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Abstract 

Microbial resistance to antibiotics is a serious challenge for both the health and defence sectors. 

Unfortunately, there are insufficient new antibiotics in the pipeline to replace those that are no 

longer effective. Consequently, there is a need to initiate programmes to develop antibiotics that 

target novel pathways. The enzymes that are responsible for RNA degradation, ribonucleases 

such as the endoribonuclease RNase E, frequently play critical roles in pathogenic bacterial 

virulence and are potential unexplored antibacterial targets. The aim of this thesis is to explore 

RNase E as a potential antibacterial target.  

RNase E from Escherichia coli has been well characterised, far less is known about RNase 

E homologues from other bacteria. In the current study, RNase E catalytic domains from four 

pathogenic bacteria have been characterised using bioinformatical and biophysical techniques. 

Globally, the structural and catalytic properties of the RNase E homologues are similar, 

however, there are subtle species-specific differences.  

In bacteria, there is increasing evidence of communication between the activity of 

ribonucleases and cellular metabolites. Within this study evidence is presented that RNase E is 

specifically inhibited by glucosamine-6-phosphate, a precursor of bacterial cell envelope 

elements. Glucosamine-6-phosphate has been shown, using in silico docking, to bind and occlude 

RNase E’s active site resulting in the inhibition of multiple RNase E homologues activity in vitro, 

suggesting a potentially evolutionarily conserved regulatory mechanism. 

Novel small molecule inhibitors of RNase E, identified through a combination of 

structure-based virtual high-throughput and in vitro inhibition screening, are predicted to target 

two sites of importance of RNase E. Each of the identified inhibitors inhibit RNase E from a 

selection of bacterial pathogens, demonstrating potential as broad-spectrum inhibitors.  

A series of locked nucleic acid (LNA)-gapmers (DNA-LNA-DNA) have been designed 

to prevent E. coli RNase E synthesis through the combined action of translational blocking and 

RNase H-mediated RNA cleavage. The LNA gapmers successfully block translation and 

facilitate RNase H cleavage in in vitro assays. Although sequence specific against E. coli RNase 

E analogous gapmers targeting the rne gene from other pathogens could be designed. 

In summary, this study has explored RNase E as an antibacterial target and lays the 

foundation work towards producing a successful antibacterial strategy against RNase E by either 

inhibiting its catalytic activity or protein synthesis. It is hoped that this approach begins the 

pathway towards the production of novel antibacterials targeting the area of RNA regulation as 

method of overcoming the challenge of antimicrobial resistance.  
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Chapter 1 - Introduction 

1.1. Bacterial Infection 

Infectious diseases cause millions of deaths across the globe. These diseases can be caused by a 

whole host of pathogenic microorganisms including bacteria, viruses, fungi and parasites. The 

infections caused by pathogenic bacteria have a huge impact and do not discriminate. 

Pathogenic bacteria can cause strain specific diseases such as bubonic plague caused by Yersinia 

pestis or general wound and overall host infections such as sepsis. The UK Sepsis Trust states 

that sepsis affects 260,000 people a year in the UK and claims the lives of 44,000 of those people 

(“Sepsis affects 260,000 people every year - UK Sepsis Trust,” n.d.). The treatment of these 

bacterial infections is therefore imperative and the discovery of antibiotics, in the early 20th 

Century, changed medical practice forever.  

1.1.1 Antibiotics and their mechanisms of action 

Alexander Fleming earnt himself a Noble Prize for the discovery, in 1928, of the first 

antibacterial agent, Penicillin (Fleming, 1929). Although this discovery was initially thought of 

as a happy accident resulting from a common ‘nuisance’ (Fleming, 1941), it highlighted that 

microorganisms had the ability to behave defensively against each other. This meant there were 

natural agents, in this example penicillin produced by the fungus Penicillium, that could be 

exploited to treat bacterial infections. The term ‘antibiotic’ was first coined by Selman Waksman, 

the discoverer of Streptomycin, another natural agent, this time produced by Streptomyces griseus, 

in the early 1940’s (Waksman & Woodruff, 1941, 1942) and has the literal meaning of life-killing. 

These bacterial killing agents were the ‘wonder drugs’ that boomed in the middle part of the 

1900’s and are responsible for the saving of millions of lives. Fast forward to the 21st Century 

and there are hundreds of different antibiotics. However, these all fit into a number of families 

with different mechanisms of action, as summarised in Figure 1.1. 
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Table 1.1 – Mechanisms of action of antibiotic families with examples 

Antibiotic class; 
example Mechanism of  Action Target Example Structure 

Aminoglycosides; 
Streptomycin 

Inhibition of  protein synthesis (Ribosome 
targeting) Broad-spectrum  

Chloramphenicols;  
Chloramphenicol 

Inhibition of  protein synthesis (Ribosome 
targeting) Broad-spectrum  

Macrolides; 
Erythromycin 

Inhibition of  protein synthesis (Ribosome 
targeting) Broad-spectrum  

Oxazolidinones; 
Linezolid 

Inhibition of  protein synthesis (Ribosome 
targeting) Gram-positive bacteria 

 

PubChem CID: Streptomycin – 19649, Chloramphenicol – 5959, Erythromycin – 12560, Linezolid – 441401 
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Table 1.1 cont. – Mechanisms of action of antibiotic families with examples 

Antibiotic class; 
example Mechanism of  Action Target Example Structure 

Streptogramins; 
Streptogramin B 

Inhibition of  protein synthesis (Ribosome 
targeting) Gram-positive bacteria 

 

Tetracycline; 
Chlortetracycline 

Inhibition of  protein synthesis (Ribosome 
targeting) Broad-spectrum  

Fidaxomicin Inhibition of  RNA synthesis Gram-positive bacteria  

Rifamycins; 
Rifampicin Inhibition of  RNA synthesis Gram-positive bacteria  

PubChem CID: Streptogramin B – 11136668, Chlortetracycline – 54675777, Fidaxomicin – 10034073, Rifampicin – 5381226 
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Table 1.1 cont. – Mechanisms of action of antibiotic families with examples 

Antibiotic class; 
example Mechanism of  Action Target Example Structure 

β-lactams;  
Penicillin Inhibition of  cell wall synthesis Broad-spectrum 

 

Glycopeptides;  
Vancomycin Inhibition of  cell wall synthesis Gram-positive bacteria  

Diaryquinolines; 
Bedaquiline Inhibition of  ATP synthase Mycobacterium tuberculosis  

Lipopeptides; 
Daptomycin Membrane depolarisation Gram-positive bacteria  

PubChem CID: Penicillin – 6869, Vancomycin - 14969, Bedaquiline – 5388906, Damptomycin – 21585658 



 5 

Table 1.1 cont. – Mechanisms of action of antibiotic families with examples 

Antibiotic class; 
example Mechanism of  Action Target Example Structure 

Quinolones; 
Ciprofloxacin Inhibition of  DNA synthesis Broad-spectrum 

 

Sulfonamides; Prontosil Inhibition of  folic acid synthesis Gram-positive bacteria  

PubChem CID: Ciprofloxacin – 2764, Prontosil – 66895 

Information as reviewed in Lewis (2013) 
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1.1.2 Antimicrobial Resistance 

Antimicrobial resistance (AMR) is the phenomenon that occurs when either bacteria, fungi, 

viruses or parasites become insensitive to the method being used to eradicate their infection of 

a host. From this point forward, the focus will be on the ability of bacteria to develop resistance 

to antibiotics and the health and economic impacts of this. AMR is a rapidly occurring crisis, as 

shown in Figure 1.1. With all classes of antibiotics facing a level of resistance, we are swiftly 

running out of defences against the deadly infections that bacteria can cause.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 – Timeline of antibiotic introduction and resistance identification 

The examples included within Figure 1.1 are represented by a colour circle coordinated to their antibiotic 

family. Dates are the year the antibiotic was introduced to the public and the year that resistance was first 

identified. Date of introduction is not the date of discovery and therefore, for some of the later examples, 

resistance has been identified before the antibiotic was introduced into general use. Dates taken directly 

from Lewis (2013). 
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1.1.2.1 Causes of Antimicrobial/Antibiotic resistance 

The cause of antibiotic resistance cannot be pinned down to one specific reason; however, all 

of the causes do centre around the theme of misuse. Various organisations including the World 

Health Organisation (WHO) and the NHS have made multiple appeals to inform the general 

public of these causes of antibiotic resistance and try and limit the misuse of antibiotics. The 

following list summarises the WHO causes of antibiotic resistance: 

- Over-prescribing of antibiotics 

- Patients not finishing their treatment 

- Overuse of antibiotics in livestock and fish farming 

- Poor infection control in hospitals and clinics 

- Lack of hygiene and poor sanitation 

- Lack of new antibiotics or targets being developed 

 

1.1.2.2 Mechanisms of resistance development and transfer 

The mechanisms of resistance that bacteria can develop to antibiotics fit into three categories: 

reduction of intracellular concentrations of antibiotics; modification of antibiotic target and 

inactivation of antibiotics (Fernandez & Hancock, 2012; Nikaido, 2009; Wright, 2011). The first 

is caused by either the decreased permeability of the outer membrane by the down regulation 

of porins or the over expression of efflux pumps. The second occurs by either the genetic 

mutation of the target that renders the antibiotic useless but allows the target to perform its role 

or modification of the target, for example methylation. The third happens when the antibiotics 

themselves are altered by either enzymatic hydrolysis or by the transfer of a chemical group 

onto the antibiotic that prevents it from binding to the target, information as reviewed in Blair 

et al., (2015). There are many chemical groups that are commonly transferred these include, but 

are not limited to, acyl, phosphate and nucleotidyl groups. One particular class of antibiotics 

that is susceptible to modification by enzymes such as acetyl- and phosphotransferases is 

aminoglycosides.  

 

Resistance in bacteria can either be intrinsic, a natural trait of the organism, for example Klebsiella 

species resistance to ampicillin caused by the natural presence of enzymes called β-lactamases 

that alter the antibiotic (Labia et al., 1979) and can also be through the spontaneous event of 

mutation that occurs irrespective of the presence of antibiotics and is then selected for in 

antibiotic presence. The mutated DNA or resistance genes, for both intrinsic and acquired, can 

then be transferred horizontally between organisms (Hawkey, 1998). 

 

The ability for bacteria to spread AMR genes can be almost solely attributed to horizontal gene 

transfer (HGT) (Barlow, 2009) and the passing on of genetic material to offspring. HGT is the 
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process of transferring genetic material between bacterial organisms that is crucial to their 

evolution. This vital method can occur in three different ways: transformation, transduction and 

conjugation (Furuya & Lowy, 2006). 

 

1.1.3 Impact of AMR 

Without the ability to treat bacterial infections we would return to the pre-antibiotic era, where 

a simple chest infection was enough to end the life of an otherwise healthy person. Throughout 

this section the predictions and worries of both national and international governing bodies for 

both health and defence sectors and the economic impact of AMR will be presented. 

1.1.3.1 Health  

A review on AMR, commissioned by the British Government, has published a series of papers 

reviewing the data that they have collected on the current and future problems of AMR. One 

of their most worrying predictions is the number of people per year dying from infections 

caused by resistant microorganisms and the estimated worldwide cost of this, as highlighted by 

the ‘Health Matters’ graphic in Figure 1.2 (O ’ Neill, 2014; O ’Neill, 2015). The European Centre 

for Disease Prevention and Control (ECDC) have also published a report on the current threat 

of resistant bacterial infections (ECDC-EMEA Technical report, 2009). This report highlighted 

that, at the time of the report, 25,000 people die, in the EU, from just five selected multi-drug 

resistant bacteria: Methicillin-resistant Staphylococcus aureus; Vancomycin-resistant Enterococcus 

faecium; Cephalosporin-resistant Escherichia coli and Klebsiella pneumoniae; and Carbapenem-

resistant Pseudomonas aeruginosa. This results in healthcare costs and productivity losses totalling 

€5 billion per year.  

 

 

 

 

Figure 1.2 – Global impact of Antimicrobial Resistance 

Governmental organisation, Health Matters, graphic highlighting the predictions from AMR reviews (O ’ 

Neill, 2014) 
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1.1.3.2 Defence 

AMR can have a further impact within the defence sector. The use of Bioweapons to 

purposefully infect target groups of people within military combat is not unheard of. This use 

of biological agents in a weaponised form, often referred to as Biowarfare or Bioterrorism, can 

be made even more deadly by the use of resistant strains. The intrinsic resistance for each of 

the critical bacterial strains, twelve species including Y. pestis (causing bubonic plague) and  

Bacillus anthracis (causing anthrax), as outlined by the Centre for Disease Control and Prevention 

(CDC), has been compiled within Weigel & Morse (2009). Each of the agents is susceptible, in 

varying levels, to current antibiotics. However, they all also show an amount of natural resistance 

to currently available antibiotics.  

 

The use of genetic engineering and molecular biology to produce recombinant resistant 

organisms is also another worrying way in which AMR can be used against human beings. Even 

after signing the Biological Weapons Convention (BWC) in 1972 the former Soviet Union still 

had, and was working on, a Biological Weapons programme up until the 1990’s. This 

programme focused on the production of engineered resistant strains of some of the most toxic 

agents known to man, including the plague causing Y. pestis (Ainscough, 2002).  

 

This highlights the requirements for new medical countermeasures to combat both intrinsic and 

modified resistant bacterial strains. 

   

1.1.4 Bacteria of interest  

The bacteria of interest to the health and defence sectors include those listed as critical agents 

by the CDC and the ESKAPE pathogens. The ESKAPE pathogens; E. faecium, Staphylococcus 

aureus, K. pneumoniae, Acinetobacter baumannii, P. aeruginosa and Enterobacter species, are a group of 

pathogenic bacteria that cause a large problem for the health sector worldwide due to their 

ability to gain resistance (Pendleton, Gorman, & Gilmore, 2013). The CDC listed agents are 

divided in three categories A, B and C; A being the most toxic and carrying the most risk and C 

being the least. These agents and their details are listed within Table 1.2.  
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Table 1.2 – Bacteria of interest  

Species Disease Class Gram staining   
(-/+) 

Infectious 
dose Mortality Rate Category 

Bacillus anthracis Anthrax  Bacilli + 8000 – 50000 
(spores) >90 % CDC A 

Yersinia pestis Plague 𝛾 - 100 – 500 50 % (Bubonic) CDC A 

Francisella tularensis Tularemia 𝛾 - 10 - 50  Rare - 50 % CDC A 

Coxiella burnetii Q Fever 𝛾 - 10 (inhalation) 50 % CDC B 

Brucella species Brucellosis 𝛼 - 10 - 100 2 – 5 % CDC B 

Burkholderia mallei Glanders 𝛽 - 10 70 % CDC B 

Burkholderia pseudomallei Meliodosis 𝛽 - 10 90 % CDC B 

Salmonella typhi Typhoid 𝛾 - 10
5 12 – 30 % CDC B 

Shigella dysenteriae Bacillary dysentery 𝛾 - 10’s Unknown CDC B 

Escherichia coli Gastrointestinal 
infections 𝛾 - <100 10 % B/ESKAPE 

Vibrio cholerae Cholera 𝛾 - 10
3

 - 10
6 30 – 50 % CDC B 
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Table 1.2 cont. – Bacteria of interest  

Species Disease Class Gram staining   
(-/+) 

Infectious 
dose Mortality Rate Category 

Mycobacterium tuberculosis Tuberculosis Actinobacter N/A <10 1.7 million in 2016 CDC C 

Enterococcus faecium Infection (general) Bacilli + Unknown Unknown ESKAPE 

Staphlyococcus aureus Staph Infection 
(MRSA) Bacilli + 10

5 10 % ESKAPE 

Klebsiella pneumoniae Lung infections 𝛾 - Unknown 50 % ESKAPE 

Acinetobacter baumannii Wound infections 𝛾 - Unknown 50 – 60 % ESKAPE 

Pseudomonas aeruginosa Infection (general) 𝛾 - Unknown <1 % in healthy ESKAPE 
Class sourced from NCBI Taxonomy Browser (https://www.ncbi.nlm.nih.gov/taxonomy) 

Gram staining was sourced from Genomes Online Database (GOLD; https://gold.jgi.doe.gov) 

Disease, Infectious dose and Mortality rate were sourced from the Centre for Infectious Disease Research and Policy (CIDRAP; http://www.cidrap.umn.edu) 

CDC critical agents list (https://emergency.cdc.gov/agent/agentlist-category.asp), ESKAPE (Pendleton et al., 2013) 

𝛼 – Alphaproteobacteria, 𝛽 – Betaproteobacteria, 𝛾 – Gammaproteobacteria.  

Underlined species are those selected for use within this study. 
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1.1.5 The discovery gap and the next generation 

Within Figure 1.1 it can be observed that there was a cluster of antibiotic discovery and release 

in the early to mid-part of the 1900’s and then there is a lag of new releases from the 1970’s 

onwards. This is often referred to as the innovation gap (Walsh., 2003) or more accurately the 

discovery void (Silver., 2011). The challenges of antibiotic discovery seem to stem from the fact 

that the “easy” to explore natural sources of antibacterial agents have been discovered and the 

success rate of finding novel agents has been very low. Therefore, the discovery void has not 

been made by a lack of innovation but by a lack of successful discoveries resulting from the 

innovative research that has been taking place in both academic and pharma laboratories. This 

had historically led to the large pharma companies diverting their funds into more profitable 

ventures.  

 

However, as the AMR crisis draws attention from the media and government, more funding is 

being pumped into the development of the next generation of antibiotics. There are currently 

48 new antibiotics going through the phases of clinical trials; however, only 12 of these have 

the potential to treat WHO’s critical threat pathogens (data collected by PEW Charitable Trust). 

Furthermore, the number of publications containing new and novel antibiotics with the 

potential to act against resistant and hard to treat infections are increasing. For example, two 

publications have been released this year that report two new classes of antibiotics. Malacidins 

target components of bacterial cell wall synthesis (Hover et al., 2018) and Odilorhabdins inhibit 

protein synthesis by targeting a novel region of the ribosome causing amino acid miscoding 

(Pantel et al., 2018). However, neither of these have mechanisms of action that are completely 

novel (see Figure 1.1). The need is to now explore and target mechanisms that still remain 

untapped in the field of antibiotics. One such target mechanism is RNA decay and processing 

(Eidem et al., 2012). The components of RNA decay mechanisms, specifically ribonucleases, 

frequently play critical roles in pathogenic bacterial virulence and gene regulation (Lawal et al., 

2011) and are therefore potential antibacterial targets. 

 

One potential strategy for discovering/optimising new antibacterial agents in the low-cost high-

throughput technique of in silico structural-based drug discovery (SBDD) also known as virtual 

high-throughput screening (VHS). This strategy is useful when the target is an individual 

molecule, such as an enzyme, with a know X-ray crystallography structure. There have been 

several successful cases where SBDD has been involved in the drug discovery process 

(Villoutreix et al., 2009). One such case was the structure-based optimisation of bacterial D-Ala-

D-Ala adding enzyme (MurF) inhibitors. This optimisation led to the discovery of low-

nanomolar inhibitors with potential for use as a new class of antibiotics (Stamper et al., 2005). 
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Simmons et al., 2010 has presented the potential for SBDD to be used in the discovery of new 

antibiotics and lists many more examples of SBDD success stories involving bacterial targets.  

1.1.6 Summary 

In summary, AMR is the deadly problem that occurs when pathogenic microorganisms gain 

resistance to the methods being used to eradicate them. Focusing on bacteria, antibiotic 

resistance is caused by over and misuse of antibiotics. Due to the rapid ability of bacteria to 

evolve, and the fact that they can transfer genetic material between individuals, AMR is a rapidly 

occurring problem. AMR has the potential to have a huge impact both in health and economic 

sectors and even more frightening impact within the defence sector. An extensive list of highly 

pathogenic bacteria, as highlighted by the CDC, WHO and the NHS, has been compiled. 

Although there are new antibiotics being developed, the area of RNA decay remains unused as 

an antibacterial target. The main regulator of RNA decay and processing, ribonucleases, are 

therefore a target ready to be explored as a new countermeasure against bacterial infections.  

 

1.2. Bacterial Ribonucleases 

Regulation of gene expression through the processing and decay of RNA is a key mechanism 

that allows bacteria to rapidly adapt to changing environmental conditions. Consequently, the 

enzymes that are responsible for RNA decay and processing, ribonucleases (RNases), are a 

crucial element of this regulation. RNases present themselves as potential antibacterial targets 

because they have been linked to bacterial virulence (Lawal et al., 2011) and certain RNases are 

found to be essential to bacterial cell viability (reviewed in Nicholson, 1999). RNases can be 

divided, by their mechanism of action, into two groups: exoribonucleases and 

endoribonucleases.  

 

1.2.1 Exoribonucleases and endoribonucleases 

Endoribonucleases (Figure 1.3A) degrade RNA internally by the hydrolysis of  phosphodiester 

bonds between nucleotides. Exoribonucleases (Figure 1.3B), however, degrade RNA using 

either a hydrolytic mechanism (e.g. RNase R) or phosphorolytic mechanism (e.g. Polynucleotide 

phosphorylase; PNPase) starting at the extremity of the substrate in either a 5’ → 3’ or 3’ → 5’ 

direction. These “promiscuous” enzymes are reviewed within Deutscher (1993) Mohanty & 

Kushner (2018) and Zuo & Deutscher (2001). Both of  these RNase groups have been revealed 

to be involved in all elements of  RNA degradation and processing (Deutscher, 2006). A list of  

RNases, found within the model organism E. coli, is located in Table 1.3.  

 

As previously stated, RNases have been shown to have a role in the regulation of  bacterial 

virulence, a comprehensive list of  RNases and the organisms whose virulence they are involved 
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in are listed in Lawal et al. (2011). For example, the exoribonuclease, PNPase, and the 

endoribonuclease, RNase E, have been linked to virulence in both Salmonella enterica and Y.  pestis.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 - Schematic diagram of Ribonuclease mechanisms in bacteria 

RNA (green) can be degraded internally by endoribonucleases (A) or in a directional fashion from its 

extremities by exoribonucleases (B). 
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Table 1.3 – E. coli ribonucleases 

Ribonuclease Mode of  Action Substrate 
preference Natural substrate Essential in E. coli Ortholog in 

humans 

RNase E Endoribonuclease SS mRNA, rRNA, 
sRNA, tRNA E No 

RNase P Endoribonuclease SS mRNA, rRNA, 
tRNA E No 

Oligoribonuclease 3’→5’ 
Exoribonuclease SS mRNA E Yes 

RNase III Endoribonuclease DS mRNA, rRNA, 
sRNA NE Yes 

RNase G Endoribonuclease SS mRNA, rRNA, 
sRNA NE No 

RNase Z/BN 
Endoribonuclease/     

3’→5’ 
Exoribonuclease 

SS mRNA, tRNA NE Yes 

RNase T 3’→5’ 
Exoribonuclease SS rRNA, tRNA NE Yes 

RNase PH 3’→5’ 
Exoribonuclease SS tRNA NE Yes 

RNase D 3’→5’ 
Exoribonuclease SS tRNA NE Yes 

PNPase 3’→5’ 
Exoribonuclease SS mRNA, sRNA, 

tRNA NE Yes 

RNase II 3’→5’ 
Exoribonuclease SS mRNA, tRNA NE Yes 
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Table 1.3 cont. – Bacterial ribonucleases 

Ribonuclease Mode of  Action Substrate 
preference Natural substrate Essential in E. coli Ortholog in 

humans 

RNase R 3’→5’ 
Exoribonuclease SS rRNA, sRNA NE Yes 

RNase I† Endoribonuclease SS rRNA NE Yes 

RNase HI‡ Endoribonuclease RNA in DNA/RNA 
pair 

RNA in Reverse 
transcription NE Yes 

E, essential; NE, nonessential; SS, single-stranded RNA; DS, double-stranded RNA. 

Listed according to essentiality and then importance of function. 

Data as reviewed in (Eidem et al., 2012; Mohanty & Kushner, 2018) with exception of † - (Shen & Schlessinger, 1982) and ‡ - (Schultz & Champoux, 2008). 
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1.2.2 Protein-Nucleic acid interactions 

Proteins can interact with nucleic acids, RNA and DNA, using multiple physical and structural 

methods. Proteins that interact with RNA, such as RNases, use similar physical forces to those 

that interact with DNA. These forces include electrostatic interactions, hydrogen bonding, 

hydrophobic interactions and base stacking. Proteins that interact with DNA often have helix 

recognising motifs, in a similar fashion, proteins that interact with RNA also commonly 

recognise secondary structural elements such as stem-loops. For example, it was recently 

revealed that the cleavage of sRNA MicL’s 3’UTR, by RNase E, is directed by RNase E’s 

interaction with two tandem stem-loops in close proximity to the cleavage site (Updegrove et 

al.,  2019).   

1.2.3 Summary 

In summary, RNases are essential for both RNA decay and processing, they are key elements 

within the control of gene regulation in bacteria, and therefore present themselves as potential 

antibacterial targets. There are a large group of bacterial RNases that are diverse in their function 

and substrate preference. Collectively, they have the ability to degrade all species of RNA either 

internally, via endoribonucleases, or externally, via exoribonucleases. RNase E is one of only 

two of these RNases that are essential in E. coli and have no ortholog in humans and therefore 

presents itself as an ideal antibacterial target.  

 

1.3. Ribonuclease E  

In order to exploit RNase E as an antibacterial target it is important to understand its function, 

substrate specificity, structure, mechanism and regulation. The main bulk of the characterisation 

of RNase E, within the literature, has been performed using RNase E from E. coli; therefore, 

unless otherwise stated, the information to follow is regarding E. coli RNase E (EcRNase E). 

 

1.3.1 Functional information 

Ribonuclease E (RNase E) was first discovered in the late 1970’s (Apirion & Lassar, 1978; 

Ghora & Apirion, 1978; Misra & Apirion, 1979) and has since been shown to be essential for 

cell viability in E. coli (Apirion & Lassar, 1978; McDowall et al., 1993; Ono & Kuwano, 1979). 

RNase E has been proved to be involved in the decay and processing of all species of RNA 

(Figure 1.4). RNase E’s participation in the decay of messenger RNA (mRNA) in E. coli was 

first shown by multiple research groups in the early 1990s. The decay of the rpsO transcript, that 

encodes for ribosomal protein S15, was shown to be initiated by RNase E by the removal of a 

3’ stem loop (Régnier & Hajnsdorf, 1991). Furthermore, through mutation and gene mapping 

studies (Mudd et al., 1990; Taraseviciene et al.,1991) the rne gene (encoding RNase E) was 
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revealed to be identical to a previously discovered gene involved in bulk mRNA decay, altered 

mRNA stability (ams) (Ono & Kuwano, 1979, 1980).  

 

The processing of stable RNA species, such as transfer RNA (tRNA) and ribosomal RNA 

(rRNA), is also one of RNase E’s functions. RNase E has been shown to cleave within a few 

nucleotides of the mature terminus of tRNA before maturation is completed by various 

exoribonucleases (Ow & Kushner, 2002). Additionally, the use of temperature sensitive mutants 

highlighted RNase E’s involvement in the processing of 5S rRNA (Apirion & Lassar, 1978; 

Misra & Apirion, 1979). Inactivation of RNase E in vivo showed the connection between active 

RNase E and the processing of 16S rRNA from 17S rRNA (Li et al., 1999).  

 

These examples show the early understandings of RNase E function, since then RNase E’s 

participation within many RNA pathways has been found, as reviewed in Mohanty & Kushner 

(2018). For example, the ability of RNase E to target specific mRNA targets with the guidance 

of complementary sRNA guides and the RNA chaperone Hfq. This has been shown in 

Salmonella, the sRNA MicC has the ability to direct the RNase E-mediated decay of mRNA 

ompD (Pfeiffer et al., 2009). It has also been confirmed, within a synthetic system, that RNase E 

can be directed to a target by the 5’ monophosphate of a guiding sRNA (Bandyra et al., 2012). 
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Figure 1.4 – RNA decay and processing by RNase E 

sRNA (purple) is a key element within the control of gene regulation by binding to complementary mRNA 

(green) targets. This control can be performed by the sRNA hiding or revealing sites important for protein 

synthesis but can also take place through sRNA guided RNase E (red) mRNA decay (Prévost et al., 2011). 

rRNA (blue) is crucial in the formation of the ribosome and therefore in the subsequent protein synthesis 

by the ribosome. rRNA is processed into mature rRNA subunits by RNase E and other ribonucleases as 

reviewed in Mackie (2013). tRNA (orange) is involved within protein synthesis by recognising codons 

within mRNA during translation. Pre-tRNA is processed into mature tRNA by RNase E and other 

ribonucleases as reviewed in Redko et al., (2007). mRNA is the molecule that proteins are translated from 

and therefore its decay by RNase E is a crucial part of gene regulation. 
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1.3.1.1 Substrate specificity  

Unlike other nucleases, RNase E, does not have a specific recognition or cleavage sequence; 

however, this enzyme does have a preference for single stranded A/U rich sites (Mackie, 1992; 

Mcdowall et al., 1994). RNase E has been identified as a 5’ dependent endoribonuclease that 

recognises a monophosphate on the 5’ terminus of its’ substrates (Mackie, 1998). 

 
In 1998, it was stated that RNase E is a 5’ end-dependent enzyme (Mackie, 1998). It was shown 

that a monophosphate is required on the 5’ terminus of its RNA substrate, RNase E used this 

to recognise and bind the RNA. Crystallographic studies later confirmed this binding (Callaghan 

et al., 2005), the 5’ monophosphate of the co-crystallised RNA was making interactions within 

a particular pocket of the enzyme called the 5’ sensor (described in section 1.3.2.3.1). This 5’ 

end-dependent pathway was believed to be initiated by RNA pyrophosphohydrolase (RppH) 

that converts triphosphorylated RNA (pppRNA) to monophosphorylated RNA (pRNA) by the 

removal of a pyrophosphate (Celesnik, Deana, & Belasco, 2007; Deana, Celesnik, & Belasco, 

2008), Figure 1.5A. However, a more recent study, has shown that diphosphorylated RNA 

(ppRNA) is found in a much greater abundance than originally thought (Luciano et al., 2017). 

They propose that the conversion of pppRNA to pRNA is a two-step process involving an 

unidentified enzyme and RppH, Figure 1.5B.  

 

However, despite this 5’ end-dependence it is also well publicised that RNase E has the ability 

to target and degrade RNAs with either a structured or triphosphorylated 5’ terminus. Baker 

and Mackie (2003) showed, using mRNA rpsT, that RNase E can bypass the need to interact 

with the 5’ terminus and use an ‘internal entry’ pathway (Baker & Mackie, 2003). Known RNase 

E substrate, cspA (Hankins et al., 2007), has been shown to be rapidly cleaved by RNase E 

regardless of its 5’ terminus (Kime et al., 2010). Carpousis et al. suggested, in 2009, that the highly 

structured nature of some RNAs could assist in the direct entry pathway by performing an 

‘honorary role of protein’ and stabilising the binding channel of RNase E and allowing it to 

cleave the single stranded region presented (Carpousis et al., 2009). The ‘Mouse-trap’ model 

presented in Koslover et al. (2008) speculates that the flexibility between the dimer-dimer 

interactions of the RNase E tetramer would allow for the ‘direct entry’ pathway. This pathway 

has now been shown to be a major pathway within RNA decay and processing (Clarke et al., 

2014). 

 

Figure 1.4 cont. – RNA decay and processing by RNase E 

B) Schematic and chemical depiction of RNase E RNA cleavage. The hydrated magnesium ion (magenta) 

is coordinated by aspartic acid residues with the catalytic domain of RNase E. The hydrated magnesium 

ion performs a hydrolytic attack on the phosphodiester backbone of the RNA. 
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1.3.2 Structural information 

RNase E is an 1061 amino acid (aa) long protein that structurally forms a mixed α/β fold 

(Casaregola et al., 1994; Casarégola et al., 1992). This can be split into two halves, the N-terminal 

domain (NTD; aa 1 – 529) and the C-terminal domain (CTD; aa 530 – 1061). The CTD is the 

scaffold region that the RNA degradosome, discussed in section 1.3.3, assembles upon; this 

region is intrinsically unstructured (Callaghan et al., 2004). The NTD, however, has a high level 

of sequence conservation (Kaberdin et al., 1998) and is responsible for the ribonucleolytic 

activity of the enzyme (McDowall & Cohen, 1996). Going forward within the rest of section 

1.3.2, unless otherwise stated, when referring to RNase E it is the NTD that is being referred 

to. 

 

5’ PPP 5’ PPP

PPi
+ RppH

5’ P

5’ P

+ RNase E
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enzyme
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Figure 1.5 – RNase E 5’ end-dependent substrate recognition 

A) pppRNA (green) is processed by RppH (purple) by the removal of a pyrophosphate to produce a 

pRNA (Deana, Celesnik, & Belasco, 2008). RNase E (red) recognises the 5’ terminus of the pRNA and 

binds it using the 5’ sensor pocket and cleaves the RNA within a ss region. B) An unidentified enzyme 

(blue) has been shown to remove the γ-phosphate in preparation for RppH, which has been shown to 

prefer ppRNA, to remove the β-phosphate to produce pRNA. 
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A monomer of RNase E is divided into two parts, the large and small domain.  The large domain 

contains several functional subdomains that contribute to either structure or catalytic activity, 

Figure 1.6. There is an RNase H domain, aa 1 – 35 and 216 – 279, that bears a resemblance to 

RNase H but lacks the catalytic residues. The S1 domain, 36 – 118, and the 5’ sensor domain, 

119 – 215, are responsible for the orientation and binding of the RNA substrate. The DNase I 

fold, 280 – 400, contains the catalytic residues of RNase E, this domain also coordinates a 

hydrated magnesium ion that is also involved in the degradation of substrates. The small domain 

contains the interfaces that interact to form the dimer of dimers (Koslover et al., 2008). The key 

residues within the sites that these domains make will be explored in greater detail further on in 

section 1.3.2.3. RNase E forms a catalytically active homotetrameric unit (Callaghan et al., 2003), 

this tetramer is thought of as a “dimer of dimers” (Callaghan, Marcaida, et al., 2005), Figure 1.7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 – RNase E NTD domain structure 

A) Ruler map of RNase E NTD showing the division of this catalytic half into several subdomains. These 

subdomains are divided between the large (aa 1 – 415) and small (416 – 529) domains. B) A top view of a 

dimer of RNase E NTD (PDB accession 2C0B) with RNA bound (green) coloured in accordance to the 

subdomains shown above. The coordinated metal ions are coloured as follows, Zinc ion (turquoise) and 

Magnesium ions (Magenta).  
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1.3.2.1 Conformational change 

Crystallographic studies of RNase E both in the presence (Callaghan, et al., 2005) and absence 

(Koslover et al., 2008) of RNA highlighted a significant conformational change that occurs when 

RNase E binds its substrate. The mechanism suggested, as a result of this apoprotein crystal 

structure, is explored in Figure 1.8. 

 

Figure 1.7 – RNase E NTD tetramer formation 

A) RNase E monomer, PDB accession code 2BX2, shown in blue with magnesium ion, magenta, and zinc 

ion, turquoise. B) Addition of a second monomer coordinated by the zinc ion to form a dimer of RNase 

E. C) Top view of the dimer shown in B. D) Addition of another dimer pair forms the tetrameric shape 

of RNase E. This is often referred to as a “dimer of dimers” (Callaghan, et al., 2005) as the schematic of a 

mirror imaged pair of scissors depicts. 



 24 

 
Figure 1.8 – RNase E conformational change 

On the left is the apoprotein (open) structure that undergoes a ≈60° conformational change when the 5’ sensor in gold anchors the RNA substrate (green) that is then orientated by 

the S1 domain in blue. This orientation moves the 5’/S1 domains into the closed confirmation, positioning the substrate in the active site of RNase E for cleavage. PDB accession 

codes: Open – 2VMK and Closed – 2C0B 
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1.3.2.2 Sites of importance 

There are three main sites of importance within RNase E, the 5’ sensor pocket, the active site 

(including S1 domain) and the Zn-link. The first two sites mentioned play a role in the catalytic 

activity of the enzyme and the Zn-link, as previously discussed, is involved in dimer formation. 

These sites and the key amino acids, as shown by mutagenesis, will now be explored (Callaghan 

et al., 2005; Callaghan et al., 2005; Diwa et al., 2002; Garrey & Mackie, 2011).  

1.3.2.2.1 5’ sensor & Active site 

Figure 1.9 shows the locations and composition of the sites responsible for the recognition and 

cleavage of RNase E’s substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 – Key residues forming the 5’ sensor and Active site 

The active site is located in the DNase I domain and harbours a hydrated magnesium ion (magenta sphere), 

coordinated by two aspartic acids, Asp303, positioned by asparagine Asn305, and Asp346, that is essential 

for the hydrolytic cleavage of the RNA substrate (green). Specificity for cleavage at an A/U rich site is 

defined by the uracil pocket (black) in the S1 domain (Chao et al., 2017). This pocket is comprised of 

Phe67, positioned by Phe57, and the Lys112-Gly113-Ala114-Ala115 (KGAA) loop/Uracil pocket. In 

addition, recognition of the 5’ terminus of a substrate requires the 5’ sensor pocket, specifically, amino 

acids Gly124, Val128, Arg169 and Thr170. PDB accession code: 2C0B; shown as ribbons, key residues 

shown as sticks, and coloured by domain. 
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1.3.2.2.2 Zinc-link 

RNase E tetramers are, as previously discussed, formed of a dimer of dimers. Each dimer is 

stabilised by a zinc-link that is formed by the coordination of a zinc ion by two cysteine residues 

from each protomer of the dimer (Figure 1.10) (Callaghan et al., 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 – Key residues forming the Zn-link 

The Zn-link, RNase E aa 400-415, coordinates a zinc ion that is crucial to RNase E tetramerisation. This 

region contains the conserved cys motif (yellow) (Callaghan et al., 2005), the motif includes two cysteine 

residues, C404 and C407 (shown as sticks), that perform the interactions with the Zinc ion (turquoise 

sphere). The interactions, shown in black dashed line, are required from the cys motif from both 

protomers within the dimer, one shown in blue and the other in grey. PDB accession code: 2BX2. 
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1.3.3 The RNA degradosome 

RNases can perform the majority of their functions as isolated enzymes; however, they can 

assemble into multienzyme complexes. One such multienzyme complex, that has been well 

characterised, the RNA degradosome from E. coli (Carpousis, 2007). The canonical 

degradosome is a complex that contains two ribonucleases, RNase E and PNPase, along with 

RNA helicase, RhlB and glycolytic enzyme, enolase (Vanzo et al., 1998). As shown in Figure 

1.11 RNase E provides the scaffold that is necessary for the assembly of the RNA degradosome 

(Carpousis, 2002) with PNPase, RhlB and enolase binding to microdomains within the CTD of 

RNase E. Degradosomes in other gammaproteobacterial species are similar in composition and 

structure to that in E. coli (Aït-Bara et al., 2015). However, degradosome assemblies in other, 

more divergent, species vary in their composition and structure (Marcaida et al., 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 - Schematic diagram of the RNA degradosome 

A) Linear ruler diagram showing the assembly of the RNA degradosome on the CTD of RNase E. Region 

1 – 529 is responsible for endoribonucleolytic activity of RNase E; 565 – 585 is the membrane targeting 

sequence (MTS); 604 – 688 is an RNA binding domain (RBD); 698 – 762 is the binding region for RhlB; 

796 – 819 is an arginine rich RNA binding domain (AR2); 833 – 850 is the binding region for Enolase and 

1021 – 1061 is the binding region for PNPase. Numbering as in Bruce et al. (2018). B) Schematic 

representation of the formation of the degradosome, RNase E is shown as a tetramer of scissors with each 

blade having a CTD with its binding partners. One protomer is shown in colour and the others in grey.  
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1.3.4 RNase E regulation 

As previously stated, RNase E is localised at the outer membrane and has a substrate preference 

for A/U rich regions and a 5’ monophosphate terminus, however, these are not the only means 

of controlling RNase E activity. RNase E has the ability to autoregulate cellular levels by binding 

and cleaving its own mRNA within the 5’ untranslated region (5’ UTR) (Jain & Belasco, 1995). 

RNase E activity is also controlled by two protein inhibitors and there is evidence of RNase 

metabolite control that could apply to RNase E (Nurmohamed et al., 2011). 

1.3.4.1 Autoregulation 

The RNase E gene, rne, has a highly structured 5’ UTR that contains several large hairpin (hp) 

and ss regions as shown in Figure 1.12. Although the specific nucleotide sequence of this UTR 

has been shown to vary in other species the hp structure is highly conserved (Diwa et al., 2000). 

This is not surprising as RNase E has been shown to use this structure, specifically the top part 

of hp2 (sequence: GCAAUGGCGUAAGA), to directly bind the UTR prior to degradation 

(Schuck et al., 2009). Within Schuck et al. (2009) cleavage was observed within the ss regions of 

hp1 and ss1, however, this was performed with a truncated version of the UTR containing just 

hp1 and 2 and therefore it could be assumed that RNase E has the ability to cleave in all ss 

regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12 – E. coli rne mRNA 5’ UTR 

RNA structure (grey) as shown in Diwa et al. (2000), the hp and ss strands are labelled and numbered in 

order. The hp2 is crucial for direct RNase E binding and ss3 contains the ribosomal binding site (RBS; 

underlined) and the start codon (AUG; underlined).  
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1.3.4.2 Protein inhibitors of RNase E 

RNase E is modulated by two protein inhibitors, regulator of ribonuclease activity A and B 

(RraA/B), these inhibitors have been shown to have widespread effects on transcript levels in 

E. coli (Gao et al., 2006; Lee et al., 2003; Pietras et al., 2013). Neither of the inhibitors target the 

catalytic activity of RNase E but instead they target the CTD of RNase E and the binding of 

the degradosome partner RhlB. RraA has the capacity to restore the growth of E. coli cells that 

are overexpressing RNase E (Yeom & Lee, 2006). RraB has been identified to directly bind to 

RNase E’s CTD, at aa 694 – 727, whereas RraA has the ability to interact with the C-terminal 

tail of RhlB (Górna et al., 2010; Pietras et al., 2013).  

 

1.3.4.3 Metabolite control of ribonucleases 

In vivo, with small molecule metabolites outnumbering proteins by a factor of 30, metabolite-

protein interactions are common (Li & Snyder, 2011). Many of these interactions can be 

explained by the metabolite’s role as an enzyme substrate, product or cofactor. However, it is 

also possible for metabolites to perform regulatory functions (Li & Snyder, 2011; Wegner et al., 

2015). In bacteria, there is a growing body of evidence of communication between ribonucleases 

(RNases), the enzymes responsible for modulating gene expression through the processing and 

degradation of RNAs (Arraiano et al., 2010), and metabolites. One example of this is fellow 

degradosome component, exoribonuclease PNPase, and its’ control, in multiple kingdoms of 

life, by tricarboxylic acid (TCA) cycle metabolite citrate (Nurmohamed et al., 2011; Stone et al., 

2017). With this evidence of RNase metabolite communication and the presence of glycolytic 

enzyme, enolase, within the RNA degradosome there could also possibly be metabolite control 

of RNase E. This will be explored further within this study. 

 

1.3.5 RNase E paralogues and homologues 

1.3.5.1 RNase G 

Ribonuclease G (RNase G) is a paralog of RNase E that has 50 % sequence similarity to the 

NTD of RNase E (McDowall et al., 1993). This includes conservation of the key amino acids 

involved in substrate recognition and cleavage in RNase E (Callaghan et al., 2005; McDowall et 

al., 1993). Therefore, RNase G has the same substrate requirements, of an A/U rich region and 

5’ monophosphate terminus, as RNase E (Jiang & Belasco, 2004). Even though RNase G is 

involved in RNA decay and processing, as reviewed in Carpousis et al. (2009), it is not essential 

for cell viability in E. coli (Li et al., 1999; Wachi et al., 1999). 
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1.3.5.2 RNase E from other species 

As of 2003, RNase E had been shown, by BLAST searches, to have homologues in many other 

species (Lee & Cohen, 2003). RNase E has been found in almost all Gram-negative bacteria 

and in G+C rich Gram-positive bacteria. Two of the subdivisions of the Proteobacteria phylum, 

γ and β, have both RNase E and G, whereas, α-Proteobacteria only have RNase E (Condon, 

2002). α-Proteobacteria RNase E also contains an insertion within S1 domain that has been 

shown to important for degradosome partner pairing within Caulobacter crescentus (Voss, Luisi, & 

Hardwick, 2014). Even though there is good understanding of where RNase E can be found 

and the diversity of these bacterial species, functional characterisation of the NTD from these 

species has not been performed. The RNase E for Mycobacterium tuberculosis has been purified 

and used in small molecule inhibitor screening within Kime et al. (2015). This study found that 

there were variances in the potency of their inhibitors depending on if they were targeting 

EcRNase E or M. tuberculosis RNase E. This suggests that there are differences between these 

two closely related enzymes despite a high level of sequence conservation.  

 

1.3.6 Summary 

In summary, RNase E is an essential and well characterised endoribonuclease that is involved 

in the decay and processing of all species of RNA. It has a preference for substrates containing 

an A/U rich region and with a monophosphate on the 5’ terminus. However, it can degrade 

pppRNA and structured RNA using a direct entry pathway. The RNase E NTD is a 

homotetramer formed of a dimer of dimers containing several functional domains. These 

domains form sites of importance for substrate recognition and cleavage, 5’ sensor and active 

site, and structure formation, Zn-link. RNase E is controlled by membrane localisation, 

autoregulation of its own mRNA and protein inhibitors RraA and RraB; there is also a possible 

level of control by metabolites that needs to be explored. The NTD of RNase E has a high level 

of aa sequence conservation but there is evidence that homologues of EcRNase E may have 

variances in their activity. It also has a smaller paralogue, RNase G, that is homologous to the 

enzyme’s NTD and shares some of its roles and substrates preferences. Due to the essentiality, 

widely found nature of RNase E and lack of orthologue within humans and animals, RNase E 

presents itself as an ideal antibacterial target. 
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Aims 

The aim of this research is to explore RNase E as a potential antibacterial target. The work will 

focus on studying RNase E NTDs from multiple bacterial pathogens of relevance to both 

bioterrorism and public health, in order to perform broad spectrum targeting approaches. The 

specific objectives will include: 

1. To structurally and functionally characterise RNase E NTDs from selected pathogenic 

bacterial species. 

2. To look to nature to understand inhibition/regulation of RNase E activity. 

3. To investigate inhibiting RNase E catalytic activity using small molecules. 

4. To investigate inhibiting RNase E synthesis as a means of preventing RNase E activity.  
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Chapter 2 – Structural and functional characterisation of 

Ribonuclease E homologues 

2.1. Introduction 

Due to a high level of sequence conservation, RNase E homologues from other species are 

expected to have similar properties to E. coli RNase E. This is critical if drugs targeting RNase 

E are to have a broad-spectrum effect. However, there is already evidence that inhibitors 

targeting E. coli RNase E may or may not affect homologues in the same way (Kime et al . 2015). 

For this reason, the functional aspects of each of the homologues to be targeted needs to be 

understood. In this study, four RNase E homologues from bacterial pathogens were 

characterised. The bacterial pathogens selected were chosen because of their importance in both 

the health and defence sectors. RNase E homologues were chosen from bubonic plague causing 

Yersinia pestis (YpRNase E), tularemia causing Francisella tularensis (FtRNase E), melioidosis 

causing Burkholderia pseudomallei (BpRNase E) and ESKAPE pathogen Acinetobacter baumannii 

(AbRNase E). These species were of particular interest because of their ability to gain multidrug 

resistance and their highly infectious nature.   

 

2.2. Aim 

The aim of this chapter was to compare the selected RNase E homologues; to assess if their 

structural and functional properties were similar enough for future broad-spectrum targeting by 

small molecule inhibitors targeting sites of importance within RNase E. This comparison used 

various computational and biophysical techniques to complete this aim. 

 

2.3. Methods 

2.3.1 Protein sequence alignment 

RNase E amino acid sequences were downloaded from UniProtKB using the following 

accession codes: EcRNase E (P21513), YpRNase E (Q74TC3), FtRNase E (Q5NFK7), 

BpRNase E (A0A0H3HN63) and AbRNase E (A0A0B9WR03). The sequences were aligned in 

MOE (Molecular Operating Environment, 2013.08; Chemical Computing Group Inc., 1010 

Sherbrooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7) using the default 

parameters, including a BLOSUM62 substitution matrix. This alignment was used to define the 

NTD for each of the RNase Es, with the NTD being defined as the amino acids that aligned 

with amino acids 1-529 of EcRNase E. Sequences were then trimmed to the NTD boundaries 

and the similarity of each homologue to EcRNase E NTD was calculated in MOE.  
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2.3.2 RNase E NTD homology models 

RNase E NTD homology models were generated in MOE using EcRNase E crystal structures 

as the base structure, 2BX2 (Callaghan et al ., 2005) for the closed conformation and 2VMK 

(Koslover et al ., 2008) for the open conformation and the default settings. 10 initial models 

were produced and averaged to give the most energetically favourable model. The root-mean-

square deviation (RMSD) between each model and the base EcRNase E NTD structure was 

calculated in MOE.  

 

2.3.3 Cloning of RNase E N-terminal domain (NTD) expression strains 

RNase E NTDs were cloned into the pET16b expression plasmid (Novagen), in order to 

express them as N-terminally His10-tagged proteins. E. coli BL21(DE3), containing EcRNase E 

NTD (aa 1-529) cloned into pET16b, was kindly provided by Prof. Ben Luisi (University of 

Cambridge, UK). The coding sequences for the RNase E NTDs were obtained from the 

European Nucleotide Archive: YpRNase E (aa 1-529; CAL20235.1), FtRNase E (aa 1-543; 

KFJ71366.1), BpRNase E (aa 1-532; EET07304.1), and AbRNase E (aa 1-544;  A0A0B9WR03). 

The genes were codon-optimised in silico using GeneOtimizer® software (GeneArt, Life 

Technologies), synthesized by GeneArt and ligated between the NdeI and BamHI restriction 

sites of pET16b. The FtRNase E D111N mutant was generated by site-directed mutagenesis 

using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent), pET16b[FtRNase E 

NTD], forward primer  5’-TCA GTG CTG CAC CTT TAT TTC CGC GTT CTT CTT TAT 

C-3’ and reverse primer 5’-GAT AAA GAA GAA CGC GGA AAT AAA GGT GCA GCA 

CTG A-3’. All constructs were confirmed by DNA sequencing and E. coli BL21(DE3)pLysS 

was transformed with the plasmids for protein expression. 

 

2.3.4 Protein expression 

RNase E NTD expression strains were grown in 500 ml LB supplemented with 100 g/ml 

ampicillin, at 37 C, with shaking (250 rpm), until the OD600 reached 0.6. Recombinant protein 

expression was induced by the addition of isopropyl -D-1-thiogalactopyranoside (IPTG) to a 

final concentration of 1 mM and cells were incubated for a further 3 hours, at 37 C, with 

shaking. Cells were harvested by centrifugation at 7,000 rcf and 4 C for 20 minutes and stored 

at -20 C. 

 

2.3.5 Protein purification 

All RNase E NTDs were purified essentially as described previously for EcRNase E NTD 

(Callaghan et al ., 2003) Briefly, a frozen cell pellet was thawed on ice and resuspended in 50 ml 

of lysis buffer (20 mM Tris-HCl pH 8, 500 mM NaCl and 20 mM imidazole) supplemented with 
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a cOmpleteTM EDTA-free protease inhibitor cocktail tablet (Roche). Cells were lysed by 

sonication for 10 minutes (3.3 seconds on, 9.9 seconds off) using a Sonics Vibra Cell VCX 500 

sonicator. Lysate was clarified by centrifugation at 40,000 g, at 4 C for 20 minutes. Lysate was 

loaded onto a 5 ml HisTrap FF column (GE Healthcare) equilibrated in lysis buffer using an 

ÄKTA Purifier (GE Healthcare). Bound proteins were eluted with a 6-column-volume gradient 

to 100% elution buffer (20 mM Tris-HCl pH 8, 500 mM NaCl and 500 mM imidazole). 

Fractions containing RNase E NTD were pooled and buffer-exchanged into storage buffer (20 

mM Tris-HCL pH 8, 500 mM NaCl, 10 mM MgCl2, 10 mM ethylenediaminetetraacetic (EDTA), 

10 mM dithiothreitol (DTT) and 10% (v/v) glycerol) using a HiPrep 26/10 Desalting column 

(GE Healthcare). RNase E NTD was concentrated using a Vivaspin 20 centrifugal concentrator 

with a molecular weight cut-off (MWCO) of 10 kDa (Sartorius) and loaded onto a HiLoad 

16/600 Superdex 200 prep grade size-exclusion column (GE Healthcare) equilibrated in storage 

buffer. Fractions containing RNase E were pooled, concentrated using a Vivaspin 20 (MWCO 

10 kDa) centrifugal concentrator and stored at -80 C.  The size and homogeneity of the purified 

RNase E NTDs were assessed by 12% SDS-PAGE.  

 

2.3.6 Size exclusion chromatography coupled small angle X-ray scattering (SEC-

SAXS) 

SEC-SAXS experiments were performed at the B21 beamline at the Diamond Light Source 

(DLS, Didcot, UK). RNase E NTDs were concentrated using a Vivaspin 20 (MWCO 10 kDa) 

centrifugal concentrator to a concentration of 5-10 mg/ml in sample buffer (10 mM DTT, 10 

mM MgCl2, 0.5 M NaCl, 20 mM Tris-HCl (pH 8)). 45 l were loaded onto a 4.6 ml KW403-4F 

size exclusion column (Showdex) equilibrated in sample buffer at a flow rate of 0.1 ml/min, 

using an Agilent 1200 HPLC system. SAXS data were collected at 3-second intervals, a 

wavelength of 1 Å and a fixed camera length of 4.014 m using a Pilatus 2M photon counting 

detector (Dectris), for 32 minutes. The data were normalised to the intensity of the incident 

beam and the scattering from the buffer was subtracted using an in-house program. Further 

data processing was then performed with the ATSAS suite (Franke et al ., 2017). PRIMUS 

(Konarev et al ., 2003) was used to calculate the radius of gyration (Rg) and forward scattering 

intensity (I(0)) for the RNase E NTDs. I(0) was used to calculate molecular weight (MW). The 

distance distribution function P(r) was generated with GNOM (Svergun & IUCr, 1992) and was 

used to determine the maximum dimension (Dmax). For EcRNase E NTD 20 ab initio models 

were generated in DAMMIF (Franke & Svergun, 2009) and averaged in DAMAVER (Volkov 

& Svergun, 2003) Crystal structures for EcRNase E NTD in a closed conformation (2BX2; 

Callaghan et al.(2005)), open conformation (2VMK; Koslover et al. (2008)) and a transitioning 

conformation (5F6C; REF) were fitted to the averaged model using CHIMERA (Pettersen et al 
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., 2004). The theoretical scattering, based on the crystal structures, for EcRNase E NTD in each 

of these three conformations was compared to the experimental scattering for EcRNase E NTD 

in CRYSOL (Svergun, Barberato, Koch, & IUCr, 1995).  

 

2.3.7 RNase E discontinuous assay 

All RNase E activity assays were performed at 28 ºC since YpRNaseE NTD was inactive at 

higher temperatures, possibly reflecting its’ optimal growth temperature of 28 ºC (Weigel & 

Morse, 2009). Discontinuous RNase E assays were carried out using one of three model RNA 

substrates: 5’ phosphorylated, 3’ fluorescein amidite (FAM)-labelled UUU ACA GUA UUU G 

(5’-p-RNA-FAM-3’); 5’ hydroxylated, 3’ FAM-labelled UUU ACA GUA UUU G (5’-OH-RNA-

FAM-3’) (McDowall et al., 1995) or a partially double-stranded substrate (target-guide; Bandyra 

et al . (2012)) generated by annealing a 5’ DABCYL-labelled, 3’ FAM-labelled GGA UCG GAG 

UUU UAA AUU AAU AAU AUA and a 5’ phosphorylated UUU UCU CCG AUC C at 28 ºC 

for 15 minutes. All RNAs were obtained from Dharmacon. 30 l reaction mixtures containing 

1.25 to 5 nM RNase E NTD (see Figure legends for details), 1 M BR-13 RNA or 1 M/1.14 

M target-guide substrate (see Figure legends for details), 25 mM Tris-HCl pH 8, 100 mM NaCl, 

15 mM MgCl2, 1 mM DTT, 37.5 mg/ml Ficoll 70 and 5% (v/v) DMSO were incubated at 28 

ºC for the indicated time(s). Reactions were terminated by the addition of 0.5 volumes of quench 

buffer (95% (v/v) formamide, 20 mM EDTA) and reaction products were resolved by 

denaturing 7.5 M urea 20% PAGE. Gels were visualised using a G:Box UV transilluminator 

(Syngene) and quantified by densitometry using ImageJ (Rasband WS, ImageJ, U. S. National 

Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2016).  

 

2.3.8 RNase E real-time assay 

Real-time RNase E assays were carried out using a partially double-stranded substrate, based on 

a model target-guide substrate [25], that was generated by annealing a 5’ hydroxylated, 3’ FAM-

labelled GGA UCG GAG UUU UAA AUU and a 5’ phosphorylated, 3’ tetramethyl-6-

carboxyrhodamine (TAMRA)-labelled UUU UCU CCG AUC C at 28°C for 15 minutes. The 

FAM-labelled 18-mer and TAMRA-labelled 13-mer were annealed at a ratio of 1:1.14 to ensure 

that all of the FAM-labelled 18-mer was partially double-stranded. Assays were carried out in a 

reaction volume of 100 μl in black 96-well microplates (ThermoFisher Scientific). Reaction 

mixtures contained 5-10 nM RNase E NTD (see Figure legends for details), 0, 0.1, 0.2, 0.25, 

0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.8, 1 or 2 M target-guide RNA substrate, 25 mM Tris-HCl 

pH 8, 100 mM NaCl, 15 mM MgCl2, 1 mM DTT, 37.5 mg/ml Ficoll 70 and 5% (v/v) DMSO. 

All reaction components were incubated at 28°C for 15 minutes prior to initiating the reaction 

by the addition of RNase E. Fluorescence intensity measurements were collected for 2 hours, 
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with an interval of 32 seconds between measurements, using a BioTek H1 Synergy plate reader 

with excitation and emission wavelengths of 494 nm and 520 nm, respectively. Only data 

corresponding to <10% reaction completion were used for further analysis. Data were fitted, in 

GraFit (Erithacus software), to a modified form of the Michaelis-Menten equation, based on 

the Hill equation, that allowed for cooperative kinetic behaviour: 

 

𝑉0 =
𝑉𝑚𝑎𝑥 × [𝑆]𝑛

(𝐾𝑚
𝑛 + [𝑆]𝑛)

 

 

where V0 is the measured initial rate of RNA cleavage, Vmax is the maximal theoretical velocity, 

[S] is the concentration of RNA substrate, Km is the apparent Michaelis constant and n is the 

apparent cooperativity coefficient (equivalent to the Hill constant). 

 

2.4. Results 
 

2.4.1 Sequence analysis of RNase E catalytic domains 

In order to compare the protein sequences of the catalytic domains of YpRNase E, FtRNase E, 

BpRNase E and AbRNase E to the catalytic NTD of EcRNase E a multiple sequence alignment 

of the five full-length proteins was generated and trimmed to the boundaries of the EcRNase E 

NTD (Figure 2.1). As in EcRNase E, the catalytic domain of Yp, Ft, Bp and Ab RNase Es was 

located at the N-terminus of the respective protein and, consequently, these domains will be 

referred to as NTDs. The Yp, Ft, Bp and Ab NTDs were also of a similar length to EcRNase E 

NTD. The alignment reveals that the amino acid sequence of the NTD is highly conserved, 

with similarities of 69.4% for FtRNase E, 70.5% for AbRNase E, 75.4% for BpRNase E and 

96% for YpRNase E, relative to EcRNase E. Furthermore, for these five sequences, there is 

complete conservation of the key residues known to be involved in substrate recognition and 

binding at the 5’ sensor pocket (Gly124, Val128, Arg168 and Thr170, using numbering for 

EcRNase E) and for substrate cleavage at the active site (Phe57, Phe67, Lys112, Asp303, Asn305 

and Asp346, using numbering for EcRNase E) as highlighted by domain coloured stars 

(introduction Figure 2.1.8).  
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Figure 2.1 – RNase E N-terminal homologue sequence alignment 

Amino acid sequences were collected from UniProt, entry IDs were as follows: Ec – P21513, Yp – Q74TC3, Ft – Q5NFK7, Bp – A0A0H3HN63 and Ab – A0A0B9WR03. The sequence 

alignment was generated using Chemical Computing Group’s Molecular Operating Environment (MOE) using the default settings. The alignment was coloured in accordance with 

similarity of amino acid side chain, the colouring is a heatmap based on a BLOSUM62 matrix. E. coli RNase E N-terminal domain (NTD) features are defined by coloured bars under 

the sections they are relevant to. Key amino acids, involved in substrate binding and cleavage, are denoted with stars that are colour coordinated to the domains they are located in. All 

key residues are conserved across these species. Percentage amino acid similarity compared to the E. coli RNase E NTD (amino acids 1 – 529) of the other RNase E homologues, as 

calculated by MOE, are listed. 
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2.4.2 In silico structural analysis of the RNase E catalytic domains 

Many of the less conserved regions in the sequence alignment in Figure 2.1 map to loop regions 

in the crystal structures of EcRNase E NTD. There are three regions, EcRNase E residues 175-

205, 233-261 and 457-510, that are poorly conserved and map to structured regions in the crystal 

structures. In order to investigate whether these variable regions vary in sequence only, or in 

both sequence and structure, homology models were generated for YpRNase E, FtRNase E, 

BpRNase E and AbRNase E NTDs (Figure 2.2). Both open conformation and closed 

conformation models were generated using the EcRNase E NTD crystal structures 2BX2 

(Callaghan et al ., 2005) and 2VMK (Koslover et al ., 2008) as the base structure, respectively. 

Globally, the homology models were very similar to the EcRNase E NTD crystal structures, 

with the RMSD for each model compared to the base crystal structure being less than 1 Å. For 

each of the individual RNase Es, the RMSD for the model based on the closed conformation 

was lower than that for the model based on the open conformation. The three regions that 

show poor sequence conservation can be seen mapped onto the EcRNase E crystal structure 

and homologue homology models in Figure 2.3. In all cases, the regions of the protein that are 

poorly conserved at the amino acid sequence level are predicted to be conserved at the structural 

level. 
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Figure 2.2 – Homology models of RNase E NTD homologues 

Homology models were generated using MOE with default settings. Closed conformation models were 

produced using E. coli RNase E NTD X-ray crystal structure, pdb accession code 2BX2, and open models 

were produced using XRC structure 2VMK as the base structure. Ten initial models were produced and 

then averaged to give the most energetically favourable model. The root-mean-square deviation (RMSD) 

for each model in comparison with their base E. coli structure is listed. All RMSD values are below 1 and 

therefore show a high level of predicated structural conservation. 
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Figure 2.3 – Areas of low sequence conservation mapped onto structures 

EcRNase E crystal structure, 2BX2, and the closed homology models from Figure 2 were superimposed 

using MOE, dimers are shown for simplicity. Areas of sequence diversity, identified using the sequence 

alignment in Figure 2.1, 175 – 205, 233 – 261 and 457 – 510 are coloured using the same heatmap used 

in the sequence alignment in Figure 2.1. The front, side and back are shown to enable the visualisation 

of the structural areas, these areas are on the peripheral edges of the structures and are not in areas 

known for catalytic activity and are therefore presumed to have a structural and not functional role.    
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2.4.3 Purification of recombinant RNase E catalytic domains 

In order to structurally and functionally characterise YpRNase E, FtRNase E, BpRNase E and 

AbRNase E NTDs, and compare their properties to those of EcRNase E NTD, pure 

recombinant EcRNase E YpRNase E, FtRNase E, BpRNase E and AbRNase E NTDs were 

produced. An expression plasmid that was previously used for the expression, purification and 

characterisation of a N-terminally His-tagged EcRNase E NTD (Redko et al., 2003; Callaghan et 

al ., 2003) was obtained from Prof. Ben Luisi, University of Cambridge, UK. A similar cloning 

strategy was adopted for YpRNase E, FtRNase E, BpRNase E and AbRNase E NTDs.  All five 

RNase E NTDs were expressed as N-terminally His-tagged proteins and purified by 

immobilised Ni2+-affinity chromatography, followed by size-exclusion chromatography, as 

described previously for EcRNase E NTD (Redko et al., 2003; Callaghan et al ., 2003). 

Chromatographs for the full purification are shown for one example protein, BpRNase E, in 

Figure 2.4. All five RNase E NTDs were successfully purified using this approach (Figure 2.5).  
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Figure 2.4 – Purification of BpRNase E NTD 

BpRNase E was produced as stated in sections 3.3 - 3.5. A) A 12% SDS-PAGE gel showing the pre and 

post IPTG-induced expression samples for BpRNase E. A band of the expected MW was observed in the 

post induction samples, as highlighted with an arrow. B) The stages of IMAC purification. i) A 12% 

acrylamide SDS-PAGE gel showing the purification samples pre and post IMAC purification, coloured 

stars align with the stars shown on the chromatograph within ii. ii) Chromatograph showing the elution 

of protein samples (blue line, A280) with elution gradient of buffer B (green line), red star dictates sample 

collected for further purification.  
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Figure 2.5 – RNase E NTD preparation 

RNase E NTDs were prepared using standard expression and purification techniques in sections 3.3 – 3.5. 

After the final purification stage, the proteins were analysed by 12% SDS-PAGE to analyse purity. Each band 

was observed at the correct MW for a monomer of each NTD, the additional band seen at ~240 kDa within 

the Ft lane could be attributed to the remaining existence of tetrameric FtRNase E after SDS reduction. 

 

Figure 2.4 – Purification of BpRNase E NTD cont. 

C) The stages of SEC purification. i) A 12% SDS-PAGE gel showing the purification samples of SEC 

purification, coloured stars align with the stars shown on the chromatograph within ii. ii) Chromatograph 

showing the elution of protein samples (blue line, A280) and nucleic acid (red line, A260), red star dictates 

sample collected for future use. D) A 12% SDS-PAGE gel showing the samples collected throughout the 

stages of purification, the samples were normalised by volume to include the amount of protein. A single 

band (>95% pure) is observed at the expected MW for a monomer of BpRNase E at the post SEC stage.  
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2.4.4 Low-resolution solution structure of RNase E NTDs 

The catalytically active form of EcRNase E NTD has been shown to be homotetrameric in 

solution (Callaghan et al., 2003). During purification, all five RNase E NTDs eluted from the 

size-exclusion column at a volume consistent with the formation of homotetramers (Table 2.1). 

In order to further investigate, and compare, the structures of the EcRNase E, YpRNase E, 

FtRNase E, BpRNase E and AbRNase E NTDs, small-angle x-ray scattering (SAXS) data was 

collected for each RNase E NTD (Figure 2.6a). The molecular masses estimated from the SAXS 

profiles are shown in Table 2.1 and are consistent with each protein forming a tetramer in 

solution. For each RNase E NTD, the radius of gyration (Rg) was determined from Guinier 

analysis (Figure 2.6b and e). Rgs ranged from 48 to 51 Å, indicating that all five RNase Es are a 

similar size. The Kratky profiles (Figure 2.6c) were similar for each RNase E NTD and suggest 

that the RNase E NTDs are multi-domain globular proteins. Finally, the maximum particle 

dimension (Dmax) was determined from the pair distance distribution (P(r)) plot (Figure 2.6d 

and e) and ranged from 149 to 183 Å, suggesting some variability in degree of extension of the 

proteins. 

 

Table 2.1 – Predicted and calculated molecular weights of RNase NTDs. 
 

 Molecular Weight (kDa) 

RNase E NTD Theoretical 
Elution volume 

from SEC (ml) 

Defined by 

SAXS 

E. coli 247 60.58 275 

Y. pestis 248 60.52 276 

F. tularensis 256 59.37 289 

B. pseudomallei 250 60.36 257 

A. baumannii 253 60.39 299 
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Figure 2.6 – In solution structural data of RNase E NTD homologues 

RNase E NTD homologues were purified using standard methods and concentrated to a concentration ≥ 5 

mg/ml. Small angle X-ray scattering (SAXS) data was collected at the Diamond Light Source using beamline 

B21 and analysed using the ATSAS suite. A) Radially averaged scattering data. B) Guinier region. C) Kratky 

plot. D) Distance distribution p(R) plot. E) Table of Dmax and Rg values for each protein. Data has been 

normalised and overlaid for comparison purposes therefore some axis are in arbitrary units.  
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Ab initio models for EcRNase E NTD were generated based on the SAXS data and were 

compared to the three available EcRNase E NTD crystal structures, 2BX2 (closed 

conformation; Callaghan et al ., 2005), 2VMK (open conformation; Koslover et al ., 2008) and 

5F6C (transitioning conformation) (Figure 2.7a). None of the crystal structures could be fitted 

entirely within the molecular envelope for an average of the ab initio models. The experimental 

scattering data for EcRNase E was also compared to theoretical scattering data for the three 

crystal structures (Figure 2.7b). The resulting 𝜒2 values, Table 2.2, indicate that solution 

scattering data most closely resemble the transitioning EcRNase E NTD conformation.    
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Figure 2.7 – E. coli RNase E Ab intio model and crystal structure fitting 

A) Ab intio model was averaged in DAMAVER using 20 models that had been generated in DAMMIF. The model was visualised and E. coli RNase E NTD crystal structures were fitted into 

the model using Chimera. Low resolution structure with: i) closed conformation EcRNase E crystal structure (PDB accession code: 2BX2), ii) open conformation EcRNase E crystal structure 

(PDB accession code: 2VMK) and iii) transitioning conformation EcRNase E crystal structure (PDB accession code: 5F6C). Bi) Each EcRNase E structural conformation was fitted to 

experimental scattering data using Crysol. The predicted scattering data is shown overlaid with the EcRNase E scattering data. ii) Table of 2 values of predicted crystal structure scattering fit 

to EcRNase E experimental data, as calculated by Crysol. 
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Table 2.2 – Crysol fitting values for RNase E NTDs to EcRNase E crystal structures 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.4.5 Activity of RNase E NTDs 

Having established that EcRNase E, YpRNase E, FtRNase E, BpRNase E and AbRNase E 

NTDs are all homotetramers that adopt similar global structures in solution, their catalytic 

properties were next to be characterised. The activity of each of the RNase E NTDs was initially 

assessed using a discontinuous end-point assay. 1 µM of a model substrate, 5’-p-RNA-FAM-3’, 

was incubated with either 1.25, 2.5 or 5 nM RNase E NTD at 28ºC for 45 minutes before the 

products were resolved by denaturing PAGE (Figure 2.8). 5’-p-RNA-FAM-3’ is a 13-mer 

oligoribonucleotide based on a known EcRNase E cleavage site within RNAI from the pBR322 

plasmid (McDowall et al ., 1995). Endoribonucleolytic cleavage is expected to occur between 

the 8th and 9th nucleotide from the 5’ end of the substrate to generate an unlabelled 8-mer and 

a 3’ FAM-labelled 5-mer. Therefore, it is possible to monitor the disappearance of the 3’ FAM-

labelled 13-mer substrate and the appearance of the 3’-FAM labelled pentamer product. As 

expected, EcRNase E NTD efficiently cleaved the substrate, with 2.5 nM EcRNase E NTD 

sufficient to completely degrade the substrate under the assay conditions (Figure 2.8). YpRNase 

E, FtRNase E, BpRNase E and AbRNase E NTDs also endonucleolytically cleaved 5’-p-RNA-

FAM-3’ and produced a 3’ FAM-labelled pentamer end-product (Figure 2.8). However, the 

efficiency of the cleavage varied. Compared to EcRNase E NTD, an increased concentration of 

5 nM YpRNase E, FtRNase E and AbRNase E NTDs was required in order to completely 

degrade the substrate while this concentration of BpRNase E NTD was insufficient to 

completely degrade the substrate. 

 

 

 EcRNase E Structure, 2 value 

RNase E NTD 
2BX2 
Open 

2VMK 
Closed 

5F6C 
Transitioning 

E. coli 3.57 3.59 2.14 

Y. pestis 7.02 6.63 5.18 

F. tularensis 4.07 4.07 2.16 

B. pseudomallei 2.03 2.27 3.97 

A. baumannii 7.88 7.47 6.45 
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In order to further investigate the apparent differences in cleavage efficiency between the five 

RNase E NTDs the kinetic parameters for the cleavage of a partially double-stranded substrate, 

based on a model target-guide substrate (Bandyra et al ., 2012), were determined using a real-

time assay. This assay required optimisation to ensure that it was fit for purpose. This 

optimisation included substrate design, buffer components and assay set-up. The substrate was 

optimised to be at an ideal length for fluorescence resonance energy transfer (FRET) to take 

place. It was also designed to be a base double-stranded substrate instead of a single stranded 

piece of RNA to ensure that the FRET molecules would not interfere with RNase E binding or 

cleavage of the substrate. The substrate is a partially double-stranded RNA, consisting of a 5’ 

hydroxylated, 3’ FAM-labelled 18-mer and a 5’ monophosphorylated, 3’ tetramethyl-6-

carboxyrhodamine (TAMRA)-labelled 13-mer with partial complementarity to the 5’ end of the 

18-mer. (Figure 2.9A). The 3’ FAM label on the target and the 3’ TAMRA label on the guide 

RNAs form a FRET pair such that, in the uncleaved substrate, the FAM fluorescence is 

quenched by the TAMRA group (Figure 2.9A). Endoribonucleolytic cleavage of the 18-mer by 

RNase E NTD results in unquenching of the FAM fluorescence and an increase in fluorescence 

that can be monitored in real-time (Figure 2.9A). For optimum protein activity, the use of a 

crowding agent was investigated due the in vivo environment that RNase E is positioned, it is 

tightly packed within the RNA degradosome and membrane located. The optimised crowding 

agent and concentration was Ficoll 70 at a final concentration of 37.5 mg/ml, this saw an 

Figure 2.8 – RNA degradation profiles of RNase E NTD homologues 

Each RNase E NTD, at a range of concentrations, was incubated for 45 minutes with RNA substrate; the 

degraded RNA was analysed on a 20% Urea-PAGE. The RNase E homologues show a different degradation 

profile, showing that they each have a different activity for this substrate. 
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increase in RNase E activity and did not affect the formation of the substrate. The assay was 

also set-up in a very specific way to keep RNase E at a high concentration, 10x, during 

temperature equilibration for 15 mins. The target and guide RNAs were incubated together at 

a ratio of 1:1.14 at assay concentrations to ensure that the equilibrium of bound and unbound 

was pushed towards the bound state. The RNase E was then added to start the assay. 

 

Fluorescence intensity was monitored over 2 hours for either 5 nM EcRNase E, YpRNase E or 

FtRNase E NTD or 10 nM of BpRNase E or AbRNase E NTD incubated with a range of 

concentrations of target-guide substrate, between 0 and 2 M, at 28C. The initial rate of 

cleavage was determined for each RNase E NTD at each substrate concentration and plotted 

against the substrate concentration (Figure 2.9Bi-v). These kinetic data were fitted to a 

cooperative-kinetics form of the Michaelis-Menten equation (Figure 2.9Bi-v) and the key 

parameters Vmax, Km and n were evaluated (Table 2.3).  The catalytic efficiency for cleavage of 

the target-guide substrate was greatest for EcRNase E NTD. This was only slightly reduced for 

YpRNase E and FtRNase E NTDs due to decreases in both kcat and Km, relative to EcRNase E 

NTD. The catalytic efficiencies for BpRNase E NTD and AbRNase E NTD cleavage of the 

target-guide substrate were approximately 5-fold and 8-fold lower than for EcRNase E NTD, 

respectively. For BpRNase E NTD, this was due to a lower kcat, whereas, for AbRNase E NTD 

it was due to both a lower kcat and a higher Km. For EcRNase E, YpRNase E, FtRNase E and 

BpRNase E NTDs, the kinetics of degradation of the target-guide substrate show positive, 

homotropic, cooperativity, with a value for n in the region of 2.2. This suggests that these four 

RNase E NTDs bind two RNA substrates per tetramer per reaction cycle. In contrast, the A. 

baumannii RNase E NTD, with an n value of 1.1, does not cooperatively bind the substrate. 
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Figure 2.9 – Kinetic fitting for RNase E NTD 

A) Schematic of FRET pair-based RNA substrate known as target/guide, the fluorophore (green) used was 

fluorescein (FAM) and the quencher (red) used was Tetramethyl-6-Carboxyrhodamine (TAMRA). The guide 

RNA contains a 5’ monophosphate to promote RNase E binding and the target RNA contains an A/U rich 

region to direct RNase E cleavage. A concentration range of 100 nM to 2 µM of bound target/guide RNA 

substrate was incubated with 5 nM (Ec, Yp and Ft) and 10 nM (Ab and Bp) of RNase E NTD. B) Graphs 

showing the fits of the rate (nM/min) against RNA concentration (nM) using a cooperativity with background 

fit for each RNase E NTD. Fits were plotted using GraFit version five. 
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Table 2.3 – Kinetic values for RNase E NTD homologues 

RNase E NTD Vmax (nM/min) Km (nM) n 
kcat 

(min-1)  

Catalytic 

efficiency 

(min-1nM-1) 

E. coli 114.62 +/- 3.88 
687.19 +/- 

28.15 

2.28 +/- 

0.12 
22.92 0.033 

Y. pestis 80.51 +/- 4.54 
529.07 +/- 

36.57 

2.22 +/- 

0.23 
16.10 0.030 

F. tularensis 46.07 +/- 1.54 
305.41 +/- 

13.40 

2.25 +/- 

0.21 
9.21 0.030 

A. baunmannii 98.45 +/- 12.80 
2075.84 +/- 

439.98 

1.15 +/- 

0.06 
9.84 0.004 

B. pseudomallei 41.35 +/- 2.98 
541.51 +/- 

57.25 

1.68 +/- 

0.19 
4.13 0.007 

 

2.4.6 Cleavage specificity of RNase E NTDs 

EcRNase E has a strong preference for substrates with a 5’ monophosphate. Whether YpRNase 

E, FtRNase E, BpRNase E and AbRNase E NTDs also share this preference was investigated 

next. Cleavage of 5’-p-RNA-FAM-3’ was compared to cleavage of 5’-OH-RNA-FAM-3’ in a 

discontinuous end-point assay (Figure 2.10). At the chosen concentrations, EcRNase E and 

YpRNase E NTDs cleaved 95% of the 5’-p-RNA-FAM-3’ substrate but only cleaved 10% of 

the 5’-OH-RNA-FAM-3’ substrate. FtRNase E NTD also cleaved 95% of 5’-p-RNA-FAM-3’ 

but also cleaved 25% 5’-OH-RNA-FAM-3’, 2.5-fold more than EcRNase E NTD. BpRNase E 

and AbRNase E NTD cleaved both substrates less efficiently than EcRNase E NTD. Therefore, 

all five RNase E NTDs display a preference for 5’ monophosphorylated substrates.  
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Figure 2.10 – Phosphate sensing of RNase E NTD homologues 

The same RNA substrate (shown in Figure 2.5) was used to test the 5’ monophosphate requirements for the RNase E homologues. RNA with a 5’ monophosphate (P-RNA) and 5’ hydroxyl 

group (OH-RNA) were used. The degradation profiles show that each homologue has a preference for 5’ monophosphate sensing. 
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Unlike the 5’-p-RNA-FAM-3’ substrate, which is cleaved at a single site, the target-guide 

substrate has the potential to be cleaved at multiple sites (Bandrya et al ., 2012; Figure 2.11ai). 

To investigate this, cleavage of the target-guide substrate was assessed using the discontinuous 

assay. In an initial experiment, 5 nM RNase E NTD was incubated with 1 µM target-guide RNA 

at 28ºC for 10 minutes (Figure 2.11aii). EcRNase E cleaved the 27-mer of the target-guide 

substrate at five positions: between nucleotides 15 and 16, 16 and 17, 19 and 20, 22 and 23 and 

24 and 25 from the 5’ end to generate 3’ FAM-labelled products of 12, 11, 8, 5 and 3 nucleotides 

in length, respectively. YpRNase E, FtRNase E, BpRNase E and AbRNase E NTDs also cleaved 

the 27-mer RNA at these positions. However, additional cleavage sites were also detected 

between nucleotides 17 and 18 for AbRNase E NTD, between nucleotides 18 and 19 for 

FtRNase E and between nucleotides 23 and 24 for YpRNase E NTD. Furthermore, the 

predominance of the bands representing each cleavage site varied with RNase E NTD with the 

most striking differences observed between EcRNase E and FtRNase E NTDs (Figure 2.11aii).  

 

Time-course experiments were then used to identify initial cleavage sites and/or preferred 

cleavage sites (Figure 2.11b and c). For EcRNase E NTD, all five products began to appear at 

the time, consistent with a distribution of single cleavage events. The 8-mer accumulated at the 

fastest rate, closely followed by the 12- and 11-mers suggesting that the preferred cleavage site 

is between nucleotides 19 and 20, from the 5’ end of the 27-mer. A similar accumulation of 

products was observed for YpRNase E, BpRNase E and AbRNase E NTDs except that the 11-

mer and the 12-mer accumulated at the fastest rate for BpRNase E and AbRNase E NTDs, 

respectively. For FtRNase E NTD, the 12-mer accumulated significantly faster than the other 

cleavage products indicating that the preferred cleavage site is between nucleotides 15 and 16. 

Interestingly, after 3 minutes, the abundance of this cleavage product began to decline while the 

abundance of the 3-, 5- and 6-mers dramatically increased. This suggests that the initial 12-mer 

product can undergo a secondary cleavage to produce the shorter 3-, 5- and 6-mers.  
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Figure 2.11 – RNase E NTD homologues cleavage site preferences 

Ai) Schematic of target/guide RNA substrates with observed cleavage sites for each RNase E NTD charted 

out. Aii) Degradation profile of each homolog after 10 minute incubation with the target/guide RNA substrate 

shown in Ai. B) Graphs showing the cleavage products produced by each RNase E over a 10 minute time 

course. C) Table showing the most abundant product after 60 seconds, highlighting the differences in preferred 

first cut site. 
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2.4.7 Mutagenesis of the FtRNase E NTD Uracil pocket 

A key determinant of cleavage-site specificity has recently been reported to involve a 

Lys112Gly113Ala114Ala115 motif that binds to a uracil in the +2 position relative to the 

cleavage site (Chao et al ., 2017). When the protein sequence of the RNase E NTDs was 

examined, an asparagine to aspartate substitution in the amino acid position immediately 

preceding the uracil pocket in FtRNase E NTD was identified (Figure 2.12a). Given that the 

cleavage pattern for FtRNase E NTD with the target-guide substrate differs from that of the 

other RNase E NTDs, it was reasoned that this amino acid substitution could be responsible. 

Therefore, an Asp111Asn (D111N) FtRNase E mutant was cloned, expressed and purified as 

described for the wild-type protein. The cleavage pattern of the target-guide substrate with this 

mutant was then evaluated using an end-point discontinuous assay. As shown in Figure 2.12C, 

the cleavage pattern more closely resembled that of FtRNase E NTD than EcRNase E NTD. 

However, the cleavage did not appear to be as efficient. Kinetic parameters were determined 

using the real-time assay (Figure 2.12d). The catalytic efficiency was reduced from 0.03 to 0.015 

as a result of a drop in kcat from 9.8 min-1 to 3.1 min-1. 
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Uracil pocket
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FtD11N 3.14 min-1 0.015 min-1nM-1
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N111

Uracil 
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RNA
A) B)

C) D)

Figure 2.12 – FtRNase E D111N mutagenesis  

A) Sequence alignment, coloured as the heatmap in Figure 2.1, of the five RNase E NTDs of the amino acids upstream and downstream of the uracil pocket known to be responsible for 

cleavage site recognition. This shows the N to D substitution at the 111 position for FtRNase E. B) Uracil pocket shown as a molecular surface, grey, on the EcRNase E crystal structure, 2BX2. 

The “KGAA” loop is shown as sticks in blue and the amino acid N111 is shown as sticks in red. C) 20% Denaturing PAGE showing the degradation profiles of EcRNase E, FtRNase and 

FtD111N, each at 5 nM against 1 µM target-guide RNA substrate. D) Kinetic data for FtRNase E and FtD111N mutant fitted and calculated using the equations stated in section 3.8. This 

mutant shows the same degradation profile as the wild-type FtRNase E but shows a reduction in catalytic efficiency of 50%. 



 58 

2.5. Discussion 

The structural and biochemical properties of the NTD of the RNase E homologue from four 

bacterial pathogens have been characterised and compared to those of the well-characterised 

NTD from E. coli RNase E. E. coli belongs to the gammaproteobacteria class of bacteria and its 

RNase E is the founding member of Type I RNase Es (Lee & Cohen, 2003). Type I RNase Es 

are found in betaproteobacteria, gammaproteobacteria and cyanobacteria (Aït-Bara et al., 2015; 

Lee & Cohen, 2003). They contain an N-terminal catalytic domain with a primary structure 

similar to EcRNase E (see Figure 2.1 and Figure 2.2), including a conserved small domain that 

is required for homotetramer formation (Aït-Bara et al ., 2015). They also contain a long, C-

terminal, non-catalytic domain that serves as a scaffold for degradosome assembly (Aït-Bara et 

al ., 2015; Lee & Cohen, 2003). Type II RNase Es, found in alphaprotoeobacteria, are similar to 

Type I, except that they contain an arginine-proline-rich insertion in the S1 domain (Aït-Bara et 

al ., 2015; Lee & Cohen, 2003). In Caulobacter crescentus, this insertion has been shown to serve 

as a binding site for the helicase RhlB (Voss, Luisi, & Hardwick, 2014). Finally, Type III RNase 

Es are found in actinobacteria, they have a catalytic domain similar to Type I but there are non-

catalytic extensions on both the N- and C-termini of the catalytic domain (Aït-Bara et al ., 2015; 

Lee & Cohen, 2003). Sequence analysis of the RNase E homologue from gammaproteobacteria 

Y. pestis, F. tularensis, and A. baumannii and betaproteobacteria B. psedomallei revealed that, as 

expected based on phylogeny, these RNase Es belong to the Type I class of RNase Es. The 

degree of sequence similarity between the RNase E NTD from these species, compared to 

EcRNase E NTD, (Figure 2.1) was also consistent with their phylogeny.  

 

As discussed above, a key feature of Type I RNase Es is the presence of a conserved small 

domain that facilitates protein tetramerisation (Aït-Bara et al ., 2015). A minimal RNase E NTD 

that lacks the small domain, and consequently is incapable of forming a tetramer, is catalytically 

active (Caruthers et al., 2006). However, a tetrameric quaternary structure greatly enhances 

activity (Jiang & Belasco, 2004). Interestingly, the sequence of the small domain is poorly 

conserved amongst the RNase Es that were examined (Figure 2.1 and Figure 2.3). Nevertheless, 

homology models predict that this domain would adopt a common structure in each of the 

RNase E NTDs (Figure 2.2) and, despite the variable small domain sequence, each of the RNase 

E NTDs is tetrameric in solution (Table 2.1).  

 

5’ monophosphorylated RNAs, such as the model substrates employed in this study, are thought 

to be initially recognised by the 5’ sensor pocket of one RNase E monomer (Callaghan et al., 

2005; Jiang & Belasco, 2004). The RNase E NTD is then believed to undergo a large 

conformational change, from an open to a closed conformation (Callaghan et al ., 2005; 

Koslover et al ., 2008). This is predicted to lock the RNA substrate in the optimal position for 
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cleavage by a second RNase E subunit (Callaghan et al ., 2005; Jiang & Belasco, 2004; Koslover 

et al ., 2008). The data presented here suggest that each of the RNase E NTDs examined cleaves 

RNA by this general mechanism. Firstly, the key residues known to be involved in substrate 

recognition and RNA cleavage are absolutely conserved amongst the RNase E NTDs (Figure 

2.1). Consequently, as expected, each of the RNase E NTDs preferentially 

endoribonucleolytically cleaves 5’ monophosphorylated single-stranded RNA (Figure 2.10). 

Furthermore, homology models were successfully generated for each RNase E NTD in both 

the open and closed conformations (Figure 2.2), implying that the flexibility required for a 

conformational change from open to closed is, at least theoretically, possible. This is supported 

by SAXS data that suggests that the conformations of each of the apoenzymes in solution are 

dynamic transitioning states, somewhere between the open and closed conformations (Figures 

2.6 and 2.7; Table 2.2).  

 

Despite evidence of a similar overall mechanism of action, there were observable differences in 

both the cleavage specificities (Figures 2.10 and 2.11) and kinetics (Figures 8 and 9) of the RNase 

E NTDs examined. EcRNase E NTD was the most efficient at cleaving both the 5’-p-RNA-

FAM-3’ and target-guide substrates (Figures 2.8 and 2.9; Table 2.3). This is perhaps not 

surprising given that both are model substrates based on known EcRNase E cleavage sites 

(Bandyra et al ., 2012; Callaghan et al ., 2005; McDowall et al., 1995). YpRNase E and FtRNase 

E NTDs had similar activity and were the next efficient (Figures 2.8 and 2.9; Table 2.3). This 

was expected for YpRNase E NTD, given the high sequence similarity of 96% relative to 

EcRNase E NTD, but less so for FtRNase E which has a sequence similarity of 69%. However, 

FtRNase E NTD achieved a similar cleavage efficiency to YpRNase E NTD through significant 

reductions in both Km and kcat (Table 2.3) suggesting that there are fundamental mechanistic 

differences between the two RNase E NTDs. In addition, FtRNase E’s differences in activity 

could be explained by differences in tetramer formation. Within Figure 2.5 a band with an 

estimated mw of 240 kDa (RNase E tetramer mw) was observed for FtRNase E after reduction 

with SDS. This could be indicative of tighter tetramer formation resulting in activity differences. 

This could be explored through the use analytical ultracentrifugation (AUC) to test FtRNase E 

tetramer binding in comparison with the other RNase E homologues. Finally, AbRNase E and 

BpRNase E NTDs were the least efficient, consistent with their lower sequence similarity 

relative to EcRNase E NTD. Both had lower kcat values, but AbRNase E also had a significantly 

higher Km (Table 2.3). Furthermore, four of the five RNaseE NTDs appear to cooperatively 

bind two RNA substrates per tetramer (Table 2.3). This finding is consistent with the “dimer of 

dimers” structure reported for the EcRNase E NTD tetramer (Callaghan et al ., 2005) with the 

most likely explanation being that one RNA molecule binds per dimer. The exception to this 

was the A. baumannii enzyme, thus this enzyme, although sharing similar structural and 
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biophysical properties to the other four, appears to function using a different reaction 

mechanism. Although the potential for cooperatively has been previously suggested (Koslover 

et al ., 2008), it has not been observed with short, unstructured substrates (e.g. Jiang & Belasco 

(2004)). It is possible that degradation of more complex RNAs, such as the partially double-

stranded target-guide substrate used here, requires a more complex enzymatic mechanism.  

 

The differences observed for the substrate cleavage site preferences of each of the homologues 

was explored further for FtRNase E. Directly upstream of the Uracil pocket (KGAA loop), the 

region responsible for cleavage site selection (Chao et al ., 2017), within the amino acid sequence 

of FtRNase E there is an alteration of amino acid in comparison to the other homologues. 

Mutagenesis was performed to produce a FtRNase E mutant that reversed this alteration to 

assess if this was responsible for the preference difference observed. Although this mutation 

did not reverse the activity of FtRNase E to match that of EcRNase E it did alter the activity of 

the enzyme. Even though this mutation did not answer the question of what is causing the 

substrate preference difference of FtRNase E there are other areas of divergence that could be 

explored using mutagenesis. For example, there are areas of sequence divergence in both the 5’ 

sensor and S1 domain (Figure 2.1) and, as discussed in the introduction chapter of this thesis, 

these regions are responsible for substrate recognition and binding.  

 

In conclusion, the RNase E NTD homologues from Y. pestis, F. tularensis, A. baumannii and B. 

pseudomallei have been characterised. This is the first demonstration that these RNase E NTDs 

have endoribonucleolytic activity. Furthermore, through a comparison with EcRNase E NTD, 

it has been shown that, despite the expected global structural and catalytic similarities, there are 

also subtle species-specific differences between them. These subtle differences may be critical 

when designing antibacterial approaches targeting RNase E in these pathogens. 
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Chapter 3 – Ribonuclease E inhibition by glucosamine-6-

phosphate 

3.1. Introduction 

As described in the Introduction, the canonical degradosome complex in E. coli is assembled 

around RNase E and also contains the RNA helicase RhlB, the exoribonuclease PNPase and 

the glycolytic enzyme enolase (Miczak et al., 1996; Py et al., 1996). A physical association between 

metabolic enzymes and RNases is a common property of these RNA-degrading complexes. The 

interaction between enolase and RNase E in the E. coli degradosome is required for a response 

to phosphosugar stress (Morita & Aiba, 2011). Enolase, and a second glycolytic enzyme, 

phosphofructokinase, is also present in the degradosome-like complexes of Bacillus subtilis 

(Commichau et al., 2009; Lehnik-Habrink et al., 2010) and Staphylococcus aureus (Roux et al., 2011) 

and the C. crescentus degradosome contains the TCA cycle enzyme aconitase (Hardwick et al., 

2011).  

 

Furthermore, there is significant evidence that the activity of PNPase, an exoribonuclease 

component of both the degradosome and degradosome-like complexes, is directly modulated 

by metabolites. E. coli PNPase is activated by the second messenger cyclic di-GMP (c-di-GMP) 

(Tuckerman et al., 2011) and inhibited by the nucleoside triphosphates (NTPs) ATP and GTP 

(Del Favero et al  ., 2008) and the TCA cycle metabolite citrate (Nurmohamed et al., 2011). ATP 

also inhibits Staphylococcus epidermidis PNPase (Raj et al., 2018), citrate inhibits PNPases from S. 

epidermidis, Synechocystis sp. and Homo sapiens (Raj et al., 2018; Stone et al., 2017) and the alarmone 

(p)ppGpp inhibits Streptomyces and Nonomuraea sp. PNPase (Gatewood & Jones, 2010; Siculella 

et al., 2010).  

 

Recently, virtual high-throughput screening was used to identify small molecules with the 

potential to bind at the active site of, and consequently inhibit, E. coli RNase E (Kime et al., 

2015). This approach led to the discovery of the first small molecules that inhibit RNase E in 

vitro (Kime et al., 2015). Since the purpose of this study was to identify compounds with potential 

antibacterial properties, for subsequent development into novel antibiotics, the focus was on 

synthetic compounds. However, given the precedent for metabolite-inhibition of RNases, 

exemplified by PNPase (as discussed previously in Introduction, Section 3.4.3), it was decided 

that this should be explored further with RNase E. In this chapter evidence is presented that 

the hexosamine pathway, shown in Figure 3.1, intermediate glucosamine-6-phosphate (GlcN-

6-P), a precursor of bacterial cell envelope peptidoglycans and lipopolysaccharides, inhibits 

RNase E.  
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Figure 3.1 – Hexosamine pathway leading to peptidoglycan synthesis 

Hexosamine pathway as shown in Schleicher & Weigert (2000). Structures are from PubChem, CID 

numbers are, 5958, 329799699, 439217, 439219, 440270 and 445675 from left to right and top to bottom.  
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3.2. Aim 

The aim of this chapter was to look to nature to find potential inhibitors of RNase E. This aim 

was explored by using in silico docking to identify a potential metabolite inhibitor and in vitro 

testing for inhibition of RNase E from E. coli as well as RNase E from four other bacterial 

pathogens.  

 

3.3. Methods 

3.3.1 Cloning, expression and purification of RNase E N-terminal domains 

The cloning, expression and purification of N-terminally His10-tagged RNase Es from E. coli (aa 

1-529), Y. pestis (aa 1-529), F. tularensis (aa 1-543), B. pseudomallei (aa 1-532) and A. baumannii (aa 

1-544) have been described previously in Chapter 2 sections 3.3 to 3.5. 

 

3.3.2 RNase E discontinuous inhibition assay 

Discontinuous RNase E inhibition assays were carried out essentially as described in Chapter 2 

section 3.7. A 3’ fluorescein amidite (FAM)-labelled UUU ACA GUA UUU G (5’-p-RNA-

FAM-3’) model RNA substrate (Callaghan et al., 2005; McDowall et al., 1995) was obtained from 

Dharmacon. 30 l control reaction mixtures contained 5 nM RNase E, 1 M substrate, 25 mM 

Tris-HCl pH 8, 100 mM NaCl, 15 mM MgCl2, 1 mM DTT, 37.5 mg/ml Ficoll 70 and 5% (v/v) 

DMSO. Inhibition reaction mixtures were identical to the control except that they were 

supplemented with either 0.625, 1.25, 2.5, 5 or 10 mM glucosamine-6-phosphate (GlcN-6-P), 

10 mM fructose-6-phospate (Fru-6-P) or 10 mM glucosamine-6-sulphate (GlcN-6-S). Reactions 

were incubated at 28C for 45 min before being terminated by the addition of 0.5 volumes of 

quench buffer (95% (v/v) formamide, 20 mM EDTA). The reaction products were resolved by 

denaturing 7.5 M urea 20% PAGE and gels were visualised using a G:Box UV transilluminator 

(Syngene). Gels were quantified by densitometry using ImageJ (Rasband WS, ImageJ, U. S. 

National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2016).  

 

3.3.3 RNase E FRET inhibition assay 

Real-time FRET-based RNase E inhibition assays were carried out essentially as described in 

Chapter 2, Section 3.8. A partially double-stranded substrate, target-guide substrate Chapter 2 

Figure 9, was prepared by annealing a 5’ hydroxylated, 3’ FAM-labelled GGA UCG GAG UUU 

UAA AUU 18-mer and a 5’ phosphorylated, 3’ tetramethyl-6-carboxyrhodamine (TAMRA)-

labelled UUU UCU CCG AUC C 13-mer RNA, both obtained from Dharmacon, at a molar 

ratio of 1:1.14 at 28°C for 15 minutes. The small excess of TAMRA-labelled 13-mer over FAM-

labelled 18-mer was to ensure that all of the FAM-labelled 18-mer was partially double-stranded. 

Assays were carried out in a reaction volume of 100 μl in black 96-well microplates 
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(ThermoFisher Scientific). Reaction mixtures contained 5 nM RNase E, 1M target-guide RNA 

substrate, 25 mM Tris-HCl pH 8, 100 mM NaCl, 15 mM MgCl2, 1 mM DTT, 37.5 mg/ml Ficoll 

70, 5% (v/v) DMSO and the indicated concentration of GlcN-6-P (see Figure legends for 

details). Reaction components were incubated at 28°C for 15 minutes prior to initiating the 

reaction by the addition of the RNA substrate. Fluorescence intensity measurements were 

collected at 32-second intervals for 2 hours using a BioTek H1 Synergy plate reader with 

excitation and emission wavelengths of 494 nm and 520 nm, respectively. Only data 

corresponding to <10% reaction completion were used for further analysis. Data were fit using 

Grafit5 (Erithacus Software) to a four-parameter IC50 single-site inhibition model: 

 

 

 

In this equation, y corresponds to the initial rate (in nM/min) determined at different 

concentrations of inhibitor (x); Range corresponds to the difference between the theoretical 

maximal and minimal initial rate; IC50 is the concentration of inhibitor at half the Range; s is the 

slope factor (a measure of how steeply the linear portion of the sigmoid falls). 

 

3.3.4 In silico molecular docking 

The crystal structure of the N-terminal domain of E. coli RNase E (2BX2; Callaghan et al., 

(2005)) was opened in the program MOE (Molecular Operating Environment, 2013.08; 

Chemical Computing Group Inc., 1010 Sherbrooke St. West, Suite #910, Montreal, QC, 

Canada, H3A 2R7). The co-crystallised bound RNA substrate was removed and the resulting 

apo-structure was subjected to protonation and energy minimisation using the QuickPrep 

function in MOE. Energy minimisation used the Amber12:EHT force field parameters that are 

optimised for both proteins and small molecules (Scholz, Knorr, Hamacher, & Schmidt, 2015; 

Wang, Wolf, Caldwell, Kollman, & Case, 2004). Putative ligand-binding sites were identified 

using the MOE Alpha Site Finder function, which generates hydrophobic and hydrophilic α-

spheres to represent locations of tight atom packing. The ligand-binding site at the E. coli RNase 

E active site was selected based on the presence of the key catalytic residues D303, N305 and 

D346 (Callaghan et al  ., 2005) and was defined by the placement of dummy atoms. The 

structures of GlcN-6-P (ZINC04097102) and Fru-6-P (ZINC04521831) were obtained from 

the ZINC database (Irwin, Sterling, Mysinger, Bolstad, & Coleman, 2012) and the structure of 

GlcN-6-S (PubChem CID:72361) was obtained from PubChem. All three small molecule 

structures were prepared as described above for the protein structure. The MOE Dock function 

was used to dock GlcN-6-P, Fru-6-P and GlcN-6-S into the E. coli RNase E active site using 

‘Triangle Matcher’ placement methodology and 100 placement poses. The protein-ligand 

complexes were scored according to the London dG scoring function (MOE), which estimates 
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the binding free energy of the ligand, and then subjected to a rigid receptor refinement step with 

no second rescoring. The lowest-energy 30 unique protein-ligand complexes were identified. 

Docking scores (S values) were calculated in MOE.  

 

3.4. Results 

3.4.1 Inhibition of E. coli RNase E by glucosamine-6-phosphate 

An in silico molecular docking screen that included natural biological small molecules in the 

compound screening library was performed, this indicated that there are also a number of 

intracellular metabolites that could inhibit RNase E by binding at its active site (Screen 

information shown in Chapter 4). The top metabolite “hit” in our active site molecular docking 

screen, with a docking score (S value) of -75.7 kcal/mol, was GlcN-6-P. This was intriguing 

given that RNase E is known to be involved in maintaining GlcN-6-P homeostasis in Gram-

negative bacteria (Göpel, Khan, & Görke, 2014). In order to validate the in silico prediction that 

GlcN-6-P will inhibit RNase E, the endoribonuclease activity of the catalytic domain of 

EcRNase E was tested in the presence of GlcN-6-P in an in vitro discontinuous inhibition assay 

(Figure 3.2A). 5’-p-RNA-FAM-3’, a model RNA substrate that is cleaved by RNase E, at a single 

cleavage site (p-UUUACAGU  AUUUG-FAM Callaghan et al. (2005); McDowall et al. (1995)) 

was incubated with EcRNase E  in the presence of 0-10 mM GlcN-6-P (Figure 3.1A). After 45 

minutes at 28°C the products were resolved by denaturing PAGE and the percentage of RNA 

substrate that had been cleaved was determined from densitometry (Figure 3.2A). As expected, 

in the absence of GlcN-6-P, EcRNase E cleaved 90% of the 5’-p-RNA-FAM-3’ substrate. 5 

mM GlcN-6-P reduced substrate cleavage to 54% and 10 mM GlcN-6-P reduced substrate 

cleavage further, to only 10%, clearly indicating that GlcN-6-P inhibits EcRNase E. In contrast, 

neither 10 mM Fru-6-P, the intermediate directly upstream of GlcN-6-P in the hexosamine 

pathway, Figure 3.1, (Milewski, 2002), nor 10 mM GlcN-6-S, an analogue of GlcN-6-P, inhibited 

EcRNase E  (Figure 3.2A). This indicates that the inhibition by GlcN-6-P is specific and it 

implies that both the glucosamine and phosphate moieties of GlcN-6-P are required for binding 

and inhibition.   

 

In order to assess the potency of GlcN-6-P in inhibiting RNase E, the half maximal inhibitory 

concentration (IC50) was determined using a FRET-based RNase E inhibition assay that was 

shown previously in Chapter 2. The initial rates of cleavage of a partially double-stranded target-

guide model substrate (Chapter 2; Bandyra et al. (2012)) by EcRNase E were determined for a 

range of GlcN-6-P concentrations between 0 and 10 mM (Figure 3.2B). From these, an IC50 of 

2.1 mM was determined. Given this IC50, and an intracellular concentration of GlcN-6-P in E. 

coli of 1.15 mM when glucose is used as the carbon source (Bennett et al  ., 2009), it would 

theoretically be possible for GlcN-6-P to regulate RNase E in vivo.  
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Figure 3.2 - EcRNase E is inhibited by GlcN-6-P but not by Fru-6-P or GlcN-6-S A) Representative 

20% denaturing-PAGE analysis of the cleavage of 5’-p-RNA-FAM-3’ by 5 nM EcRNase E in the presence 

of the indicated concentrations of GlcN-6-P, Fru-6-P or GlcN-6-S, after incubation at 28C for 45 min. 

The corresponding average percentage RNA intact after incubation for three experimental repeats is 

presented in the table. B) Plot of the initial rate of cleavage of 1 µM target-guide substrate by 5 nM 

EcRNase E at a range of GlcN-6-P concentrations between 0 and 10 mM. Data are the average from 

three experiments and the error bars represent the standard error of the mean. The data were fitted as 

described in Methods section 3.3 to determine the IC50. 



 67 

3.4.2 Glucosamine-6-phosphate is predicted to bind at the EcRNase E active site 

As discussed above, GlcN-6-P, was identified, through an in silico molecular docking screen, as 

a metabolite with the potential to bind at the RNase E active site and inhibit the enzyme. In the 

absence of a crystal structure of EcRNase E containing bound GlcN-6-P, molecular docking 

was used to investigate the theoretical binding site for GlcN-6-P. The Callaghan laboratory 

group have previously applied this approach successfully to predict citrate binding sites within 

human mitochondrial PNPase and the archaeal exosome (Stone et al., 2017).  

 

The active site of E. coli RNase E is composed of the catalytic site and the uracil pocket 

(Callaghan et al., 2005; Chao et al., 2017). At the catalytic site, a hydrated magnesium ion is 

coordinated by two aspartic acids, D303, positioned by asparagine N305, and D346, and is 

essential for the hydrolytic cleavage of the RNA substrate (Callaghan et al., 2005). The uracil 

pocket confers specificity for a uracil at the +2 position relative to the cleavage site and is 

comprised of F67, positioned by F57, and the K112-G113-A114-A115 (KGAA) loop (Chao et 

al., 2017). GlcN-6-P was docked into the active site of the crystal structure of EcRNase E (PDB: 

2BX2; Callaghan et al. (2005)). As shown in Figure 3.3, GlcN-6-P is predicted to bind at the 

catalytic site with metal/ion contact between the magnesium ion and the phosphate moiety of 

GlcN-6-P and sidechain hydrogen bond donor interactions between E297 and N305 of E. coli 

RNase E and the amine moiety of GlcN-6-P. This position would also occlude D303 and D346 

at the catalytic site and K112 in the uracil pocket from an RNA substrate. These predicted 

interactions are consistent with the in vitro inhibition data presented above that indicated that 

both the glucosamine and phosphate moieties of GlcN-6-P are critical for inhibition of RNase 

E.  

 

For comparison, Fru-6-P and GlcN-6-S, neither of which appear to inhibit EcRNase E, were 

also docked into the active site of EcRNase E. Surprisingly, for Fru-6-P the S value of -79.5 

kcal/mol was slightly more favourable than for GlcN-6-P (S = -75.7 kcal/mol). A metal/ion 

contact and sidechain hydrogen bond acceptor interaction are predicted between the catalytic 

magnesium ion and K112 and the phosphate moiety of Fru-6-P, respectively. In addition, 

sidechain hydrogen bond acceptor interactions are predicted between R109 and a backbone 

hydrogen bond donor interaction is predicted between A298 and the fructose moiety. In 

contrast, for GlcN-6-S, the S value of -58.4 kcal/mol was less favourable than for GlcN-6-P. 

The predicted interactions between RNase E and GlcN-6-S are similar to those predicted for 

Fru-6-P. Metal/ion contacts and a sidechain hydrogen bond donor interaction are predicted 

between the catalytic magnesium ion and R109 and the glucosamine moiety, respectively and a 

backbone hydrogen bond acceptor interaction is predicted between A298 and the sulphate 

moiety. Critically, the predicted binding locations of both Fru-6-P and GlcN-6-S are proximal 
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to the catalytic site (Figure 3.3) and, consequently, neither compound would be expected to 

occlude the catalytic site, which would explain the lack of inhibition of RNase E by these 

molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 - Docking of GlcN-6-P, Fru-6-P and GlcN-6-S into EcRNase E active site. A) A 

ribbon representation of the active site of EcRNase E, PDB accession code 2BX2 (Callaghan et al  ., 2005), 

showing the binding sites of GlcN-6-P (turquoise sticks) predicted by molecular docking. B) Predicted 

interaction map generated by MOE of docking shown in A with key. C) The same ribbon representation 

as A with the addition of the binding sites of Fru-6-P (orange sticks) and GlcN-6-S (purple sticks) 

predicted by molecular docking. The S1 domain is shown in blue and the DNase I domain in red. Key 

amino acids, required for catalytic activity, are shown as sticks, and coloured by the domain they are 

located in. Hydrogen bonds, between EcRNase E and the docked metabolite, are shown as black dashed 

lines.  
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3.4.3 Inhibition of RNase E homologues by glucosamine-6-phosphate 

The active site of RNase E is highly conserved (Aït-Bara et al., 2015). Given the predicted 

binding interactions between the EcRNase E active site and GlcN-6-P, it would be expected 

that GlcN-6-P will also inhibit RNase E homologues from other bacterial species. In order to 

determine whether GlcN-6-P inhibits these RNase Es, we determined the relative activity of 

EcRNase E, YpRNase E, FtRNase E, BpRNase E and AbRNase Es in the presence of 2.1 mM 

GlcN-6-P, the IC50 of GlcN-6-P and EcRNase E, using the FRET-based RNase E inhibition 

assay. All five RNase Es were inhibited by GlcN-6-P at this concentration (Figure 3.4). The 

extent of the inhibition for YpRNase E, FtRNase E and AbRNase E was approximately 50%, 

similar to EcRNase E. Only 30% inhibition was observed for BpRNase E, indicating that the 

IC50 of GlcN-6-P is higher for this homologue. These results collectively suggest a metabolite-

RNase E regulatory mechanism that may be evolutionarily conserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Inhibition of EcRNase E homologues by GlcN-6-P. Relative rate of cleavage of 1 µM 

target-guide substrate by 5 nM EcRNase E, YpRNase E, FtRNase E, BpRNase E or AbRNase E NTD in 

the absence (untreated) and presence (treated) of 2.1 mM GlcN-6-P. For each RNase E NTD, the data 

have been normalised to the untreated assay.  
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3.5. Discussion 

Production of GlcN-6-P from L-glutamine and Fru-6-P by GlcN-6-P synthase (GlmS; Milewski 

2002)) is the first step in the synthesis of the bacterial cell envelope, Figure 3.1. GlcN-6-P 

homeostasis is tightly controlled by GlcN-6-P through feedback inhibition loops that modulate 

translation of GlmS. In Gram-positive bacteria, activation of the glmS ribozyme, located in the 

5’ UTR of the glmS mRNA, by GlcN-6-P leads to cleavage of the glmS transcript, inhibiting its 

translation and thus regulating the level of GlmS (Winkler, Nahvi, Roth, Collins, & Breaker, 

2004). In contrast, in Gram-negative bacteria, GlmS levels are modulated through a regulatory 

circuit involving RNase E-mediated cleavage of glmS-stabilising sRNA GlmZ, shown in Figure 

3.5 (Göpel et al  ., 2014). Exactly how direct inhibition of RNase E by GlcN-6-P might fit into 

this mechanism remains to be determined. However, it is possible that it could serve as a fine-

tuning function in the regulation GlcN-6-P synthesis. Alternatively, it may be involved in the 

regulation of RNase E/degradosome targets that act downstream of GlcN-6-P production e.g. 

glmU or nagB (Bernstein et al., 2004; Stead et al  ., 2011).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 - Control of GlmS levels in Gram-negative bacteria. glmUS mRNA is co-transcribed and 

then processed by RNase E (red) into the two separate mRNAs glmU and glmS. The next steps in the 

circuit are then dependent on the cellular levels of GlcN-6-P, in low levels of GlcN-6-P the sRNA GlmZ 

(purple) stabilises glmS and GlmS protein (blue) is produced to synthesise more GlcN-6-P. Alternatively, 

in high levels of GlcN-6-P the adapter protein, RapZ (orange), binds RNase E and directs RNase E’s 

cleavage of GlmZ. glmS is then in turn not stabilised and GlmS is not produced. Information as detailed 

in Göpel et al. (2014). 
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The activity and specificity of RNase E is, at least in part, modulated through its interactions 

with the membrane and/or proteins as part of the degradosome complex. RNase E anchors the 

degradosome to the inner cytoplasmic membrane providing spatial control of RNA degradation 

(Moffitt et al., 2016). Also, in addition to the canonical interactions with PNPase, RhlB and 

enolase, at least 18 noncanonical protein-protein interactions have been reported for RNase E 

in the degradosome allowing for the formation of specialist degradosomes (Aït-Bara et al  ., 

2015). For example, in the presence of high intracellular concentrations of GlcN-6-P the 

adaptor protein RapZ specifically interacts with RNase E and GlmZ, targeting GlmZ for 

degradation by RNase E (Göpel et al., 2013). Given this GlcN-6-P-dependent targeting of 

RNase E, it is interesting that GlcN-6-P is a potential metabolite regulator of RNase E.  

 

Using naturally occurring metabolites or phosphonates, molecules containing a -CH2-PO3 

chemical group, as a basis for the generation of antibiotics has been of interest to the field for 

some time (Metcalf & van der Donk, 2009). The GlcN-6-P dependent feedback loops that are 

involved in GlmS and cell-envelope synthesis in both Gram-negative (Göpel et al  ., 2014) and 

Gram-positive bacteria (Winkler et al ., 2004) are consequently potential targets for metabolite-

based antibiotics. For example, a more recent study targets the glmS riboswitch, found in Gram-

positive bacterial species, with phosphonate mimics of the riboswitch’s controlling metabolite 

GlcN-6-P (Fei et al ., 2014). Even though these mimics were less active than the naturally 

occurring metabolite, they do open up the possibility of using analogs/mimics of natural 

metabolites as potential antibiotics. Similarly, Khan et al., (2016) propose the combined use of 

GlcN-6-P analogues and GlmS inhibitor as an antibacterial strategy, to disrupt the GlmS 

regulatory circuit and cell envelope synthesis, in Gram-negative bacteria. It remains to be 

determined if inhibition of RNase E by GlcN-6-P or its analogues can be exploited as part of 

this antibacterial approach. EcRNase E was not inhibited by the only commercially available 

GlcN-6-P analogue GlcN-6-S (Figure 3.2A), but it may be susceptible to the alternative 

analogues described in Fei et al. (2014).  

 

In summary, the endoribonuclease activity of the catalytic domain of RNase E from E. coli is 

inhibited by GlcN-6-P in vitro. This inhibition is specific with neither fructose-6-phosphate (Fru-

6-P), the intermediate immediately before GlcN-6-P in the hexosamine pathway, Figure 3.1, 

(Milewski, 2002), nor glucosamine-6-sulphate (GlcN-6-S), an analogue of GlcN-6-P, inhibiting 

the enzyme. In silico molecular docking predicts that this inhibition is the result of GlcN-6-P 

binding and occluding the active site. Furthermore, we demonstrate that the catalytic domain 

of RNase E homologues from four bacterial pathogens, of importance to the health and defence 

sectors, are similarly inhibited by GlcN-6-P in vitro, suggesting that the GlcN-6-P-RNase E 

interaction is evolutionarily conserved. To the best of our knowledge, this is the first time that 
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RNase E activity has been shown to be directly modulated by a small molecule metabolite. 

Furthermore, this provides additional support for the proposed communicative link between 

RNases and cellular metabolic status (Nurmohamed et al  ., 2011). In addition, it provides a 

foundation for the development of metabolite-based antibiotics targeting RNase E. 
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Chapter 4 - Analysis of novel small molecule inhibitors of 

Ribonuclease E  

4.1. Introduction 

As previously discussed, RNA degradation and the RNases responsible for this have recently 

been identified as an essential cellular process that could be exploited for antibiotic 

development (Eidem et al., 2012). Based on this logic, a recent collaboration between the 

Callaghan group and the McDowall group (University of Leeds, UK) identified the first small 

molecule inhibitors of the essential endoribonuclease RNase E (Kime et al., 2015). This study 

used structure-based virtual high-throughput screening (vHTS) to select molecules that are 

predicted to bind to and inhibit the catalytic domain of E. coli RNase E, before validating the 

predictions using in vitro functional screening assays (Kime et al., 2015). Since both the 5’ 

sensor and active site, shown in detail in Introduction Section 3.2.3,  are critical for RNase E 

activity (Callaghan et al., 2005) vHTS was performed against both regions (Kime et al., 2015). 

33 molecules were selected that were predicted to bind to RNase E with 23 predicted to bind 

at the 5’ sensor and 10 predicted to bind at the active site (Kime et al., 2015). Binding and 

modest inhibitory activity against E. coli RNase E was subsequently demonstrated in vitro for 

six molecules, 3/21 predicted to bind at the 5’ sensor and 3/9 predicted to bind at the active 

site (Kime et al., 2015). Although, the high half maximal inhibitory concentration (IC50) for the 

individual inhibitors was disappointing, the combined use of an inhibitor targeting the 5’ 

sensor with an inhibitor targeting the active site resulted in enhanced levels of inhibition 

(Kime et al., 2015). Furthermore, preliminary studies with a subset of the inhibitors indicated 

that they also inhibit RNase E from Mycobacterium tuberculosis and RNase G, an RNase E 

paralogue, from E. coli suggesting potential for development as broad-spectrum antibiotics 

(Kime et al., 2015).  

 

Despite the progress that has been made in identifying small molecule inhibitors of RNase E, 

there are still a number of unanswered questions if they are to be used to underpin an 

antibacterial strategy. Firstly, what is the mode of action for each of the inhibitors? For 

example, are they competitive inhibitors, as might be expected based on their predicted 

binding sites at the 5’ sensor or active site, both of which are involved in substrate binding. Is 

the enhancement of inhibition that is observed when combining inhibitors additive or 

synergistic? This information could be useful for guiding antibacterial strategy e.g. design of 

next-generation inhibitors or treatment plans. Secondly, are the reported RNase E inhibitors 

truly broad-spectrum? A desirable characteristic of an antibiotic is that it is effective against 

multiple bacterial species, since antibiotics often have to be administered prior to 
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identification of the infection-causing species. Also, the potential for broad utility helps to 

offset the economic cost of antibiotic development.  Although the subset of inhibitors tested 

against E. coli RNase E also inhibited M. tuberculosis RNase E and E. coli RNase G, the IC50 for 

a particular inhibitor varied by up to 2-fold (Kime et al., 2015). This suggests a need to test 

potential inhibitors against the RNase E from other bacterial species to more accurately assess 

their broad-spectrum capabilities and/or limitations.  

 

In this study, novel small molecule inhibitors of RNase E, that are predicted to target either 

the 5’ sensor or the active site of the enzyme have been identified. For the most promising 

inhibitors, their mode of action against RNase E from E. coli has been characterised in vitro. 

This revealed, that the individual inhibitors are uncompetitive inhibitors. Their potential for 

use in a broad-spectrum capacity have also been assessed. Both the lead 5’ sensor and active 

site inhibitors also inhibited the catalytic NTD domain of the RNase E homologue from a 

selection of bacterial pathogens of importance to the health (A. baumannii Tacconelli et al. 

(2018)) and defence (Y. pestis and F. tularensis Ligon (2006) and Maurin (2015)) sectors in vitro. 

It is anticipated that, together, these findings will be useful in the development of effective 

antibacterial strategies targeting RNase E. 

 

4.2. Aim 

The aim of this chapter was to use in silico and in vitro techniques to discover novel small 

molecules that can act as potential inhibitors of RNase E by targeting two sites of importance, 

the active site and 5’ sensor.  

 

4.3. Methods 

4.3.1 Structure-based vHTS for small molecule inhibitors of RNase E 

RNase E structure preparation – Structured-based vHTS for molecules predicted to target the 5’ 

sensor or the active site of RNase E was performed using the crystal structure of the N-

terminal domain of E. coli RNase E in the open conformation (2VMK; Koslover et al. (2008)) 

or the closed conformation (2BX2; Callaghan et al. (2005)), respectively. The crystal structures 

were opened in the program MOE (Molecular Operating Environment, 2013.08; Chemical 

Computing Group Inc., 1010 Sherbrooke St. West, Suite #910, Montreal, QC, Canada, H3A 

2R7). For 2BX2, the co-crytsallised bound RNA substrate was removed to generate an apo-

structure. Both the 2VMK and the modified apo-2BX2 structure were subjected to 

protonation and energy minimisation using the QuickPrep function in MOE. The 

Amber12:EHT force field parameters, that are optimised for both proteins and small 

molecules, were used for energy minimisation (Scholz, Knorr, Hamacher, & Schmidt, 2015; 

Wang, Wolf, Caldwell, Kollman, & Case, 2004).  
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Ligand structure preparation – Structures of previously reported inhibitors P6 (Maybridge code: 

HTS01081) and P11 (Maybridge code: SEW06445), which are predicted to target the 5’ sensor 

of RNase E (Kime et al., 2015), were retrieved from Maybridge. The available structures from 

the Sigma Aldrich Building Blocks database (over 60,000 from a catalogue of over 100,000) 

were retrieved from the ZINC database (Irwin et al., 2012). All ligand structures were prepared 

as described above for RNase E.  

 
Identification of putative ligand-binding sites – Potential ligand-binding sites in each of the prepared 

structures were identified using the MOE Alpha Site Finder function. This generates 

hydrophobic and hydrophilic α-spheres to represent locations of tight atom packing. The 

putative ligand-binding site corresponding to the 5’ sensor region was selected in the 2VMK 

structure based on the presence of the key amino acids G124, V128, R169 and T170 and that 

at the active site was selected in the apo-2BX2 structure based on the presence of the catalytic 

residues D303, N305 and D346 (Callaghan et al., 2005). Each theoretical ligand-binding site 

was defined by the placement of dummy atoms.  

 
In silico molecular docking of ligands into the 5’ sensor site of RNase E – The MOE Dock function was 

used to dock previously reported inhibitors P6 (Maybridge code: HTS01081) and P11 

(Maybridge code: SEW06445) (Kime et al., 2015) into the 5’ sensor of RNase E (2VMK) using 

‘Triangle Matcher’ placement methodology and 30 placement poses. RNase E-ligand 

complexes were scored according to the London dG scoring function (MOE), which 

estimates the binding free energy of the ligand, and then subjected to a rigid receptor 

refinement step with no second rescoring. The lowest-energy 10 unique RNase E-ligand 

complexes for each inhibitor were retained and combined to generate a pharmacophore query 

in MOE. This was applied to the compounds with available structures from the Sigma Aldrich 

Building Blocks database using MOE. The 500 compounds with the lowest root-mean-square 

deviation (RMSD) compared to the pharmacophore query were redocked into the 5’ sensor of 

RNase E using the parameters described above for P6 and P11 docking.  

 
In silico molecular docking of ligands into the active site of RNase E – The MOE Dock function was 

uses to dock the compounds with available structures from the Sigma Aldrich Building Blocks 

database using the parameters described above for the 5’ sensor docking.   

 
Filtering of the in silico molecular docking results – The in silico molecular docking results were 

initially ranked from best to worst based on docking score. All compounds known to be 

natural intracellular metabolites or metal chelators, such as EDTA derivatives, were removed. 

Compounds with known undesirable physicochemical properties (e.g insoluble, unstable 

and/or toxic) were also removed. Compounds that were not commercially available were 
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removed, this mainly included those that had been discontinued since the generation of the 

Sigma Aldrich database used. Finally, those that cost more than £5 per mg were removed. The 

only exception to this filtering process was heparin. The monetary cutoff excluded heparin, 

however, as this particular small molecule had a promising docking score and has been shown 

to have antimicrobial properties (Rosett & Hodges, 1980), it was included in the subsequent 

screening. 

 
Redocking of selected compounds – The MOE Dock function was used to redock each of the 

selected compounds into the appropriate site (active site or the 5’ sensor) of the catalytic NTD 

domain of RNase E, as described above for vHTS, except that 100 placement poses were 

used and the lowest-energy 30 unique RNase E-inhibitor complexes were identified. 

 

4.3.2 Cloning, expression and purification of the RNase E catalytic NTDs 

The cloning, expression and purification of N-terminally His10-tagged RNase E catalytic 

NTDs from E. coli (aa 1-529), Y. pestis (aa 1-529), F. tularensis (aa 1-543) and A. baumannii (aa 1-

544) have been described previously in Chapter 2, Sections 3.3 to 3.5. 

 

4.3.3 Discontinuous RNase E inhibition assay 

Discontinuous RNase E inhibition assays were carried out essentially as described previously 

in Chapter 2 section 3.7 and Chapter 3 section 3.2. Briefly, 30 l control reaction mixtures 

contained 5 nM E. coli RNase E NTD, 1 M 3’ FAM-labelled UUU ACA GUA UUU G (5’-

p-RNA-FAM-3’) model RNA substrate (Callaghan et al., 2005; McDowall, Kaberdin, Wu, 

Cohen, & Lin-Chao, 1995), obtained from Dharmacon, 25 mM Tris-HCl pH 8, 100 mM 

NaCl, 15 mM MgCl2, 1 mM DTT, 37.5 mg/ml Ficoll 70 and 5% (v/v) DMSO. For in vitro 

screening of potential small molecule inhibitors of RNase E, inhibition reaction mixtures were 

identical to the control except that they were supplemented with 10 mM of the indicated 

compound. For co-inhibition studies, inhibition reaction mixtures were supplemented with 4 

mM of the indicated compound(s). All compounds were obtained from Sigma. Reactions were 

incubated at 28C for 45 min and then terminated by the addition of 0.5 volumes of quench 

buffer (95% (v/v) formamide, 20 mM EDTA). The reaction products were resolved by 

denaturing 7.5 M urea 20% PAGE and gels were visualised using a G:Box UV 

transilluminator (Syngene).  

 

4.3.4 Real-time FRET-based RNase E inhibition assays 

Real-time FRET-based RNase E inhibition assays were carried out essentially as described 

previously in Chapter 2, Section 3.8 and Chapter 3, Section 3.3. Briefly, for IC50 determination, 

100 μl control reaction mixtures contained 5 nM E. coli RNase E NTD, 1 M target-guide 
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RNA substrate (prepared by annealing a 5’ hydroxylated, 3’ FAM-labelled GGA UCG GAG 

UUU UAA AUU 18-mer and a 5’ phosphorylated, 3’ tetramethyl-6-carboxyrhodamine 

(TAMRA)-labelled UUU UCU CCG AUC C 13-mer RNA, both obtained from Dharmacon, 

at a molar ratio of 1:1.14 at 28°C for 15 minutes, 25 mM Tris-HCl pH 8, 100 mM NaCl, 15 

mM MgCl2, 1 mM DTT, 37.5 mg/ml Ficoll 70, 5% (v/v) DMSO. Inhibition reaction mixtures 

were identical to the control except that they were supplemented with the indicated 

concentration, between 0.25 and 10 mM, of AS5 or 5’S1. All assays were carried out in black 

96-well microplates (ThermoFisher Scientific). Reaction components were incubated at 28°C 

for 15 minutes prior to initiating the reaction by the addition of the RNA substrate. 

Fluorescence intensity measurements were collected at 32-second intervals for 2 hours using a 

BioTek H1 Synergy plate reader with excitation and emission wavelengths of 494 nm and 520 

nm, respectively. Only data corresponding to <10% reaction completion were used for further 

analysis. Data were fit using Grafit5 (Erithacus Software) to a four-parameter IC50 single-site 

inhibition model: 

 

 

 

 

In this equation, y corresponds to the initial rate (in nM/min) determined at different 

concentrations of inhibitor (x); Range corresponds to the difference between the theoretical 

maximal and minimal initial rate; IC50 is the concentration of inhibitor at half the Range; s is the 

slope factor (a measure of how steeply the linear portion of the sigmoid falls). 

 

For kinetic analysis, reactions were performed as described above except that the target-guide 

substrate was present at a range of concentrations, between 0 and 2 M, and either AS5 or 

5’S1 was present at a concentration of 2 mM. Data were fitted, in GraFit, to a modified form 

of the Michaelis-Menten equation, based on the Hill equation, that allowed for cooperative 

kinetic behaviour: 

𝑉0 =
𝑉𝑚𝑎𝑥 × [𝑆]𝑛

(𝐾𝑚
𝑛 + [𝑆])𝑛)

 

 

where V0 is the measured initial rate of RNA cleavage, Vmax is the maximal theoretical 

velocity, [S] is the concentration of RNA substrate, Km is the apparent Michaelis constant and 

n is the apparent cooperativity coefficient (equivalent to the Hill constant). 
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For the screening of RNase E homologues from Y. pestis, F. tularensis and A. baumannii, 

reactions were carried out as above using 1 M target-guide substrate, 5 nM of the relevant 

RNase E NTD and either 2 mM AS5 or 5’S1.  

 

4.4. Results 

4.4.1 Structure-based vHTS for small molecule inhibitors of RNase E 

Since small molecule inhibitors of RNase E, predicted to target both the 5’ sensor and the 

active site, had been previously reported as part of a collaborative project between the 

Callaghan group and the McDowall group (University of Leeds, UK) (Kime et al., 2015) it was 

initially planned to use these compounds to characterise the effects of inhibitor combinations 

and to evaluate their broader specificity. However, these inhibitors had been identified 

through screening of the Maybridge database and were subsequently obtained in screening 

quantities directly from Maybridge. Unfortunately, the cost of obtaining the amounts required 

for further analysis was prohibitive, especially considering that, for any single inhibitor, only 

modest inhibition of RNase E was observed (Kime et al., 2015). Therefore, given that the 

structure-based vHTS strategy had proven successful in identifying inhibitors of RNase E, it 

was decided to perform a second vHTS, this time using a database of commercially available 

compounds – Sigma Aldrich Building Blocks – as the screening library.  

     
Similar to the previous study, both the 5’ sensor and the active site of E. coli RNase E were 

selected as vHTS screening targets. All of the compounds from the Sigma Aldrich Building 

Blocks database with available structures (over 60,000 compounds) were screened against the 

active site using in silico molecular docking. Given the higher incidence of false-positives for 

the 5’ sensor (18/21 compared to 6/9 for the active site) in the original vHTS (Kime et al., 

2015), the screening library was filtered using a pharmacophore query based on the known 

inhibitors predicted to bind at this site. This resulted in a subset of 500 compounds that were 

then screened against the 5’ sensor using molecular docking. The results from both vHTSs 

were collated and filtered to remove natural intracellular metabolites, molecules with 

undesirable physicochemical properties and compounds that were either unavailable or were 

not available at a reasonable cost. Using these criteria, ten compounds were selected for 

subsequent in vitro screening, eight predicted to target the active site and two predicted to 

target the 5’ sensor region (see Table 4.1 for details). Each of the selected compounds were 

redocked into RNase E using 100 placement poses, increased from the 30 placement poses 

used for vHTS, to increase the likelihood of finding the lowest-energy RNase E-compound 

complex. The lowest-energy RNase E-compound complexes, together with the docking score, 

are shown in Figure 4.1. 
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Table 4.1 - Compounds selected for in vitro screening as inhibitors of RNase E based on vHTS. 

Colour 
code 

Compound name/Code 
ZINC ID/PubChem 

CID 
Target binding 
site in RNase E 

Docking score/S 
value (kcal/mol) 

Supplier/Cost a2D structure 

 

Antazoline/AS1 57204/2200 Active site -28.9 
Sigma/£3.70 per 1 

g 

 

 

1,2-Bis(2-
aminophenoxy)ethane-
N,N,N′,N′-tetraacetic 

acid/AS2 

3860554/104751 Active site -124.8 Sigma/£125 per 1 g 

 

 

4-O--Galactopyranosyl-D-
mannopyranoside 
(Epilactose)/AS3 

26892042/4195243 Active site -57.5 
Sigma/£44.40 per 

10 mg 
 

 

Heparin/AS4 34888464/16219490 Active site -98.8 

 
 

Sigma/£915 per 10 
mg 
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Colour 
code 

Compound name/Code 
ZINC ID/PubChem 

CID 
Target binding 
site in RNase E 

Docking score/S 
value (kcal/mol) 

Supplier/Cost a2D structure 

 

 
3-[(4-Hydroxy-5-isopropyl-6-

oxo-1,6-dihydro-2-
pyrimidinyl) 

sulfanyl]propanoic acid/AS5 
 

19735178/329779174 Active site -104.8 
Sigma/£12.60 per 

10 mg 

 

 

Kasugamycin/AS6 4216682/65174 Active site -58.8 

 
 
 

Sigma/£30.80 per 1 
g 
 
  

 

 

Oxymetazoline/AS7 57435/4636 Active site -24.2 

 
 
 

Sigma/£21.4 per 1 
g 
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Colour 
code 

Compound name/Code 
ZINC ID/PubChem 

CID 
Target binding 
site in RNase E 

Docking score/S 
value (kcal/mol) 

Supplier/Cost a2D structure 

 Phentolamine/AS8 20251/5775 Active site -28.0 
Sigma/£6.55per 10 

mg 

 

 3-(3-Methyl-5-oxo-4,5-
dihydro-1H-pyrazol-4-
yl)propanoic acid/5’S1 

18082626/2771950 5’ sensor -22.8 Sigma/£6.30 10 mg 

 

 

2-(5-sulfanyl-4H-1,2,4-triazol-
3-yl)phenol/5’S2 

16957372/5388408 5’ sensor -21.7 
Sigma/£12.60 10 

mg 

 

a 2D compound structures collected from PubChem  
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Figure 4.1 - Molecular docking of potential inhibitors into E. coli RNase E. A) The lowest-energy 

RNase E-compound complexes obtained from molecular docking of potential inhibitors into the active 

site of E. coli RNase E, PDB accession code 2BX2 (Callaghan et al., 2005). B) The lowest-energy RNase 

E-compound complexes obtained from molecular docking of potential inhibitors into the 5’ sensor of 

E. coli RNase E, PDB accession code 2BX2 (Callaghan et al., 2005). RNase E is shown as a ribbon 

representation with the S1 domain coloured blue, the DNase I domain coloured red, the 5’ sensor 

domain coloured gold and the small domain coloured grey. For orientation, key amino acids, required 

for catalytic activity and/or substrate binding (Callaghan et al., 2005), are shown as sticks and coloured 

according to the domain they are located in.  
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4.4.2 In vitro screening of potential small molecule inhibitors of RNase E 

In order to determine whether the compounds selected through vHTS inhibit RNase E, as 

predicted, they were screened using an in vitro discontinuous inhibition assay.  This assay has 

been described previously in Chapters 2 and 3 and involves monitoring the 

endoribonucleolytic cleavage of 5’-p-RNA-FAM-3’, a model RNA substrate (Callaghan et al., 

2005; McDowall et al., 1995), by the catalytic NTD of E. coli RNase E by denaturing PAGE in 

the presence of potential inhibitors and comparing this to cleavage in the absence of 

compound. Using this assay, each compound was tested at a concentration of 10 mM (Figure 

4.2). At this concentration, two compounds completely inhibited cleavage of 5’-p-RNA-FAM-

3’ by E. coli RNase E NTD: AS5 (3-[(4-Hydroxy-5-isopropyl-6-oxo-1,6-dihydro-2-

pyrimidinyl)sulfanyl]propanoic acid), which is predicted to target the active site, and 5’S1 (3-

(3-Methyl-5-oxo-4,5-dihydro-1H-pyrazol-4-yl)propanoic acid), which is predicted to target the 

5’ sensor region (Figure 4.2A). A third compound, AS3 (4-O--Galactopyranosyl-D-

mannopyranoside (epilactose)), partially inhibited E. coli RNase E NTD (Figure 4.2A). None 

of the other seven compounds inhibited RNase E under the conditions tested (Figure 4.2). 

AS3, similar to AS5, is predicted to target the active site. However, AS3 appears to be both 

less effective as an RNase E inhibitor and is more expensive (Table 4.1). Therefore, only AS5 

and 5’S1 were taken forwards for further analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 cont. - Molecular docking of potential inhibitors into E. coli RNase E. The potential 

inhibitors are shown as sticks and coloured according to the colour-code presented in Table 4.1. 

Predicted interactions, between E. coli RNase E and the potential inhibitors, are shown as black dashed 

lines. The compound (see Table 4.1 for further information) and docking score are indicated above each 

panel. 
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Figure 4.2 - The catalytic NTD of E. coli RNase E is inhibited by AS5 and 5’S1. A) 

Representative 20% denaturing-PAGE analysis of the cleavage of 5’-p-RNA-FAM-3’ by 5 nM E. coli 

RNase E NTD in the presence of 10 mM AS1, AS2, AS3, AS4, AS5, AS7, AS8 or 5’S1 (see Table 4.1 

for details), after incubation at 28C for 45 min. B) Representative 20% denaturing-PAGE analysis of 

the cleavage of 5’-p-RNA-FAM-3’ by 5 nM E. coli RNase E NTD in the presence of 10 mM AS6 or 

5’S2 (see Table 4.1 for details), after incubation at 28C for 45 min. The blurred degraded RNA bands 

appear to be a result of the compounds affecting the PAGE analysis. 
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4.4.3 Analysis of Inhibition of E. coli RNase E by AS5 and 5’S1 

In order to assess the potency of AS5 and 5’S1 as inhibitors of RNase E, the IC50 was 

determined using a FRET-based RNase E inhibition assay that was developed previously in 

Chapter 2. The initial rates of cleavage of a partially double-stranded target-guide model 

substrate by the catalytic NTD of E. coli RNase E were determined for a range of either AS5 

or 5’S1 concentrations between 0 and 10 mM (Figure 4.3). From these, IC50s of 1.9 mM and 

2.6 mM were obtained for AS5 and 5’S1, respectively.  

 

 

 

 

 

 

 

 

It was next decided to investigate the kinetics of RNase E cleavage in the presence of the AS5 

and 5’S1 inhibitors. Using the FRET-based RNase E inhibition assay, the initial rate of 

cleavage of the target-guide substrate by E. coli RNase E was determined for a range of 

substrate concentrations between 0 and 2 M in the presence of either 2 mM AS5 or 5’S1 

(Figure 4.4). This inhibitor concentration was chosen because it is approximately equal to the 

calculated IC50 for both AS5 and 5’S1 (Figure 4.3). It was previously reported, in Chapter 2, 

that degradation kinetics of the target-guide substrate by E. coli RNase E are consistent with 

positive, homotropic cooperativity.  Therefore, these data were fitted to a cooperative-kinetics 

from of the Michaelis-Menten equation and the parameters Vmax, Km and n were evaluated 

(Figure 4.4).  In the presence of either AS5 or 5’S1, an n of 2.8 or 2.6 was obtained, 

respectively, compared to an n of 2.2 in the absence of inhibitors, which suggests that the 

Figure 4.3 - Half maximal inhibitory concentration (IC50) of AS5 and 5’S1. Plot of the initial rate 

of cleavage of 1 μM target-guide substrate by 5 nM E. coli RNase E NTD at a range of AS5 or 5’S1 

concentrations between 0 and 10 mM. Data are the average from three experiments and the error bars 

represent the standard error of the mean. The data were fitted (purple line for AS5 and green line for 

5’S1), as described in the Methods, to determine the IC50. 
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inhibitors do not affect cooperativity (Figure 4.4). In contrast, both AS5 and 5’S1 reduced the 

Vmax and the Km which is indicative of uncompetitive inhibition (Figure 4.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The combined use of an inhibitor predicted to target the active site and one predicted to target 

the 5’ sensor has previously been shown to result in enhanced inhibition of RNase E, relative 

to either of the inhibitors used in isolation (Kime et al., 2015). The next step was to determine 

if this enhancement of inhibition would also occur when AS5 and 5’S1 are used in 

combination. The discontinuous inhibition assay was used to compare inhibition of E. coli 

RNase E NTD by either 4 mM AS5, 4 5’S1 or 4 mM AS5 and 4 mM 5’S1. In contrast to the 

Figure 4.4 - Degradation kinetics of the target-guide substrate by E. coli RNase E in the 

presence of inhibitors AS5 or 5’S1. Plots of initial cleavage rate of the target-guide substrate against 

substrate concentration for E. coli RNase E in the absence of inhibitor (blue) and in the presence of 

either 2 mM AS5 (purple) or 2 mM 5’S1 (green). Data are the average from three experiments, the data 

points and the error bars have been excluded for clarity. The data were fitted to a cooperative-kinetics 

form of the Michaelis-Menten equation (shown in Methods, Section 3.4). The derived parameters are 

presented in the Table. Data in the absence of inhibitor have been reported previously in Chapter 2 and 

are replotted here for comparison.  
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screening results described above, where the inhibitors were present at a concentration of 10 

mM (Figure 4.2), at the lower concentration (4 mM) AS5 only partially inhibited E. coli RNase 

E NTD and 5’S1 was not inhibitory (Figure 4.5). However, when used in combination, 

complete inhibition of E. coli RNase E NTD was achieved (Figure 4.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.4 Inhibition of RNase E from Y. pestis, F. tularensis and A. baumannii by AS5 

and 5’S1 

In order to assess the potential of the AS5 and 5’S1 inhibitors for development of broad-

spectrum antibiotics, they were screened against RNase E homologues from a selection of 

bacterial pathogens of importance to the health and defence sectors. The structural and 

biochemical properties of the catalytic domain of the RNase E homologue from Y. pestis, F. 

tularensis and A. baumannii were previously characterised in Chapter 2. Y. pestis and F. tularensis 

are listed as critical potential bioterrorism agents by the Centers for Disease Control and 

Prevention (Ligon, 2006; Maurin, 2015), while WHO considers A. baumannii an increasing 

threat in clinical settings (Tacconelli et al., 2017). The relative activity of the catalytic NTD of 

RNase E from E. coli, Y. pestis, F. tularensis and A. baumannii in the presence of either 2 mM 

AS5 or 2 mM 5’S1 in comparison to the activity in the absence of inhibitor was determined 

using the FRET-based RNase E inhibition assay (Figure 4.6). In the presence of 2 mM AS5, 

the activity of all four RNase E NTDs was reduced to approximately 20% (Figure 4.6). 2 mM 

5’S1 also inhibited all four RNase E NTDs, however, the relative effect was more variable 

(Figure 4.6). The greatest inhibition, approximately 60%, was observed with A. baumannii 

RNase E NTD while F. tularensis RNase E NTD was only inhibited by around 10% (Figure 

4.6). 

 

 

Figure 4.5 - Co-inhibition of E. coli RNase E by AS5 and 5’S1. Representative 20% denaturing-

PAGE analysis of the cleavage of 5’-p-RNA-FAM-3’ by 5 nM E. coli RNase E NTD in the presence of 

4 mM AS5, 4 mM 5’S1 or 4 mM AS5 and 4 mM 5’S1, after incubation at 28C for 45 min. 



 88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5. Discussion 

Using a combination of structure-based vHTS and in vitro activity screening, the first 

universally accessible small molecule inhibitors of the antibacterial target RNase E have been 

successfully identified. These inhibitors target the catalytic domain of RNase E, with IC50s in 

the low millimolar range (Figure 4.3) and are predicted to bind and occlude either the catalytic 

active site or the 5’ sensor region that is required for substrate recognition (Figure 4.1). 

Individually, the inhibitors display uncompetitive inhibition (Figure 4.4). This possibly reflects 

the inability of a single inhibitor to simultaneously displace the RNA substrate from both the 

active site and the 5’ sensor. It may also help to explain the observation that the combined use 

of an inhibitor predicted to bind at the active site with an inhibitor predicted to bind at the 5’ 

sensor leads to enhanced inhibition (Figure 4.5).  

 

The inhibitors appear to be broad-spectrum, inhibiting RNase E from E. coli, Y. pestis, F. 

tularensis and A. baumannii (Figure 4.6). The efficiency of the observed inhibition does vary 

depending on the origin of the RNase E, particularly for the inhibitor predicted to target the 5’ 

sensor. For example, 5’S1 is a poor inhibitor of the catalytic domain of F. tularensis RNase E, 

relative to the other RNase E homologues. It is interesting that F. tularensis RNase E has also 

Figure 4.6 -  Inhibition of RNase E homologues by AS5 and 5’S1. Relative rate of cleavage of 1 µM 

target-guide substrate by 5 nM E. coli, Y. pestis, F. tularensis or A. baumannii RNase E NTD in the absence 

(untreated) or presence of either 2 mM AS5 or 2 mM 5’S1. For each RNase E NTD, the data have been 

normalised to the untreated assay. 
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been reported to exhibit marked differences in substrate cleavage-site specificity compared to 

the same RNase E homologues, as shown in Chapter 2.   

 

Structured-based vHTS has previously been validated as a suitable approach for identifying 

effective small molecule inhibitors of RNase E (Kime et al., 2015). With regard to their 

inhibitory properties (IC50, binding site, broad-spectrum effect etc.), the inhibitors identified 

here are comparable to those reported by Kime et al. (2015). A potential advantage of the 

inhibitors reported here is their accessibility. As discussed above, it was decided to perform a 

second vHTS for small molecule inhibitors of RNase E primarily because the monetary cost 

and/or the time required to obtain the inhibitors identified through screening of the 

Maybridge database (Kime et al., 2015) was prohibitory. In contrast, the inhibitors identified 

through screening of the Sigma Aldrich Building Blocks database are commercially available 

and cost less than £13 per 10 mg.  

 

Further analysis of inhibitor combinations and in vivo testing will be necessary if the inhibitors 

are to be developed into antibiotics.  Nevertheless, combining the inhibitors identified here 

with those identified by Kime et al. (2015) could provide the foundation for an antibacterial 

strategy targeting RNase E that has the potential to be effective against multiple bacterial 

species including E. coli, A. baumannii, F. tularensis, M. tuberculosis and Y. pestis.  
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Chapter 5 - Analysis of the use of LNA gapmers to inhibit 

Ribonuclease E synthesis 

5.1. Introduction 

There is a clear and growing need for the development of novel antibacterial strategies that 

target alternative pathways and/or have unconventional mechanisms of action. Some progress 

has been made into identifying small molecules with the potential to be developed into 

antibiotics targeting RNase E. Using the traditional approach of structure-based vHTS 

followed by in vitro validation, a number of small molecules have been identified that inhibit 

RNase E from multiple bacterial pathogens (Kime et al., 2015; Chapter 4). However, the IC50 

concentration for each of these inhibitors is in the low millimolar range, much higher than 

would be desired for an effective antibiotic (Kime et al., 2015; Chapter 4). Even enhanced 

inhibition, obtained by using a combination of inhibitory small molecules, required millimolar 

concentrations of inhibitor (Kime et al., 2015; Chapter 4). Given the limited progress in 

developing small molecule antibiotics that target RNase E, it was decided that using the 

alternative approach of antisense antimicrobial therapeutics to silence the rne gene which 

encodes RNase E could be explored.   

 

Antisense antimicrobials are single-stranded oligomers that bind specifically to complementary 

RNA sequences in a target organism to silence specific genes either by blocking translation 

and/or facilitating degradation of the target RNA (reviewed in (Sully & Geller, 2016); Figure 

5.1). Consequently, provided that the target RNA sequence is known, it should be possible to 

rationally design antisense antimicrobials to target any RNA in any bacterium. One of the first 

antisense antimicrobials to target bacteria were reported in 1981 and were synthetic DNA 

analogues designed to target the 16S rRNA in E. coli, blocking global translation (Jayaraman et 

al., 1981). Since then, there have been numerous reports of antisense antibacterials targeting a 

range of essential genes (see Table 5.1 for examples).  
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Figure 5.1 - Mechanisms of antisense antibacterials. A) The antisense oligonucleotide (red) binds to 

the translation initiation region (including the ribosome binding site, RBS, yellow) of the mRNA (blue), 

blocking ribosome (purple) from binding. B) In addition to blocking ribosome binding, as in A), 

binding of an oligonucleotide, with locked nucleic acid (LNA; green) ends, generates an RNase H 

(orange) cleavage site, facilitating mRNA degradation. 
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Table 5.1 - Examples of antisense antibacterials 

Genetic target Bacterial target Chemistry of antisense oligomer Reference (s) 

rRNA (global translation) Escherichia coli 
Methylphosphonate; 

methylcarbamate; peptide nucleic 
acid (PNA); peptide-PNA conjugate 

(Good, Awasthi, Dryselius, Larsson, 
& Nielsen, 2001; Good & Nielsen, 

1998; Jayaraman et al., 1981; Rahman 
et al., 1991; Xue-Wen, Jie, Xian-

Yuan, & Hong-Xiang, 2007)  
ask (aspartokinase; amino acid 

biosynthesis) 
Mycobacterium smegmatis Phosphorothioate 

(Rapaport, Levina, Metelev, & 
Zamecnik, 1996)  

glnA1 (glutamine synthetase; 
nitrogen metabolism) 

Mycobacterium tuberculosis Phosphorothioate 
(Harth, Zamecnik, Tang, Tabatadze, 

& Horwitz, 2000)  

acpP (acyl carrier protein; fatty acid 
biosynthesis) 

Escherichia coli; Salmonella enterica; 
Burkholderia cepacian; Bacillus anthracis; 
Psuedomonas aeruginosa; Acinetobacter 

lwoffii; Acinetobacter baumannii; 
Haemophilus influenzae 

PNA; peptide-PNA conjugate; 
phosphorodiamidate morpholino 
oligomer (PMO); peptide-PMO 

conjugate 

(Deere, Iversen, & Geller, 2005; B L 
Geller et al., 2003; Bruce L. Geller et 

al., 2013; Bruce L. Geller, Deere, 
Tilley, & Iversen, 2005; Ghosal & 
Nielsen, 2012; Good et al., 2001; 

Greenberg et al., 2010; Howard et al., 
2017; Mellbye, Weller, et al., 2009; 

Mellbye, Puckett, Tilley, Iversen, & 
Geller, 2009; Mitev, Mellbye, 

Iversen, & Geller, 2009; Otsuka et 
al., 2017; Panchal et al., 2012; Tan, 

Actor, & Chen, 2005)  
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Table 5.1 cont. - Examples of antisense antibacterials 

Genetic target Bacterial target Chemistry of antisense oligomer Reference (s) 

gyrA (DNA gyrase; DNA 
replication) 

Staphylococcus aureus; Klebsiella 
pneumoniae; Escherichia coli; 

Acinetobacter sp.; Enterobacter cloacae, 
Salmonella typhimurium; Bacillus subtilis; 
Mycobacterium smegmatis; Streptococcus 

pyogenes 

Peptide-PNA conjugate; peptide-
PMO conjugate 

(Kurupati, Tan, Kumarasinghe, & 
Poh, 2007; Nekhotiaeva, Awasthi, 
Nielsen, & Good, 2004; Panchal et 

al., 2012; Patenge et al., 2013; 
Wesolowski, Alonso, & Altman, 

2013) 

fmhB (peptidoglycan biosynthesis) Staphylococcus aureus Peptide-PNA conjugate (Nekhotiaeva et al., 2004) 

hmrB (acyl carrier protein; fatty acid 
biosynthesis) 

Staphylococcus aureus Peptide-PNA conjugate (Nekhotiaeva et al., 2004) 

inhA (mycolic acid biosynthesis) Mycobacterium smegmatis Peptide-PNA conjugate 
(Kulyté, Nekhotiaeva, Awasthi, & 

Good, 2005) 

ompA (outer membrane protein; 
porin) 

Klebsiella pneumoniae Peptide-PNA conjugate (Kurupati et al., 2007) 

ino1 (inositol-3-phosphate synthase) Mycobacterium tuberculosis Phosphorothioate (Li et al., 2007) 

rpoD (RNA polymerase sigma factor; 
transcription) 

Escherichia coli; Salmonella enterica; 
Klebsiella pneumoniae; Shigella flexneri; 

Listeria monocytogenes 
Peptide-PNA conjugate 

(Alajlouni & Seleem, 2013; Bai et al., 
2012) 

ftsZ (cell division) 
Pseudomonas aeruginosa; Escherichia coli; 

Staphylococcus aureus 

Peptide-PMO conjugate; external 
guide sequence (EGS); peptide-

locked nucleic acid (LNA) 
conjugate; peptide-PNA conjugate 

(Ghosal & Nielsen, 2012; Liang et 
al., 2015; Meng et al., 2015; Sala, 

Soler-Bistué, Korprapun, 
Zorreguieta, & Tolmasky, 2012) 

rpoA (RNA polymerase sigma 
factor; transcription) 

Listeria monocytogenes Peptide-PNA conjugate (Alajlouni & Seleem, 2013) 

Signal recognition particle 
(localisation of protein synthesis) 

Escherichia coli Peptide-PNA conjugate (Ghosh, Saini, & Saraogi, 2018) 
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Although the earliest antisense studies used unmodified DNA oligomers, it soon became 

apparent that they were unsuitable for use as antibacterials due to their susceptiblity to 

bacterial nucleases and poor cellular uptake (reviewed (Sully & Geller, 2016)). To overcome 

these obstacles, a number of chemical modifications have been developed. The most common 

chemistries employed to enhance oligomer stability for antibacterial purposes are 

methylphosphonate, phosphorothioate, phosphorodiamidate morpholino (PMO), peptide 

nucleic acid (PNA) and LNA (reviewed in Khvorova & Watts (2017) and Rasmussen et al., 

(2007); Figure 5.2) while conjugation to cell penetrating peptides is the most common strategy 

for aiding cellular uptake (reviewed in Bai et al. (2010)). In addition to improving oligomer 

stability PMO, PNA and LNA modifications also significantly enhance the binding affinity for 

the RNA target (reviewed in Khvorova & Watts, (2017) and Rasmussen et al. (2007)). 

However, a limitation of completely synthetic oligomers is their solubility (reviewed in 

(Rasmussen et al. (2007) and Khvorova and Watts (2017)). Furthermore, they are not 

recognised by the DNA-RNA hybrid-specific RNase H which confines their mechanism of 

action to translational blocking, precluding mRNA degradation (Figure 5.1).  To alleviate these 

problems, partially modified oligomers termed ‘gapmers’ are used which have a region of 

unmodified DNA flanked by chemically stabilised DNA (Khvorova and Watts, 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unmodified Methylphosphonate Locked 
nucleic acid 
(LNA)

Phosphorothioate Peptide nucleic 
acid (PNA)

Phosphorodiamidate
morpholino (PMO)

Figure 5.2 - Structures of antisense modifications. This figure has been modified from 

Rasmussen et al., 2007 and all examples include adenine base. 
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In the current study a series of LNA-gapmers to target the translation initiation region of the 

Escherichia coli rne gene and prevent RNase E synthesis through the combined action of 

translational blocking and RNase H-mediated RNA cleavage have been designed. The 

translational blocking activity of the LNA-gapmers is demonstrated using an in vitro 

transcription-translation luciferase reporter assay and RNA cleavage using an in vitro RNase H 

assay. In addition, other potential bacterial targets for the LNA-gapmers have been explored 

using bioinformatics. This work lays the foundations for the development of antibacterial 

LNA-gapmers targeting RNase E.   

 

5.2. Aim 

The aim of this chapter was to design and test the ability of a set of LNA gapmers that could 

be used to block RNase E synthesis. The individual gapmers were compared based on their 

ability to block protein synthesis in vitro and their ability to recruit RNase H to degrade the 

target RNA.  

 

5.3. Methods 

5.3.1 LNA gapmer design and synthesis 

Three LNA sequences were designed, these were LNA A: 5’ CTTACACATTATTCTT 3’, 

LNA B: 5’ CATCGTAACTTACTCA 3’ and LNA C: 5’ GCGTTTCATCGTAACT 3’. Once 

designed the gapmers were synthesised in either a 3-10-3 or 4-8-4, LNA-DNA-LNA, pattern 

by the group of Dr Jonathan Watts at the UMASS Medical School and donated as a kind gift.  

5.3.2 Luciferase reporter design and cloning 

The 5’ UTR of the rne gene (-397 to +3), a codon optimised (GeneOtimizer® software; 

GeneArt, Life Technologies) linker sequence encoding the first 10 AA of RNase E and the 

firefly luciferase gene obtained from the European Nucleotide Archive (AAC74168.1, P21513 

and Q27758 respectively) were cloned into the pET28b expression plasmid (Novagen). The 

genes were codon-optimised in silico using GeneOtimizer® software (GeneArt, Life 

Technologies), synthesised by GeneArt and ligated between the XbaI and XhoI restriction sites 

of pET28b. The construct was confirmed by DNA sequencing before being transformed into 

E. coli DH5α cells for replication. The construct was replicated and purified using 

NucleoBond® Xtra Midi plasmid preparation kit (Macherey-Nagel) in accordance with the 

manufacturer’s instructions.  

5.3.3 In vitro transcription/translation real-time reporter assay 

To be able to monitor translation of the reporter construct designed above and test the effect 

of the LNA gapmers on translation, a coupled in vitro transcription/translation assay was 

needed. The Promega E. coli T7 S30 Extract System for Circular DNA (catalogue number 
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L1130) was used. The kit components were used at the volumes stated in the manufacturers 

protocol with a total reaction volume of 50 µl. A master mix was prepared containing 5 µl of 

amino acid mix, 20 µl of S30 premix, 15 µl T7 S30 extract and 2.5 µl of 20 mM Luciferin (1 

mM final concentration) for each reaction. Each reaction also contained 750 ng of construct 

and was made up to the total reaction volume using nuclease free water. When testing the 

LNA gapmers they were added to the assay at a final concentration of 500 nM. Reactions 

were then incubated at 37 °C for 2 hours within a Hidex sense platereader, the luminescence 

was read for 50 cycles of 2.5 mins each. 

5.3.4 RNase H discontinuous degradation assay 

The translation initiation region, -30 to +14 in accordance with the construct generated in 

section 3.2, was synthesised by Sigma 5’ CGUCAAUGUAAGAAUAAUGAGUAAGUUA 

CGAUGAAACGAUGCUG-FAM 3’.  500 nM of this FAM labelled RNA was incubated with 

a concentration range, 2.5, 5, 25, 50 and 100 nM, of each LNA gapmer in 1 x RNase H 

Reaction Buffer (NEB, 75 mM KCl, 50 mM Tris-HCl pH 8.3, 3 mM MgCl2, 10 mM DTT) for 

5 mins at 37 °C to allow for binding. Pre-warmed, 5 mins at 37 °C, RNase H (NEB) was then 

added to give a final concentration of 0.008 U/µl and reaction volume of 25 µl. The reaction 

incubated for a further 45 mins at 37 °C prior to reactions being terminated by the addition of 

0.5 volumes of quench buffer (95% (v/v) formamide, 18 mM EDTA, 5% (v/v) glycerol, 

0.0025% (w/v) SDS). Reaction products were resolved by denaturing 7.5 M urea 8% PAGE. 

Gels were visualised using a G:Box UV transilluminator (Syngene) and quantified by 

densitometry using ImageJ (Rasband WS, ImageJ, U. S. National Institutes of Health, 

Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2016). 

5.3.5 Bioinformatic analysis of RNase E 5’UTR sequence 

The DNA sequence of the translation initiation region, -21 to +3, from E. coli, Y. pestis, F. 

tularensis, B. pseudomallei and A. baumannii (NCBI gene ID’s 945641, 1174429, 3191610, 

3091436 and 14752066) were aligned using the default settings and slow iterative refinement 

method within the online version of MAFFT (Katoh & Standley, 2013). The alignment was 

visualised and coloured as per %-identity within Jalview version 2 (Waterhouse, Procter, 

Martin, Clamp, & Barton, 2009).  
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5.4. Results 

5.4.1 LNA gapmer sequences and target sites 

LNA gapmers were designed in accordance with the data shown in Kurreck, Wyszko, Gillen, 

& Erdmann (2002). This group showed that the DNA stretch within the gapmer needed to be 

a minimum of 8-bases in length for RNase H recruitment to occur. The LNA end length was 

shown to be a minimum of 3-bases in length for adequate end protection from nuclease 

activity. Two lengths of DNA stretch and LNA end were to be tested, one in a 3-10-3, LNA-

DNA-LNA, pattern and the other in a 4-8-4 pattern, both of these patterns would produce a 

16-mer in total. The sequence of the LNA gapmers was designed to be directly 

complementary to the translation initiation region of the rne gene. Three LNA sequences were 

chosen, one that would bind directly over the RBS (LNA A), one that would bridge between 

the RBS and start codon (LNA B) and one that binds directly over the start codon (LNA C). 

With the two LNA gapmer patterns and three sequences this gave a total of six LNA gapmers 

to test. The sequence of the LNA gapmers and location of their binding can be visualised in 

Figure 5.3. The gapmers were successfully synthesised and gifted by Dr Jonathan Watts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.2 Reporter assay design and optimisation 

In order to test the effect of the LNA gapmers on protein synthesis an in vitro reporter assay 

was designed. The idea behind this reporter was that a reporter gene, such as luciferase, would 

be under the control of the translation initiation region of the E. col rne gene. The reporter 

construct was designed and synthesised as stated in the methods, see Figure 5.4Ai for a 

Figure 5.3 - LNA gapmer sequences 

LNA gapmers were named A, B and C and were designed to bind in the regions of the translation initiation 

region (red lettering) defined by brackets. The RBS is shown in lilac lettering and the start codon is shown by 

turquoise lettering. LNA gapmers with a 3-10-3 pattern are denoted by a subscript 1 and those with a 4-8-4 

pattern are denoted by a subscript 2, LNA bases are denoted by underlined letters.  
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schematic of the construct map. Translation of this construct, when included as the template 

within a coupled transcription translation assay, produces the luciferase enzyme. 

Bioluminescence, released from the conversion of luciferin into oxy-luciferin by luciferase, 

Figure 5.4Aii, is then measured using a plate reader. The amount of the construct/plasmid 

needed for an adequate level of luminescence signal was optimised by testing a concentration 

range of plasmid, amounts from 250 ng to 2 µg (Figure 5.4B). The amount of plasmid chosen 

was 750 ng because this gave the best level of luminescent signal without requiring excessive 

levels of plasmid. This amount of plasmid was then used to test various concentrations of 

luciferin, between 0.25 and 2 mM, to optimise the concentration of luciferin needed for an 

adequate signal, Figure 5.4C. This resulted in the decision to use 1 mM of luciferin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 - Reporter assay design and optimisation 

Ai) Schematic map of the plasmid construct of pET28b with kanamycin resistance containing the translation 

initiation region of rne fused to the Firefly luciferase gene under the control of the T7 promoter. Aii) 

Schematic representation of the luciferase enzyme (orange), produced when the construct is placed in a in 

vitro transcription/translation assay, converting luciferin (yellow) into oxy-luciferin (green), this conversion 

produces the luminescence (yellow bolt). B) Graph showing the highest point of luminescence measured 

from an assay containing a range of plasmid amounts. This assay was performed as stated in methods section 

3.3 except 0.5 mM of luciferin was used. 750 ng was chosen as the desired amount of plasmid. C) Graph 

showing the luminescence measured from an assay containing a concentration range of luciferin. This assay 

was performed as stated in methods section 3.3 and used the optimised amount of 750 ng of plasmid. 1 mM 

was chosen as the desired concentration of luciferin. 
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5.4.3 Effect of LNA gapmers on protein translation 

The effect of the six LNA gapmers, which had been designed to target the rne translation 

initiation region, on protein translation was assessed using the reporter assay described above. 

Each of the gapmers, along with a control sequence (TGA TAA CAA ATG CGC G; 

underlined are LNA bases), were tested at a final concentration of 500 nM within the assay. It 

was observed that the control sequence had an effect on luminescence levels, Figure 5.5A, 

therefore, the data was then normalised to this control as the ‘untreated’ sample, Figure 5.5B. 

Sequence specific differences were observed and LNA A2 can be seen to be the best inhibitor 

of luciferase synthesis. The LNA A and LNA B sequences, both of which target the rne RBS, 

are better inhibitors than the LNA C sequence which targets the start codon. Furthermore, for 

the LNA A sequence, the A2 version with the 4-8-4 LNA-DNA-LNA pattern was a better 

inhibitor than the A1 version with the 3-10-3 pattern.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 - Translation blocking by LNA gapmers 

A) Graph showing the effect of 500 nM of rne-specific LNA gapmers and control sequence on the levels of 

luminescence produced by the reporter assay. The data is normalised to the untreated sample and is scaled to 

one. The data point shown is the level of luminescence at read cycle point 9. Due to the effect of the LNA 

control on the luminescence levels the data were then normalised to the LNA control equalling 1. B) Graph 

showing the data normalised to the LNA control. 
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5.4.4 LNA gapmer recruitment of RNase H 

To assess if the LNA gapmers could successfully recruit RNase H to turnover rne mRNA a 

degradation assay was required. The LNA gapmers are designed to target only a short region 

of the rne mRNA; the translation initiation region, which includes the end of the 5’ UTR and 

the start of the coding region. The 5’ UTR from the E. coli rne gene, as shown in Figure 1.13 in 

the Introduction of this thesis, is a large and highly structured RNA. Therefore, a minimal 

mRNA, containing the translation initiation region and including each of the LNA gapmer 

binding sites, was designed and then synthesised by Sigma, Figure 5.6A. A concentration range 

of the LNA gapmers was then tested in a discontinuous degradation assay, Figure 5.6B and 

5.6C. Sequence specific differences were observed and A1 can be seen to be the best recruiter 

of RNase H. The LNA A and LNA B sequences, both of which target the rne RBS, are better 

at recruiting RNase H than the LNA C sequence which targets the start codon. Furthermore, 

for both the LNA A and LNA B sequences, the X1 version with the 3-10-3 LNA-DNA-LNA 

pattern was better at recruiting RNase H that X2 version with the 4-8-4 pattern. 
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Figure 5.6 - LNA gapmer induced RNase H RNA degradation 

A) Translation initiation region RNA sequence used within the discontinuous RNase H degradation assays. B) Urea PAGE gels for a concentration range of scrambled LNA gapmer 

control sequence: 5' CTAACATGTCGACGTT 3’ (LNA bases) showing that no degradation occurs after 45 min incubation. C) Urea PAGE gels and graphs showing degradation 

products from RNase H degradation from concentration ranges of LNA A, B and C in both 3-10-3 and 4-8-4 gapmer pattern. Data are from triplicate experiments and error bars are 

standard error of the mean.  
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5.4.5 Bioinformatic comparison of 5’ UTR sequence of rne from pathogenic 

bacteria 

The method of using sequence specific antisense oligomers, such as LNA gapmers, as an 

antibacterial approach means that they are a species specific rather than a broad-spectrum 

approach. However, within Chapter 2 five RNase E homologues from pathogenic bacteria 

were compared and at the sequence level these proteins were very similar. Therefore, the 5’ 

UTR, or at a minimum, the translation initiation region of their genes may also be similar. To 

explore this the translation initiation region, -21 to +3, of the rne genes from E. coli, Y. pestis, F. 

tularensis, B. pseudomallei and A. baumannii were aligned, Figure 5.7. Species specific differences 

were observed, however, Y. pestis and F. tularensis were the most similar to E. coli and therefore 

any LNA gapmers designed for E. coli could possibly be used against Y. pestis and F. tularensis. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

5.5. Discussion 

The sequence-dependence of antisense oligomers allows for their rapid, rational design against 

any RNA target of known sequence. Furthermore, by targeting essential genes, it is possible to 

design antisense antibacterials (reviewed in Sully & Geller (2016)). Since RNase E has recently 

been identified as an attractive antibacterial target (Eidem et al., 2012; Lawal et al., 2011) it was 

decided to explore the use of antisense oligomers to target the rne gene. Using the known 

nucleotide sequence of the E. coli rne gene a series of LNA-gapmers, targeting the translation 

initiation region, to both sterically block rne translation and facilitate RNase H-mediated 

degradation of the rne mRNA, were designed.  

 

Figure 5.7 - Sequence alignment of 5’ UTR from rne genes 

The translation initiation region, -21 to +3, of the rne genes from E. coli, Y. pestis, F. tularensis, B. 

pseudomallei and A. baumannii were aligned using MAFFT and coloured by % identity, from dark blue 

equalling identical in all sequences to light blue equalling three of the sequences match, in Jalview. 



 103 

The LNA-gapmer A sequence, that was designed to target the ribosome binding site of rne, 

performed the best with regard to both translational blocking and RNase H-mediated cleavage 

(Figure 5.5 and Figure 5.6). LNA-gapmer A2, with a 4-8-4 LNA-DNA-LNA configuration, 

performed better in the translational blocking assay while the LNA-gapmer A1, with a 3-10-3 

LNA-DNA-LNA configuration, performed better in the RNase H cleavage assay (Figure 5.5 

and Figure 5.6). This discrepancy can be explained by the nature of the assays. The 

translational blocking assay essentially evaluates binding of the LNA-gapmer to the rne 5’ 

UTR. Since LNA has a higher binding affinity for RNA than DNA for RNA (reviewed in 

Rasmussen et al. (2007) and Khvorova and Watts (2017)), the higher LNA content of the 4-8-

4 LNA-gapmers relative to the 3-10-3 LNA-gapmers could explain their relative performance 

in this assay. Conversely, the RNA degradation assay relies on the recognition of the RNA-

DNA hybrid, formed by the DNA region of the LNA-gapmer, by RNase H. Consequently, 

the longer DNA region of the 3-10-3 LNA-gapmers relative to the 4-8-4 LNA-gapmers would 

be preferred. Since both the translational blocking and RNase H cleavage mechanisms would 

be expected to occur in vivo, LNA-gapmer A1 is the most promising LNA-gapmer to take 

forwards for development into an antisense antibacterial. 

 

A disadvantage of the sequence-dependence of antisense antibacterials is that they are 

sensitive to sequence variation. Consequently, they are only likely to be effective against a 

narrow spectrum of bacteria. Comparison of the LNA-gapmer A target nucleotide sequence 

in the E. coli rne 5’ UTR to that in a selection of bacterial pathogens revealed sequence 

differences in even closely related bacteria such as Y. pestis (Figure 5.7). Although there is the 

potential for the LNA- gapmers designed to target E. coli rne to also target rne in Y. pestis and F. 

tularensis, it is unlikely that they would target rne in A. baumannii or B. psuedomallei. This is in 

contrast to the small molecule inhibitors described in Chapter 4, that were active against 

RNase E from E. coli, Y. pestis, F. tularensis and A. baumannii. However, it would be relatively 

straight forward to design equivalent LNA-gapmers to target the Y. pestis, F. tularensis, A. 

baumannii or B. pseudomallei rne sequences.  

 

Although, the in vitro activity of the LNA-gapmers in both translational blocking and RNase 

H-mediated degradation is promising, it will be necessary to test their effectiveness in vivo. This 

will most likely require the conjugation of a cell penetrating peptide to the LNA-gapmer to 

facilitate cellular uptake (Bai et al., 2010). Nevertheless, this work could provide the foundation 

for an antisense antibacterial strategy targeting RNase E. 
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Chapter 6 - Perspectives and future work 

Antimicrobial resistance is a global challenge that is facing both the health and defence 

sectors. If this challenge is not tackled, antibiotic resistant bacterial pathogens are predicted to 

cause millions of deaths worldwide. In order to combat antimicrobial resistance, novel 

antibacterial targets must be identified. For example, RNA decay and processing is an 

untapped pathway within the realms of antibacterial targeting. The main regulators of this 

pathway, ribonucleases, have been implicated in bacterial virulence and therefore, present 

themselves as an ideal antibacterial target. Specifically, the endoribonuclease RNase E, has 

been shown to be essential in multiple bacterial species and has no known homologue in 

humans and animals. Therefore, this thesis aimed to explore RNase E as a potential 

antibacterial target. The conclusions of this exploration are summarised as follows.  

6.1. Structural and functional characterisation of Ribonuclease E 

homologues 

The first aim of this study was to further the understanding of the target itself through 

structural and functional characterisation of a selection of RNase E homologues from 

pathogenic bacteria. RNase E from the model organism, E. coli, has been well characterised. 

RNase E is a large protein that consists of a highly conserved catalytic domain and a variable 

non-catalytic domain that functions as the structural scaffold for the multienzyme complex, 

the RNA degradosome. This study confirmed that the catalytic domain of RNase E is highly 

conserved at the sequence level and then set out to explore if this equated to structural and 

functional characteristic conservation. Therefore, the RNase E catalytic domain from four 

pathogenic bacterial species of health and defence interest (Y. pestis, F. tularensis, B. pseudomallei 

and A. baumannii) were characterised. These homologues share E. coli RNase E’s 

endoribonucleolytic activity, preference for a substrate with a 5’ monophosphate and overall 

global structure. However, subtle species-specific differences in their cleavage site specificity 

and reaction kinetics were observed that could be critical to designing antibacterial approaches 

that target RNase E. Due to time constraints, it was not possible to probe these differences 

further, however, possible explanations and future avenues of investigation will be discussed 

here.  

 

A preliminary attempt to probe the differences in substrate cleavage pattern between E. coli 

RNase E and F. tularensis RNase E by mutagenesis failed to pinpoint the region in RNase E 

that is responsible for the differences. Co-crystallisation of both E. coli and F. tularensis RNase 

E with the target-guide substrate may help to explain the different cleavage site preferences 

and/or guide structure-function mutagenesis studies. 
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One explanation for the observed differences in substrate cleavage site preferences could be 

the variation in genome GC content between each of the origin organisms. The target-guide 

substrate used to assess cleavage site-specificity is a model substrate for E. coli RNase E which 

has a moderate GC content of 50.5 % (Mann & Chen, 2010). Strikingly, B .pseudomallei has a 

relatively high GC content of 68 % (Nierman et al., 2004) and BpRNase E cleaves the target-

guide RNA at fewer sites than EcRNase E.  In contrast, RNase E from F. tularensis, which has 

a relatively low genome GC content of 32 % (Champion et al., 2009), cleaves the target-guide 

substrate at more sites than EcRNase E. It is possible to speculate could be made that the 

RNase Es within these organisms have evolved to target sequences or specific cleavage sites 

that are found more commonly within their own genomes. This could be further understood 

by expanding the species studied to cover a range of genome GC contents to determine if 

there really is a correlation between cleavage site specificity and genome GC content. 

 

With regard to reaction kinetics, cooperativity was observed for each of the RNase E 

homologues that were characterised except for that from A. baumannii.  The NTD of RNase E 

has been shown to form catalytically active tetramers, formed of a dimer of dimers, whereas 

its closely related paralogue, RNase G, has been shown to be catalytically active as a dimer 

(Briant, Hankins, Cook, & Mackie, 2003). Although, all five RNase E NTDs appeared to be 

tetrameric at the concentrations used for structural studies, the relative stability of these 

tetramers could vary and become important at the lower concentrations required for kinetics 

assays. The available data might predict that the A. baumannii RNase E is more like RNase G 

and functions as a dimer. This could be explored using mutagenesis of the small domain to 

disrupt tetramer formation. 

6.2. Ribonuclease E inhibition by glucosamine-6-phosphate 

The second overall aim of this thesis was to identify small molecule inhibitors of RNase E 

based on naturally occurring metabolites. There is increasing evidence of ribonuclease-

metabolite communication; consequently, the highest scoring metabolite from a vHTS against 

the active site of RNase E was tested for its inhibitory potential in vitro. This metabolite was 

GlcN-6-P, a member of the hexosamine pathway and a precursor of bacterial cell envelope 

peptidoglycans and lipopolysaccharides. By testing Fru-6-P, the intermediate immediately 

upstream of GlcN-6-P in the hexosamine pathway, and GlcN-6-S, an analogue of GlcN-6-P, 

GlcN-6-P inhibition of RNase E was shown to be specific. Furthermore, the four previously 

characterised homologues of RNase E were shown to be similarly inhibited by GlcN-6-P 

demonstrating a possible evolutionarily conserved mechanism. This is the first time that 

RNase E activity has been shown to be controlled by a small molecule metabolite.  
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Inhibition of RNase E by GlcN-6-P is intriguing given that RNase E is known to play a role 

in GlcN-6-P homeostasis in Gram-negative bacteria (Göpel et al., 20140. Understanding 

exactly how GlcN-6-P-mediated inhibition of RNase E fits into the regulatory feedback loops 

required to maintain homeostasis will require further investigation. For example, a limited 

series of experiments were performed to investigate the specificity of the inhibition of RNase 

E by GlcN-6-P. However, as shown in Figure 3.1, there are several related molecules within 

the hexosamine pathway that should also be tested for inhibitory activity against RNase E, 

including N-Acetyl-D-glucosamine-6-phosphate and N-Acetyl-glucosamine 1-phosphate. 

Also, how do GlcN-6-P levels affect the interplay between the adaptor protein RapZ, RNase 

E and the RNase E target sRNA GlmZ? 

 

With regard to developing an antibacterial strategy, an analogue of GlcN-6-P may be of more 

value than the natural metabolite.  Even though the analogue GlcN-6-S did not have an effect 

on RNase E activity there are non-commercially available analogues, also discussed within 

Chapter 3, that could be tested as potential inhibitors of RNase E. Alternatively, it may be 

beneficial to perform crystallographic studies with EcRNase E and GlcN-6-P to gain an 

insight into the mode of binding within RNase E to help inform future small molecule 

inhibitor design. Finally, if inhibition of RNase E by GlcN-6-P, or an analogue, is to be 

developed into an antibacterial strategy, it will be necessary to validate the in vitro results 

reported here in vivo.   

6.3. Analysis of novel small molecule inhibitors for antibacterial targeting of 

Ribonuclease E 

Similar to the previous section, the next aim of this thesis was to find potential small molecule 

inhibitors. This time the focus was on synthetic compounds. The first small molecule 

inhibitors of RNase E were identified in a collaboration between the Callaghan and McDowall 

groups in 2014. However, these molecules are only available at a high monetary cost and take 

a relatively long time to source, therefore, a vHTS was performed to identify alternative cost-

effective inhibitors. This screen, along with in vitro testing, successfully identified low-cost 

inhibitors with similar IC50 values to those identified in 2014 and with the potential to act as 

broad-spectrum inhibitors.  

 

It was shown that by combining two inhibitors that were each predicted to target one of two 

catalytically important sites of RNase E, the 5’ sensor and active site, so that both sites would 

be targeted, increases the inhibitory effect. This dual targeting of two important sites within 

RNase E lays the foundation for the most promising antibacterial approach targeting RNase E 

with small molecule inhibitors to-date. However, the inhibitors’ mechanism of action needs 
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further exploration to understand if this effect is additive or synergistic. Furthermore, it will be 

necessary to perform in vivo inhibitory studies with these inhibitors. 

 

6.4. Analysis of LNA gapmers as a novel species-specific antibacterial 

targeting method 

The final aim of this thesis was to target RNase E’s synthesis. Antisense oligomers offer a 

strategy to achieve this. LNA gapmers, an oligomer with LNA ends and a DNA centre, can 

perform translational blocking by antisense base pairing but can also recruit RNase H to 

degrade the target mRNA. Three LNA gapmer sequences were designed to target the 

translation initiation region of the E. coli rne gene. These were synthesised in either a 3-10-3 or 

4-8-4, LNA-DNA-LNA, pattern. The gapmers were subsequently shown, in vitro, to be able to 

block translation within a luciferase reporter assay and recruit RNase H to degrade the 

translation initiation region of the rne gene. Future work will involve conjugating the LNA 

gapmers to a cell penetrating peptide to facilitate cellular uptake and enable in vivo testing. 

 

Using antisense oligomers as an antibacterial approach is a species specific rather than a 

broad-spectrum approach due to the sequence dependence. Nevertheless, the highly 

conserved nature of the translation initiation region of the rne gene should allow for some 

cross species targeting, with the oligomer sequence designed to target E. coli rne likely to also 

target closely related species. Furthermore, this simple sequence specific approach would be 

easy to apply to any pathogenic bacterium whose genome was known.  

6.5. Conclusion 

In conclusion, the findings detailed within this thesis lay the foundations for using RNase E as 

an antibacterial target. It opens up the idea of using natural controlling mechanisms and 

analogues as a potential method of generating novel antibiotics. Thinking with a view to the 

future it poses an interesting idea of using traditional small molecule discovery methods in 

combination with novel RNA therapeutic techniques to achieve a possible synergistic effect of 

targeting protein activity and synthesis. This study has made some of the first steps towards 

exploiting RNA decay and processing as a solution to the worldwide challenge of 

antimicrobial resistance. 
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Appendix 

1. Plasmid maps 
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1.2 pET28b 
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2. Protparam ouputs 

2.1 EcRNase E 

User-provided sequence: 
        10         20         30         40         50         60  

HHHHHHHHHH SSGHIEGRHM KRMLINATQQ EELRVALVDG QRLYDLDIES PGHEQKKANI  

 

        70         80         90        100        110        120  

YKGKITRIEP SLEAAFVDYG AERHGFLPLK EIAREYFPAN YSAHGRPNIK DVLREGQEVI  

 

       130        140        150        160        170        180  

VQIDKEERGN KGAALTTFIS LAGSYLVLMP NNPRAGGISR RIEGDDRTEL KEALASLELP  

 

       190        200        210        220        230        240  

EGMGLIVRTA GVGKSAEALQ WDLSFRLKHW EAIKKAAESR PAPFLIHQES NVIVRAFRDY  

 

       250        260        270        280        290        300  

LRQDIGEILI DNPKVLELAR QHIAALGRPD FSSKIKLYTG EIPLFSHYQI ESQIESAFQR  

 

       310        320        330        340        350        360  

EVRLPSGGSI VIDSTEALTA IDINSARATR GGDIEETAFN TNLEAADEIA RQLRLRDLGG  

 

       370        380        390        400        410        420  

LIVIDFIDMT PVRHQRAVEN RLREAVRQDR ARIQISHISR FGLLEMSRQR LSPSLGESSH  

 

       430        440        450        460        470        480  

HVCPRCSGTG TVRDNESLSL SILRLIEEEA LKENTQEVHA IVPVPIASYL LNEKRSAVNA  

 

       490        500        510        520        530        540  

IETRQDGVRC VIVPNDQMET PHYHVLRVRK GEETPTLSYM LPKLHEEAMA LPSEEEFAER  

 

 

KRPEQPAL  

Number of amino acids: 548 

 

Molecular weight: 61841.1 

 

Theoretical pI: 6.34 

 

Amino acid composition: 

Ala (A)  47   8.6% 

Arg (R)  49   8.9% 

Asn (N)  18   3.3% 

Asp (D)  24   4.4% 

Cys (C)   3   0.5% 

Gln (Q)  22   4.0% 

Glu (E)  56  10.2% 

Gly (G)  34   6.2% 

His (H)  27   4.9% 

Ile (I)  43   7.8% 

Leu (L)  54   9.9% 

Lys (K)  22   4.0% 

Met (M)   9   1.6% 

Phe (F)  14   2.6% 

Pro (P)  26   4.7% 

Ser (S)  37   6.8% 

Thr (T)  20   3.6% 

Trp (W)   2   0.4% 

Tyr (Y)  12   2.2% 

Val (V)  29   5.3% 

Pyl (O)   0   0.0% 

Sec (U)   0   0.0% 

 

 (B)   0   0.0% 

 (Z)   0   0.0% 

 (X)   0   0.0% 

Total number of negatively charged residues (Asp + Glu): 80 
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Total number of positively charged residues (Arg + Lys): 71 

 

Atomic composition: 

 

Carbon      C       2713 

Hydrogen    H       4361 

Nitrogen    N        813 

Oxygen      O        818 

Sulfur      S         12 

 

Formula: C2713H4361N813O818S12 

Total number of atoms: 8717 

 

Extinction coefficients: 

 

Extinction coefficients are in units of  M-1 cm-1, at 280 nm measured in 

water. 

 

Ext. coefficient    29005 

Abs 0.1% (=1 g/l)   0.469, assuming all pairs of Cys residues form 

cystines 

 

 

Ext. coefficient    28880 

Abs 0.1% (=1 g/l)   0.467, assuming all Cys residues are reduced 

 

Estimated half-life: 

 

The N-terminal of the sequence considered is H (His). 

 

The estimated half-life is: 3.5 hours (mammalian reticulocytes, in 

vitro). 

                            10 min (yeast, in vivo). 

                            >10 hours (Escherichia coli, in vivo). 

 

 

Instability index: 

 

The instability index (II) is computed to be 57.57 

This classifies the protein as unstable. 

 

 

 

Aliphatic index: 92.96 

 

Grand average of hydropathicity (GRAVY): -0.474 
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2.2 YpRNase E 

User-provided sequence: 
        10         20         30         40         50         60  

MGHHHHHHHH HHSGSSGHIE GRHMKRMLIN ATQQEELRVA LVDGQRLYDL DIESPGHEQK  

 

        70         80         90        100        110        120  

KANIYKGKIT RIEPSLEAAF VDYGAERHGF LPLKEISREY FPNNYSSHGR PNIKDVLREG  

 

       130        140        150        160        170        180  

QEVIVQVDKE ERGNKGAALT TFISLAGSYL VLMPNNPRAG GISRRIEGDD RTELKEALSS  

 

       190        200        210        220        230        240  

LQLPDGMGLI VRTAGVGKSA DALQWDLSFR LKHWDAIKKA AEGRPAPFLI HQESNVIVRA  

 

       250        260        270        280        290        300  

FRDYLRPDIG EILIDNPKVL ELAKEHIAAL GRPDFSSKIK LYSGEIPLFS HYQIESQIES  

 

       310        320        330        340        350        360  

AFQREVRLPS GGSIVIDTTE ALTAIDINSA RATRGGDIEE TAFNTNLEAA DEIARQLRLR  

 

       370        380        390        400        410        420  

DLGGLIVIDF IDMTPVRHQR EVENRLRDAV RQDRARIQIG RISRFGLLEM SRQRLSPSLG  

 

       430        440        450        460        470        480  

ESSHHVCPRC SGTGTVRDNE SLSLSILRLI EEEALKENTH EVHAIVPVQI ASYLLNEKRE  

 

       490        500        510        520        530        540  

SVNAIEKRQG GVRAVIVPND QMQTPHYSVL RVRKGEEVPS LSYLLPQLHE AEMAQPLEEA  

 

       550  

TIERKRPEQP AL  

Number of amino acids: 552 

 

Molecular weight: 62081.3 

 

Theoretical pI: 6.45 

 

Amino acid composition: 

Ala (A)  42   7.6% 

Arg (R)  49   8.9% 

Asn (N)  19   3.4% 

Asp (D)  27   4.9% 

Cys (C)   2   0.4% 

Gln (Q)  24   4.3% 

Glu (E)  52   9.4% 

Gly (G)  39   7.1% 

His (H)  26   4.7% 

Ile (I)  43   7.8% 

Leu (L)  55  10.0% 

Lys (K)  23   4.2% 

Met (M)   9   1.6% 

Phe (F)  13   2.4% 

Pro (P)  26   4.7% 

Ser (S)  40   7.2% 

Thr (T)  18   3.3% 

Trp (W)   2   0.4% 

Tyr (Y)  12   2.2% 

Val (V)  31   5.6% 

Pyl (O)   0   0.0% 

Sec (U)   0   0.0% 

 

 (B)   0   0.0% 

 (Z)   0   0.0% 

 (X)   0   0.0% 

Total number of negatively charged residues (Asp + Glu): 79 

Total number of positively charged residues (Arg + Lys): 72 
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Atomic composition: 

 

Carbon      C       2719 

Hydrogen    H       4381 

Nitrogen    N        819 

Oxygen      O        824 

Sulfur      S         11 

 

Formula: C2719H4381N819O824S11 

Total number of atoms: 8754 

 

Extinction coefficients: 

 

Extinction coefficients are in units of  M-1 cm-1, at 280 nm measured in 

water. 

 

Ext. coefficient    29005 

Abs 0.1% (=1 g/l)   0.467, assuming all pairs of Cys residues form 

cystines 

 

 

Ext. coefficient    28880 

Abs 0.1% (=1 g/l)   0.465, assuming all Cys residues are reduced 

 

Estimated half-life: 

 

The N-terminal of the sequence considered is M (Met). 

 

The estimated half-life is: 30 hours (mammalian reticulocytes, in vitro). 

                            >20 hours (yeast, in vivo). 

                            >10 hours (Escherichia coli, in vivo). 

 

 

Instability index: 

 

The instability index (II) is computed to be 53.43 

This classifies the protein as unstable. 

 

 

 

Aliphatic index: 93.13 

 

Grand average of hydropathicity (GRAVY): -0.494 
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2.3 FtRNase E 

User-provided sequence: 
        10         20         30         40         50         60  

HHHHHHHHHH SSGHIEGRHM KRILINSKSG EETRIATLDN GKLIDLDIES VDREQKKANI  

 

        70         80         90        100        110        120  

YKGYISRIEP SLNAIFVNYG EEKNGFLPFK EVSEYYLKDV PNGENIAPLL SEGQELIVQI  

 

       130        140        150        160        170        180  

DKEERGDKGA ALTTFITLAG SYMVLLPNNP EGGGISRRVE GEDRERLKKY LKELNIPKNM  

 

       190        200        210        220        230        240  

SVIARTACVE CSFEELKHDF DTLVELWGSI SQAYHRIKKP ALLHKESDII VRTVRDHLKE  

 

       250        260        270        280        290        300  

DVKEIIVDSK ECFEDVKRQL SLLRQSFDIN KVKLYNEELP LFAQFGIDQQ IENAYKREIR  

 

       310        320        330        340        350        360  

LPSGGSIVID TTEALVAIDV NSSRANKAED VETTAFKTNL EAAEEVARQL RIRDLGGLVI  

 

       370        380        390        400        410        420  

VDFIDMSFYP NRKQVEEKLM EALQQDRARI QMSRISKLGL VEISRQRLSS SINESVMQKC  

 

       430        440        450        460        470        480  

PRCEGHGFIK TTQATALTIL RKIRAEAIKE DTNEIRVQVP VDIAAYILNE KRDSIVEIER  

 

       490        500        510        520        530        540  

ISQVKVMIIP NFNMESPKFQ MQRIWGTSYK SNRTSSELIE DVYNIEIPKA GKKKIAAVDL  

 

       550        560  

NQAIENQAAS NTQEQKPQTD AQ  

Number of amino acids: 562 

 

Molecular weight: 64088.9 

 

Theoretical pI: 6.25 

 

Amino acid composition: 

Ala (A)  36   6.4% 

Arg (R)  36   6.4% 

Asn (N)  29   5.2% 

Asp (D)  30   5.3% 

Cys (C)   5   0.9% 

Gln (Q)  27   4.8% 

Glu (E)  57  10.1% 

Gly (G)  27   4.8% 

His (H)  17   3.0% 

Ile (I)  55   9.8% 

Leu (L)  45   8.0% 

Lys (K)  44   7.8% 

Met (M)  10   1.8% 

Phe (F)  16   2.8% 

Pro (P)  17   3.0% 

Ser (S)  39   6.9% 

Thr (T)  22   3.9% 

Trp (W)   2   0.4% 

Tyr (Y)  14   2.5% 

Val (V)  34   6.0% 

Pyl (O)   0   0.0% 

Sec (U)   0   0.0% 

 

 (B)   0   0.0% 
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 (Z)   0   0.0% 

 (X)   0   0.0% 

 

Total number of negatively charged residues (Asp + Glu): 87 

Total number of positively charged residues (Arg + Lys): 80 

 

Atomic composition: 

 

Carbon      C       2817 

Hydrogen    H       4560 

Nitrogen    N        806 

Oxygen      O        868 

Sulfur      S         15 

 

Formula: C2817H4560N806O868S15 

Total number of atoms: 9066 

 

Extinction coefficients: 

 

Extinction coefficients are in units of  M-1 cm-1, at 280 nm measured in 

water. 

 

Ext. coefficient    32110 

Abs 0.1% (=1 g/l)   0.501, assuming all pairs of Cys residues form 

cystines 

 

 

Ext. coefficient    31860 

Abs 0.1% (=1 g/l)   0.497, assuming all Cys residues are reduced 

 

Estimated half-life: 

 

The N-terminal of the sequence considered is H (His). 

 

The estimated half-life is: 3.5 hours (mammalian reticulocytes, in 

vitro). 

                            10 min (yeast, in vivo). 

                            >10 hours (Escherichia coli, in vivo). 

 

 

Instability index: 

 

The instability index (II) is computed to be 49.42 

This classifies the protein as unstable. 

 

 

 

Aliphatic index: 93.35 

Grand average of hydropathicity (GRAVY): -0.517 
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2.4 BpRNase E 

User-provided sequence: 
        10         20         30         40         50         60  

HHHHHHHHHH SSGHIEGRHM KRMLFNATQQ EELRVAIVDG QKLIDIDIET AGREQRKGNI  

 

        70         80         90        100        110        120  

YKGVVTRIEP SLEACFVNYG EDRHGFLPFK EVARQYFKEG VDMRSARIQD ALREGQELIV  

 

       130        140        150        160        170        180  

QVEKEERGNK GAALTTFISL AGRYLVLMPN NPRGGGVSRR IEGDERQELR ETMAQLQIPD  

 

       190        200        210        220        230        240  

GMSMIARTAG IGRSAEELQW DLNYLLQLWR AIEAASQSGH PGQPMLIYLE SSLVIRAIRD  

 

       250        260        270        280        290        300  

YFQPDIGEIL IDTTEIHDQA RAFMDIVMPD NVGKVKRYHD DVPLFSRFQI EHQIETAYSR  

 

       310        320        330        340        350        360  

TVPLPSGGAI VIDHTEALVA IDVNSARATK GADIEETATR TNLEAADEVA RQLRLRDLGG  

 

       370        380        390        400        410        420  

LIVIDFIDME SAKSQREVEQ RLKDALKHDR ARVQMGKISR FGLMELSRQR LRPALSEGSH  

 

       430        440        450        460        470        480  

VTCPRCNGTG HIRDTESSAL QVLRIIQEEA MKENTAAIHC QVPVEVTAFL LNEKRQEINK  

 

       490        500        510        520        530        540  

IESRFKVGVV LIPNKHLDTP HYKLERLRHD DARLDDPRAS WKMAEEAARE LEAETGYSKR  

 

       550  

AEETKPRQEA A  

 

Number of amino acids: 551 

 

Molecular weight: 62584.9 

 

Theoretical pI: 6.23 

 

Amino acid composition: 
Ala (A)  49   8.9% 

Arg (R)  52   9.4% 

Asn (N)  15   2.7% 

Asp (D)  32   5.8% 

Cys (C)   4   0.7% 

Gln (Q)  29   5.3% 

Glu (E)  54   9.8% 

Gly (G)  36   6.5% 

His (H)  25   4.5% 

Ile (I)  40   7.3% 

Leu (L)  46   8.3% 

Lys (K)  24   4.4% 

Met (M)  15   2.7% 

Phe (F)  14   2.5% 

Pro (P)  19   3.4% 

Ser (S)  27   4.9% 

Thr (T)  24   4.4% 

Trp (W)   3   0.5% 

Tyr (Y)  11   2.0% 

Val (V)  32   5.8% 

Pyl (O)   0   0.0% 

Sec (U)   0   0.0% 
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 (B)   0   0.0% 

 (Z)   0   0.0% 

 (X)   0   0.0% 

 

Total number of negatively charged residues (Asp + Glu): 86 

Total number of positively charged residues (Arg + Lys): 76 

 

Atomic composition: 

 

Carbon      C       2721 

Hydrogen    H       4382 

Nitrogen    N        828 

Oxygen      O        830 

Sulfur      S         19 

 

Formula: C2721H4382N828O830S19 

Total number of atoms: 8780 

 

Extinction coefficients: 

 

Extinction coefficients are in units of  M-1 cm-1, at 280 nm measured in 

water. 

 

Ext. coefficient    33140 

Abs 0.1% (=1 g/l)   0.530, assuming all pairs of Cys residues form 

cystines 

 

 

Ext. coefficient    32890 

Abs 0.1% (=1 g/l)   0.526, assuming all Cys residues are reduced 

 

Estimated half-life: 

 

The N-terminal of the sequence considered is H (His). 

 

The estimated half-life is: 3.5 hours (mammalian reticulocytes, in 

vitro). 

                            10 min (yeast, in vivo). 

                            >10 hours (Escherichia coli, in vivo). 

 

 

Instability index: 

 

The instability index (II) is computed to be 50.70 

This classifies the protein as unstable. 

 

 

 

Aliphatic index: 86.61 

 

Grand average of hydropathicity (GRAVY): -0.558 
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2.5 AbRNase E 

User-provided sequence: 
        10         20         30         40         50         60  

HHHHHHHHHH SSGHIEGRHM KRMLINATHA EEVRVALITG NRLYDFDLEN RTREQKKSNI  

 

        70         80         90        100        110        120  

YKGHVTRVEP SLEAVFVEYG AGRQGFLSMR EIANSYFQAD PRQTSNIREL ITEGTELLVQ  

 

       130        140        150        160        170        180  

VEKEERGNKG AALSTFISLA GRYLVLMPNN PKGGGISRQI SGSVREELKE ILASLNVPRG  

 

       190        200        210        220        230        240  

MSVIVRTAGI GRTQEELQLD LQHLLDLWAQ IQGTASSGPS PMLVHQEAGV VTRAIRDYLR  

 

       250        260        270        280        290        300  

DDVAEILIDS EQAYNEAYNF VKAVMPRQLD KLKTYTLNEP LFAHFGIESQ IQTAYEREVK  

 

       310        320        330        340        350        360  

LPSGGSIVID QTEALVSIDI NSAKSTRGHD VEETALNTNL EAAEEIARQL RLRDIGGLVV  

 

       370        380        390        400        410        420  

IDFIDMTKER NQRMVEAKLR EATQSDRARI QFGQLSRFGL MEMSRQRLRP SLEEATGYVC  

 

       430        440        450        460        470        480  

PRCHGTGMVR DLRSLSLSIM RKVEEIALRE RHGEVQVEVP VEIAAFLLNE KRHSLVYLEQ  

 

       490        500        510        520        530        540  

TSGVRVTVLP HPHLETPHYE IAYNPDGFAP SSYERTEATR SSEKELGYES SEWHLEEADH  

 

       550        560  

GHAHVTATAS THAAAQKKAN HAT 

 

 

Number of amino acids: 563 

 

Molecular weight: 63396.42 

 

Theoretical pI: 6.22 

 
Amino acid composition: 
Ala (A)  47   8.3% 

Arg (R)  46   8.2% 

Asn (N)  20   3.6% 

Asp (D)  20   3.6% 

Cys (C)   2   0.4% 

Gln (Q)  26   4.6% 

Glu (E)  58  10.3% 

Gly (G)  37   6.6% 

His (H)  30   5.3% 

Ile (I)  32   5.7% 

Leu (L)  53   9.4% 

Lys (K)  20   3.6% 

Met (M)  13   2.3% 

Phe (F)  13   2.3% 

Pro (P)  18   3.2% 

Ser (S)  40   7.1% 

Thr (T)  32   5.7% 

Trp (W)   2   0.4% 

Tyr (Y)  16   2.8% 

Val (V)  38   6.7% 

Pyl (O)   0   0.0% 

Sec (U)   0   0.0% 
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 (B)   0   0.0% 

 (Z)   0   0.0% 

 (X)   0   0.0% 

 

 

Total number of negatively charged residues (Asp + Glu): 78 

Total number of positively charged residues (Arg + Lys): 66 

 

Atomic composition: 

 

Carbon      C       2763 

Hydrogen    H       4419 

Nitrogen    N        829 

Oxygen      O        854 

Sulfur      S         15 

 

Formula: C2763H4419N829O854S15 

Total number of atoms: 8880 

 

Extinction coefficients: 

 

Extinction coefficients are in units of  M-1 cm-1, at 280 nm measured in 

water. 

 

Ext. coefficient    34965 

Abs 0.1% (=1 g/l)   0.552, assuming all pairs of Cys residues form 

cystines 

 

 

Ext. coefficient    34840 

Abs 0.1% (=1 g/l)   0.550, assuming all Cys residues are reduced 

 

Estimated half-life: 

 

The N-terminal of the sequence considered is H (His). 

 

The estimated half-life is: 3.5 hours (mammalian reticulocytes, in 

vitro). 

                            10 min (yeast, in vivo). 

                            >10 hours (Escherichia coli, in vivo). 

 

 

Instability index: 

 

The instability index (II) is computed to be 42.62 

This classifies the protein as unstable. 

 

 

 

Aliphatic index: 86.80 

 

Grand average of hydropathicity (GRAVY): -0.497 
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3. Sequences 

3.1 Reporter construct 

5’ UTR, codon optimised coding RNase E sequence, Firefly luciferase 

TTGCTATAACAAGGCTTGCAGTGGAATAATGAGGCCGTTTCCGTGTCCATCCTTGTTAAA

ACAAGAAATTTTACGGAATAACCCATTTTGCCCGACCGATCATCCACGCAGCAATGGCGT

AAGACGTATTGATCTTTCAGGCAGTTAGCGGGCTGCGGGTTGCAGTCCTTACCGGTAGAT

GGAAATATTTCTGGAGAGTAATACCCAGTCTGTTTCTTTGATAATTGCGCTGTTTTTCCG

CATGAAAAACGGGCAACCGACACTCTGCGCCTCTTTGAGCTGACGATAACCGTGAGGTTG

GCGACGCGACTAGACACGAGGCCATCGGTTCACACCCGGAAAGGCGTTACTTTGCCCGCA

GCTTAGTCGTCAATGTAAGAATAATGAGTAAGTTACGATGAAACGCATGCTGATTAATGC

AACCCAGGAAGACGCCAAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCTCTAGAGGA

TGGAACCGCTGGAGAGCAACTGCATAAGGCTATGAAGAGATACGCCCTGGTTCCTGGAAC

AATTGCTTTTACAGATGCACATATCGAGGTGAACATCACGTACGCGGAATACTTCGAAAT

GTCCGTTCGGTTGGCAGAAGCTATGAAACGATATGGGCTGAATACAAATCACAGAATCGT

CGTGTGCAGTGAAAACTCTCTTCAATTCTTTATGCCGGTGTTGGGCGCGTTATTTATCGG

AGTTGCAGTTGCGCCCGCGAACGACATTTATAATGAACGTGAATTGCTCAACAGTATGAA

CATTTCGCAGCCTACCGTAGTGTTTGTTTCCAAAAAGGGGTTGCAAAAAATTTTGAACGT

GCAAAAAAAATTACCAATAATCCAGAAAATTATTATCATGGATTCTAAAACGGATTACCA

GGGATTTCAGTCGATGTACACGTTCGTCACATCTCATCTACCTCCCGGTTTTAATGAATA

CGATTTTGTACCAGAGTCCTTTGATCGTGACAAAACAATTGCACTGATAATGAATTCCTC

TGGATCTACTGGGTCACCTAAGGGTGTGGCCCTTCCGCATAGAACTGCCTGCGTCAGATT

CTCGCATGCCAGAGATCCTATTTTTGGCAATCAAATCATTCCGGATACTGCGATTTTAAG

TGTTGTTCCATTCCATCACGGTTTTGGAATGTTTACTACACTCGGATATTTGATATGTGG

ATTTCGAGTCGTCTTAATGTATAGATTTGAAGAAGAGCTGTTTTTACGATCCCTTCAGGA

TTACAAAATTCAAAGTGCGTTGCTAGTACCAACCCTATTTTCATTCTTCGCCAAAAGCAC

TCTGATTGACAAATACGATTTATCTAATTTACACGAAATTGCTTCTGGGGGCGCACCTCT

TTCGAAAGAAGTCGGGGAAGCGGTTGCAAAACGCTTCCATCTTCCAGGGATACGACAAGG

ATATGGGCTCACTGAGACTACATCAGCTATTCTGATTACACCCGAGGGGGATGATAAACC

GGGCGCGGTCGGTAAAGTTGTTCCATTTTTTGAAGCGAAGGTTGTGGATCTGGATACCGG

GAAAACGCTGGGCGTTAATCAGAGAGGCGAATTATGTGTCAGAGGACCTATGATTATGTC

CGGTTATGTAAACGATCCGGAAGCGACCAACGCCTTGATTGACAAGGATGGATGGCTACA

TTCTGGAGACATAGCTTACTGGGACGAAGACGAACACTTCTTCATAGTTGACCGCTTGAA

GTCTTTAATTAAATACAAAGGATGTCAGGTGGCCCCCGCTGAATTGGAATCGATATTGTT

ACAACACCCCAACATCTTCGACGCGGGCGTGGCAGGTCTTCCCGGCGATGACGCCGGTGA

ACTTCCCGCCGCCGTTGTTGTTTTGGAGCACGGAAAGACGATGACGGAAAAAGAGATCGT

GGATTACGTCGCCAGTCAAGTAACAACCGCGAAAAAGTTGCGCGGAGGAGTTGTGTTTGT
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GGACGAAGTACCGAAAGGTCTTACCGGAAAACTCGACGCAAGAAAAATCAGAGAGATCCT

CATAAAGGCCAAGAAGGGCGGAAAGTCCAAATTGTAACCTGCA 

 

3.2 E. coli rne gene 5’ UTR (-397 to + 3) 

 
TTGCTATAACAAGGCTTGCAGTGGAATAATGAGGCCGTTTCCGTGTCCATCCTTGTTAAA

ACAAGAAATTTTACGGAATAACCCATTTTGCCCGACCGATCATCCACGCAGCAATGGCGT

AAGACGTATTGATCTTTCAGGCAGTTAGCGGGCTGCGGGTTGCAGTCCTTACCGGTAGAT

GGAAATATTTCTGGAGAGTAATACCCAGTCTGTTTCTTTGATAATTGCGCTGTTTTTCCG

CATGAAAAACGGGCAACCGACACTCTGCGCCTCTTTGAGCTGACGATAACCGTGAGGTTG

GCGACGCGACTAGACACGAGGCCATCGGTTCACACCCGGAAAGGCGTTACTTTGCCCGCA

GCTTAGTCGTCAATGTAAGAATAATGAGTAAGTTACGATG 

 

4. Gel components 

4.1 8 % urea PAGE gel 

 

Component Volume 

Concentrate† 3.2 ml 

Diluent† 5.8 ml 

Buffer† 1 ml 

TEMED 4 µl 

10 % (w/v) APS 80 ul 

† - Components used were all National Diagnostics products 
 

4.1 20 % urea PAGE gel 

 

Component Volume 

Concentrate† 8 ml 

Diluent† 1 ml 

Buffer† 1 ml 

TEMED 4 µl 

10 % (w/v) APS 80 ul 

† - Components used were all National Diagnostics products 
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4.1 12 % SDS PAGE gel 

Resolving gel 

Component Volume 

Protogel† 4 ml 

Buffer† 2.6 ml 

Water 3.3 ml 

TEMED 10 µl 

10 % (w/v) APS 100 ul 

† - Components used were all National Diagnostics products 
 

Stacking gel 

Component Volume 

Protogel† 650 µl 

Buffer† 1.25 ml 

Water 2.5 ml 

TEMED 5 µl 

10 % (w/v) APS 25 ul 

† - Components used were all National Diagnostics products 
 
 


