 

GCG GAC ACG ATT GAA ATC GGA 

AC Verification of deletion of eno 

JWG326 

ACG GCA TTT AAG GAG AGA TTT 

GGA ATG ATT TAT AAG G Verification of deletion of rnjA 

JWG327 

CCG ACC AAT CTG CAG AGC AAG 

TG Verification of deletion of rnjA 

JWG332 TTT CCC GAC TGG AAA GCG 

Linearisation of pAPNCcat derived 

plasmids 

JWG333 

GCT TTC CAG TCG GGA AAA GAA 

CAC GAT ATT CAC GGT TTA CC 

Amplificaiton of PyneA-mNG reporter for 

insertion into the aprE locus  

JWG334 

CGG GGA TCC TCT AGA GCC AAC 

TGG TAA TGG TAG CGA C 

Amplificaiton of PyneA-mNG reporter for 

insertion into the aprE locus  

JWG337 CAC CAC CAC CAC CAC C Linearisation of pET-21d 

JWG338 

CAT GGT ATA TCT CCT TCT TAA 

AGT TAA ACA AAA TTA TTT C Linearisation of pET-21d 

JWG339 

ACT TTA AGA AGG AGA TAT ACC 

ATG CGT AAA ACC ATT GCC GAA G 

Amplification of Δtm-rny for insertion 

into pET-21d 

JWG340 

TGG TGG TGG TGG TGT GAG CCT 

TTT GCA TAC TCT ACG GCT CG 

Amplification of Δtm-rny for insertion 

into pET-21d 

JWG341 

GCA GGA GGA ATT CAC CAT GAA 

AAG AAT GTT AAT CAA CGC AAC 

Amplification of rne for insertion into 

pBAD322 

JWG342 

AGG ATC CCC GGG TAC TTA CTC 

AAC AGG TTG CGG AC 

Amplification of rne for insertion into 

pBAD322 

JWG343 

TTC TTC ACC ACC GCT TGC AGG 

AGC TGC TGG TG 

Amplification of N-terminus of rne for 

insertion into pBAD322 

JWG344 AGC GGT GGT GAA GAA ACC AAA C 

Amplification of C-terminus of rne for 

insertion into pBAD322 

JWG346 GCG CTG CAA TGG GAT TTA AG Sequencing interior of rne gene 

JWG347 GGC TGC ACA TGT ACT TCT TC Sequencing interior of rne gene 
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JWG348 TTT TCC GTT ACC TCA GCC TG Sequencing interior of rne gene 

JWG361 AAC CAA TTG TTC AGG AAG CG Sequencing interior of rne gene 

JWG362 GCC CCG TTC CTG ATT CAT Sequencing interior of rne gene 

JWG363 TTC TTG CTG TTC TGG TGC AG Sequencing interior of rne gene 

JWG364 

GCC TGA CAA GGG ATC TTT CAC 

TTT TTG AG Verification of deletion of rnjB 

JWG365 TCA GTA CCG CTG CCG ATT GC Verification of deletion of rnjB 

JWG366 

CCG CTG CGT AAA AGA TAC GGA 

AGG Verification of presence of kan 

JWG367 

ACG CAG AAG GCA ATG TCA TAC 

CAC Verification of presence of kan 

JWG368 

AAC AAT CCT GCA TGA TAA CCA 

TCA CAA ACA G Verification of presence of cat 

JWG369 

AGA ACT GGT TAC AAT AGC GAC 

GGA GAG Verification of presence of cat 

JWG370 TAT CAG GTT TGG CCG CGT TCA TG Verification of deletion of relA 

JWG371 

GTA GCT TGT ACG GAA CTT TAA 

GCG Sequencing interior of rny gene 

JWG373 

GGA TCA GGC TCT GGA TAC AAT 

GTA ATT GGT GTC CGC TTT AAG 

Creation of N-terminal msfGFP-yaaT 

fusion  

JWG374 

GCT TGG GCT AAC GCC TTA ATC 

TGT GGT TTG TGC GGA TAC G 

Creation of N-terminal msfGFP-yaaT 

fusion  

JWG375 ATT TGC ACA TCT CCC AGA GC Sequencing interior of pnpA gene 

Table 2.4: Oligonucleotides 
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2.3  Growth Conditions 

2.3.1 Media  

Medium/Supplement Composition 

LB 10 g/L Tryptone (Oxoid) 

5 g/L Yeast Extract (Oxoid) 

10 g/L NaCl (VWR) 

2x YT 16 g/L Tryptone (Oxoid) 

10 g/L Yeast Extract (Oxoid) 

10 g/L NaCl (VWR) 

SMM Salts 0.2% Ammonium sulphate (VWR) 

1.4% di-Potassium hydrogen phosphate (VWR) 

0.6% Potassium dihydrogen phosphate (VWR) 

0.1% Sodium citrate dihydrate (VWR) 

SMM Medium 5 mL SMM Salts 

0.5% D-Glucose (VWR) 

2 µg/mL L-Tryptophan (FORMEDIUM) 

6 mM Magnesium sulphate heptahydrate (VWR) 

16.8 µM Ammonium Iron(III) citrate (Aldrich) 

5 µL Casamino Acids (BD) 

SMM Starvation Medium 5 mL SMM Salts 

0.5% D-Glucose (VWR) 

6 mM Magnesium sulphate heptahydrate (VWR) 

Table 2.5: Composition of Growth Media  
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2.3.2 Antibiotic concentrations 

Antibiotic Concentration (B. subtilis) Concentration (E. coli) 

Ampicillin - 100 µg/ml 

Chloramphenicol 5 µg/ml 30 µg/ml 

Erythromycin 1 µg/ml - 

Kanamycin 2.5 µg/ml 50 µg/ml 

Spectinomycin 50 µg/ml 50 µg/ml 

Tetracycline 6 µg/ml - 

Table 2.6: Antibiotic concentrations used 

 

2.4  General Techniques for DNA Manipulation 

2.4.1 Buffer Composition 

Buffer Composition 

RF1 1.2% Rubidium chloride (Aldrich) 

0.49% Potassium acetate (Sigma) 

0.15% Calcium chloride (Alfa Aesar) 

7.5% Glycerol (VWR) 

pH 5.8  

RF2 10 mM MOPS (Sigma) 

0.12% Rubidium chloride (Aldrich) 

1.1% Calcium chloride (Alfa Aesar) 

7.5% Glycerol (VWR) 

pH 6.8 

TAE 40 mM Tris base (Melford) 

20 mM acetic acid (VWR) 

1 mM Ethylenediaminetetra-acetic acid disodium salt dihydrate (EDTA) 

(VWR) 

Table 2.7: Composition of Buffers used in DNA Manipulation 
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2.4.2 Extraction of Chromosomal DNA 

Chromosomal extracts from B. subtilis and E. coli for use in PCR and transformation of B. 

subtilis were performed using a Promega Wizard® Genomic DNA Purification Kit. Cells were 

inoculated into 3 ml of LB supplemented with 0.2% glucose, relevant antibiotics and any other 

required supplements and incubated at 30°C overnight. Cells were pelleted in a 2 ml 

microcentrifuge tube at 13,000 rpm in a benchtop centrifuge for 1 minute. Cells were re-

suspended in 100 μl 50 mM EDTA supplemented with 300 µg/ml Lysozyme (Sigma Aldrich) 

and 300 µg/ml RNase A (Sigma Aldrich) and incubated at 37°C for 1 hour. 500 μl Nuclei Lysis 

Solution (Promega) was added to the sample and incubated at 80°C for 5 minutes. 200 μl of 

Protein Precipitation Solution (Promega) was added to the sample and vigorously mixed by 

vortexing before being incubated on ice for 10 minutes. Precipitated protein was pelleted by 

centrifugation at 13,000 rpm for 10 minutes. 600 μl of supernatant was added to 600 μl of 

Isopropanol and mixed by inversion, before pelleting the chromosomal extract by 

centrifugation. DNA was washed in 70% ethanol, which was removed by centrifugation and 

subsequently air dried to evaporate any residual ethanol. 100 μl of sterile Milli-Q® Ultrapure 

water was added to the sample, which was incubated at 65°C for 15 minutes to bring it into 

solution. Chromosomal DNA was stored at -20°C. 

2.4.3 Extraction of Plasmid DNA 

Plasmid DNA was purified from E. coli using the QIAprep® Spin Miniprep Kit (Qiagen) as per 

manufacturer’s instructions. 

2.4.4 Transformation of E. coli 

For generation of highly competent E. coli cells for use in generation of constructs, 2x YT 

medium was inoculated with E. coli DH5α and incubated overnight at 37°C. Cultures were 

diluted 1/100 into 2x YT medium and grown at 37°C to an OD600 of 0.3-0.4. 50 mL of culture is 

cooled on ice for 15 minutes and pelleted by centrifugation at 2700 rpm for 15 minutes at 4°C. 

The pellet was resuspended in 16 mL of ice cold RF1 buffer, before another 15-minute 

incubation on ice and pelleting by centrifugation. Cells are resuspended in 4 mL of RF2, cooled 

on ice aliquoted and snap frozen in liquid nitrogen.  

For generation of competent E. coli strains to transform with supercoiled plasmid, cells were 

grown in LB medium overnight at 37°C and diluted 1/100 in LB medium and grown at 37°C to 

an OD600 of 0.4-0.5. 50 mL of cells were centrifuged at 3000 rpm at 4°C for 10 minutes, and 

the resulting pellet was resuspended in 10 mL of 100 mM Calcium chloride (Alfa Aesar). Cells 
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were incubated on ice for 20 minutes and pelleted by centrifugation and resuspended in 5 mL 

of 100 mM Calcium chloride. Cells were pelleted by centrifugation, resuspended in 1.5 mL of 

100 mM Calcium chloride supplemented with 15% glycerol (VWR) and aliquoted and snap 

frozen in liquid nitrogen. 

To transform competent cells produced by either method, DNA was added to the cells, and 

then incubated on ice for 30 minutes. Cells were subjected to heat shock by incubation in a 

42°C water bath for 45 seconds, and then returned to ice for 5 minutes. 500 µL of LB was 

added to cells and incubated on a shaker at 37°C for 1 hour. Cells were spread on nutrient 

agar plates supplemented with relevant antibiotics and incubated either overnight at 37°C or 

for 48 hours at 30°C. 

2.4.5 Transformation of B. subtilis 

B. subtilis cells were either streaked on nutrient agar plates or inoculated in 2 mL of SMM 

medium and grown overnight at 37°C. 5 mL of SMM medium was either heavily inoculated 

from cells grown on nutrient agar, or with 600 µL of pre-culture in SMM medium and 

incubated at 37°C for 3 hours. Cultures were diluted by the addition of 5 mL of pre-warmed 

SMM starvation medium and incubated at 37°C for a further 2 hours. DNA was added to 400 

µL of competent cells and incubated at 37°C for 1 hour. Cells could then be spread on nutrient 

agar plates supplemented with the relevant antibiotic and any other required supplements, 

and incubated either overnight at 37°C or for 48 hours at 30°C. 

2.4.6 Agarose Gel Electrophoresis 

For DNA visualisation and separation for gel extraction, samples were mixed with gel loading 

dye (NEB) and loaded into a 0.8-1.2% agarose (Melford) gel in TAE buffer, supplemented with 

2.5% Nancy-520 (Sigma-Aldrich). The gel was run at 110 V until samples had sufficiently 

migrated and visualised using a Syngene™ LED Blue Light Transilluminator (Fisher). Size of the 

bands was determined through use of either a 1 kb or 100 bp DNA ladder (NEB). 

2.4.7 Polymerase Chain Reactions 

GoTaq® DNA Polymerase (Promega) was used for genotyping of strains and plasmids. Q5® 

High-Fidelity DNA Polymerase was used for linearisation of plasmids, site directed 

mutagenesis and amplification of inserts for construct assembly. Reactions were prepared and 

carried out per manufacturer’s instructions in a thermocycler. Purification of PCR products 
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and gel extraction were both carried out using the QIAquick® PCR & Gel Cleanup Kit as per 

manufacturer’s instructions. 

2.4.8 Cloning via NEBuilder® HiFi DNA Assembly 

Construction of plasmids was performed using NEBuilder® HiFi DNA Assembly. Briefly, primers 

were designed with homologous regions to the target insertion site and amplified by PCR. 

Target plasmids were linearised via PCR, underwent PCR clean-up and incubated with 100 

units of DpnI (NEB) in supplied CutSmart™ buffer for 3 hours at 37°C. DpnI was heat inactivated 

by incubation at 80°C for 20 minutes. Inserts were separated from oligonucleotides via 

agarose gel electrophoresis and purified by gel extraction. The insert(s) and linearised vector 

were combined in the recommended molar ratios in NEBuilder HiFi DNA Assembly Master 

Mix, then incubated at 50°C for 1 hour. The reaction mix was transformed into E. coli DH5α 

cells, selecting for appropriate antibiotics. 

2.4.9 Site Directed Mutagenesis 

Mutation of plasmid DNA was performed through site directed mutagenesis. Briefly, 

oligonucleotide primers were designed containing the appropriate mutation and regions of 

homology either side of the targeted base pairs. PCR of the desired plasmid with Q5® High-

Fidelity DNA Polymerase was performed using these oligonucleotides. The resulting product 

was purified by PCR clean-up and incubated with 100 units of DpnI (NEB) in supplied 

CutSmart™ buffer for 3 hours at 37°C, followed by DpnI heat inactivation at 80°C for 20 

minutes. 2 µl of this product was transformed into E. coli DH5α cells, selecting for appropriate 

antibiotics. 

2.4.10 Sanger Sequencing 

Sequencing of plasmid DNA was performed using MRC PPU DNA Sequencing and Services 

Sanger sequencing service. Primers used for sequencing of plasmids are listed in Table 2.4. 

2.4.11 Whole Genome Sequencing 

Whole genome sequencing was performed using the Standard Whole Genome Service 

provided by microbesNG, utilising illumina next-generation sequencing. Reads were mapped 

using CLC Genomics Workbench (Qiagen). 
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2.5  Microscopy 

2.5.1 General Fluorescence Microscopy 

General wide-field fluorescence microscopy was performed using Metamorph 7.7 software 

(Molecular Devices) on a Nikon Eclipse Ti. This microscope was equipped with one of either: 

Cool LED pE-300 white light source, Cool LED pE-4000 light source, or Sutter Instrument 

Lambda LS Xenon-arc light source. Nikon Plan Fluor 100×/1.30 NA Oil Ph3, Nikon Plan Apo 

100×/1.40NAOil Ph3 or Nikon CFI Plan Apo VC 100×/1.40 NA objectives were used. Images 

were captured with either a Photometrics BSI or Photometrics Prime camera. Filter sets used 

and dye concentrations/incubation times are listed in table 2.8. 

The desired strain was grown overnight in LB medium supplemented with 0.2% glucose to 

repress spore formation, at either 30°C, or 37°C for Δrny mutants and E. coli strains. Cultures 

were diluted 1/100 and grown to the desired optical density. Incubation with dyes and 

experimental compounds was performed using 200 μl of cells in 2 ml microcentrifuge tube with 

a perforated lid, shaking at 850 rpm in a ThermoMixer (Eppendorf). Cells were immobilised on 

1.2% (w/v) agarose dissolved in deionised water, and aliquoted onto Teflon-coated multi-spot 

slides (Hendley-Essex). This was compressed into a thin layer by pressing a microscope slide 

with attached sections of a Gene frame (Thermo Fisher) over the aliquoted agarose. After 

agarose had solidified, 0.5 µl of bacterial culture were applied to the agarose and allowed to 

air dry prior to application of coverslip. Cells were imaged immediately after application of the 

coverslip in order to limit oxygen starvation.  
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Fluorophore Concentrati

on 

Incubation 

Time 

Filter set Excitation 

(nm) 

Emission 

(nm) 

DAPI 500 ng/ml 15 minutes Chroma 49000 350/50 460/50 

DiSC3(5) 2 µM 5 minutes Semrock Cy5-

4040C 

628/40 692/40 

FM5-95 2 µg/ml >5 minutes Chroma 49008 560/40 630/75 

Nile Red 500 ng/ml 5 minutes Chroma 49008 560/40 630/75 

SYTO RNASelect 5 µM 15 minutes Chroma 49002 470/40 525/50 

GFP N/A N/A Chroma 49002 470/40 525/50 

mNeonGreen N/A N/A Chroma 49002 470/40 525/50 

mCherry N/A N/A Chroma 49008 560/40 630/75 

mScarlet-I N/A N/A Chroma 49008 560/40 630/75 

Table 2.8: Fluorophore concentrations, incubation times and excitation/emission filters used 

 

2.5.2 Timelapse microscopy 

Timelapse microscopy was carried out as described earlier by de Jong et al. (2011). Briefly, 

bacterial cultures in mid log phase were diluted to OD600 of 0.1 and immobilised on 1.2% 2-

Hydroxyethly agarose (Sigma-Aldrich), containing 10% LB (with normal LB salt concentration) 

and any other relevant inducers or other additives. This agarose mixture was added to the 

centre of a Gene frame (Thermo Fisher) attached to a clean slide, and then compressed using 

an additional clean slide. After the agarose was allowed to solidify at 4°C, extra material was 

removed to allow for greater access to oxygen, leaving only thin strips approximately 5 mm in 

width. 2 µl of bacterial culture was added to the agarose on warmed slides, spread across the 

strips and allowed to air dry before application of the coverslip. Cells were imaged on a 

microscope that had been pre-heated to the desired temperature. 

2.5.3 Total internal reflection fluorescence microscopy 

Total internal reflection fluorescence (TIRF) microscopy was performed using NIS-Elements AR 

5.3 on a Nikon TI2, equipped with a Nikon SR HP Apo TIRF 100xAC Oil objective and a 

Photometrics Kinetix camera. Fluorescence of msfGFP was excited by a Coherent Sapphire, 

100 mW 488 nm laser diode and a custom 488 nm TIRF filter set (Chroma). The microscope 

was pre-heated to 37°C, and cells were imaged while immobilised on 1.2% agarose pads. 
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Timelapse images were bleach corrected in Fiji (Schindelin et al., 2012) using histogram 

matching. 

2.5.4 Image analysis 

All images were analysed using Fiji (Schindelin et al., 2012). Variance based clustering analysis 

was performed by drawing a line the width of the cell down the long axis of the cell. This was 

used to generate a plot of variance of fluorescence intensity along the long axis of the cell. 

Fluorescence values were normalised by division by the maximum value in the profile, and 

then variance was calculated by the equation 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =  
Σ(𝑥−𝑥)2

𝑛
 where x is the normalised 

fluorescence intensity value, x is the is the mean normalised fluorescence intensity value, and 

n is the number of pixels analysed. Analysis of nucleoid condensation in E. coli was also 

conducted by calculating the variance of fluorescence intensity. This was instead done on 

whole cells, which were selected by thresholding of phase contrast images. This method of 

thresholding to obtain regions of interest of whole cells was also used to obtain mean 

fluorescence values for individual cells across a population. Nucleoid compaction in B. subtilis, 

was performed by thresholding of both phase contrast and nucleoid localised fluorescence 

images of individual cells, separated from the field of view. The area of the whole cell was 

divided by the area of the nucleoid, giving nucleoid compaction. Overlapping bands of 

fluorescence intensity to assay for colocalisation was performed by thresholding phase 

contrast images of individual cells to create a region of interest comprising the entire cell. This 

was converted into a 3-pixel wide (195 nm) band around the perimeter of the cell, which was 

used to generate a profile of fluorescence intensity around the cell. This was converted to a 

percentage of fluorescence intensity, with the maximum taken from the highest peak in the 

profile. 

2.6 Assaying growth rate 

To generate growth curves, cells were either grown overnight at 30°C or 37°C in LB 

supplemented with 0.2% glucose. Cells were diluted to an OD600 of approximately 0.05 and 

loaded into 96 well plates, with 200 µl of either bacterial culture, or media blanks, loaded into 

each well. Growth curves were performed at 37°C in a SPECTROstar Nano (BMG Labtech), 

shaking at 200 rpm, with OD600 readings being taken every 5 minutes.  
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2.7 Protein methods  

2.7.1 Buffer composition 

Buffer Composition 

Protein Fixation 

Solution 

50% methanol (Fisher) 

7% acetic acid (VWR) 

Transfer Buffer 300 mM Tris (Melford) 

300 mM Glycine (Fisher) 

140 mM Tricine (Melford) 

0.05% SDS (VWR) 

2.5 mM EDTA (VWR) 

PBST 1x Phosphate Buffered Saline (Oxoid) 

0.1% Tween20 (Sigma) 

Blocking Buffer PBST 

7.5% Skimmed Milk Powder 

RNase Y Buffer 50 mM Tris (Melford) 

500 mM NaCl (VWR) 

pH 8 

 

2.7.2 SDS-polyacrylamide gel electrophoresis 

Proteins were separated for further analysis using SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE). Cells were harvested by centrifugation and lysed by incubation for 20 minutes in 

BugBuster protein extraction reagent supplemented with Benzonase nuclease (Millipore) and 

lysozyme (Sigma Aldrich). Unless otherwise stated, protein extract was incubated at 98°C in 

NuPAGE™ LDS Sample Buffer for 10 minutes and loaded on a NuPAGE™ 3-8% Tris-Acetate Midi 

Gel (Invitrogen). The polyacrylamide gel was run in NuPAGE™ MOPS SDS Running Buffer 

(Invitrogen) at 200V until the dye front reached the bottom of the gel. Gels were then 

subjected to either Coomassie blue staining, silver staining or Western blotting. For Coomassie 

blue and silver staining, 10-200 kDa Unstained Protein Ladder (abcam) was used, while 10-245 

kDa Prestained Protein Ladder (abcam) was used for western blotting.  
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2.7.3 Coomassie blue and silver staining 

To visualise proteins separated by SDS-PAGE, gels were first fixed for 15 minutes in protein 

fixation solution. Gels were then washed in DI water and stained with InstantBlue® Coomassie 

protein stain (abcam) for 1 hour. Gels were then washed with deionised water and left to 

destain overnight in deionised water. When higher sensitivity was required, proteins were 

stained using the Pierce™ Silver Stain Kit (Thermo Fisher) as per manufacturer’s instructions.  

2.7.4 Western blotting 

To determine levels of specific proteins, Western blotting was utilised on proteins separated 

by SDS-PAGE. Proteins were transferred to an Amersham™ Hybond™ P 0.45 µm PVDF 

Membrane (Cytiva) which was activated with 100% methanol, in Transfer Buffer using a Trans-

Blot® Turbo™ Transfer System (Bio-Rad) running for 30 minutes. The membrane was then 

washed in PBST, before blocking for 2 hours at room temperature in Blocking Buffer. The 

membrane was then incubated with rabbit primary antibodies in Blocking Buffer overnight at 

4°C. The membrane was washed with PBST, before incubation with 1:10,000 goat Anti-Rabbit 

IgG peroxidase conjugated antibody (Sigma) in Blocking Buffer at room temperature for 1 

hour. The membrane was developed using Clarity™ Western ECL Substrate (Bio-Rad) as per 

manufacturer’s instructions and imaged on an ImageQuant LAS 4000 mini (GE Healthcare). 

2.7.5 RNase Y protein purification and size exclusion chromatography 

E. coli Lemo21 cells transformed with relevant plasmid were grown overnight at 30°C in LB 

medium supplemented with 2 µM L-Rhamnose (Thermo Scientific) and relevant antibiotics. 

This was diluted 1/100 into 500 ml of LB medium with antibiotics and grown at 30°C to an 

OD600 of 0.5. Cells were induced with 0.1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

for 2 hours, before harvesting by centrifugation at 5,000 xg at 4°C for 10 minutes. The pellet 

was resuspended in 50 ml of RNase Y Buffer supplemented with 20 mM imidazole (Alfa-Aesar) 

and 2 cOmplete™ protease inhibitor cocktail tablets. Cells were lysed using a TS Series 0.75 

kw cell disruptor (Constant Systems). Cell lysate was passed through a 0.022 μm filter and 

loaded onto a HiTrap™ HP Ni2+ column, attached to an ÄKTA® Pure chromatography system 

(Cytiva). After flow through collection with 20 mM imidazole, imidazole concentration was 

stepped up to 75 mM, followed by a linear increase in imidazole concentration to 350 mM 

over 20 ml, collecting 1 ml fractions. Fractions 7-20 were pooled and dialysed overnight in 

RNase Y Buffer to remove imidazole. Half the resulting purified protein was concentrated 

using Amicon® Ultra Centrifugal Filter 10,000 (Merck). Proteins were supplemented with 10% 
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glycerol and flash frozen in liquid nitrogen for storage at -80°C. For size exclusion 

chromatography, protein samples in RNase Y buffer were loaded onto a Superose™ 6 SEC 

column (Cytiva) attached to an ÄKTA® Pure chromatography system (Cytiva), and separated 

over 36 ml. 

2.8 RNA extraction and electrophoresis 

2.5 ml of bacterial cell culture at OD600 were mixed with 5 ml of RNAprotect Bacteria Reagent 

(Quiagen). The cells were lysed using enzymatic lysis and proteinase K digestion of bacteria, 

per manufacturer’s instructions. RNA was purified from bacterial lysate using the RNeasy Mini 

Kit (Quiagen), utilising on-column digestion with RNase-Free DNase described in 

manufacturer’s instructions. RNA extracts were further purified using RNA Clean 

Concentrator™ (Zymo Research), carried out as per manufacturer’s instructions. Total RNA 

was analysed by capillary electrophoresis with an Agilent 2100 Bioanalyzer system, utilising 

an RNA 6000 Nano kit (Agilent). 

2.9 Statistical analysis 

All statistical analysis was performed using Graphpad Prism 9, utilising either an unpaired t 

test, or an ordinary one-way ANOVA. Unless otherwise stated, all experiments were 

conducted at least in duplicate, with each repetition being taken during an independent 

experiment, conducted on a different day. 
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Chapter 3: in vivo Clustering of RNase Y 

3.1  Introduction 

RNase Y was previously observed to form clusters in the membrane upon collapse of the 

proton motive force (PMF), induced by treatment with the protonophore CCCP (Strahl, 

Bürmann and Hamoen, 2014). While this behaviour was observed for a number of membrane 

proteins, it was thought to be caused by the delocalisation of the actin homologue MreB from 

the membrane upon PMF collapse. This behaviour is abolished upon deletion of mreB and its 

homologues, mbl and mreBH, in all proteins tested, with the exception of RNase Y (Strahl, 

Bürmann and Hamoen, 2014).  

The mechanism of RNase Y clustering appears to be independent of MreB clustering, so I 

sought to characterise this clustering behaviour and identify its cause. The proton motive force 

is generated by transport of protons across the membrane, and consists of two components: 

1. The membrane potential, or the electrochemical gradient across the membrane, 

caused by the charge separation of protons across the membrane.  

2. The ΔpH, or the chemical concentration gradient of protons across the membrane. 

RNase Y may be sensing a change in one of these components of the PMF directly, or it could 

be clustering in response to the action of a separate effector. Therefore, this chapter aims to 

determine if perturbations to one of these components of the proton motive force is causing 

RNase Y clustering to occur, and if any additional elements are necessary for this to lead to 

clustering. Clustering behaviour may not be controlled by RNase Y directly, so by assaying 

clustering in the absence of relevant cellular processes I aim to identify or eliminate potential 

mechanisms by which clustering is triggered. For example, by inhibiting gene expression I can 

determine if clustering is mediated by synthesis of new RNA or protein products, or if instead 

it could be mediated by post-translational stress responses such as (p)ppGpp synthesis.  

In this chapter I also aim to compare CCCP induced RNase Y clusters to other clusters 

associated with the bacterial RNA degradosome. Both RNase E and RNase Y have been found 

to form foci in energised cells with the PMF intact (Strahl et al., 2015; Hamouche et al., 2020). 

These foci are mRNA dependent for RNase E while density of RNase Y foci increase during 

inhibition of transcription. Therefore, I sought to determine if CCCP induced RNase Y clusters 

are affected by depletion of mRNA due to inhibition of transcription with rifampicin, and if the 
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RNase Y foci observed in energised cells are distinct from those found upon collapse of the 

proton motive force. 

3.2  Results 

3.2.1 RNase Y forms foci upon dissipation of the Proton Motive Force with CCCP 

Prior experiments have demonstrated that RNase Y tagged with Green Fluorescent Protein 

(GFP) forms clusters upon dissipation of the PMF (Strahl, Bürmann and Hamoen, 2014). 

However, this form of GFP has been found to cause artefactual foci (Landgraf et al., 2012), so 

I developed a fusion of RNase Y to a monomeric form of superfolder GFP (msfGFP) that 

eliminates these artifacts (Costantini et al., 2012). Cells expressing this fusion were subjected 

to treatment with either 100 µM CCCP or an equivalent amount of 1% dimethyl sulphoxide 

(DMSO) in which the CCCP was dissolved, producing foci similar to those observed previously 

(Figure 3.1A). In order to quantify this clustering behaviour, the intensity profile of a line drawn 

along the long axis of the cell was taken to determine how fluorescence intensity changes 

along this axis. These intensity values were normalised against the maximum value on this 

profile giving a percentage, and then the variance was calculated for values along the profile. 

This variance of percentage intensity along the cell was then used as an indicator of the 

clustering of RNase Y, as previously described by Strahl et al. (2015) (Figure 3.1B). This 

variance-based clustering analysis showed a statistically significant increase in variance within 

the cell for the RNase Y-msfGFP. There was no such rise for msfGFP on its own, which instead 

showed a slight, but statistically significant, decrease (Figure 3.1C). 

To determine the timescale of CCCP induced cluster formation, cells expressing this fusion 

were imaged for up to 1 hour following treatment with CCCP (Figure 3.2A). RNase Y clusters 

begin to appear after 15 minutes, becoming both more prevalent in the population and more 

pronounced at later timepoints. Variance based clustering analysis was carried out on these 

images (Figure 3.2B), which showed a significant 2.1-fold increase in median variance 15 

minutes post CCCP treatment, rising to 3.4, 4.4 and 5.1-fold increases for 30, 45 and 60 

minutes, respectively. The timepoint of 45 minutes post CCCP treatment was chosen for 

further experiments as it displayed the strongest clustering behaviour while still limiting the 

large amount of lysis occurring at later timepoints. This also helps to distinguish this form of 

clustering from MreB dependent clustering that occurs at far shorter timescales. However, 

this timepoint may be less physiologically relevant for any RNA degradation that is taking 

place. 
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Figure 3.1: Dissipation of the proton motive force with CCCP causes RNase Y to form clusters. 
(A) Phase contrast and fluorescence images of B. subtilis cells expressing either an RNase Y 
fusion to msfGFP or msfGFP on its own. Cells were grown at 37°C to an OD600 of 0.3 and then 
treated with either 100 μM CCCP or 1% DMSO for 45 minutes. Scale bar, 3 μm. (B) Schematic 
of variance-based clustering analysis. (Top) Fluorescence images of B. subtilis cells expressing 
Rny-msfGFP, treated with either 100 µM CCCP or 1% DMSO. Images are overlayed with a band 
indicating where a region of interest used to generate a fluorescence intensity profile (bottom) 
was drawn. Scale bar, 2 µm. These intensity profiles were normalised against the maximum 
fluorescence value in the profile, and then variance of this normalised fluorescence intensity 
was calculated for each profile, representing individual cells. (C) This variance-based clustering 
analysis was performed on cells depicted in (A) (n=60). Red lines indicate the median, with p-
values determined by an unpaired t-test. Strains used: ELD8 (rny-msfGFP) and JG049 (msfGFP). 
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Figure 3.2: CCCP induced cluster formation occurs at later timepoints. (A) Phase contrast and 
fluorescence images of B. subtilis cells expressing an RNase Y fusion to msfGFP, grown at 37°C 
to an OD600 of 0.3 and treated with either 100 μM CCCP or 1% DMSO for up to 1 hour. Scale 
bar, 3 μm. (B) The degree of clustering was quantified by variance-based clustering analysis 
(n=50). Red lines indicate the median, with p-values determined by an unpaired t-test. Strain 
used: ELD8 (rny-msfGFP). 

 

This is because the half-lives of >80% of mRNA in B. subtilis are less than 7 minutes 

(Hambraeus, von Wachenfeldt and Hederstedt, 2003), which would result in ~99% of this 

mRNA being degraded by the 45-minute time point.  Conversely, ribosomes have far longer 

half-lives, remaining stable for several hours in bacterial cells (Piir et al., 2011), so it is plausible 

that RNase Y clustering could still be impacting ribosome degradation or processing at this 

timepoint. Nonetheless, this time point will only be used for microscopic analysis of clustering 

behaviour which is enhanced at this later time point and not when assaying any effects that 

clustering may have on RNA degradation. 

3.2.2 Which domains of RNase Y are essential for clustering? 

To determine if CCCP induced RNase Y clustering is dependent on other B. subtilis components 

such as protein interaction partners, a fusion of RNase Y to msfGFP was expressed in E. coli 

DH5α cells (Figure 3.3A). RNase Y-msfGFP has a patchy distribution pattern around the 

periphery of the cell, localising to the membrane. CCCP treatment caused further clustering 

of RNase Y, resulting in a statistically significant increase in variance from variance-based 

clustering analysis (Figure 3.3C). To determine if this clustering was solely a property of the 

transmembrane region’s interaction with the membrane, the N-terminal transmembrane 

helix of RNase Y (amino acids 1-26) was removed. This fusion was no longer associated with 

the membrane and instead appeared cytoplasmic. However, it still showed clustering 

behaviour upon CCCP treatment (Figure 3.3A), with a corresponding increase in variance 

observed under these conditions (Figure 3.3C). Finally, this clustering behaviour was also 

present when expressed in the wild type E. coli strain MG1655 (Figure 3.3B), with variance 

along the membrane also showing a significant increase with CCCP treatment (Figure 3.3D). 

To confirm these findings in their native host, these fusions, and RNase Y-msfGFP with its 

transmembrane domain replaced with an artificial, membrane binding amphipathic helix (AH 

RNase Y), were expressed in B. subtilis as the sole RNase Y copies. AH RNase Y displayed similar 

localisation and CCCP induced clustering behaviour to wild type RNase Y (Figure 3.4A) showing  
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Figure 3.3: RNase Y is able to cluster when heterologously expressed in E. coli. (A) Phase 
contrast and fluorescence images of E. coli DH5α cells expressing a fusion of msfGFP to either 
full length RNase Y (WT Rny) or RNase Y with its N-terminal transmembrane helix removed 
(ΔTM Rny). (B) The fusion to full length RNase Y was also expressed in the E. coli MG1655 strain 
background. In both cases cells were grown at 37°C to an OD600 of 0.3 and treated with either 
100 μM CCCP or 1% DMSO for 45 minutes. Scale bars, 3 μm. The degree of clustering was 
quantified by variance-based clustering analysis for DH5α (n=52) (C), with a modified analysis 
utilising variance along the membrane specifically being used for MG1655 strains (D). Red lines 
indicate the median, with p-values determined by an unpaired t-test. Strains used: E. coli DH5α 
transformed with pED3 (rny-msfGFP) and pED4 (ΔTM-rny-msfGFP), E. coli MG1655 
transformed with pED3 (rny-msfGFP). 
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Figure 3.4: Clustering of RNase Y is independent of its transmembrane domain. (A) Phase 
contrast and fluorescence images of B. subtilis cells expressing msfGFP fusions to RNase Y (WT 
Rny) and RNase Y with its N-terminal transmembrane helix either replaced with a membrane 
binding amphipathic helix (AH Rny) or removed entirely (ΔTM-Rny). Cells were grown at 37°C 
to an OD600 of 0.3 and treated with either 100 μM CCCP or 1% DMSO for 45 minutes. Scale bar, 
3 μm. (B) The degree of clustering was quantified by variance-based clustering analysis (n=60). 
Red lines indicate the median, with p-values determined by an unpaired t-test. Strains used: 
JG104 (rny-msfGFP Δrny), JG309 (AH-rny-msfGFP Δrny), JG105 (ΔTM-rny-msfGFP Δrny).  
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a statistically significant increase in variance across the cell (Figure 3.4B). ΔTM RNase Y was 

localised in the cytoplasm in B. subtilis as well (Figure 3.4A), with CCCP treatment causing a 

significant increase in variance, but with visibly distinct clustering behaviour. Clusters were 

present but not as strongly associated with the membrane, with ΔTM RNase Y becoming 

enriched towards the poles of the cell upon CCCP treatment. Together these data suggest that 

the transmembrane domain of RNase Y is not essential for clustering of RNase Y, and infers 

that membrane association overall is not necessary for CCCP induced clustering. 

To determine which regions of RNase Y are necessary for CCCP induced clustering, msfGFP 

fusions to C-terminally truncated forms of RNase Y were constructed. RNase Y was truncated 

to amino acid 280 (RnyN-280), removing the catalytic HD domain and putative C-terminal 

domain, and then to amino acid 150 (RnyN-150) additionally deleting the RNA binding KH 

domain. Both fusions showed a similar localisation to wild type RNase Y, but only RnyN-280 

displayed clustering behaviour when treated with CCCP (Figure 3.5A). This was confirmed by 

variance-based clustering analysis, with RnyN-280 showing a statistically significant increase in 

variance with CCCP treatment, but not RnyN-150 (Figure 3.5B). The clustering behaviour of RnyN-

280 could be due to interaction with the native copy of RNase Y, so the rny gene was deleted 

in this strain. As RnyN-280 cannot complement deletion, this strain has a significantly altered 

phenotype. Therefore, clustering behaviour was compared to a catalytically inactive Rny 

fusion, with the key histidine and aspartate residues of its catalytic HD domain mutated 

(RnyHD368AA) abolishing its activity (Khemici et al., 2015). RnyN-280 showed similar localisation 

and clustering behaviour to RnyHD368AA (Figure 3.5C), indicating that this truncation by itself is 

sufficient for CCCP induced clustering. Similarly, RnyN-280 but not RnyN-150 shows CCCP 

dependent clustering when expressed in E. coli (Figure 3.6), indicating that clustering of RnyN-

280 is unlikely to be dependent on interactions with other B. subtilis components. 
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Figure 3.5: Amino acids 150-280 are essential for clustering. (A) Phase contrast and 
fluorescence images of B. subtilis cells expressing msfGFP fusions to RNase Y (WT Rny) and 
RNase Y C-terminally truncated to amino acid 280 (RnyN-280) or amino acid 150 (RnyN-150). Cells 
were grown at 37°C to an OD600 of 0.3 and treated with either 100 μM CCCP or 1% DMSO for 
45 minutes. Scale bar, 3 μm. (B) The degree of clustering was quantified by variance-based 
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clustering analysis (n=60). Red lines indicate the median, with p-values determined by an 
unpaired t-test. (C) Phase contrast and fluorescence images of B. subtilis Δrny cells expressing 
either msfGFP fusions to either catalytically inactive RNase Y (RnyHD368AA) or RnyN-280 ). Cells 
were grown at 37°C to an OD600 of 0.3 and treated with either 100 μM CCCP or 1% DMSO for 
45 minutes. Scale bar, 3 μm. Strains used: ELD8 (rny-msfGFP), JG269 (rnyN-280-msfGFP), JG268 
(rnyN-150-msfGFP), JG210 (RnyHD368AA-msfGFP Δrny), JG293 (rnyN-280-msfGFP Δrny). 

 

 

Figure 3.6: RnyN-280 is able to cluster in E. coli. (A) Phase contrast and fluorescence images of 
E. coli DH5α cells expressing msfGFP fusions to RNase Y (WT Rny) and RNase Y C-terminally 
truncated to amino acid 280 (RnyN-280) or amino acid 150 (RnyN-150). Cells were grown at 37°C 
to an OD600 of 0.3 and treated with either 100 μM CCCP or 1% DMSO for 45 minutes. Scale bar, 
3 μm. (B) The degree of clustering was quantified by variance-based clustering analysis (n=60). 
Red lines indicate the median, with p-values determined by an unpaired t-test. Strains used: 
E.coli DH5α transformed with pED3 (rny-msfGFP), pJG146 (rnyN-280-msfGFP) and pJG145 (rnyN-

150-msfGFP).  
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3.2.3 CCCP induced RNase Y clusters are not dependent on substrate, active gene 

expression or alarmone production 

E. coli RNase E has been shown to form substrate dependent foci, that can be abolished by 

treatment with the transcriptional inhibitor rifampicin (Strahl et al., 2015). To determine if 

CCCP induced clustering of RNase Y is also substrate dependent, cells were incubated with 

rifampicin prior to and during CCCP treatment, in order to deplete mRNA levels. RNase Y still 

formed CCCP induced clusters when treated with rifampicin (Figure 3.7A) and variance-based 

clustering analysis showed a statistically significant increase in variance with CCCP treatment 

(Figure 3.7B). As the essential region for clustering (amino acids 150-280) contains the RNA 

binding KH domain, the RnyN-280 msfGFP fusion was also assayed. Similar to the wildtype 

fusion, RnyN-280 -msfGFP also showed no change in clustering behaviour when treated with 

rifampicin (Figure 3.7). As treatment with the transcriptional inhibitor rifampicin does not 

prevent RNase Y clustering (Figure 3.7), this clustering behaviour cannot be due to a change 

in gene expression following collapse of the Proton Motive Force. Similarly, inhibition of 

translation by the antibiotic chloramphenicol is also unable to abolish clustering (Figure 3.8).  

As RNase Y clustering was able to occur when gene expression was inhibited, I sought to test 

whether other mechanisms by which bacteria are able to respond to stresses have a role in 

this process. The alarmone guanosine pentaphosphate ((p)ppGpp) is able to effect changes in 

a number of cellular processes without a need for changes in gene expression and is conserved 

between E. coli and B. subtilis. Therefore, it appeared to be a possible candidate for an indirect 

trigger of RNase Y clustering. To determine its importance in CCCP induced RNase Y clustering, 

clustering was assayed in a strain deficient in (p)ppGpp synthesis. This (p)ppGpp0 strain was 

constructed via deletion of relA, sasA and sasB, which encode the three proteins responsible 

for (p)ppGpp synthesis in B. subtilis (Kriel et al., 2012). Deletion of these genes had no 

apparent effect on CCCP induced RNase Y clustering (Figure 3.9), indicating that (p)ppGpp has 

no role in this behaviour.  
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Figure 3.7: CCCP induced RNase Y clusters can form during transcriptional inhibition. (A) 
Phase contrast and fluorescence images of B. subtilis cells expressing msfGFP fusions to RNase 
Y (WT Rny) and RNase Y C-terminally truncated to amino acid 280 (RnyN-280). Cells were grown 
to an OD600 of 0.3 and incubated for 15 minutes with and without 100 µg/ml rifampicin and 
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incubated for 45 minutes with either 100 µM CCCP or 1% DMSO. Scale Bar 3 μm. (B) The degree 
of clustering was quantified by variance-based clustering analysis (n=60). Red lines indicate 
the median, with p-values determined by an unpaired t-test. Strains used: ELD8 (rny-msfGFP), 
JG269 (rnyN-280-msfGFP). 

 

 

Figure 3.8: Inhibition of translation does not block RNase Y clustering. (A) Phase contrast and 
fluorescence images of B. subtilis cells expressing an msfGFP fusion to RNase Y (WT Rny). Cells 
were grown to an OD600 of 0.3 and incubated for 45 minutes with either 100 µM CCCP or 1% 
DMSO, with and without 100 µg/ml chloramphenicol. Scale Bar 3 μm. (B) The degree of 
clustering was quantified by variance-based clustering analysis (n=60). Red lines indicate the 
median, with p-values determined by an unpaired t-test. Strain used: ELD8 (rny-msfGFP) 
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Figure 3.9: RNase Y clustering can occur in a strain deficient in (p)ppGpp synthesis. (A) Phase 
contrast and fluorescence images of B. subtilis cells expressing an msfGFP fusion to RNase Y in 
either a wild type or ΔrelA ΔsasA ΔsasB background ((p)ppGpp0). Cells were grown to an OD600 
of 0.3 and incubated for 45 minutes with either 100 µM CCCP or 1% DMSO. Scale Bar 3 μm. (B) 
The degree of clustering was quantified by variance-based clustering analysis (n=60). Red lines 
indicate the median, with p-values determined by an unpaired t-test. Strains used: ELD8 (rny-
msfGFP), JG233 (rny-msfGFP ΔrelA ΔsasA ΔsasB) 
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3.2.4 RNase Y foci formed during CCCP treatment are distinct from those found in 

energised cells  

Previous work by Hamouche et al. (2020) determined that RNase Y forms foci at the 

membrane during normal growth. These foci are dynamic, showing rapid diffusion at the 

membrane. I sought to observe cells expressing RNase Y-msfGFP fusions with and without 

CCCP treatment to compare the dynamics of CCCP induced foci to these dynamic foci. Total 

Internal Reflection Fluorescence (TIRF) microscopy was used to generate a timelapse with high 

time resolution in order to follow the dynamics of RNase Y in the membrane. Kymographs 

generated from these timelapses (Figure 3.10) show long static tracks for cells subjected to 

CCCP treatment but display more diffusive patterns in untreated cells, as expected of the foci 

identified by Hamouche et al. (2020). Foci in energised cells were also observed to increase in 

both density and intensity during inhibition of transcription with rifampicin treatment  

(Hamouche et al., 2020). However, cells treated with rifampicin displayed similar diffusive 

patterns of RNase Y dynamics in these timelapses, indicating that this behaviour is also not 

related to CCCP induced RNase Y clustering. 

The dynamics, number and intensity of these energised state foci were found to be altered by 

deletion of members of the Y-complex (Hamouche et al., 2020). Therefore, I constructed a 

strain lacking all three members of the Y-complex to assay their impact on CCCP induced 

clustering. However, for CCCP treated cells, the clustering behaviour appeared to be 

unaffected in this strain (Figure 3.11). Together, this data supports that CCCP induced clusters 

are distinct from foci observed in energised cells (Hamouche et al., 2020). 
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Figure 3.10: CCCP induced RNase Y clusters are static. Kymographs visualising the pattern of 
diffusion of RNase Y with and without CCCP. Cells were grown to an OD600 of 0.3 and incubated 
for 30 minutes with either 1% DMSO or 100 µM CCCP or 15 minutes with 100 μg/ml rifampicin. 
A timelapse series was taken using TIRF microscopy with a time resolution of 20 ms over the 
course of 10 seconds. Data collected together with Henrik Strahl. Strain used: ELD8 (rny-
msfGFP) 



79 
 

 

Figure 3.11: RNase Y clustering occurs in a ΔY-Complex background. (A) Phase contrast and 
fluorescence images of B. subtilis cells expressing an msfGFP fusion to RNase Y in either a wild 
type or ΔymcA ΔylbF ΔyaaT background (ΔY Complex). Cells were grown to an OD600 of 0.3 and 
incubated for 45 minutes with either 100 µM CCCP or 1% DMSO. Scale Bar 3 μm. (B) The degree 
of clustering was quantified by variance-based clustering analysis (n=60). Red lines indicate 
the median, with p-values determined by an unpaired t-test. Strains used: ELD8 (rny-msfGFP), 
JG349 (rny-msfGFP ΔymcA ΔylbF ΔyaaT) 
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3.2.5 Which component of the proton motive force is responsible for RNase Y clustering? 

The proton motive force consists of two elements: the electrochemical gradient across the 

membrane known as the membrane potential; and the concentration gradient of protons, or 

the ΔpH. To assay which component of the PMF is responsible for RNase Y clustering, the 

membrane permeable potassium carrier valinomycin was utilised. When there is an excess of 

potassium outside the cell, valinomycin is able to dissipate the membrane potential without 

altering the ΔpH (Shapiro, 1994). To determine that depolarisation has occurred, cells were 

co-labelled with the voltage sensitive dye DiSC3(5), which accumulates in energised cells (te 

Winkel et al., 2016). CCCP is incompatible with this dye, so the peptide mix gramicidin ABC, 

which forms cation specific ion channels, was used to collapse the proton motive force instead 

(Kelkar and Chattopadhyay, 2007). When treated with gramicidin, RNase Y formed clusters 

similar to those induced by CCCP treatment (Figure 3.12A), accompanied by a significant 

increase in variance (Figure 3.12B) and a marked decrease in DiSC3(5) fluorescence (Figure 

3.12C). When cells are treated with valinomycin in the presence of high KCl concentrations, 

clustering behaviour was not observed despite a comparable decrease in DiSC3(5) 

fluorescence. Therefore, this clustering is not induced by a dissipation of the membrane 

potential. 

The ΔpH can also be specifically collapsed, in this case using the antibiotic nigericin, which acts 

as an antiporter of hydrogen and potassium ions. This allows for collapse of ΔpH while 

maintaining the overall charge across the membrane (Strahl and Hamoen, 2010). Treatment 

with nigericin at a near neutral pH of 7.5 does not trigger clustering of RNase Y, ruling out 

collapse of ΔpH being the sole trigger of clustering. Instead, clustering can only be triggered 

when the media is buffered to pH 6 (Figure 3.13), which means that clustering must occur as 

a result of acidification of the cytoplasm, not due to collapse of ΔpH.  
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Figure 3.12: Collapse of the membrane potential does not cause RNase Y Clustering (A) Phase 
contrast and fluorescence images of B. subtilis cells expressing an msfGFP fusion to RNase Y. 
Cells were grown in LB media containing 300 mM of either NaCl or KCl to an OD600 of 0.3 then 
incubated for 45 minutes with 5 µM Valinomycin or 5 µM Gramicidin. Cells were stained with 
2 µM DiSC3(5) for 5 minutes prior to imaging. DiSC3(5) fluorescence images are depicted with 
identical contrast settings. Scale Bar 3 μm. (B) The degree of clustering was quantified by 
variance-based clustering analysis (n>57). (C) Energisation of these cells was determined by 
mean DiSC3(5) fluorescence intensity. (n>57) Red lines indicate the median, with p-values 
determined by an unpaired t-test. Strain used: ELD8 (rny-msfGFP) 
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Figure 3.13: A decrease in cytoplasmic pH triggers RNase Y clustering (A) Phase contrast and 
fluorescence images of B. subtilis cells expressing an msfGFP fusion to RNase Y. Cells were 
grown to an OD600 of 0.3 in LB media buffered with 50 mM of either HEPES or MES buffered to 
a pH of 7.5 or 6 respectively and incubated for 45 minutes with and without 1 µM Nigericin. 
Scale Bar 3 μm. (B) The degree of clustering was quantified by variance-based clustering 
analysis (n=60).  Red lines indicate the median, with p-values determined by an unpaired t-
test. Strains used: ELD8 (rny-msfGFP) 
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3.3 Discussion 

While many membrane proteins in B. subtilis have been found to cluster upon PMF collapse, 

this is often as a result of perturbation of fluid lipid domains caused by delocalisation of the 

cytoskeletal protein MreB (Strahl, Bürmann and Hamoen, 2014). CCCP induced RNase Y 

clustering, however, appears to be distinct. Not only is it not abolished when all mreB 

homologues are deleted, but the timeframe where clustering occurs is delayed compared to 

fluid lipid domain dependent clustering. Clusters caused by delocalisation of MreB start to 

appear after only 1-2 minutes (Strahl, Bürmann and Hamoen, 2014) while RNase Y clustering 

is delayed, becoming visible after 15 minutes and continuing to develop further over time 

(Figure 3.2). RNase Y is also able to form these clusters when expressed in the cytoplasm, with 

the transmembrane α-helix responsible for its membrane association removed (Figure 3.4). 

This cytoplasmic clustering cannot be triggered by a change in fluid lipid domains initiated by 

MreB delocalisation, as RNase Y is no longer associated with the membrane. However, 

clustering of RNase Y in the cytoplasm does appear to differ somewhat, producing a smaller 

number of larger foci. It is therefore possible that this behaviour is distinct from membrane 

associated clustering. Alternatively, being attached to the densely packed 2-dimensional 

surface of the membrane may alter clustering, causing clusters to become isolated from one 

another and less likely to merge into larger aggregates while associated with the membrane. 

CCCP induced clustering of RNase Y in both the membrane and the cytoplasm was also 

observed to occur when heterologously expressed in E. coli (Figure 3.3). However, it should 

be noted that this expression occurred on a multi-copy plasmid, which would likely result in 

higher expression levels of RNase Y than may otherwise be expected. Despite this, these 

experiments do show a propensity of RNase Y to cluster when expressed in this organism. This 

suggests that RNase Y on its own is sufficient for CCCP induced clustering, being triggered 

either by direct chemical or electrochemical changes caused by collapse of the PMF, or by 

action of a secondary messenger that is conserved between E. coli and B. subtilis. While it is 

possible that clustering could be mediated by RNase Y interaction partners that are conserved 

between E. coli and B. subtilis; it is unlikely that specific interactions would be maintained 

across the large evolutionary distance between these two organisms. 

As RNase Y alone can allow for triggering of clustering, I sought to identify specific regions of 

RNase Y that are responsible for clustering. Lehnik-Habrink et al. (2011) identified five 

potential functional domains (Figure 1.24A). These are: an N-terminal transmembrane α-helix, 
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a domain that is predicted to form a coiled-coil, an RNA binding KH domain and the catalytic 

HD domain. The C-terminus of the protein is also well conserved, but with no predicted 

functional domain. While no structures of RNase Y have been determined experimentally, the 

development of the neural network AlphaFold, has allowed for predictions of structure based 

purely upon protein sequence (Jumper et al., 2021; Varadi et al., 2022). In the predicted 

structure (Figure 1.2B) the partitioning of domains appears to approximately match the 

predictions made by Lehnik-Habrink et al. (2011). The N-terminus of the protein contains a 

transmembrane α-helix that continues on into the coiled-coiled domain, displayed as an 

extended α-helix. The region between this helix and the RNA binding KH-domain is mostly 

taken up by another α-helix. The KH, HD and C-terminal domains appear distinct from one 

another, with the KH and HD domains being separated by a pair of α-helices. While it is not 

possible to verify the accuracy of this structure, it does support the separate domain 

organisation predicted by Lehnik-Habrink et al. (2011), and therefore the truncations I 

performed to identify the essential regions for clustering.  

As cytoplasmic clustering of RNase Y did appear somewhat distinct, I also replaced the 

transmembrane α-helix of RNase Y with an alternative membrane binding domain, an 

amphipathic α-helix (Figure 3.4). This fusion produced clustering comparable to that of the 

native RNase Y, so it is likely that this domain is dispensable for clustering. Similarly, when I 

removed the HD and C-terminal domains via C-terminal truncation to amino acid 280, I 

observed no major changes in clustering behaviour (Figure 3.5). Only when I truncated the 

protein to amino acid 150, removing both the KH-domain and the predicted α-helix connecting 

it to the “coiled-coiled” domain, was CCCP induced clustering abolished in both B. subtilis 

(Figure 3.5) and E. coli (Figure 3.6). The importance of the RNA binding KH-domain could 

suggest that substrate dependent clustering similar to that observed for RNase E in E. coli may 

be responsible for this clustering behaviour (Strahl et al., 2015). However, when I inhibit 

transcription with rifampicin, depleting mRNA substrate, I see no change in the clustering 

behaviour of either full length or truncated RNase Y (Figure 3.7). While this does not preclude 

that it is the KH-domain that is responsible for clustering, it is likely not mediated by its RNA 

binding activity. Because of this, the clustering behaviour is less likely to represent a liquid-

liquid phase separation between proteins interacting with nucleic acids (Hyman, Weber and 

Jülicher, 2014; Al-Husini et al., 2018). 
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That RNase Y was able to cluster in the presence of rifampicin indicates that active gene 

synthesis is not required for CCCP induced clustering to occur. Similarly, inhibition of protein 

synthesis by the antibiotic chloramphenicol did not prevent cluster formation (Figure 3.8). This 

indicates that, despite the long lag time for cluster formation, CCCP induced cluster formation 

is not mediated by protein production or transcriptional responses. As this clustering could 

also occur in E. coli, this reduced the number of factors that could be involved in this process, 

one of which being the alarmone (p)ppGpp. This molecule is central to the highly conserved 

stringent response, which involves a reprogramming of many cellular processes in response 

to various stresses such as nutrient deprivation or heat shock (Hauryliuk et al., 2015). 

However, in a (p)ppGpp0 strain, RNase Y was still able to cluster (Figure 3.9), so this alarmone 

cannot be involved in the triggering of cluster formation in response to PMF collapse. 

Deloughery et al. (2016) first described the interaction of RNase Y with what became known 

as the Y-complex. The proteins YmcA, YlbF and YaaT interact with RNase Y and are involved in 

the regulation of polycistronic mRNA maturation by RNase Y (Deloughery, Losick and Li, 2018). 

This Y-complex has also been found to influence the clustering behaviour of RNase Y in 

energised cells, increasing the density of RNase Y foci upon deletion of members of the Y-

complex (Hamouche et al., 2020). However, in a strain in which all three components of the 

Y-complex are deleted, clustering behaviour was still observed upon dissipation of the PMF 

with CCCP (Figure 3.11). This is consistent with the ability of RNase Y to cluster in E. coli where 

the Y-complex is not present and, while it does not preclude the Y-complex from altering the 

clustering behaviour of RNase Y, the components are not essential for CCCP induced clustering 

to occur. I was also able to distinguish CCCP induced clustering from foci described by 

Hamouche et al. (2020) in energised cells. Kymographs generated from TIRF microscopy 

timelapses show long, straight tracks in CCCP treated cells, indicating static foci that are not 

present in the untreated samples. These foci observed during PMF collapse are far less 

dynamic than those described in Hamouche et al. (2020) and, while it is possible that the 

clusters formed are somehow related, there must be an additional mechanism responsible for 

the production of these static, CCCP induced clusters. 

The proton motive force consists of two components: the membrane potential, the 

electrostatic charge across the membrane; and the ΔpH, the concentration gradient of 

protons across the membrane. As treatment with the potassium carrier valinomycin did not 

cause RNase Y clusters to form, despite collapse of the membrane potential as demonstrated 
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by DiSC3(5) staining (Figure 3.12), the electrostatic component of the PMF cannot be 

responsible for the clustering behaviour. ATP synthase is dependent on the presence of the 

membrane potential (Kaim and Dimroth, 1998); therefore, this result also eliminates ATP 

depletion due to PMF collapse being the causative agent of clustering. As the membrane 

potential is not responsible for clustering, this would suggest that collapse of ΔpH is 

responsible for RNase Y clustering; however, collapse of the ΔpH upon treatment with 

nigericin, a H+/K+ antiporter, also does not cause clustering to occur when cells are at a 

physiological pH. Nigericin is only able to induce RNase Y clustering to occur when the pH of 

the media is buffered to pH 6 (Figure 3.13). Another member in our group has found that 

addition of nigericin can cause a decrease in cytoplasmic pH, but only in low pH 6 buffers and 

not when cells are buffered to pH 7 (Data not shown). This lower pH may mean that whatever 

is inducing clustering of RNase Y is not directly due to a collapse of the proton motive force, 

but instead to a decrease in cytoplasmic pH caused by treatment with CCCP or gramicidin.  

The results presented in this chapter show that CCCP induced RNase Y clustering acts 

independently of any components specific to B. subtilis. It does not appear to be dependent 

on substrate or new gene expression and is unaffected by (p)ppGpp levels. Instead, this 

process is solely dependent on RNase Y, more specifically the region between amino acids 

150-280. The foci observed are distinct from both MreB dependent membrane protein 

clustering and from the foci observed in energised cells and are likely a novel phenomenon 

that is induced not by the change in membrane potential or proton concentration gradient, 

but by a change in the pH of the cellular interior. In the next chapter, I intend to examine 

whether this clustering by RNase Y is the conditional formation of the RNA degradosome, or 

non-specific protein aggregation caused by this decrease in cytoplasmic pH.  

 



87 
 

Chapter 4: Does RNase Y Clustering Represent Degradosome Formation? 

4.1 Introduction 

In E. coli, the RNA degradosome centred around RNase E appears to be constitutively formed 

and the components of the degradosome show RNase E dependent localisation to the cell 

membrane during vegetative growth (Strahl et al., 2015). However, this is not the case for the 

RNase Y degradosome in B. subtilis. While the interaction partners of RNase Y have been 

identified by two-hybrid assays and co-purification in both B. subtilis (Commichau et al., 2009; 

Lehnik-Habrink et al., 2010) and in S. aureus (Roux, DeMuth and Dunman, 2011; Giraud et al., 

2015), when the interaction partners’ localisation were assayed by fluorescence microscopy, 

they did not share the same membrane localisation as RNase Y and were instead primarily 

observed in the cytoplasm of the cell (Cascante-Estepa, Gunka and Stülke, 2016). Instead of 

constitutive formation of the RNA degradosome, the formation of the RNase Y degradosome 

could occur only under certain, potentially adverse conditions. One candidate for induced 

degradosome formation could come from the clustering of RNase Y seen upon collapse of the 

proton motive force described in chapter 3. If this is the case, the components of the RNA 

degradosome in B. subtilis should also cluster upon PMF collapse, and colocalise with RNase 

Y clusters. 

Therefore, I opted to assay the behaviour of RNase Y interaction partners in B. subtilis. Of the 

established interaction partners of RNase Y, those that most closely match the canonical 

components of the RNase E degradosome are the ribonucleases RNase J1 (RnjA), RNase J2 

(RnjB) and polynucleotide phosphorylase (PnpA), the DEAD box RNA helicase CshA and the 

glycolytic enzymes enolase (Eno) and 6-phosphofructokinase (PfkA). However, RNase Y has 

also been found to interact with other proteins. The membrane localised dynamin-like like 

protein DynA was found to interact with RNase Y in a bacterial-two hybrid screen for binding 

partners of DynA (Bürmann, Sawant and Bramkamp, 2012), but it has no obvious analogue in 

the RNase E RNA degradosome. I also intend to assay the Y-complex, which is a complex of 

YmcA, YlbF and YaaT that, by physical interaction, modulate the specific mRNA processing 

events undertaken by RNase Y (Deloughery et al., 2016; Deloughery, Losick and Li, 2018). 

While this complex does not appear to be essential for clustering to occur (Figure 3.11), it is 

possible that the components may be recruited under these conditions. One of the transcripts 

processed by RNase Y via the action of the Y-complex; encodes for GapA, the glycolytic 
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glyceraldehyde 3-phosphate dehydrogenase. GapA has also been found to interact with RNase 

Y in an mRNA dependent fashion via the action of the SR1P peptide (Gimpel and Brantl, 2016).  

In this chapter I aim to determine if CCCP induced RNase Y clustering is indeed degradosome 

formation by assaying the dynamics of these proteins in response to PMF collapse. However, 

it is possible that this process is unrelated to degradosome formation. Therefore, I also intend 

to investigate an alternative hypothesis that RNase Y clustering is a result of non-specific 

protein aggregation in response to low cytoplasmic pH. 

4.2 Results 

4.2.1 Interaction partners of RNase Y cluster upon PMF collapse 

As described in chapter 3, RNase Y forms clusters upon collapse of the proton motive force 

with CCCP. I hypothesised that these clusters could be conditional formation of the RNA 

degradosome. If this were the case, then the reported interaction partners of RNase Y  would 

also be expected to cluster upon PMF collapse. To assay this, I subjected strains expressing 

fluorescent fusions of the interaction partners of RNase Y to treatment with CCCP and 

quantified their clustering using variance-based clustering, described in chapter 3. In 

energised cells, the RNA helicase CshA and the ribonucleases RnjA, RnjB and PnpA are all 

excluded from the nucleoid, causing them to be distributed more towards the polar regions 

of the cell (Figure 4.1A). This matches with observations made previously by Cascante-Estepa, 

Gunka and Stülke (2016), with these purported interaction partners not being found in the 

same cellular compartment as RNase Y, the cytoplasmic membrane. Of these proteins, only 

RnjA and RnjB show clustering behaviour and report a statistically significant increase in 

variance with CCCP treatment (Figure 4.1B). RnjB displays clearer, more defined foci than 

RnjA, with these clusters appearing more reminiscent of RNase Y clustering.  

RNase Y has been found to interact with several glycolytic enzymes, namely enolase, PfkA and 

the glyceraldehyde 3-phosphate dehydrogenase GapA (Commichau et al., 2009; Gimpel and 

Brantl, 2016). Therefore, I generated fluorescent fusions to these proteins, as well as to GapB, 

a glyceraldehyde 3-phosphate dehydrogenase homologous to GapA that catalyses 

gluconeogenic activities (Fillinger et al., 2000), and the glycolytic enzyme pyruvate kinase 

(Pyk). Of these fusions, all were localised to the cytoplasm (Figure 4.2A), being primarily 

diffuse with the exception of enolase, which often had a low number of bright foci towards 

the poles of many cells, indicating that this fusion may be forming inclusion bodies. 

Nonetheless, this strain also produced additional foci upon CCCP treatment, as did PfkA, GapA  
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Figure 4.1: Clustering of the RNA binding interaction partners of RNase Y. (A) Phase contrast 
and fluorescence images of B. subtilis cells expressing msfGFP fusions to CshA, RnjA, RnjB and 
PnpA. Cells were grown at 37°C to an OD600 of 0.3 and treated with either 100 μM CCCP or 1% 
DMSO for 45 minutes. Scale bar, 3 μm. (B) The degree of clustering was quantified by variance-
based clustering analysis (n=60). Red lines indicate the median, with p-values determined by 
an ordinary one-way ANOVA. Strains used: JG122 (cshA-msfGFP), JG133 (rnjA-msfGFP), JG124 
(rnjB-msfGFP) and JG252 (pnpA-msfGFP). 

and GapB, with these four all showing a corresponding increase in variance-based clustering 

analysis (Figure 4.2B). Clustering of GapA was not uniform across the entire population, with 

a subpopulation showing smoother cytoplasmic fluorescence upon CCCP treatment. This 

subpopulation is visible in Figure 4.2B, as it corresponds to a lower variance in these cells. 

GapB has not, as yet, been identified as an interaction partner of RNase Y, but is also normally 

only expressed during growth in gluconeogenic conditions, so may have been missed in prior 

experiments. 

All the components of the Y-complex were found to be expressed diffusely in the cytoplasm 

and, upon CCCP treatment, only YaaT displayed clustering behaviour (Figure 4.3). This 

clustering is very similar to that observed with RNase Y and appears to increase the fraction 

of YaaT localised towards the periphery of the cell which could indicate association with RNase 

Y, a membrane protein.  

DynA is a membrane protein that has been identified as an interaction partner of RNase Y. As 

a number of membrane proteins have been described to cluster upon PMF collapse in an MreB 

dependent manner, I opted to also assay p16.7, another membrane protein, as a control. 

p16.7 is a protein from the B. subtilis phage Φ29 that has an N-terminal transmembrane 

domain (Meijer et al., 2000) and normally has a smooth distribution at the membrane, but 

was shown to produce MreB dependent clusters with CCCP treatment (Strahl, Bürmann and 

Hamoen, 2014). Both DynA and p16.7 fusions were membrane associated, displaying 

relatively smooth distributions in energised cells but both forming clusters at the cell 

periphery upon CCCP treatment (Figure 4.4A). However, while the clustering behaviour 

displayed by DynA is reminiscent of RNase Y clustering, p16.7 instead formed a smaller 

number of larger foci that is reminiscent of MreB clustering. Both strains also showed a 

statistically significant rise in variance with CCCP treatment (Figure 4.4B), but this is far more 

pronounced with DynA, which displayed a 16-fold increase compared to a 1.7-fold increase 

with p16.7. These clustering behaviours appear distinct, so this p16.7 fusion will be used as a 

control for MreB dependent clustering going forwards. 
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Figure 4.2: Interacting and non-interacting glycolytic enzymes cluster with CCCP treatment. 
(A) Phase contrast and fluorescence images of B. subtilis cells expressing mGFP or msfGFP 
fusions to Eno, PfkA, GapA, GapB and Pyk. Cells were grown at 37°C to an OD600 of 0.3 and 
treated with either 100 μM CCCP or 1% DMSO for 45 minutes. Scale bar, 3 μm. (B) The degree 
of clustering was variance-based clustering analysis (n=60). Red lines indicate the median, with 
p-values determined by an ordinary one-way ANOVA. Strains used: TKB29 (eno-mGFP), TKB30 
(pfkA-mGFP), JG255 (msfGFP-gapA), JG189 (gapB-msfGFP), JG187 (msfGFP-pyk). 
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Figure 4.3: YaaT is the only member of the Y-complex to cluster with CCCP. (A) Phase contrast 
and fluorescence images of B. subtilis cells expressing msfGFP fusions to YmcA, YlbF and YaaT. 
Cells were grown at 37°C to an OD600 of 0.3 and treated with either 100 μM CCCP or 1% DMSO 
for 45 minutes. Scale bar, 3 μm. (B) The degree of clustering was quantified by variance-based 
clustering analysis (n=60). Red lines indicate the median, with p-values determined by an 
ordinary one-way ANOVA. Strains used: JG116 (msfGFP-ymcA), JG158 (msfGFP-ylbF) and 
JG339 (msfGFP-yaaT). 
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Figure 4.4: Clustering of DynA appears visually distinct from MreB dependent clustering of 
membrane proteins. (A) Phase contrast and fluorescence images of B. subtilis cells expressing 
msfGFP fusions to DynA and p16.7. Cells were grown at 37°C to an OD600 of 0.3 and treated 
with either 100 μM CCCP or 1% DMSO for 45 minutes. Scale bar, 3 μm. (B) The degree of 
clustering was quantified by variance-based clustering analysis (n=60). Red lines indicate the 
median, with p-values determined by an ordinary one-way ANOVA. Strains used: JG171 (dynA-
msfGFP) and JG254 (p16.7-msfGFP). 
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4.2.2 Do the clusters of RNase Y and its interaction partners colocalise? 

To determine if the CCCP induced foci produced by interaction partners result from interaction 

with RNase Y, I sought to assay if these foci colocalise with RNase Y clusters. To accomplish 

this, a fusion of RNase Y to the red fluorescent protein mScarlet-I (Bindels et al., 2017) was 

constructed. This was co-expressed with monomeric GFP (mGFP) and msfGFP fusions to the 

RNase Y interaction partners that were found to have a statistically significant increase in 

variance-based clustering analysis following CCCP treatment. In addition, I also examined the 

non-interacting GapB and p16.7 proteins that were also observed to cluster.  

When msfGFP fusions to ribonucleases RnjA and RnjB were co-expressed with RNase Y-

mScarlet-I and subjected to CCCP treatment, the foci of both the RnjA/RnjB fusions appeared 

to overlap with RNase Y-mScarlet-I clusters (Figure 4.5A). To more clearly see overlapping 

clusters, line scans were generated that show the percentage of fluorescence intensity around 

the periphery of the cell (Figure 4.5B). With CCCP treatment, a number of peaks in 

fluorescence intensity of both mScarlet-I and msfGFP are observed in the same position at the 

cell periphery in both strains. This is not the case with DMSO treatment as, while it does follow 

the overall change in fluorescence along the periphery, they do not show the same shared 

sharp spikes in fluorescence as seen with CCCP treatment. Similar to the greater resemblance 

to RNase Y clustering that RnjB shows in comparison to J1 observed above (Figure 4.1), 

colocalisation between RnjB and RNase Y appears to be stronger than that observed of RnjA. 

Additional clusters to those present in the RNase Y channel also appear to be present which, 

as this fusion is the sole copy of RNase Y in the cell, could indicate that at least some of these 

clusters are not interacting with RNase Y and are not RNase Y dependent. However, it is 

possible that some degradation of the fusion is taking place, leading to an untagged 

subpopulation of RNase Y. This is supported by the western blot (Appendix I) examining the 

expression levels of different RNase Y constructs where a second, lower mass, band is present 

for the sole copy RNase Y-mScarlet-I fusion, suggesting partial degradation of this fusion. 

CCCP induced clusters of mGFP fusions of the glycolytic enzymes enolase and PfkA show 

similar colocalisation with RNase Y-mScarlet-I, both visually (Figure 4.6) and in the 

fluorescence intensity profiles (Figure 4.7). These enzymes display similar clustering behaviour 

to that observed when expressed on their own; this is in contrast to the GapA fusion that, 

when expressed on its own, had a non-clustering subpopulation, and shows minimal clustering 
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Figure 4.5: RnjA and RnjB show colocalisation of clusters with RNase Y. (A) Phase contrast 
and fluorescence images of B. subtilis cells co-expressing RNase Y-mScarlet-I and msfGFP 
fusions to RnjA and RnjB. Cells were grown at 37°C to an OD600 of 0.3 and treated with either 
100 μM CCCP or 1% DMSO for 45 minutes. Scale bar, 3 μm. (B) A 3-pixel wide band was drawn 
around the periphery of the cell based upon thresholding of phase contrast images, and a 
profile of percentage fluorescence intensity of both channels was plotted along this band. 
Strains used: JG184 (rnjA-msfGFP rny-mScarlet-I) and JG223 (rnjB-msfGFP rny-mScarlet-I). 

 

upon CCCP treatment in this strain. Hence, colocalisation of GapA clusters was not observed. 

GapB still displayed clustering behaviour, but not as strongly as observed previously in Figure 

4.2 and the foci that do form do not appear to colocalise strongly with RNase Y clusters. The 

observed discrepancy in clustering behaviour of GapA and GapB could be due to interference 

of the mScarlet-I tag with interaction between RNase Y and these proteins. Therefore, it is 

possible that this tag could interfere with the colocalisation of other interaction partners as 

well. 

Of the constituents of the Y-complex, only YaaT displayed clustering behaviour, with its 

clustering behaviour being strikingly reminiscent of RNase Y clustering (Figure 4.3). 

Correspondingly, the YaaT fusion also showed clear colocalisation with RNase Y-mScarlet-I 

(Figure 4.8), being particularly apparent in the fluorescence intensity profiles (Figure 4.9). The 

membrane protein DynA displays similar behaviour, but the phage membrane protein p16.7, 

which displays MreB dependent clustering, does not. The number of matching peaks between 

profiles did not appear to increase with CCCP treatment, indicating that any similarities in 

profile are likely not due to cluster formation.  
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Figure 4.6: CCCP induced clusters of the glycolytic enzymes Eno and PfkA colocalise with 
RNase Y clusters. Phase contrast and fluorescence images of B. subtilis cells co-expressing 
RNase Y-mScarlet-I and mGFP/msfGFP fusions to Eno, PfkA, GapA and GapB. Cells were grown 
at 37°C to an OD600 of 0.3 and treated with either 100 μM CCCP or 1% DMSO for 45 minutes. 
Scale bar, 3 μm. Strains used: JG328 (eno-mGFP rny-mScarlet-I), JG270 (pfkA-mGFP rny-
mScarlet-I), JG260 (msfGFP-gapA rny-mScarlet-I) and JG249 (gapB-msfGFP rny-mScarlet-I). 
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Figure 4.7: Fluorescence intensity profiles of glycolytic enzymes and RNase Y during CCCP 
treatment. Intensity profiles of cells depicted in Figure 4.6. A 3-pixel wide band was drawn 
around the periphery of the cell based upon thresholding of phase contrast images, and a 
profile of percentage fluorescence intensity of both channels was plotted along this band. 
Strains used: JG328 (eno-mGFP rny-mScarlet-I), JG270 (pfkA-mGFP rny-mScarlet-I), JG260 
(msfGFP-gapA rny-mScarlet-I) and JG249 (gapB-msfGFP rny-mScarlet-I). 


