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Abstract 

Normal mRNA turnover is essential for genetic regulation within cells. The E. coli RNA 

degradosome, a large multi-component protein complex which originates through specific 

protein interactions, has been referred to as the “RNA decay machine” and is responsible for 

mRNA turnover. The degradosome functions to process RNA and its key components have 

been identified. The scaffold protein is RNase E and it tethers the degradosome to the 

cytoplasmic membrane. Polynucleotide phosphorylase (PNPase), ATP-dependent RNA 

helicase (RhlB helicase) and the glycolytic enzyme enolase associate with RNase E to form 

the degradosome. Polyphosphate kinase associates with the degradosome in 

substoichiometric amounts, as do the molecular chaperones DnaK and GroEL. The role of 

DnaK as well as that of enolase in the RNA degradosome is unknown. Very limited research 

has been conducted on the components of the RNA degradosome under conditions of stress.  

The aim of this study was to understand the role played by enolase in the assembly of the 

degradosome under conditions of stress, as well as investigating the protein levels of 

molecular chaperones under these conditions. The RNA degradosome was successfully 

purified through its scaffold protein using nickel-affinity chromatography. In vivo studies 

were performed to investigate the protein levels of DnaK and GroEL present in the 

degradosome under conditions of heat stress, and whether GroEL could functionally replace 

DnaK in the degradosome. To investigate the recruitment of enolase to the degradosome 

under heat stress, a subcellular fractionation was performed to determine the localization of 

enolase upon heat shock in vivo. The elevated temperature resulted in an increased 

concentration of enolase in the membrane fraction. To determine whether there is an 

interaction between enolase and DnaK, enolase activity assays were conducted in vitro. The 

effect of DnaK on enolase activity was measured upon quantifying DnaK and adding it to the 

enolase assays. For the first time it was observed that the activity of enolase increased with 

the addition of substoichiometric amounts of DnaK. This indicates that DnaK may be 

interacting with the RNA degradosome via enolase. 
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Chapter 1 
Literature Review 

------------------------------------------------------------------------ 
 
1.1 Introduction  

 
Many in vivo cellular functions are performed by large multiprotein complexes as 

opposed to individual scattered proteins (Alberts, 1998). Similarly, prokaryotes such as 

Bacteroides and Clostridium contain multiprotein complexes that digest and degrade 

cellulose, called cellulosomes (Carvalho et al., 2003). Degradosomes are complexes that 

degrade RNA, contributing to the posttranscriptional control of gene expression. These 

and other comparable complexes have been identified in Escherichia coli (E. coli) and 

other prokaryotes as well as in eukaryotes. Some of the prokaryotic organisms that 

contain these complexes include Rhodobacter capsulatus, Pseudoalteroomonas 

haloplanktis and Bacillus subtilis (Jäger et al., 2001; Bechhofer et al., 2008; Carpousis et 

al., 2008). Eukaryotes that contain multiprotein complexes that degrade RNA are called 

the exosome, and include Sulfolobus solfataricus, Saccharomyces cerevisiae (including 

the mitochondrial degradosome) as well as humans, to mention but a few (Oddis et al., 

1992; Evguenieva-Hachenberg et al., 2008). Another multiprotein complex involved in 

degradation of a different sort is the cellulosome present in anaerobic cellulolytic 

bacteria. It hydrolyzes cellulosic and hemicellulosic substrates of plant cell walls 

(Shoham et al., 1999). 

 

The bacterial E. coli RNA degradosome is a large multicomponent protein complex that 

participates in the regulation of gene expression by affecting transcript turnover 

(Marcaida et al., 2006). It does so by degrading mRNA and processing other RNA 

species (Carpousis, 2007). Through its function, the degradosome has been called the 

RNA decay “machine” (Carpousis et al., 1999). The four major components of this 

“machine” include Ribonuclease E (RNase E), polynucleotide phosphorylase (PNPase), 

RhlB helicase and enolase.  Polyphosphate kinase as well as molecular chaperones DnaK 

and GroEL also associates with the degradosome, in substoichiometric amounts. Minor 

components of the degradosome include CsdA (cold shock helicase), RraA, RraB 
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(regulation of ribonuclease activity A and B) and r-protein L4 (RNase E protein 

inhibitors) (Kaberdin and Lin-Chao, 2009).  

 

RNase E serves as the scaffold protein to which the other degradosome proteins attach 

and also serves to tether the degradosome through its N-terminus to the cytoplasmic 

membrane (Liou et al., 2001). In essence, the degradosome combines a helicase (RhlB 

helicase), which separates nucleic acid strands, with a ribonuclease (RNase E), that cuts 

mRNA into pieces, and a ribonuclease (PNPase), that degrades the pieces into 

nucleotides (Liou et al., 2002). A specific function of enolase as a component of the RNA 

degradosome has been elucidated as the degradosome-mediated breakdown of ptsG 

mRNA. Enolase directs compartmentalization of the degradosome to the plasma 

membrane for the ptsG mRNA to then be degraded (Morita et al., 2004). Bernstein and 

colleagues (2003) determined that the workings of all four of these degradosome proteins 

are necessary for normal RNA processing in E. coli. RNase E controls its expression 

levels by cleaving its own mRNA (Mudd and Higgens, 1993; Jain and Belasco, 1995). 

RraA prevents the endonucleolytic cleavage of RNase E (Lee et al., 2003). RraA thus 

allows restored growth to E. coli cells with an over production of RNase E (Yeom and 

Lee, 2006). This discovery led to the finding that overproducing the E. coli RNase E 

protein results in a decrease of cellular growth (Claverie-Martin et al., 1991; Jain et al., 

2002). 

 

Molecular chaperones DnaK and GroEL are present in the degradosome in 

substoichiometric amounts. The term “molecular chaperone” is used to define proteins 

that facilitate folding and assembly reactions (Ellis, 1987). Chaperones bind to 

hydrophobic residues of unfolded proteins functioning to prevent unsuitable molecular 

interactions. Chaperones have been divided into “holder” and “folder” categories 

depending on their functioning either to inhibit protein aggregation or promote correct 

protein folding (Lund, 2001).  Protein misfolding and aggregation are consequences of 

cellular stress such as heat shock. Genes encoding for heat shock proteins (hsps) are 

expressed after cellular stress through the attaching of heat shock transcriptional factor 

(HSF) to heat shock elements (HSE) which are located upstream of the gene (De Maio, 
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1999). The large and varied heat shock protein family is classified into major classes as 

defined according to molecular weight. The role of molecular chaperones in the 

degradosome has not been elucidated yet, even though it is known that DnaK is present in 

an intermediate degradosome under conditions of stress (Regonesi et al., 2006). 

 

1.2 Ribonucleic acids 

Processes, such as translation initiation and mRNA degradation, which affect mRNA 

turnover, can be a way of controlling gene expression (Brown et al., 2002; Marcaida et 

al., 2006). It is likely that these processes function at various levels of a regulatory 

hierarchy and can therefore link different aspects of metabolism and genetic control 

(Marcaida et al., 2006). The control of mRNA levels can theoretically provide a 

mechanism of regulation of gene expression (Marcaida et al., 2006). Research involving 

the study of mRNA stability has suggested that most mRNA half-lives are influenced by 

the 3’ untranslated region (3’-UTR) (Ross, 1995). For instance, the presence of an 

adenine, uracil-rich element (AURE) and/or an oligo (U) region in the 3’-UTR tends to 

result in unstable mRNA (Caput et al., 1986).  

 

There are many different types of ribonucleic acids (RNAs) in cells. Other than the three 

major types of RNAs, namely messenger RNA (mRNA), transfer RNA (tRNA) and 

ribosomal RNA (rRNA), additional RNA classes include microRNAs (miRNA), transfer-

messenger RNAs (tmRNA), small interfering RNAs (siRNA), Piwi-interacting RNAs 

(piRNA) and antisense RNAs. tmRNA rescue stalled bacterial ribosomes (Gillet and 

Felden, 2001), siRNA silences gene expression (Blevins T et al., 2006), piRNA are 

believed necessary in gametogenesis (Horwich et al., 2007), and antisense RNAs down-

regulate bacterial genes (Wagner et al., 2002). RNAs are classified by their stability, with 

tRNAs and rRNAs being the most stable RNAs in the cell (Carpousis, 2002). Unstable E. 

coli mRNAs have half-lives ranging from 30 seconds to 20 minutes whereas in 

eukaryotic cells the half-lives are shorter, but the mRNA turnover is slower (Carpousis, 

2002). mRNA instability is a property that allows adjustment to a changing environment 

(Carpousis, 2002). Thus a normal mRNA turn-over is a necessary component of normal 

genetic regulation within cells (Bernstein et al., 2003).  
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The cellular equipment responsible for RNA degradation often forms a part of multi-

component assemblies, which can either target particular gene products or through 

differing decay rates, cause changes in the composition of various transcripts (Carpousis, 

2002). In E. coli, a nucleolytic protein complex known as the RNA degradosome can 

maintain a normal rate of mRNA turnover and process RNA species into active forms 

(Carpousis, 2002). 

 

1.3 RNA decay machines in other organisms   
  
The exosome is considered to be one of the most critical complexes that regulates RNA 

turnover in eukaryotic cells (Raijmakers et al., 2004). This large multiprotein complex 

has been well studied in a number of organisms, including Saccharomyces cerevisiae, 

Sulfolobus solfataricus, Trypanosoma brucei, Arabidopsis thaliana, Caenorhabditis 

elegans and humans (Mitchell et al., 1997; van Hoof and Parker, 1999; Chekanova et al., 

2000; Estévez et al., 2001). Even though there are conserved features and components of 

the exosomes between different organisms, the exosomes are not identical. This 

eukaryotic complex is mainly involved in the removal of RNA molecules that are 

processed incorrectly and ensures the maintenance of mRNA and rRNA turnover 

(Raijmakers et al., 2004). It exists as two forms – a cytoplasmic and nuclear form that 

degrades mRNA and processes rRNA, respectively. Unlike the degradosome, the 

exosome contains only exoribonucleolytic proteins which seem to assemble in the 

nucleolus (Raijmakers et al., 2004). The primary auto-antigenic proteins of the exosome 

are PM/Scl-100 and PM/Scl-75 (Raijmakers et al., 2004). These proteins were shown to 

both be homologous to the bacterial proteins RNase D and RNase PH, respectively 

(Mian, 1997). Both 3’ exonucleases and phosphorolytic enzymes are contained within the 

core. Six of the nine core components within the exosome are homologous to RNase PH 

(Mitchell et al., 1997). The human equivalent of the exosome is the PM/Scl complex 

(Allmang et al., 1999; Brouwer et al., 2001). Another protein complex is found in the 

chloroplast and contains a PNPase-like exonuclease called RNP100 but it is not known if 

there is any interaction with an endonuclease (Carpousis, 2002). Unlike the chloroplast, 

the yeast mitochondrial exonuclease complex (mtEXO) has an RNA helicase ‘Suv3p’. In 
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order for Dss1p, the hydrolytic exonuclease, to degrade introns the helicase needs to 

associate with Dss1p (Dziembowski and Stepien, 2001). 

 

Rhodobacter capsulatus contains the degradosome organized by RNase E. However, 

unlike the degradosome of E. coli, RNase E associates with 2 helicases, transcription 

factor Rho and minor amounts of PNPase (Jäger et al., 2001). Psychrotolerant 

Pseudoalteroomonas haloplanktis also contains the degradosome but, in this bacterium 

isolated from Antarctica, the RNA degradosome is efficient at low temperatures 

(Carpousis et al., 2008). Gram-positive Bacillus subtilis degrades RNA through use of the 

exoribonucleases PNPase, RNase PH (involved in maturation of tRNA and scRNA) and 

RNase R (a key Mg2+ -dependent exonuclease that degrades 23S rRNA) (Oussenko and 

Bechhofer, 2000; Wen et al., 2005).  

 
1.4 Composition and structure of the E. coli RNA degradosome       
 
The E. coli RNA degradosome is formed through the interaction of multiple proteins with 

the C-terminus region of the endoribonuclease, RNase E. These proteins include 

polynucleotide phosphorylase (PNPase) which is a phosphorolytic exoribonuclease, RhlB 

helicase, which forms a part of the DEAD-box family of ATP-dependent RNA helicases, 

and enolase (2-phosho-D-glycerate hydrolase) (Carpousis et al., 1994; Miczak et al., 

1996; Py et al.,1996; Kaberdin et al., 1998). GroEL and DnaK, which are heat shock 

proteins and polyphosphate kinase (Ppk) form part of the degradosome in 

substoichiometric amounts (Blum et al., 1997). The degradosome complex has also been 

found to associate with E. coli poly-adenosine (A) polymerase and ribosomal protein S1 

(Raynal and Carpousis, 1999; Feng et al., 2001). 

 

Only about 5-10% cellular enolase and 10-20% cellular PNPase co-purifies with RNase E 

to form the degradosome (Py et al., 1996; Liou et al., 2001). This finding suggests that 

both enolase and PNPase have cellular functions unrelated to the degradosome, for 

instance the glycolytic functioning of enolase, and the interaction of RhlB helicase with 

PNPase independent of RNase E (Liou et al., 2002). All four of these proteins are 
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necessary for normal genetic regulation within E. coli cells by ensuring normal mRNA 

turnover (Bernstein et al., 2003). 

 

1.4.1 Ribonuclease E   

E. coli ribonuclease E (RNase E) was first discovered and characterized over 3 decades 

ago as being required to generate a 5S ribosomal RNA from the 9S precursor (Ghora and 

Apirion, 1978; Misra and Apirion, 1979). The RNase E protein has been shown to have a 

major role in mRNA turnover, the processing and decay of noncoding RNAs (Lundberg 

and Altman, 1995; Li and Deutscher, 2002; Kim and Lee, 2004). RNase E is essential for 

normal degradation of transcripts and processes the precursors of 16S and 5S ribosomal 

RNA, transfer RNA, the transfer-messenger RNA and the RNA component of RNase P 

(Coburn and Mackie, 1999). The purification and characterization of RNase E and work 

done on factors affecting the activity of polynucleotide phosphorylase (PNPase) lead to 

the first discovery of the E. coli RNA degradosome (Miczak et al., 1996; Py et al., 1996). 

 

RNase E offers the backbone of the degradosome, providing the organizational scaffold 

on which the other proteins can assemble (Marcaida et al., 2006). This protein has 1061 

amino acid residues and consists of three domains: the N-terminus catalytic region 

(amino acid residues 0 – 604), the arginine-rich RNA-binding domain (RBD) (residues 

605 – 679) and the flexible C-terminus region (residues 680 – 1061) (Figure 1.1). The N-

terminus is folded and compact and is well conserved amongst bacteria (Kaberdin et al., 

1998). The C-terminus, in contrast, is unstructured and very divergent (Callaghan et al., 

2004). The RNase E scaffold domain extends over both the RNA-binding domain and the 

C-terminus region (residues 605 – 1061). The microdomains on RNase E where protein-

protein interactions occur are at 698 – 762 base pairs (bp) for RhlB helicase, 833 – 850 

bp for enolase and at 1021 – 1061 bp for PNPase. The protein-protein interaction sites 

were determined using yeast two-hybrid analysis (Vanzo et al., 1998). An arginine-rich 

microdomain, other than the RNA-binding domain where protein-RNA interactions 

occur, is found at 798 – 819 bp which is close to the enolase binding site. These arginine-

rich regions are believed to be independently involved in RNA binding (Marcaida et al., 

2006). The microdomains for the chaperones and Ppk have not yet been determined. 
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Morita et al. (2005) proposed that the homohexameric chaperone Hfq is also recruited to 

the degradosome, to assist in the processing of transcripts. 

 

Loss of the C-terminus would result in substrates of the degradosome no longer being 

degraded (Kido et al., 1996). Even just the loss of RhlB and enolase would cause a 

decrease in activity of the degradosome (Leroy et al., 2002).  

 

 

 

 

Figure 1.1 Representation of RNase E and its assembled components to form the RNA degradosome.  
The N- and C-terminus of RNase E are separated by a short region called the RNA-binding domain (RBD). 
Enolase, RhlB helicase and PNPase assemble at the scaffold domain of the C-terminus at 833 – 850 base-
pairs (bp), 698 – 762 bp and 1021 – 1061 bp respectively. There are two arginine-rich regions, one close to 
the enolase binding site and the other within the RNA binding domain. They are suspected to independently 
facilitate RNA binding (adapted from Marcaida et al., 2006). 
 
 

Localization studies have indicated that RNase E is primarily found in the region of the 

cytoplasmic membrane in E. coli cells (Liou et al. 2000). The degradosome is associated 

with the cytoplasmic membrane through the N-terminus of RNase E (Liou et al. 2001). 

Unlike the C-terminus region, the N-terminus region is not essential for the formation of 
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the degradosome (Kaberdin et al., 1998).  The N-terminus region of RNase E holds 

sequences engaged in oligomerization (Vanzo et al., 1998). 

 

The degradation of E. coli RNA transcripts, as well as the processing thereof, has been 

proven to be greatly influenced by the role played by ribonucleolytic RNase E (Deutscher 

and Li, 2001; Condon and Putzer, 2002). These roles include degradation of numerous 

mRNAs, processing of an assortment of RNAs, and regulation of the production of 

particular plasmid DNAs (Deutscher and Li, 2001; Kushner, 2002).  

 

Endonuclease RNase E is vital for cellular viability. Other than providing the 

organizational scaffold for the constituents of the degradosome, RNase E is involved in 

processing of RNAs, and in plasmid and phage stability. It processes the 9S ribosomal 

precursor producing the mature 5S ribosomal RNA (Apirion, 1978; Ghora and Apirion, 

1978; Roy et al., 1983). Similarly the 17S ribosomal precursor is processed yielding 

mature 16S rRNA (Bessarab et al., 1998; Li et al., 1999). The endonuclease is also 

capable of cleaving 16S and 23S rRNAs single-stranded regions (Bessarab et al., 1998; 

Li et al., 1999). 

 

RNase E controls its own production levels by cleaving its mRNA (Mudd and Higgens, 

1993; Jain and Belasco, 1995). The discovery that a minor component of the 

degradosome, RraA, (regulator of ribonuclease activity A) prevents the endonucleolytic 

cleavage of RNase E (Lee et al., 2003) and therefore in its presence allows restored 

growth to E. coli cells with an over- production of RNase E (Yeom and Lee, 2006) led to 

the finding that over-producing the E. coli RNase E protein results in a decrease of 

cellular growth (Claverie-Martin et al., 1991; Jain et al., 2002). E. coli growth needs a 

concentration of 10 – 20 % cellular RNase E whereas growth is compromised when E. 

coli cells contain multiple copies of RNase E plasmids (Claverie-martin et al., 1991; Jain 

et al., 2002). Yeom and Lee (2006) showed that the over-expressed RNase E-induced 

stop in cell growth occurs as a result of a higher level of cellular ribonucleolytic activity. 
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1.4.2 Polynucleotide phosphorylase 

The first bacterial ribonuclease to be discovered was PNPase in Azotobacter vinelandii in 

1955, albeit that it was identified to synthesize RNA as opposed to degrading it 

(Grunberg-Manago et al., 1955). Since, the ribonuclease activity of PNPase has been 

found in eubacteria, Archaea, eukaryotic microbes, plants and animal cells (Kessler and 

Chen, 1964; Fit and See, 1970; Peterkin and Fitt, 1971; Wood and Hutchinson, 1976; 

Estévez et al., 2001). PNPase is considered to be one of the key proteins in mRNA 

turnover in Bacillus subtilis. Approximately 80% of RNA degradation is phosphorylytic 

as opposed that of E. coli, which amounts to only 30% (Chaney and Boyer, 1972; Duffy 

et al., 1972; Deutscher and Reuven, 1991). 

 

PNPase exists as a 85 kDa trimer, containing three monomeric units of polynucleotide 

phosphate (Portier, 1975; Soreq and Littauer, 1977; Carpousis et al., 1994). The RNA 

binding sites are found within each monomer and although not essential for the enzymes 

catalytic function, are necessary for polynucleotide phosphate autoregulation, growth 

during cold shock, and for the production of oligonucleotides (Guissani and Portier, 

1976; Jarrige et al., 2002; Matus-Ortega et al., 2007).  

 

PNPase has the dual purpose of 3΄ to 5́  exoribonuclease activity and oligonucleotide 

polymerase activity at the 3΄terminus (Yehudai-Resheff et al., 2001). In addition to being 

a component of the RNA degradosome and facilitating the degradation of a range of 

mRNAs, this trimer has functions including being involved in the process of degrading 

and processing tRNA, attaching poly(A) tails to particular RNAs (Carpousis et al., 1999; 

Coburn and Mackie, 1999; Mohanty and Kushner, 2000). mRNA degradation is 

dependent on the presence of PNPase, its absence results in a boost above the normal 

levels of mRNA (Kinscherf and Apirion, 1975). PNPase further contributes to mRNA 

degradation by degrading the rRNA fragments degraded by other RNases during carbon 

starvation (Kaplan and Apirion, 1974; Kaplan and Apirion, 1975).  
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1.4.3 ATP-dependent helicase RhlB 

E. coli DEAD box proteins have been found to be involved in essential cellular functions. 

Jagessar and Jain (2010) found DEAD-box helicase to facilitate the biogenesis of the 50S 

ribosome at decreased temperatures, as well as at E. coli’s optimal growth temperature, 

37°C. Strains lacking DeaD displays flawed rRNA processing and ribosomal maturation 

at both 37°C as well as at low temperatures, and because 50% of the overall cellular RNA 

can be accounted for by the weight of 23S rRNA (Nomura et al., 1984), DeaD is engaged 

in an important metabolic process (Jagessar and Jain, 2010). 

 

RhlB, found in both prokaryotes and eukaryotes, belongs to the DEAD-box helicase 

family, which has a consensus sequence of aspartic acid - glutamic acid - alanine - 

aspartic acid (DEAD). The 50 kDa RhlB is a monomeric helicase that associates to the 

degradosome by binding to the C-terminus of RNase E, forming homodimers, and is also 

capable of binding PNPase when RNase E is not present (Liou et al., 2002).  

 

The association of RhlB helicase to the degradosome increases its ATPase activity fifteen 

fold, but it has not been determined how the interaction of RNase E activates RhlB 

(Vanzo, 1998). The helicase class of enzymes functions to unwind double stranded 

polynucleotide by using energy obtained from ATP hydrolysis. RhlB helicase as a 

constituent of the degradosome is thought to coerce the energy-dependent dislocation of 

proteins from RNA (Fairman et al., 2004). RhlB facilitates the degrading activity of 

PNPase within the degradosome through the structuring of RNA, and is absolutely 

necessary for the full functioning of the degradosome (Py et al., 1996; Coburn and 

Mackie, 1999).  

 

The “inchworm” stepping model has been used to describe the mechanism of helicases. 

There is a consecutive transfer of nucleic acid substrate between two binding sites during 

the ATP-consuming cycle (Velankar et al., 1999). The helicase monomer has two RNA 

binding sites, a translocator and a duplex-opening site (Dumont et al., 2006).  The RNA 

substrate binds to a single-stranded 3’ RNA binding site. The duplex-opening site moves 

2-5 bp to unwind the substrate after the translocator has moved in 11 bp to recognize the 
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RNA substrate. The movement between the two sites is associated with the ATP-binding 

cycle, hydrolysis and unwinding of RNA or translocation (Dumont et al., 2006). 

 

1.4.4 Enolase 

The enolase superfamily is categorized into three subgroups according to their catalytic 

mechanism (Gulick et al., 2000). Mandelate racemase, muconate cycloisomerase and 

enolase share common features which include structural homology, functional similarity 

and a C-terminus active site (Gulick et al., 2000).  

 

 

 

 
Figure 1.2 Representation of the C- and N-terminus of enolase  
The arrows indicate β-strands (S) and the barrels α-helices (H). The boundary between the two domains is 
indicated. The ββαα(βα)6 topology of the barrel domain (C-terminus) as well as the N-terminus α/β-domain 
is clearly represented (adapted from Kuhnel and Luisi, 2001). 
 

 

Enolase comprises two domains - the smaller N-terminus domain and the C-terminus 

domain (Figure 1.2) (Kuhnel and Luisis, 2001). The C-terminus is an eight-stranded β/α 

barrel which consists of eight β-strands surrounded by eight α-helices (Kuhnel and Luisis, 

2001). The barrel domain has a ββαα(βα)6 topology which is shown in Figure 1.2. The N-

terminus α/β-domain is made up of three-stranded anti-parallel β-sheets and four α-

helices (Kuhnel and Luisis, 2001). The native protein dimer was shown to have a 

molecular weight of 92 kDa through the use of high pressure liquid chromatography 

(HPLC), and protein separation through sodium dodecyl sulphate gel electrophoresis 

(SDS-PAGE) indicated the enolase subunit to separate at a molecular weight of 46 kDa 

N-terminal domain 

Barrel domain 

β1    β2   β3   α1   α2    α3    α4 

β4   β5    α5   α6   β6    α7    β7  α8   β8    α9   β9   α10 β10 α11 β11 α12 
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(Dannelly et al., 1989). The dimer contains two magnesium ions. Enolase was shown to 

lose activity and to start to denature when magnesium was absent (Spring and Wold, 

1971). The crystal structure originally showed the dimer interface of enolase to have an 

abundance of charged residues (Kuhnel and Luisi, 2001). However, five years later, a 

lower resolution indicated the RNase E recognition site binding enolase (Chandran and 

Luisi, 2006). Enolase shares common features across organisms, including its need for 

magnesium, its catalytic restrictions and being restrained by the fluoride ion when 

phosphate is present (Spring and Wold, 1971). 

 

Enolase is commonly known as a glycolytic enzyme catalyzing an inter-conversional 

reaction in glycolysis and gluconeogenesis. The reaction of 2-phosphoglycerate to 

phosphoenol pyruvate leads to the production of pyruvate via pyruvate kinase, which is 

the energy-producing step (Figure 1.3).  

 

 
 
 
 
 
 
 
 
 
Figure 1.3 The reaction catalysed by enolase in the glycolytic metabolic pathway.  
Enolase catalyses the inter-conversion of 2-phospho-glycerate to phosphoenolpyruvate with the release of a 
water molecule. The next reaction releases ATP in the conversion to pyruvate via pyruvate kinase. 
 

 

Dephosphorylation of glucose-grown enolase treated with acid phosphatase resulted in a 

70% decrease of activity (Danelly et al., 1989). It was proposed that there could be an 

explosion of cellular gluconeogenic activity when required (Danelly et al., 1989). The 

occurance was explained by suggesting that enolase has two phosphorylation sites, the 

 2-Phospho-glycerate         Phosphoenolpyruvate 

  Enolase 

ATP 

Pyruvate 

ADP 
Pyruvate kinase 
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forward reaction activity being under the control of one site and the reverse activity under 

the control of both sites (Dannelly et al., 1989). The majority of enzymes concerned with 

degradative pathways have been noted to be active in the phosphorylated state and 

inactive in the dephosphorylated state (Ranjeva and Boudet, 1987; Randall and Blevins, 

1990; Bennet, 1991; Creighton, 1993). 

 

A specific function of enolase in E. coli is controlling the stability of ptsG mRNA which 

encodes for IICBGLC, the main glucose transporter, in response to metabolic stress 

(Morita et al., 2004). Enolase and RNase E play a role in the response to stress caused by 

an overabundance of phosphosugar. By demonstrating that the rapid degradation of ptsG 

mRNA was inhibited by the removal of the scaffold under metabolic stress, and that a 

reduction of enolase (and not PNPase or RhlB) stops the rapid degradation of ptsG 

mRNA, Morita and colleagues (2004) came to the conclusion that enolase within the 

degradosome modulates RNase E action on ptsG mRNA under metabolic stress. RNase 

E, and thus the degradosome, was shown to chiefly localize close to the cytoplasmic 

membrane (Liou et al., 2001). ptsG mRNA located at the inner membrane along with 

IICBGlc that targets the membrane co-translationally is vital for weakening ptsG mRNA 

under metabolic stress (Morita et al., 2004). It was therefore hypothesized that enolase 

directs compartmentalization of the degradosome to the plasma membrane for ptsG 

mRNA to then be degraded (Morita et al., 2004). 

 

Enolases have been described as having “moonlighting” functions (Pal-Bhowmick et al., 

2007) which refers to unsuspected or unappreciated “second jobs”, or in the case of 

enolase, non-glycolytic functions. Many proteins have been found to have 

“moonlighting” functions and often it is as a result of switching cellular localizations, 

oligomeric states or varying ligand concentrations (Jeffery, 1999). Iida and Yahara (1985) 

discovered enolase and HSP48 (heat shock protein in yeast) to be identical, thereby 

suggesting enolase to be significant in the tolerance of various temperatures and control 

of growth in yeast. Enolase has been found to associate with the yeast cell wall (Edwards 

et al., 1999). In the inner layers of the cell wall in Caenorhabditis albicans, enolase binds 

with glucan and is an important antigen in general infections of candidiasis (Angilella et 
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al., 1996). Enolase was shown to have weak in vivo RNA-binding properties in E. coli 

and yeast (Entelis et al., 2006). It lowers the dissociation constant (Kd) of an RNA 

complex in yeast, tRK1–preMsk1p. The fact that the affinity of tRK1 to preMsk1p is 

higher than that of tRK1 to enolase (showing an apparent Kd decrease of fourteen-fold) 

supports this finding (Entelis et al., 2006). The enzyme was also shown in the generation 

of phosphoenolpyruvate for an activating phospho-transfer reaction (Entelis et al., 2006).  

Enolase in the degradosome may serve to link cellular metabolic status with post-

transcriptional gene regulation (Chandran and Luisi, 2006).  Kuhnel and Luisi (2001) 

suggested that enolase could potentially couple RNA degradation to in vivo glycolytic 

processes. As of yet (2010), very little is known about the exact role enolase plays within 

the RNA degradosome. 

 

1.4.5 Polyphosphate kinase 

The transferase polyphosphate kinase (Ppk) is a tetramer of 69 kDa. Polyphosphate is 

synthesized by the reversible reaction of Ppk transferring a terminus phosphoryl group of 

adenosine triphosphate (ATP) to the acceptor, a polyphosphate polymer (Hoffmann-

Ostenhof et al., 1954). The role of Ppk in E. coli has not been determined but it is thought 

that this enzyme could be the source of energy, could replace ATP in kinase reactions or 

could be a pool of phosphate with osmotic benefits, thereby upholding a suitable micro-

environment for the degradosome (Kornberg, 1957; Dirheimer and Ebel, 1965). Ppk can 

also take on the role of a nucleoside diphosphate kinase, converting diphosphates to 

triphosphates, the reverse of the above reaction of the synthesis of polyphosphate. Ppk 

probably functions to autophosphorylate when it is a part of the degradosome because of 

the form it is in as a tetramer – Ppk exists as a trimer when it generates linear guanosine 

tetraphosphate, and as a dimer when it autophosphorylates (Tzeng and Kornberg, 2000). 

The functions of Ppk appear to include upholding a suitable micro-environment and 

regenerating ATP, which is required by the degradosome, as well as eliminating 

polyphosphates and nucleotide diphosphates, which are inhibitory (Blum et al., 1997). 
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1.4.6 Functions and assembly of the E. coli RNA Degradosome 
 
The E. coli RNA degradosome is a conglomeration of proteins interacting to serve the 

general purpose of mRNA degradation. The joined endo- and exoribonucleolytic 

activities of RNase E and PNPase are directed by the complex. Both RNase E and 

PNPase are hindered by RNA secondary structure which renders the interaction of RhlB 

with the degradosome important (Coburn et al., 1999). PNPase will frequently be forced 

to pause due to regions of RNAs that have internal structures; RhlB accommodates 

PNPase by unwinding these structures (Carpousis, 2002). PNPase degrades transcripts in 

a 3’-5’ pathway, and through the use of inorganic phosphates produces nucleotide 

diphosphates such as adenosine diphosphate (ADP) (Carpousis, 2002). Even though 

PNPase is a phosphate-dependent exonuclease, it is important to note that exonucleases 

are defined as hydrolytic enzymes (Donovan and Kushner, 1986). E. coli strains that do 

not contain poly(A) polymerase show retarded degradation. This is due to poly(A) 

polymerase adding poly(A) tails to the 3’ ends thereby accelerating mRNA decay (Xu et 

al., 1993). 

 

Many bacterial mRNAs as well as nascent transcripts have 3’ ends sequestered in stem 

loops (Carpousis, 2002), which protect the mRNAs from degradation. Endonucleases 

serve to produce single-stranded substrates for the exonucleases by removing the 3’ end 

stem loops and freeing the nascent transcripts (Carpousis, 2002). Single-strand-specific 

RNase E plays an important part in the degradation of mRNAs by initiating 

endonucleolytic cleavage. Covalently closed circular mRNA is immune to the action of 

RNase E (Bouvet and Belasco, 1992). The cleavage of 5’ monophosphate ends of linear 

templates occurs at a much faster rate than that of 5’ triphosphate ends, which could 

explain why stem-loops hinder degradation mediated by RNase E (Bouvet and Belasco, 

1992). This, as well as oligonucleotides that hybridize to the 5’ ends, serve as protective 

mechanisms for nascent transcripts (Bouvet and Belasco, 1992). RNase E activity 

produces 5’ monophosphates and since these are the favoured substrates of RNase E, the 

initial cleavage which occurs more slowly is predicted to lead to a later rapid cleavage 

(Carpousis, 2002). The resulting mRNA pieces are cut by PNPase and RNase II (3’ to 5’ 

exonucleases), and by poly(A) polymerase (Morita et al., 2004).  
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Sequence analysis has revealed that the RNase E scaffold region is not likely to have a 

distinct structure, but that it is inclined to condense (Marcaida et al., 2006). E. coli RNase 

E was shown to exist in the form of a homotetramer after the crystal structure of the N-

terminus half of RNase E had been determined (Callaghan et al., 2005). The RNA-

binding domain forms a homodimer. The RNase E tetramer consists of a coupling of 

dimers to form a dimer with a divalent magnesium ion (Callaghan et al., 2005). This 

dimer of dimers is kept by cysteine-zinc-cysteine associations between adjacent RNase E 

monomeric units (Callaghan et al., 2005). Marcaida et al. (2006) suggested that 

“unstructured tails” extend from the catalytic domain, each of which can associate with 

four enolase dimers and four helicase monomers (Figure 1.4). PNPase is capable of 

associating with three of the RNase E tails. If all the protein-protein interaction sites were 

filled there would be a ratio of three RNase E tetramers to four PNPase trimers. However, 

it has not been determined if all the constituents can associate with the degradosome 

simultaneously (Morita et al., 2005). RNase E must have its RNA-binding regions facing 

outward and so needs to be in the form of a tetramer in order to function catalytically 

(Callaghan et al., 2003). 

 

 

 
 
Figure 1.4 Schematic of the ratio and assembly of the components of the E. coli RNA degradosome 
There is a ratio of 4 PNPase trimers (blue) to 3 RNase E tetramers (orange). The enolase dimers (green) and 
the RhlB helicase domains (yellow) bind to RNase E through its C-terminus (adapted from Marcaida et al., 
2006). 
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1.5 Molecular chaperones 
 
The term molecular chaperone was first used by Laskey in 1978 to define a nuclear protein 

that resolved misassembly of nucleosomes in the process of formation in amphibian eggs 

(Laskey et al., 1978). Later the term was broadened to include the protein rubisco located in 

the chloroplast (Barraclough and Ellis, 1980; Musgrove and Ellis, 1986). Eventually 

“molecular chaperone” was defined as proteins that facilitate folding and assembly reactions 

(Ellis, 1987). Chaperones bind to hydrophobic residues of unfolded proteins functioning to 

prevent unsuitable molecular interactions (Lund, 2001). However the final structure of the 

native polypeptide excludes that of the chaperone because the chaperone releases the 

substrates (Lund, 2001). Chaperones have been divided into “holder” and “folder” categories 

depending on their functioning either to inhibit protein aggregation or promote correct 

protein folding (Lund, 2001). Molecular chaperones have a wide range of functions, 

including degradation of proteins, translocation, folding of co-translational products, protein 

function regulation and protein complex assembly (Eggers et al., 1997; Hamman et al., 1998; 

Brodsky and McCracken, 1999; Lund, 2001). Chaperones in essence prevent the association 

of hydrophobic surfaces with each other by  holding non-native intermediates that are 

unfolded and in so doing prevent the build-up of proteins that are misfolded when the cell is 

under stress (Schroder et al., 1993; Parsell et al., 1994). To make sure the proteins don’t keep 

aggregating the intermediates are then either degraded or refolded once the cell is no longer 

under stress (Schroder et al., 1993; Parsell et al., 1994). 

 

The large and varied heat shock protein family is classified into major classes as defined 

according to molecular weight (Table 1.1). The term DnaK refers to the E. coli member of 

the eukaryotic 70 kDa heat shock protein (Hsp70) family of proteins (Bardell and Craig, 

1984). HscA and Hsc62 are also members of this family with cochaperones HscB and HscC, 

respectively (Silberg et al., 1998; Hoff et al., 2000; Arifuzzaman et al., 2002). DnaK’s 

cochaperone, DnaJ, is the E. coli member of the Hsp40 eukaryotic family (Feldheim et al., 

1992). The ATP-dependent GroEL/GroES system belongs to the Hsp60 family (Fenton 

and Horwich, 1997). The prokaryotic HtpG belongs to the protein family Hsp90 and is 

also an ATP-dependent chaperone (Jakob et al., 1995). ClpA, ClpB, ClpX and ClpY, 

amongst others, all form part of the Hsp100 family and are involved in ATP-dependent 

proteolysis and reversing protein aggregation (Mhammedi-Alaoui et al,. 1994; Squires et 
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al., 1991;Wang et al., 1997; Gottesman et al., 1997; Bochtler et al., 2000). ClpA/B/X 

share co-chaperone ClpP and ClpY has co-chaperone ClpQ. Prokaryotic Hsp33 is a 

member of the Hsp30 family and is involved in prevention of protein aggregation; and 

small hsp’s form a class of their own and include E. coli proteins IbpA and IbpB (Kaldis et 

al., 2004).  

 

Table 1.1 Major molecular chaperone families and corresponding E. coli members 

Chaperone 
Family 

E. coli 
member 

Co-
chaperone 

Function References 

Hsp100 ClpA ClpP ATP-dependent 
proteolysis 

Gottesman et al. 
(1997); Wang et al. 

(1997) 

 
ClbB  Reversing protein 

aggregation 
Squires et al. (1991) 

 ClpX ClpP ATP-dependent 
proteolysis 

Mhammedi-Alaoui et 
al. (1994) 

 ClpY(HslU) ClpQ (HslV) ATP-dependent 
proteolysis 

Bochtler et al. (2000) 

 FtsH  ATP-dependent 
proteolysis 

Neuwald et al. (1999) 

 Lon  ATP-dependent 
proteolysis 

Neuwald et al. (1999) 

Hsp90 HtpG  ATP-dependent 
chaperone 

Jakob et al. (1995) 

Hsp70 DnaK DnaJ, CbpA, 
DjlA 

Refolds nascent 
peptides 

Hartl and Hayer-Hartl 
(2002) 

 HscA HscB Reversing protein 
aggregation 

Silberg et al. (1998); 
Hoff et al. (2000) 

 Hsc62 HscC Regulates 
transcription 

Arifuzzaman et al. 
(2002) 

Hsp60 GroEL GroES ATP-dependent 
chaperone 

Fenton and Horwich 
(1997) 

Hsp40 DnaJ  Protein translocation Feldheim et al. (1992) 
Hsp30 Hsp33  Prevents aggregation Kaldis et al. (2004) 

Small Hsp IbpA, IbpB  Prevents aggregation Kaldis et al. (2004) 

 

Synthesis of molecular chaperones increases when the cell is under stress such as that of heat 

shock (Eggers et al., 1997). The heat shock response results in an increase of heat shock 

protein (Hsp) gene transcription which leads to increased synthesis of Hsp proteins 

(Finkelstein et al., 1982). DnaK is induced by heat shock and is essential for the cell at 
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temperatures above 37°C (Vorderwulbecke et al., 2004). This response is controlled by the 

σ32 subunit of RNA polymerase, which is specific to the heat shock promoter, at the level of 

transcription (Gross, 1996; Arsene et al., 2000). DnaK, along with co-chaperones DnaJ and 

GrpE, are key factors of the heat shock regulon via σ32 (Bukau, 1993). GrpE mRNA 

expression, being under the control of the promoters σ70 and σ32, is induced quickly at 

increased temperatures (Lipanska et al., 1988). In the presence of ATP, a complex is formed 

between σ32 transcription factor, and purified DnaK and DnaJ. This association shuts off the 

heat-shock-mediated gene expression by preventing the binding of σ32 to RNA polymerase 

(Liberek and Georgopoulos, 1993). It was proposed that if DnaK were to fail in the 

promotion of protein folding, a protein would specifically be marked for rapid degradation 

(Sherman and Goldberg, 1992). 

 

1.5.1 E. coli DnaK     

Interestingly Hsp70 members are found in all eukaryotic organelles (cytosol, 

chloroplasts, endoplasmic reticulum and mitochondria) but not in all prokaryotic 

organelles (Ungewickell 1985; Munro and Pelham, 1986; Chirico et al., 1988; Murakami 

et al., 1988). The two classes of Hsp70s include those that are constitutively expressed 

termed heat shock cognate (Hsc) proteins (Ingolia and Craig, 1982) and the stress 

inducible proteins (Hsp70). The primary difference between the two forms is the cognate 

protein will function as a molecular chaperone during standard environmental conditions 

whereas the heat shock protein will act under conditions of stress.  

 

Hsp70 proteins are highly expressed under normal cellular conditions functioning to fold 

nascent polypeptides by binding and stabilizing them, and thus allowing the hsps time to 

fold the polypeptides correctly; assemble and disassemble large protein complexes and 

translocate newly synthesized polypeptides across membranes (Ungewickell 1985; 

Munro and Pelham, 1986; Chirico et al., 1988). When the cell is placed under stress 

conditions such as heat shock, E. coli DnaK along with its co-chaperones DnaJ and GrpE, 

functions to bind to nascent polypeptides and proteins that are partially folded to prevent 

aggregation and facilitate refolding, or otherwise guide the intermediate folded 

polypeptides towards degradative machinery (Freeman et al., 1995; Minami et al., 1996; 

Bercovich et al., 1997; Eggers et al., 1997). DnaJ and GrpE regulate DnaK through ATP 
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hydrolysis and exchange of ADP/ATP, respectively, and are thus involved in facilitating 

the nascent polypeptide folding (Cyr et al., 1994). 

 

Three Hsp70 proteins are present in E. coli: DnaK, HscA and Hsc62 (Ingolia and Craig, 

1982; Bardwell and Craig, 1984). DnaK is the primary prokaryotic homologue of Hsp70. 

HscA is the second homologue of Hsp70 and is approximately five times less plentiful 

than DnaK (Hesterkamp and Bukau, 1998). Co-chaperone HscB interacting with HscA 

cannot replace the functioning of DnaK along with its co-chaperone, DnaJ, and 

nucleotide exchange factor, GrpE (Hesterkamp and Bukau, 1998). HscA/HscB has been 

determined to have a role in the assembly of iron sulfur clusters in iron sulfur proteins 

(Zeng et al., 1998). The cognate genes (hscA and hscB) form part of a cluster of genes 

containing isc (iron sulfur cluster assembly) genes. The gene products are able to repair 

the bacterial iron sulfur protein equipment, thus possessing a “housekeeping” function 

(Zeng et al., 1998). The third Hsp70 homologue, Hsc62, also is not capable of replacing 

DnaK functioning (Yoshimune et al., 2002). Yoshimune et al. (2002) determined Hsc56 

(a gene product of ybeV with a J-domain like sequence) and GrpE influence the ATPase 

activity of Hsc62. E. coli thus contains three Hsp70 chaperone systems: 

Dnak/DnaJ/GrpE, HscA/HscB and Hsc62/Hsc56/GrpE. 

 

E. coli DnaK with a molecular mass of 70 kDa has three domains spanning 638 

nucleotide residues. The primary sequence consists of a 45 kDa adenosine triphosphatase 

(ATPase) domain (residues 1-385) at the N-terminus region, which contains binding sites 

for the co-chaperone GrpE, an 18 kDa substrate-binding domain (residues 385-561) and a 

10 kDa C-terminus domain (residues 561-638) (Zhu et al., 1996) (Figure 1.5). The 

substrate-binding domain appears to be specific for substrates rich in phenylalanine, 

isoleucine and valine (Richarme and Kohiyama, 1993; Gragerov et al., 1994).  

 

The ATPase domain of 45 kDa, spanning residues 1 – 385, is a common structural feature 

across proteins possessing different biological function, including bovine Hsc70, E. coli 

DnaK and human Hsp70 (Figure 1.5) (Flaherty et al., 1990; Harrison et al., 1997; 

Osipiuk et al., 1999). It consists of two similar lobes on either side of a cleft which 
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contains the ATP binding site at the bottom.  The ATPase domain contains the binding 

site for GrpE (residues 20 – 60, 129 – 132, 257 and 285). The substrate binding domain 

of 18 kDa, spanning residues 386 – 561, is comprised of a subdomain containing a 

sandwich of β-sheets and a domain of α-helix segments termed the lid which serves to 

stabilize the complex (Zhu et al., 1996). The substrate binding portion binds the peptide 

through a canal formed by the loops of the β-sandwich (Zhu et al., 1996). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 Schematic representation of the structure of E. coli DnaK.  
(A) E. coli DnaJ contains the J-domain (residues 1 – 75) which possesses a highly conserved tripeptide (HPD), 
the G/F rich region (residues 76 – 108), a zinc-finger like domain (residues 150 – 240) and the C-terminus 
region (residues 240 – 375). (B) E. coli DnaK consists of 638 nucleotide residues grouped into three domains. 
The ATP binding domain at the amino terminus covers residues 1-385, the substrate binding domain covers 
residues 385-561 and the regulatory domain at the carboxy terminus covers residues 561-638. (C) Co-
chaperone GrpE associates with DnaK at the GrpE binding sites located in the ATPase binding domain 
(adapted from Lund, 2001). 
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The C-terminus domain of 10 kDa, spanning residues 562 – 638, is less well 

characterized. Both the ATPase and substrate binding domains are necessary for 

complete chaperone activity (Freeman et al.  1995). DnaJ contains the J-domain that is 

needed for stimulation of ATPase activity of DnaK (Figure 1.5) (Langer et al., 1992). 

The J-domain has 4 helices that contain a highly conserved tripeptide (HPD), necessary 

for association with DnaK (Pellecchia et al., 1996). The G/F rich region of DnaJ 

facilitates packing of the J-domain and is thus needed along with the J-domain to 

stimulate ATPase activity, or ATP-dependent substrate binding (Wall et al., 1995). The 

zinc-finger like domain and the C-terminus region also form part of DnaJ. DnaJ is able to 

function freely from DnaK, maintaining unfolded proteins in a folded competent state 

(Szabo et al., 1996). 

 

The DnaK folding cycle begins with DnaK binding a nascent peptide; the allosteric 

coupling of the ATPase domain allows binding and releasing of substrates (Figure 1.6). 

DnaK has a low affinity for unfolded proteins when adenosine triphosphate (ATP) is 

bound. DnaJ binds DnaK and stimulates ATPase activity by stimulating hydrolysis. 

Hydrolysis of ATP to ADP changes the low affinity to a high affinity for unfolded 

proteins at the substrate-binding domain (Liberek et al., 1991). A higher affinity increases 

the time factor for protein stabilization resulting in more proteins being folded more 

accurately (Liberek et al., 1991). DnaJ bound to DnaK facilitates the association of the 

substrate with DnaK (Mayer et al., 2000). DnaJ is also capable of recruiting DnaK to 

unfolded polypeptides by directly interacting with them (Young et al., 2003). In the next 

step of the cycle nucleotide exchange factors, such as GrpE, binds to the ATPase domain 

to catalyze the ADP-ATP exchange (Figure 1.6). GrpE binds to ADP-bound DnaK, 

stabilizing the nucleotide-binding cleft of the DnaK ATPase domain into an “open” 

conformation (Harrison et al., 1997). The presence of ATP however results in an 

immediate release of DnaK from GrpE (Brehmer et al., 2001). The binding ability of 

DnaK for ADP is decreased by 200-fold by GrpE, and ADP decreases the affinity of 

GrpE for DnaK by 200-fold (Packschies et al., 1997). This allows the release of the 

substrate. The substrate can go in one of several directions: it can be folded, refolded by 



Chapter 1: Literature Review 
 

23 
 

re-entering the folding cycle, degraded or taken up by another chaperone for further 

processing (Figure 1.6). 

 

DnaK associates with the RNA degradosome under conditions of stress such as over- 

production of RNase E, when cells are grown in the cold, at temperatures below 15˚C 

(Lelivelt and Kawula, 1995) or at elevated temperatures such as heat shock (Regonesi et 

al., 2006). 

 

 

 
 
Figure 1.6 Schematic of the DnaK folding cycle 
DnaJ mediates the passage of unfolded peptide to ATP-bound DnaK. Bound DnaJ causes ATP to be 
hydrolysed to ADP resulting in DnaK binding the peptide tightly. DnaJ is released from DnaK along with 
inorganic phosphate. GrpE catalyzes the release of ADP from the DnaK complex. ATP binds allowing the 
release of the peptide by inducing the opening of the αhelical lid of DnaK. The dissociated peptide folds 
into its native form or is degraded (adapted from Hartl and Hayer-Hartl, 2009) 
 

 

Proteins aggregate under elevated temperatures. It appears that DnaK needs to be present 

in order for the degradosome to assemble and that it is required in immature degradosome 

intermediates that build up under conditions of stress (Regonesi et al., 2006). It is not 
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known what the role of DnaK is when it associates to the RNA degradosome or even if its 

presence is required constantly. 

 

1.5.2 E. coli GroEL     

The GroEL system has been described as a nano-machine found in chloroplasts, 

mitochondria and bacteria, and is required by E. coli for growth (Fenton and Horwich, 

1997; Sigler et al., 1998; Ellis, 2001; Vorderwulbecke et al., 2004). 

 

GroEL has a complex arrangement of fourteen 57-kDa subunits in a double layer of 

seven-membered rings (Figure 1.7) (Fenton and Horwich, 1997; Sigler et al., 1998; Ellis, 

2001). Non-native proteins bind to the two binding sites found in the hollow cylinder 

formed by the 14 subunits (Figure 1.7) (Lund, 2001). The 10 kDa co-chaperone GroES is 

a seven-membered single ring that is dome-shaped. The conformation of GroEL changes 

upon the binding of GroES. 

 

It is only the chaperone GroEL, along with its co-chaperone GroES that are crucial for E. 

coli growth under any cellular conditions (Fayet et al., 1989). GroEL/GroES partakes in 

many biological cellular processes including folding newly produced polypeptides, 

maintenanace of protein structure, proteolysis, secretion and morphogenesis of λ and T4 

(Friedman et al., 1984; Kusukawa et al., 1989; Laminet et al., 1990; Horwich et al., 

1993; Kandror et al., 1994; Houry et al., 1999). 

 

Through hydrophobic interactions, GroEL interacts selectively with nascent peptide 

chains to minimize off-pathway interactions (Fenton and Horwich, 1997; Sigler et al., 

1998; Ellis, 2001). The binding of ATP and GroES to GroEL results in a cyclic change of 

its conformation – a cis ternary complex is formed whereby the polypeptide is completely 

surrounded by the GroEL-GroES structure, which controls the chaperone-substrate 

interaction (Fenton and Horwich, 1997; Sigler et al., 1998; Ellis, 2001). The 

conformational change increases the span between the two polypeptide binding regions 

which can stimulate the unfolding of the substrates due to the stretching forces placed on 

it (Fenton and Horwich 1997; Xu and Sigler 1998; Coyle et al., 1999; Horwich et al., 
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1999; Shtilerman et al., 1999). Nucleotide binding thus changes the high-affinity state of 

GroEL to a low-affinity state for substrate binding and so controls the binding and 

dissociation of substrates. 

 

Folding chaperones DnaK and GroEL differ in the type of substrates they bind. DnaK 

binds native polypeptides; GroEL binds highly unstructured non-native polypeptides. 

Research concerning non-native polypeptide is difficult because of their tendency to 

aggregate or refold (Lin et al., 1994). Unfolded proteins have a high degree of 

hydrophobic surface that is exposed, motivating the finding that the association of non-

native polypeptide chains with GroEL is hydrophobically driven (Lin et al., 1994). 

GroEL thus recognizes substrates through their exposed hydrophobicity, binding the 

segments through hydrophobic interactions (Lin et al., 1994). The hydrophobic amino 

acids stimulate the ATPase activity of GroEL (Richarme and Kohiyama, 1994). 

 

 

 
Figure 1.7 Crystal structure of GroEL in complex with bound peptide 
The structure shows the view down the seven-membered ring. The GroEL lower ring (silver) and upper 
ring (yellow) binds the peptide (magenta). Two of the GroEL upper subunits are represented with blue and 
green (Wang and Cheng, 2003). 
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1.6 Problem statement and motivation 
 
The degradosome functions as an RNA-processing and decay machine and its key 

components have been identified. It is however not known how molecular chaperones 

associate with the RNA degradosome, where they bind the scaffold protein, or even what 

their specific functions are within the protein complex. Molecular chaperones are present 

in immature RNA degradosome intermediates at times of cellular stress. Molecular 

chaperones have been shown to play roles in assembly and disassembly of other multi-

protein complexes. Studies investigating molecular chaperones would determine if they 

have a similar role in the RNA degradosome under conditions of heat shock. In vivo 

analysis will determine which molecular chaperones are present in the RNA degradosome 

at elevated temperatures and if co-chaperones affect the functioning of the chaperones in 

this protein complex. Further analysis could show where and how the chaperones 

associate with the scaffold protein RNase E. It is possible that the chaperones associate 

with RNase E via enolase. Enolase is very diverse in its functioning across species and 

has a wide variety of moonlighting functions.  It has previously been shown to act as a 

heat shock protein in yeast; studies will determine whether enolase has a role in the heat 

shock response in the RNA degradosome 

 

1.7 Objective of the project 
 
1.7.1 Broad objective 

The main objective of this project is to study the role of molecular chaperones in the E. 

coli RNA degradosome under conditions of stress and to determine the localization of 

enolase and molecular chaperones in the degradosome under heat stress.  

 

1.7.2 Specific objectives 

1. Verification of plasmids by restriction analysis. Plasmids were obtained encoding 

FLAG-tagged and His-tagged RNase E; FLAG-tagged polynucleotide 

phosphorylase, helicase and enolase as well as His-tagged E. coli DnaK.  

2. Competent cells need to be prepared.  Plasmids encoding FLAG-tagged proteins 

and His-tagged RNase E will be transformed into E. coli BL21, while the plasmid 
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encoding His-tagged E. coli DnaK will be transformed into E. coli XL1-Blue 

cells. 

3. Protein production studies will be performed on all the protein used in this study. 

Western analysis, through the use of specific antibodies (anti-His and anti-FLAG) 

will verify the presence of the proteins. 

4. The RNA degradosome will be purified using both His-tagged RNase E and 

FLAG-tagged RNase E as the scaffold protein. 

5. The plasmid encoding His-tagged RNase E will be transformed into the E. coli 

dnaK deletion strain, in an attempt to purify the RNA degradosome from cells 

lacking functional DnaK.  The ability of GroEL to functionally replace DnaK will 

be investigated using anti-GroEL antibodies. The strain will be studied under 

normal and heat-shock conditions.  

6. The localization of enolase and GroEL will be studied under normal conditions as 

well as under heat stress by a subcellular fractionation. 

7. An enolase assay will be used to monitor enolase activity in the presence and 

absence of DnaK. E. coli DnaK will be purified and quantified for the assays, and 

commercial enolase will be obtained for the assays. 
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Chapter 2 
Purification of the E. coli RNA Degradosome 

------------------------------------------------------------------------ 
 

2.1 Introduction 

Endoribonucleolytic RNase E is the scaffold protein to which the components of the E. 

coli RNA degradosome complex associate. This protein is divided into three regions – the 

catalytic N- terminus, which tethers the degradosome to the cytoplasmic membrane, the 

arginine-rich RNA binding region and the C- terminus which acts as the scaffold to 

which the components of the degradosome, PNPase, RhlB helicase and enolase, associate 

(McDowall and Cohen, 1996; Miczak et.al., 1996; Liou et. al., 2001). DnaK, GroEL and 

polyphosphate kinase also associate with the multi-enzyme complex, but in 

substoichiometric amounts (Miczak et.al., 1996; Blum et. al., 1997).  

 

Previous researchers had successfully purified the degradosome utilizing the FLAG-

tagged RNase E as scaffold protein (Miczak et al., 1996). The immunoaffinity 

purification of a FLAG epitope fusion protein is a non-denaturing procedure that allows 

the elution of an epitope-tagged protein (Einhauer and Jungbauer, 2001). The principle 

follows that of immunoaffinity protein purification. The FLAG fusion protein (RNase E) 

has a peptide of eight amino acids fused to its N- terminus to which the anti-FLAG 

monoclonal antibody binds (anti-FLAG M2) (Miczak et al.,1996). This union is not 

calcium-dependent and therefore antigens bound to the resin would not be eluted through 

the addition of chelating agents (Brizzard et al., 1994). The tagged protein is either eluted 

through the addition of excess synthetic FLAG-peptide (Chiang and Roeder, 1993), or 

through lowering the pH (LeClair et al., 1992).  

 

The nature of the FLAG-fusion protein system would allow purification of the 

degradosome and its constituents using FLAG-tagged RNase E. The advantage of the 

anti-FLAG M2 antibody is that it is not specific to only the N- terminus Met-FLAG 

sequence, but can also be used against the FLAG sequence fused to the C- terminus of 

the target protein (Einhauer and Jungbauer, 2001). The fusion of the N- terminus to the 
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FLAG peptide has the advantage of being stable and not being broken down by E. coli 

proteases, and leads to a protein that is correctly processed (Plückthun, 1992). Another 

advantage of the purification is that the tag won’t interfere with the production of the 

fusion protein, proteolytic activity or maturation; the system is non-denaturing thereby 

allowing purification of the fusion protein by anti-FLAG affinity chromatography and 

allows immunological western blot analysis using anti-FLAG antibodies (Guimaraes et 

al., 1996; Muzamdar et al., 1996; Robeva et al., 1996). The FLAG purification also has 

the advantage of isolated protein purity in the range of 90 % (Schuster, et al., 2000). 

 

The hexahistidine tag is the most frequently used affinity tag for protein purification. It 

has the advantage of being a small tag that can associate to a chromatographic matrix. 

The His6-tag of the fusion protein has an affinity for the metals copper, nickel, cobalt and 

zinc thereby allowing the purification of the fusion protein by its interaction with a metal-

containing matrix such as nickel beads when a protein extract is passed over the matrix 

(Hochuli et al., 1988). Metal chelate affinity chromatography can allow up to 95 % purity 

of the fusion protein expressed in a prokaryotic system (Hochuli et al., 1988). The matrix 

(Ni-beads) has the advantage of enduring numerous regenerations and has a high binding 

capacity; the elutions can be carried out under native as well as denaturing conditions 

(Waugh, 2005). The mild and flexible conditions should therefore allow successful 

purification of His-tagged RNase E along with the constituents of the degradosome. 

 

The aim of the study was to successfully purify the E. coli RNA degradosome along with 

its components. The first objective would be to use bioinformatics tools to perform 

BLAST searches and sequence alignments to investigate the degree of similarity between 

homologues. The FLAG-tagged RNase E plasmid encodes for the scaffold protein of the 

E. coli RNA degradosome. The FLAG-tagged and His-tagged purification of RNase E 

can therefore be used to purify all the components of the degradosome. The study was 

focused on constructing plasmid maps and conducting restriction analysis for plasmid 

verification. The third objective was to study the protein production levels of the 

constituents of the E. coli RNA degradosome, including RNase E, PNPase, RhlB helicase 

and enolase. The FLAG-tagged PNPase, RhlB helicase and enolase plasmids encoding 



Chapter 2: Purification of the E. coli RNA Degradosome 
 

30 
 

for the respective proteins were obtained to express the PNPase, RhlB helicase and 

enolase proteins. A solubility study would determine which detergent will detach RNase 

E from the cytoplasmic membrane. FLAG-tagged and His-tagged RNase E will be used 

for purification of the E. coli RNA degradosome using FLAG immunoaffinity 

chromatography and metal affinity chromatography, respectively. The presence of the 

RNA degradosome components associated to the purified RNase E protein will be 

verified through the protein production of FLAG-tagged PNPase, RhlB helicase and 

enolase and western blot analysis using anti-FLAG antibodies. 

 

2.2 Materials and Methods 

2.2.1 Materials 

Reagents used were purchased from Sigma Chemicals Co. (St. Louis, Mo U.S.A.), Merck 

Chemicals (Darmstadt, Germany), BioRad (U.S.A.) or Roche Molecular Biochemicals 

(Indianapolis, IN, U.S.A.). peqGOLD Plasmid Miniprep Kit I was purchased from 

peQLab Biotechnologie GmbH (Germany). peqGOLD Protein Marker II was purchased 

from peqlab (Germany). Nickel beads were purchased from Pharmacia Biotech, 

(Uppsala, Sweden).  

 

Table 2.1 Description of E. coli strains and plasmids 

Plasmid Description Reference 

pRE196 pGM102 encoding E. coli FLAG-tagged 
RNase E, AmpR 

 

Miczak et al. (1996) 

pRE296 pGM102 encoding E. coli His-tagged 
RNase E, AmpR 

 

Miczak et al. (1996) 

pFLAG-ENO pGP1–2 encoding E. coli enolase, AmpR 
 

Liou et al. (2002) 

pFLAG-PNP pGP1–2 encoding E. coli PNPase, AmpR 
 

Liou et al. (2002) 

pFLAG-RhlB pGP1–2 encoding E. coli RhlB helicase, 
AmpR 

 

Liou et al. (2002) 

pEKJ30 pQE30 encoding E. coli dnaK, AmpR Boshoff et al. (2008) 
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Strains Description Reference 

E. coli BL21 
(DE3) 

F- ompT gal [dcm] [lon] hsdSB λDEs 

 

Studier et al (1990) 

E. coli XL1-
Blue 

 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 
relA1 lac [F´ proAB lacIqZ∆M15 Tn10 

(Tetr)]. 

Bullock et al.(1987) 

 

Restriction enzymes Hind III  and Bam HI were purchased from Amersham, (USA) and 

anti-His antibody from Amersham Pharmacia Biotech (UK). Plasmids pRE196, pRE296, 

pFLAG-PNP, pFLAG-RhlB and pFLAG-Eno were generous donations from Prof. S. Lin-

Chao (Institute of Molecular Biology, Academia Sinica, Taiwan) (Table 2.1). Plasmid 

pEKJ30 was constructed by Dr A. Boshoff. 

 

2.2.2 Methods 

2.2.2.1 Bioinformatic analysis of RNase E 

A comparative investigation of RNase E from five different organisms was conducted 

using sequence analysis tools. The comparison was made using amino acid sequences of 

the protein from each organism. The E. coli, Methylococcus capsulatus, 

Pseudoalteromonas haloplanktis, Salmonella typhimurium and Shigella flexneri RNase E 

sequences were downloaded from the National Centre for Biotechnology Information 

(NCBI) website (www.ncbi.nlm.nih.gov). The sequences were aligned using the 

CLUSTALW multiple sequence alignment tool from GenomeNet 

(http://align.genome.jp/). The alignment was shaded using the Mobyl@pasteur Boxshade 

v.3.0 (http://mobyle.pasteur.fr/cgi-bin/portal.py?form=boxshade). 

 

2.2.2.2 Preparation of plasmid DNA 

Each plasmid was prepared using peqGOLD Plasmid Miniprep Kit I (peQLab 

Biotechnologie GmbH, Germany) by transformation into E. coli BL21 cells after which 

overnight culture was harvested by centrifugation at 10 000 g for 1 min and the pellet 

resuspended in 250 µl Solution I/RNase A. Upon having added 250 µl Solution II and 

inverting, the mixture was incubated for 2 min at room temperature and 350 µl Solution 
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III then added. The solution was centrifuged for 10 min at 10 000 g after which the lysate 

was transferred to a HiBind® miniprep column provided by the kit in a collection tube 

and again centrifuged for 1 min at 10 000 g. The flow-through was discarded and 500 µl 

HB Buffer was added and centrifuged at 10 000 g for 1 min. The flow-through was again 

discarded, the column washed with 750 µl Wash Buffer and then centrifuged for 1 min at 

10 000 g. The wash was repeated and the column dried by centrifuging for an additional 

minute. The DNA was eluted by the addition of 50 µl Elution Buffer and centrifuged for 

a minute at 10 000 g and stored at -20°C. 

 

2.2.2.3 Plasmid verification through restriction endonuclease and agarose gel analysis 

Plasmids were verified by restriction analysis. Plasmids pRE196 and pRE296 were 

digested with 2 U HindIII and 2 U NdeI. The appropriate 10 x restriction buffer (2 µl) 

was added and the reaction volume brought to 20 µl. Similarly plasmids 2 U pFLAG-

PNP, pFLAG-RhlB and pFLAG-ENO (2µl) were digested with 2 U BamHI and 2 U BglI 

with the appropriate 10 x restriction buffer (2 µl). The reactions were incubated at 37ºC 

for 4 hours. 

 

An agarose gel (0.8 %) was prepared using TBE buffer (45 mM Tris, 45 mM boric acid, 

1 mM EDTA). Prior to casting the gel 20 µg/ml ethidium bromide was added. The 

restricted DNA samples were prepared for loading with the addition of loading dye (30 % 

glycerol, 0.25 % Bromophenol Blue). The gel electrophoresed for an hour at 100 volts 

and was viewed under UV light.  

 

2.2.2.4 Competent cell preparation 

A colony of E. coli BL21 (DE3) cells was  inoculated into 25 ml 2 x yeast tryptone (YT) 

broth (1.6 % tryptone, 1 % yeast, 0.5 % NaCl) and grown with shaking overnight at 

37°C. The overnight culture was inoculated into 2 x YT broth in a 1 : 25 dilution and 

grown with shaking to an optical density of A600nm = 0.6. The cells were harvested at 5 

000 g for 5 minutes at 4°C. The pellet was resuspended in cold, sterile 0.1 M MgCl2 and 

left to stand on ice for 20 minutes. A pellet, formed by centrifuging at 5 000 g for 5 

minutes at 4°C, was resuspended in cold, sterile 0.1 M CaCl2 and left on ice for 4 hours. 
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The cells were centrifuged again at 5 000 g for 5 minutes at 4°C. The pellet was 

resuspended in cold 0.1 M CaCl2 and in a 1 to 1 ratio, 30 % glycerol was added and 

stored at -80°C.  

 

2.2.2.5 Transformation of competent cells 

Plasmid DNA (2 µl) was added to 100 µl thawed competent E. coli cells. The cells were 

incubated on ice for 20 minutes after which they were heat shocked in a water bath at 

42°C for 45 seconds. The cells were incubated on ice for 2 minutes before 900 µl 2x YT 

broth was added. The cell suspension was allowed to incubate at 30°C for 1 hour. The 

cells were harvested by centrifugation at 12 000 g for 1 minute and the pellet was 

resuspended in 100 µl of the supernatant. The cells were grown on 2 x YT agar (YT broth 

with 1.5 % agar) with ampicillin (100 µg/ml). The cells were incubated overnight at 30°C 

to allow the formation of colonies. Competent E. coli BM271 (DE3) cells transformed 

with plasmid DNA were grown on 2 x YT agar with antibiotics ampicillin (100 µg/ml) 

and chloramphenicol (20 µg/ml). 

 

2.2.2.6 Determination of optimal protein production 

An overnight culture was prepared by inoculating a single colony of E. coli BL21 (DE3) 

cells transformed with plasmids pRE196 or pRE296 into 25 ml 2 x YT broth with 100 

µg/ml ampicillin at 30ºC. The overnight culture was inoculated into 225 ml 2 x YT with 

100 µg/ml ampicillin and grown to an optical density of A600nm = 0.6. Protein production 

was then induced by the addition of isopropylthiogalactoside (IPTG) to a final 

concentration of 1 mM. Previous experiments indicated that RNase E degraded quickly 

and that samples should be taken within 2 hours of induction as protein levels decreased 

substantially beyond this point (data not shown). Samples were therefore taken 30, 40, 

50, 60, 90, 150 and 180 minutes after induction. The samples were centrifuged for 1 

minute at 12 000 g and the pellet resuspended in a volume of PBS as determined by the 

absorbance reading where 30 µl of PBS was added for each 0.5 OD600nm absorbance unit. 

The samples were analyzed on a 10 % SDS-PAGE gel. The protein production study of 

PNPase, enolase and RhlB helicase differed in that protein samples were taken over 

hourly periods for duration of 5 hours. The enolase overnight culture was grown to an 
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optical density of A600nm = 0.4. Western blot analysis confirmed protein production. 

Monoclonal mouse anti-His antibodies were used to detect His-tagged RNase E with 

ECL anti-mouse IgG HRP-linked species-specific whole antibody. M2 monoclonal anti-

FLAG antibody allowed for the detection of the FLAG-tagged proteins with the above 

mentioned anti-mouse antibody. 

 

2.2.2.7 Sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was performed using the standard procedure (Laemmli, 1970). Samples were 

prepared for analysis by adding 5 x SDS-PAGE sample buffer (0.5 M Tris-HCl, pH 6.8, 

glycerol, 10 % SDS, 0.5 % w/v bromophenol blue, 5 % β-mercaptoethanol) and boiling 

for 5 minutes. A 10 % resolving gel (1.5 M Tris-HCl pH 8.8, 10 % SDS, 40 % 

Acrylamide/Bis) was prepared, 10 % ammonium persulphate and N,N,N’,N’-

tetramethylenediamine were added to initiate the polymerization of the acrylamide. Once 

the acrylamide had polymerized a 4 % stacking gel (1.0 M Tris-HCl, pH 6.8, 10 % SDS, 

40 % Acrylamide/Bis) was prepared. The gels in SDS-PAGE running buffer (25 mM Tris 

base, 192 mM Glycine, 1 % SDS) were left to electrophorese at 120 volts for 90 minutes. 

To view the protein bands, the gels were stained with a Coomassie staining solution (50 

% methanol, 7.5 % glacial acetic acid, 0.24 % Coomassie Brilliant Blue) and destained 

with SDS-PAGE destain (20 % methanol, 7.5 % glacial acetic acid).  

 

2.2.2.8 Western blot analysis of proteins 

Electrophoresis was carried out as described in section 2.2.2.7. Separated proteins were 

transferred onto the nitrocellulose sheet in transfer buffer (25 mM Tris, 192 mM glycine, 

20 % MeOH) for 1 hour at 100 volts. Transferred proteins were visualized by staining the 

blot in Ponceau S stain (0.5 % Ponceau S, 1 % glacial acetic acid) and destaining with 

water. The membrane was washed twice at room temperature with TBS (50 mM Tris-

HCl, 150 mM NaCl, pH 7.5). To block the hydrophobic binding sites from non-specific 

proteins, the membrane was soaked in a protein solution (5 % (w/v) non-fat dried milk in 

TBS) for 1 hour at 4°C. The membrane was incubated with primary antibody diluted 1 : 

5 000 in 5 % block overnight at 4ºC and washed twice at 4ºC for 20 minutes in TBS-

Tween 20 (0.1 % Tween 20 in TBS). The membrane was then incubated for 45 minutes 
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in secondary antibody diluted 1 : 5 000 in 5 % block at 4°C followed by 4 x 15 minute 

washes in TBST at 4ºC. Antibodies were detected using the ECL Advance Blotting 

Detection Kit and viewed using the Chemidoc TM EQ (BioRad, USA). 

 

2.2.2.9 Solubility studies 

An overnight culture of E. coli BL21 (DE3) transformed with pRE196 was diluted 1 : 10 

in 2x YT broth with added ampicillin and incubated at 30ºC. The culture was grown to an 

optical density of A600nm = 0.6. Protein production was induced by adding IPTG to a final 

concentration of 1 mM. The cells were harvested 40 minutes after induction by 

centrifuging at 4°C for 1 minute at 12 000 g. The cells were then resuspended in lysis 

buffer (0.1M Tris-HCl, pH 8, 0.3 M NaCl) with 1 mg/ml lysozyme and 1 mM PMSF. 

Various detergents were added separately to the final concentration of 0.1 % 

Polyethylene imine, 7.5 % N-lauroyl sarcosine, 3 % Triton and 3 % nonyl 

phenoxylpolyethoxylethanol (Tergitol-type NP-40). These solutions were sonicated (4 x 

20 seconds at 60 Hz) after which they were centrifuged for 40 minutes at 12 000 g at 4ºC. 

A sample of both the supernatant and the pellet resuspended in phosphate buffered saline 

(PBS) (16 mM sodium phosphate, 150 mM NaCl, 4 mM potassium phosphate, pH 7.5) 

was taken and analyzed on a 10 % SDS-PAGE gel. 

 

2.2.2.10 FLAG-tagged RNase E purification 

This protocol was modified from Miczak et al., 1996, Liou et al., 2002, Klein et al., 2005 

and from SIGMA Product Information. ANTI-FLAG® M2 affinity gel (Sigma-Aldrich, 

Germany) has the monoclonal antibody IgG1, by hydrazide linkage, bound to agarose 

(Sigma Product Information). The monoclonal ANTI-FLAG® M2 Antibody (Sigma-

Aldrich, Germany) binds to the FLAG peptide sequence of fusion proteins (Brizzard et 

al., 1994). FLAG® peptide (Sigma-Aldrich, Germany) was purchased for the competitive 

elution of the FLAG fusion protein. An overnight culture of E. coli BL21 (DE3) 

transformed with pRE196 was diluted 1:10 into 2x YT broth with added ampicillin and 

grown to an optical density of A600nm = 0.6. Protein production was induced by adding 

IPTG to a final concentration of 1 mM. The cells were harvested 40 minutes after 

induction at 4°C for 5 minutes at 5 000 g. The resulting pellet was resuspended in 2.5 ml 
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cold DNaseI buffer (50mM Tris-HCl pH 7.5, 100 mM NaCl, 5 % glycerol, 30 mM 

magnesium acetate) and frozen at – 80°C. The frozen cells were thawed in the presence 

of 250 µl lysozyme (10 mg/ml) and 25 µl PMSF (100 mM) and incubated on ice for 30 

minutes. The samples were sonicated at 60 Hz at intervals of 4 x 20 seconds after the 

addition of 0.1 % polyethylene (PEI). The samples were pooled together and 1 ml 

DNaseI buffer with 1 mM PMSF and 20 µg/ml DNaseI was added to the sample solution. 

Ammonium chloride to a final concentration of 1.25 M was added slowly with stirring 

after the solution had been incubated on ice for 30 minutes. A supernatant was collected 

by centrifuging for 15 minutes at 12 000 g at 4°C. The supernatant was precipitated with 

50 % saturation of ammonium sulphate, incubated on ice and centrifuged at 12 000 g for 

20 minutes at 4°C. The supernatant was precipitated with 50 – 80 % saturation of 

ammonium sulphate, again incubated on ice and centrifuged at 12 000 g for 20 minutes at 

4°C. The pellet was then washed with 50 % saturated ammonium sulphate in TBS buffer 

(50 mM Tris-HCl pH 7.5, 150 mM NaCl), centrifuging at 12 000 g for 20 minutes at 4°C. 

TBS buffer containing 20 % glycerol was used to dissolve the pellet in and to adjust the 

volume to 2 ml. The pH of the protein extract was adjusted to between pH 7 – 8 and 0.15 

M NaCl was added after which cellular debris was removed by centrifuging at 12 000 g 

for 10 minutes at 4°C. The preparation of the resin and storing of the column was carried 

out following the SIGMA® Product Information ANTI-FLAG® M2 Affinity Gel 

instructions. The protein extract was added to 1 ml resin and incubated for 1 hour at 4°C 

with gentle rocking. In order to collect the resin the preparation was centrifuged for 5 

minutes at 1 000 g. The resin was washed with TBS until the supernatant had an 

absorbance less than 0.05 versus the blank at 280 nm. The FLAG-tagged protein was 

eluted with 100 µg/ml FLAG peptide in TBS with 10 % glycerol, centrifuging at 1 000 g 

for 5 minutes. The supernatant was stored at -80°C. 

 

2.2.2.11 His-tagged RNase E purification 

An overnight culture of E. coli BL21 (DE3) transformed with pRE296 was diluted 1 : 10 

into 2x YT broth, incubated at 30ºC and grown to an optical density of A600nm = 0.6. 

Protein production was induced by adding IPTG to a final concentration of 1 mM. The 

cells were harvested 40 minutes after induction by centrifuging at 4°C for 5 minutes at 5 
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000 g. The resulting pellet was resuspended in lysis buffer (0.1M Tris-HC, pH 8, 0.3 M 

NaCl) and frozen at –80°C. The frozen cells were thawed in 1 mg/ml lysozyme and 1mM 

PMSF and rocked on ice for 30 minutes. After the addition of N-lauroyl sarcosine to the 

final concentration of 7.5 %, the samples were sonicated. Cellular debris was removed by 

centrifuging at 12 000 g for 40 minutes at 4°C. The supernatant was incubated with 1 ml 

nickel-charged Sepharose beads (50 % slurry) overnight on ice. The bead-suspension was 

centrifuged for 5 minutes at 5 000 g at 4°C. Three washes were performed on the beads 

with 5 ml wash buffer (0.1 M Tris-HCl pH 8, 0.3 M NaCl, 50 mM imidazole) and 

centrifuged for 1 minute at 5 000 g at 4°C. The protein was eluted by first adding 1 ml 

elution buffer 1 (0.1 M Tris-HCl pH 8, 0.3 M NaCl, 500 mM imidazole) and allowing the 

suspension to incubate on ice for 10 minutes then centrifuging for 1 minute at 5 000 g at 

4°C. Two further elutions were conducted in the same manner, using elution buffer 1 for 

the second elution and elution buffer 2 (0.1 M Tris-HCl pH 8, 0.3 M NaCl, 1 M 

Imidazole) for the third elution. The protein elutions were stored at -20°C.  

 
2.3 Results and discussion 

2.3.1 Multiple sequence alignment of prokaryotic RNase E 

An amino acid sequence alignment of the RNase E protein of E. coli and other 

prokaryotes was performed (Figure 2.1). E. coli RNase E homologues were identified 

using a BLAST search in which sequences from various prokaryotes were aligned to 

determine the degree of similarity. Using E. coli RNase E as a template, it was 

determined that Methylococcus RNase E shared a 66 % identity with E. coli RNase E; 

Pseudoalteromonas RNase E shared a 74 % identity with E. coli RNase E; Salmonella 80 

% identity and Shigella RNase E a very high identity of 98 % with E. coli RNase E. 

Russel et al. (1997) indicated that two sequences could be considered close homologues 

if the percentage identity was above 50 %. Methylococcus, Pseudoaltermonas, 

Salmonella and Shigella RNase E are thus all homologous to E. coli RNase E. Generally 

there appeared to be a higher degree of conservation across the N-terminal domains of the 

prokaryotes than across the scaffold domain. Pseudoaltermonas has a sequence identity 

of 85 % across the catalytic domain, but there is very little conservation across the non- 

catalytic domain. The motifs for the degradosome-associated proteins are not present in 
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E. coli    MK R ML I N A T Q Q E E L R VA L V D G Q R L YD L D I E S P G H E Q K K A N I Y K G K I T R I E P S L E A A F V DY 
Shigella     MK R ML I N A T Q Q E E L R VA L V D G Q R L YD L D I E S P G H E Q K K A N I Y K G K I T R I E P S L E A A F V DY 
Salmonella    MK R ML I N A T Q Q E E L R VA L V D G Q R L YD L D I E S P G H E Q K K A N I Y K G K I T R I E P S L E A A F V DY 
Pseudo.   MK R ML I N A T Q Q E E MR VA L V D G Q R L YD L D I E S P G H E Q K K A N I Y K G K I T R I E P S L E A A F V E Y 
Methyloc.   MK R ML I N A T Q p E E L R VA L V D G Q K L YD f D I E i P A r E Q K K A N I Y K G l I T R VE P S L E A A F V n F 

                                                              
                                                              

E. coli    G A E R HG F L P L K E I A R E Y F P A N - Y S A H GR P N I K D V L R E G QE V I V Q I DKE E R G N KG A A L T T F 
Shigella G A E R HG F L P L K E I A R E Y F P A N - Y S A H GR P N I K D V L R E G QE V I V Q I DKE E R G N KG A A L T T F 
Salmonella  G A E R HG F L P L K E I A R E Y F P A N - Y S A H GR P N I K D V L R E G QE V I V Q I DKE E R G N KG A A L T T F 
Pseudo.   G A D R HG F L P L K E I A R t Y F P A g - Y T f H GR P N I R D V I K E G QE V I V QV DKE E R G Q KG A A L T T F 
Methyloc. G A E R HG F L P f K E I l p k Y l g A g g e e s v s R r e I K D V L K E G QE VV V QV E KE E R G t KG A A L T T Y 

                                                              
                                                              

E. coli    I S L A G S Y L V L M P N N P R A G G I S R R I E G DD R T E L K E A L A S L E L P E G MG L I VR T A G V G KS A E A 
Shigella I S L A G S Y L V L M P N N P R A G G I S R R I E G DD R T E L K E A L A S L E L P E G MG L I VR T A G V G KS A E A 
Salmonella  I S L A G S Y L V L M P N N P R A G G I S R R I E G DD R T E L K E A L A S L E L P E G MG L I VR T A G V G KS A E A 
Pseudo.   I S V A G S Y L V L M P N N P R A G G I S R R I E G DE R T E L K E s L s r L E L P k G MG L I VR T A G V G KS f E e 
Methyloc. I S L A G S Y L V L M P N N P KA G G I S R R I E G D v R S D MK E t L s q L h VP E d MG V I I R T A G g G KT v E e 

                                                              
                                                              

E. coli    L QWD L S F R L K H W E A I k K A A E S R P A P F L I HQE S N V I V R A F R DY L R Q D I G E I L I DN P KV L E L 
Shigella L QWD L S F R L K H W E A I k K A A E S R P A P F L I HQE S N V I V R A F R DY L R Q D I G E I L I DN P KV L E L 
Salmonella  L QWD L S F R L K H W E A I q K A A E S R P A P F L I HQE S N V I V R A F R DY L R Q D I G E I L I DN P KV ME M
Pseudo.   L NY D L k a l L v H W E A I g v A A D S a k A P F L I HQE S N V I f R A i R DY L R r D I G E I L I Dk P R V f E e 
Methyloc. L QWD L n Y l L q l W E A I e R s t r e K P A P F L I f QE S N V I I R A l R Dh L R g D I d E I L V DN P s t f r L 

                                                              
                                                              

E. coli    A R Q H I A A L G R P D F S S K I K L Y T G E I P L F S HYQ I E S Q I E S A F QR E V R L P S G G S I V I D S T E A L 
Shigella A R Q H I A A L G R P D F S S K I K L Y T G E I P L F S HYQ I E S Q I E S A F QR E V R L P S G G S I V I D S T E A L 
Salmonella  A R Q H I A A L G R P D F S S K I K L Y T G E I P L F S HYQ I E S Q I E S A F QR E V R L P S G G S I V I D S T E A L 
Pseudo.   A K a H I e r f r - P D F m S R V K L Y q G D t P L F T HYQ I E S Q I E S A F QR E V R L P S G G S I V I D p T E A L 
Methyloc. v h s - f l q q v m P q F i n K a R L Y q d n V P L F S r YQ I E S Q I E T A Y a R E V p L P S G G a I V I D h T E A L 

                                                              
                                                              

E. coli    T A I D I N S A R A T R G G D I E E T A F N T N L E AA DE I A R Q L R L R DL G G L I V I DF I DM T P V R HQ R A V 
Shigella T A I D I N S A R A T R G G D I E E T A F N T N L E AA DE I A R Q L R L R DL G G L I V I DF I DM T P V R HQ R A V 
Salmonella  T A I D I N S A R A T R G G D I E E T A F N T N L E AA DE I A R Q L R L R DL G G L I V I DF I DM T P V R HQ R A V 
Pseudo.   T s I D I N S s K A T K G G D I E E T A l N T N L E AA DE I A R Q L R L R DL G G L I V I DF I DM T P p R HQ R e V 
Methyloc. T t I D I N S A R A T K G G D I E E T A l N T N L E AA DE I A R Q L R L R DL G G L f V I DF I DMm a a R n Q R A V 

                                                              
                                                              

E. coli    E NR L R E A V R Q D R A R I Q I S H I S R F G L L E M S R Q R L S P S L G E S S HH V C P R C S G T G T V R DN E S L 
Shigella E NR L R E A V R Q D R A R I Q I S H I S R F G L L E M S R Q R L S P S L G E S S HH V C P R C S G T G T V R DN E S L 
Salmonella  E NR L R E A V R Q D R A R I Q I S H I S R F G L L E M S R Q R L S P S L G E S S HH V C P R C S G T G T V R DN E S L 
Pseudo.   E NR L KD A V R p D R A R VQI g k I S R F G L L E M S R Q R L r P S L G E a S q g p C P R C S G q G T I R s N E S I 
Methyloc. E NR L R E A V R l D R A R I QL g r I S R F G L ME M S R Q R L r P S L t E T a l l t C P R C k G q G T I R s v E S L 

                                                              
                                                              

E. coli    S L S I L R L I E E E A L K E NT Q E V H A I V P V P I A S Y L L N E K R S A V NA I E T R QD G V R C V I V P N D QM
Shigella S L S I L R L I E E E A L K E NT Q E V H A I V P V P I A S Y L L N E K R S A V NA I E T R QD G V R C V I V P N D QM
Salmonella  S L S I L R L I E E E A L K E NT Q E V H A I V P V P I A S Y L L N E K R T A V NA I E T R QD G V R C V I V P N D QM
Pseudo.   a L S I L R L I E E E A I K DNT a q V n A q V P V a V A a Y L L N E q R r s V h r ME k - Qh k c d i V I I P N q h M
Methyloc. a L S I L R V L E E E t MK k NT d r I i A q L P V e s A T Y L L N E K R a A I Qq I E v R h n v a - i t I I P N p h L 

                                                              
                                                              

E. coli    E T P H Y h V L R V R K G E E T P T L S Y M L P K L HE E A M A L P S E E E F A E R K R P E QP A L A T F A MP D V P P 
Shigella E T P H Y h V L R V R K G E E T P T L S Y M L P K L HE E A M A L P S E E E F A E R K R P E QP A L A T F A MP D V P P 
Salmonella  E T P H Y s V L R V R K G E E T P T L S Y M L P K L HE E A M A L P S E E E YA E R K R P E QP A L A T F A MP D V P P 
Pseudo.   E T P H Y e V MR L R K d E t i e T V S Y g q i v a p E p e a f e m S k s p v A p v R e e - - - - - - - - - - - - - P m 
Methyloc. E T P n Y d I q R I R s G g a g g e e e i r k s s y q l i A e k s P - - - - - - - - - - - - - - - - - - - - - - - - - - 

                                                              
                                                              

E. coli    A P T P a E P A A P V v A p A P k A a p A t p A T P AQ P G L L S R F f g A L K A L F S G G E E t K p t E q p a P K A E 
Shigella A P T P a E P A A t V v A p A P k A a t A t p A a P AQ P G L L S R F f g A L K A L F S G G E E a K p t E q p t P K A E 
Salmonella  A P T P v E P A v s V a t A k - - k d n v a a A q P AQ P G L f S R F l n A L K q L F S G - E E t K t v E t a a P K A E 
Pseudo.   l k g v v m P A A P a p q A A P a n v v A p a e T k AQ s G L L d a i g k w f K s L F a s e t v e v k k E e t q k q q q 
Methyloc. - e T P k p t r t P s a A A e a p A v r e f i p T a p Q P G g g d q r a q A q p G q p g G G l i k R f l n i l t g q r i 
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E. coli    a K p E R Q Q D R R K P R Q NNR R D R N E R R DT R s e R T E - - G S D n R E E NR R N R R Q A QQ Q T A E T R E g R 
Shigella a K p E R Q Q D R R K P R Q s NR R D R N E R R DT R s e R T E - - G S D n R E E NR R N R R Q A QQ Q T A E T R E s R 
Salmonella  E K a E R Q Q D R R K P R Q NNR R D R N E R R DT R d n R a g r d G g E s R D DNR R N R R Q t QQ Q n A E a R D t R 
Pseudo.   E t r D n t r n n d n r R r NNn n q R r r n n p r s k p R T E r t A d E e v k t N s v s t p e A a t Q T n E n q E r g 
Methyloc. E d q p p s Q E a s q P s a g - - - - - - - - l p l p v p f v q t g k T a g a q a e t g a p p t d d s d h s g S q r r R 

                                                              
                                                              

E. coli    Q Q a E v T e K A r t a D e QQA P R R E R S R R R ND DK R Q A Q QE A K A L NV E E Q s VQ E T E Q E E R VR p V Q 
Shigella Q Q a E v T e K A r t t D e QQA P R R E R S R R R ND DK R Q A Q QE A K A L NV E E Q s VQ E T E Q E E R VR p V Q 
Salmonella  Q Q e t a e K v k t g d E q QQ t P R R E R S R R R ND DK R Q A Q QE v K A L N r E E Q p VQ E T E Q E E R V q q V Q 
Pseudo.   e N r n k r R R n p n s r k r p e P R t E d k d a v k v Da p - A k a E A e t k p V q a e e p k Dq k p k v R r q r r N 
Methyloc. d h r D g S R R G g n r r k h p A q R d E t T d R R h g g p t s d t e a i q A s g t E E Q p q t s T D Q E E R p K s e g 

                                                              
                                                              

E. coli    P R R K QR - - Q L N Q K V R Y e Q S V a E E t V v A P V a E E t V A a E P - I VQE a P A P R T E L v KV p L P V V A 
Shigella P R R K QR - - Q L N Q K V R Y e Q S V a E E a V v A P V v E E t a A a E P - I VQE a P A P R T E L v KV p L P V V A 
Salmonella  P R R K QR - - Q L N Q K V R F t N S a v v E t V d t P V v v D e p r p v e n V e Qp v P A P R T E L a KV d L P V V A 
Pseudo.   l R K K v R - - l q d e n a e q v Q T t d E t p V q A t e k E t p V A q E q a p V v E k q t q t a a e k t a h I k e e k 
Methyloc. g R g R r R d g r g Q r R r a s v Q p I v E a p t e G i a d E t v V s e i P p a g a D l s d P v p a a d s g e t P d q G 

                                                              
                                                              

E. coli    q t A P E Q Q E E n n a D n R DN g G MP R R S R R S P R HL R V S G Q R R R R YR D E R YP T QS P MP L T VA C A S 
Shigella q t A P E Q Q E E n n a D n R DN g G MP R R S R R S P R HL R V S G Q R R R R YR D E R YP T QS P MP L T VA C A S 
Salmonella  d i A P E Q - - D d s v E p R DN t G MP R R S R R S P R HL R V S G Q R R R R YR D E R YP T QS P MP L T VA C A S 
Pseudo.   v e d v D s N D E t p t t e d E Q e q t r t R S R R S P R HL R a S G Q R R R R p e g E g n e a k S d e a p a f v p v a 
Methyloc. d a v g h e p a E g d r v d a E l r l r t p R S R R g g v r r R g r G r R d R R p a a p g e q g s e a L e p v g i d w g 

                                                              
                                                              

E. coli    P E L A S G - - - - - - - - - - - - - - K V W I R Y P I VR P Q D v QV e - E Q R E q E e v q v QP M V t E v P V a A A 
Shigella P E L A S G - - - - - - - - - - - - - - K V W I R Y P I VR P Q D v QV e - E Q R E q E e v q v QP M V t E v P V a A A 
Salmonella  P E M A S G - - - - - - - - - - - - - - K V W I R Y P I VR P Q E t QV v d E Q R E a D l a l p QP V V a E q q V i A A 
Pseudo.   d q a A a e y e a e l k a k s a a t p a d a a q q v e q a v a v E d l a k v E a v E e p v q t e e P a k v E t P V v t e 
Methyloc. d D t A r G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - r g V e A e 

                                                              
                                                              

E. coli    v e P V V s A P V V E E M a E VV E a P V p V A E P Qp - - - e V V E T T H P E V I A A a VT E QP Q V I t E S D V a V 
Shigella v e P V V s A P V V E E M a E VV E a P V p V A E P Qp - - - e V V E T T H P E V I A A a VT E QP Q V I t E S D V a V 
Salmonella  t a a L e p q a s V q a V e n V a v e P q t V A E P Q a p E v v e V E T T H P E V I A A p V d E QP Q L I a E S D t p V 
Pseudo.   e p a k V e t P V a a E e p a k V E t P V a a e E P a k v E a p V V t e e p a k V e t p l VT E e P a k V e a p v V t e 
Methyloc. a n P p g p A e I d D h r r E p y s s P a e r k E t a e s D e y r a p g l p P r a w q s p a a D l a a r d e h p D s p p 

                                                              
                                                              

E. coli    A QE V A E h A E P V v E P q E e T A d I e E v a e T a e VV v a E p E v v A q p A A P V V a E v a A e VE T v t a V k 
Shigella A QE V A E h A E P V v E P q E e T A d I e E v a e T a e VV v a E p E v v A q p A A P V V a E v a A e VE T v a a V e 
Salmonella  A QE V i a d A E P V a E t a Da S i t V a E n v a d v v VV e p E e E t k A e a A v v e h t a e e t v I a p a q v V e 
Pseudo.   e p a k v E t p v v t e E P a k v e A p V v t e e p T k v e t p v v t E e p t k v e A P V V t E e p A k VE T p v v t a 
Methyloc. p v E r G a g s s d - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

                                                              
                                                              

E. coli    p - - - - e i t V E H N H A T A P MT R A P - - A P E Y VP E a P r HS DWQR P T F a F E G K G A A G G HT A T h HA 
Shigella p - - - - e i t V E H N H A T A P MT R A P - - A P E Y VP E a P r HS DWQR P T F a F E G K G A A G G HT A T h HA 
Salmonella  k s q d v v c v d D H N H A S A P MT R A P - - A P E Y VP E t P h HS DWQR P S F h F E G K G A A G G H S A T r HA 
Pseudo.   a p - h v k t a I a q g s A S A P M a q p t p v A d s e V k h t s v a m a h d K r e l v p D s g l r A G s i k p a g r A 
Methyloc. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

                                                              
                                                              

E. coli    S A a p a R P Q P V -                                                  
Shigella S A a p a R P Q P V E                                                  
Salmonella  S A p a t R P Q P V E                                                  
Pseudo.  S s t m t K t m s V D                                                  
Methyloc. - - - - - - - - - - -                                                  
  
Figure 2.1 Mutiple sequence alignment of prokaryotic RNase E 
E. coli: E. coli RNase E protein (genBank: YP003077303); Shigella: Shigella felxneri RNase E protein 
(GenBank: YP688620); Salmonella: Salmonella typhymurium RNase E protein (GenBank: NP460156); 
Pseudo: Pseudoaltermonas haloplanktis RNase E protein (GenBank: YP340331) and Methyloc.: 
Methylococcus capsulatus RNase E protein (GenBank: MCA1481). Light blue: E. coli, Salmonella and 
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Shigella N-terminal domain; dark blue: Pseudoalteromonas N-terminal domain; orange: E. coli, Salmonella 
and Shigella RNA binding domain (RBD); olive green: E. coli, Salmonella and Shigella RhlB helicase 
binding region; purple: E. coli, Salmonella and Shigella arginine-rich region 2 (AR2); bright green: E. coli, 
Salmonella and Shigella enolase binding region; red: E. coli, Salmonella and Shigella PNPase binding 
region. The scaffold domain of E. coli, Salmonella and Shigella stretches from amino acid residue 605 to 
1061 (unmarked). 
 
 

Pseudoalteromonas, indicating that these motifs have either diverged significantly or the 

RNase E protein associates and interacts with different proteins (Carpousis et al., 2008).  

 

Pseudoaltermonas RNase E consists of 11 amino acid residues more than E. coli. 

Methylococcus shows some conservation across the catalytic domain, but none across the  

non-catalytic domain. RNase E has fewer amino acid residues than E. coli; 

Methylococcus: 885, E. coli: 1061. The RNA binding sites (RBD and AR2) of E. coli 

RNase E homologues Shigella and Salmonella are well conserved. The protein-protein 

motifs of RNase E, including that of RhlB helicase, enolase and PNPase are also well 

conserved in these two organisms, and it is possible that they would recruit these RNA 

degradosome components in a similar manner to E. coli RNase E (Marcaida et al., 2006). 

 

2.3.2 Plasmid verification through restriction analysis 

Plasmid pRE196, encoding the protein for FLAG-tagged RNase E, will be used to purify 

the degradosome using immunoaffinity purification of the FLAG-epitope fusion protein. 

The epitope-tagged scaffold protein would enable the purification of all the components 

of the degradosome. Once purified, the components of the degradosome would need to be 

verified. Using proteins enolase, PNPase and RhlB helicase, western blot analysis with 

anti-FLAG antibodies would allow the identification of proteins of molecular mass 47 

kDa, 85 kDa, and 50 kDa, respectively, of the purified degradosome components. These 

plasmids were used for verification because antibodies had not been produced against 

each of the components of the degradosome. Thus, through SDS-PAGE the protein bands 

at their respective sizes of 47 kDa, 85 kDa and 50 kDa could be compared to the protein 

bands in the RNase E elution lane. 
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Figure 2.2 Plasmid map and restriction analysis of FLAG-tagged RNase E and His-tagged RNase E 
Plasmid map of pRE196 (A), agarose gel of restriction digestion of pRE196 (B), plasmid map of pRE296 
(C) and agarose gel of restriction digestion of pRE296 (D). (A) The plasmid map of 8960 base pairs shows 
the coding region for FLAG-tagged RNase E in orange, the ampicillin resistance gene in red, the FLAG-
tag, and the sites for the restriction enzymes HindIII (30 bp, 3041 bp) and NdeI (3596 bp). (B) Restriction 
analysis of pRE196 with restriction enzymes HindIII and NdeI. Lane M: PstI restricted lambda DNA 
molecular marker, lane 1: undigested pRE196, lane 2: single digest with NdeI (8960 bp), lane 3: double 
digest with Hind III (3011 bp, 5949 bp). (C) The plasmid map of 9020 base pairs contains the same features 
as that of pRE196 except for the His-tag. (D) Restriction analysis of pRE296 with restriction enzymes 
HindIII and NdeI. Lane M: PstI restricted lambda DNA molecular marker, lane 1: undigested pRE296, lane 
2: single digest with NdeI (9020 bp), lane 3: double digest with Hind III (3011 bp, 6009 bp) 
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Figure 2.3 Plasmid map and restriction analysis of FLAG-tagged polynucleotide phosphorylase and 
helicase 
Plasmid map of pFLAG-PNP (A), agarose gel of restriction digestion of pFLAG-PNP (B), plasmid map of 
pFLAG-RhlB (C), and agarose gel of restriction digestion of pFLAG-RhlB (D). (A) The plasmid map of 
7826 base pairs shows the coding region for polynucleotide phosphorylase in blue, the ampicillin resistance 
gene in orange, the FLAG-tag, and the sites for the restriction enzymes BamHI (293 bp) and BglII (1737 
bp), both of which digest the plasmid outside the coding region of polynucleotide phosphorylase. (B) 
Restriction analysis of pFLAG-PNP with restriction enzymes BamHI and BglII. Lane M: Pst I restricted 
lambda DNA molecular marker, lane 1: undigested pFLAG-PNP, lane 2: single digest with BamHI (7826 
bp), lane 3: double digest with BamHI and BglII resulting in two bands of sizes 1444 bp (PNPase coding 
region) and 6382 bp (plasmid). (C) The plasmid map of 6950 base pairs shows the coding region for RhlB 
helicase in green, and has the same features as discussed in (A). (D) Restriction analysis of pFLAG-RhlB 
with restriction enzymes BamHI and BglII. Lane M: PstI restricted lambda DNA molecular marker, lane 1: 
undigested pFLAG-RhlB, lane 2: single digest with BamHI (6950 bp), lane 3: double digest with BamHI 
and BglII resulting in two bands of sizes 1444 bp (RhlB coding region) and 5506 bp (plasmid). 
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Plasmid maps were constructed from the amino acid sequences obtained from National 

Centre for Biotechnology Information (NCBI), and using the Vector NTI® Software 

(Informax, USA). The plasmids maps for pRE196 and pRE296 indicated the coding 

regions for the FLAG- and His-tagged RNase E proteins respectively (Figure 2.2, panels 

A and C). After restriction endonuclease digestion the resulting digests were analyzed 

with agarose gel electrophoresis (Figure 2.2, panels B and D). Plasmids pRE196 and 

pRE296 were successfully linearized with NdeI (8960 bp). Both plasmids were cut twice 

with Hind III, producing DNA fragments of sizes 3011 bp and 5949 bp from pRE196, 

and fragments of 3011 bp and 6009 bp from pRE296. 
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Figure 2.4 Plasmid map and restriction analysis of FLAG-tagged enolase. 
Plasmid map of pFLAG-Eno (A) and agarose gel of restriction digestion of pFLAG-Eno (B). The plasmid 
map of 6955 base pairs shows the coding region for enolase in red, the ampicillin resistance gene in green, 
the FLAG-tag, and the sites for the restriction enzymes BamHI (293 bp) and BglII (1742 bp). (B) 
Restriction analysis of pFLAG-Eno with restriction enzymes BamHI and BglII. Lane M: PstI restricted 
lambda DNA molecular marker, lane 1: undigested pFLAG-Eno, lane 2: single digest with Bam HI (6955 
bp), lane 3: double digest with BamHI and BglII resulting in two bands of sizes 1449 bp (enolase coding 
region) and 5506 bp (plasmid). 
 

 

Agarose gel electrophoreses indicated that Pflag-PNP (Figure 2.3, panel B) was 

successfully linearized with BamHI (7826 bp) and digested twice with BamHI and BglII 

producing fragments of sizes 1444 bp and 6382 bp. Similarly Pflag-RhlB (Figure 2.3, 

panel D) and pflag-Eno (Figure 2.4, panel B) was made linear with a single digest (6950 

bp and 6955 bp, respectively) and cut into fragments  of  sizes 1444 bp and  5506 bp from 
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pflag-RhlB, and sizes of 1449 bp and 5506 bp from pflag-Eno with double digests. In the 

restriction endonuclease digestion of enolase the fragment of 5506 bp (Figure 2.4, panel 

B, lane 3) ran below the 5044 bp marker, likely due to a poor plasmid preparation which 

was evident from the contaminating material at the bottom of the gel. 

 

2.3.3 Determination of optimal protein production 

The purpose of studying the optimal protein production for each protein is to determine 

when and at what temperature cell cultures should be harvested so that the highest quality 

and quantity of protein can be purified. A protein production study was performed on 

each of the constituents of the degradosome (RNase E, PNPase, RhlB helicase and 

enolase). Previous results showed that harvested RNase E protein extracts had to be 

concentrated in order to be identified by it molecular mass by western blot analysis. It 

was also previously determined that less protein was produced at 37°C than at 30°C 

(results not shown). However, the remaining three of the four major proteins of the 

degradosome, enolase, PNPase and RhlB helicase, did not require to be concentrated to 

have their molecular mass identified by western blot analysis and could be overproduced 

at 37°C. 

 

Even though RNase E has been predicted to have a molecular mass of 118 kDa it has 

been observed that this scaffold protein emerges on SDS-PAGE as a 180 kDa band. This 

occurrence is thought to be due to the presence of two proline-rich regions in the central 

domain of RNase E (Casaregola et al., 1992, 1994; Cohen and McDowall, 1997; 

Marcaida et al., 2006). A protein production study of FLAG-tagged RNase E (pRE196) 

with a decreased mobility of 180 kDa was performed (Figure 2.5, panel A). No RNase E 

protein was visible prior to induction (Figure 2.5, panel A, lane 1). RNase E protein was 

visible in all the IPTG induced samples taken at times 30, 40, 50, 60, 90, 150 and 180 

minutes, and appeared to produce constant levels of protein (Figure 2.5, panel A, lanes 2 

– 8). Panel B shows western blot analysis of FLAG-tagged RNase E. Similar protein 

levels were observed up to 40 minutes after induction, after which there was an increase 

in protein production (Figure 2.5, panel B, lanes 2 - 3, 5 – 7, respectively). The highest 

level of protein was produced at 90 minutes, after which levels of protein production 
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decreased (Figure 2.5, panel B, lanes 6, 7 and 8, respectively). However, the amounts of 

protein loaded into the lanes are not constant, with the result of seemingly enhanced  

 

 

 
 

 
 

 
Figure 2.5 Protein production study and western blot analysis of FLAG-tagged RNase E and His-
tagged RNase E. 
Study of optimal protein production of E. coli BL21 (DE3) [pRE196] through 7% reducing SDS-PAGE 
analysis (A), western blot analysis (B) and study of optimal protein production of E. coli BL21 (DE3) 
[pRE296] through 10% reducing SDS-PAGE analysis (C) and western blot analysis (D). (A) lane 1: 
uninduced cells transformed with FLAG-tagged RNase E; lane 2: transformed cells 30 minutes after IPTG 
induction; lane 3: 40 minutes after induction; lane 4: 50 minutes after induction; lane 5: 60 minutes after 
induction; lane 6: 90 minutes after induction; lane 7: 150 minutes after induction; lane 8: 180 minutes after 
induction. The RNase E protein band has a mobility of 180 kDa. (B) Western blot analysis the molecular 
mass of 180 kDa of RNase E using anti-FLAG antibody. (C) lane 1: negative control of untransformed E. 
coli BL21 cells; lane 2: uninduced cells transformed with His-tagged RNase E; lanes 3 to 9: transformed 
cells 30, 40, 50, 60, 90, 150 and 180 minutes after IPTG induction. RNase E is visible at 180 kDa. (D) 
RNase E of 180 kDa was identified by means of an anti-FLAG antibody using western blot analysis. 
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Figure 2.6 Protein production study and western blot analysis of FLAG-tagged PNPase and RhlB 
Helicase. 
Study of optimal protein production of E. coli BL21 (DE3) [pflag-PNP] through 10% reducing SDS-PAGE 
analysis (A) and western blot analysis (B), and study of optimal protein production of E. coli BL21 (DE3) 
[pflag-RhlB] through 10% reducing SDS-PAGE analysis (C) and western blot analysis (D). (A) lane 1: 
uninduced cells transformed with FLAG-tagged PNPase; lane 2: transformed cells 1 hour after IPTG 
induction; lane 3: 2 hours after induction; lane 4: 3 hours after induction; lane 5: 4 hours after induction; 
lane 6: 5 hours after induction. lane 7: negative control of untransformed E. coli BL21 cells; lane 8: 
positive control with enolase 5 hours after induction. The PNPase protein band has a mobility of 79 kDa. 
(B) PNPase of 79 kDa was identified by means of an anti-FLAG antibody using western blot analysis. (C) 
lane 1: uninduced cells transformed with FLAG-tagged RhlB helicase; lane 2 to 6: transformed cells 1, 2, 3, 
4 and 5 hours after IPTG induction; lane 7: negative control of untransformed E. coli BL21 cells; lane 8: 
positive control with enolase 5 hours after induction. The RhlB helicase protein band has a mobility of 50 
kDa. (B) RhlB helicase of 50 kDa was identified by means of an anti-FLAG antibody using western blot 
analysis. 
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protein production (Figure 2.5, panel A, lanes 6 – 8 compared to lanes 2 - 4). It is 

therefore likely that there is a total protein increase as opposed to an increase in RNase E 

production. 

 

The protein production study of His-tagged RNase E (pRE296) showed an overall lower 

level of protein production than that of FLAG-tagged RNase E (Figure 2.5, panel C). No 

RNase E protein was visible in both the untransformed E. coli BL21 cells as well as prior 

to induction (Figure 2.5, panel C, lanes 1 and 2). Very low protein levels were observed 

in the induced  samples taken at times 30, 40, 50, 60, 90, 150 and 180 minutes which 

remained constant over the duration of the study (Figure 2.5, panel C, lanes 3 – 9). 

Western blot analysis the molecular mass of 180 kDa of RNase E and showed the highest 

level of RNase E protein to be 30 minutes after induction, after which the protein levels 

decreased (Figure 2.5, panel C, lanes 3 – 9). 

 

In contrast to RNase E, the remaining major constituents (PNPase, RhlB helicase and 

enolase) of the degradosome are all over expressed in E. coli BL21 (DE3) cells. The 

protein production study of PNPase with size 85 kDa is shown in Figure 2.6, panel A. 

PNPase protein is not visible in the untransformed E. coli BL21 cells (Figure 2.6, panel 

A, lane 7). The PNPase protein band appears to be higher than the 85 kDa marker band 

which may very well be due to the additional presence of the FLAG-tag, making the 

protein slightly larger (Figure 2.6, panel A, lanes 1 - 6). A very distinct sequential 

increase in PNPase protein production from prior to induction to 5 hours after induction 

was visible, with the 5th hour sample showing the highest protein level (Figure 2.6, panel 

A, lanes 1 – 6). Western blot analysis along with SDS-PAGE showed: PNPase protein 

levels were highest 5 hours after induction (Figure 2.6, panel B, lanes 1 – 6). Protein 

production of enolase (47 kDa) was shown in the SDS gel 5 hours after induction, and 

was identified by an anti-FLAG antibody using western blot analysis (Figure 2.6, panel A 

and B, lane 8). FLAG-tagged enolase served as a positive control for the western blot 

analysis to confirm that the anti-FLAG antibody detected the FLAG-tagged proteins. The 

complete enolase protein production study is discussed in Section 4.3.2.  
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RhlB helicase protein production study is shown in Figure 2.6, panel C. Helicase protein, 

with a mobility of 50 kDa, was not visible in untransformed E. coli BL21 cells (Figure 

2.6, panel C, lane 7). The study showed helicase protein production from prior to IPTG 

induction to 5 hours after induction (Figure 2.6, panel C, lanes 1 – 6). RhlB helicase of 50 

kDa was identified by means of an anti-FLAG antibody using western blot analysis 

(Figure 2.6, panel D, lanes 1 – 6). The protein production of enolase was included as in 

Figure 2.6, panel A and B, lane 8 (Figure 2.6, panel C, lane 8). Enolase of 47 kDa was 

identified by means of an anti-FLAG antibody using western blot analysis (Figure 2.6, 

panel D, lane 8). 

 

2.3.4 Solubility study of RNase E 

The scaffold protein of the E. coli RNA degradosome, RNase E, is tethered to the 

cytoplasmic membrane through its N-terminal region making the isolation of the protein 

a challenging task (Liou et. al., 2001). A membrane-bound protein needs to be removed 

from the membrane for it to be rendered soluble. For this reason a variety of detergents 

were used to determine which would remove RNase E from the membrane, thereby 

allowing further purification of the protein.  

 

Four detergents were used in this study for the solubilization of RNase E. The first, 

polyethyleneimine, is an organic polyamine polymer that contains no aromatic rings, and 

has a high charge density as well as a high molecular weight and so is able to change a 

proteins surface charge (Simpson, 2006). The second, octylphenol ethylene oxide 

condensate, otherwise known as Triton X-100, is a surfactant that is nonionic and is 

frequently used to solubilize proteins. This non-denaturing detergent is produced from 

octylphenol polymerized with ethylene oxide, and has an average of 9.5 ethylene oxide 

units per molecule (Supplier data, Sigma-Aldrich Product Information). The third 

detergent N-lauroyl sarcosine (sarcosyl), is anionic and can be used to assist solubilizing 

and separating membrane proteins and glycoproteins (Dawson et al., 1986). The last 

detergent used, Tergitol-type NP-40, a nonyl phenoxylpolyethoxylethanol, is a nonionic 

surfactant that can rupture the cytoplasmic membrane but is not strong enough to rupture 
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the nuclear membrane (Sigma-Aldrich specification sheet, Schwartz and Nathenson, 

1971). 

 

 

 
 

Figure 2.7 Determining the effect of detergents PEI, Triton, NP40 and Sarcosyl on the solubility of 
RNase E 
10% reducing SDS-PAGE analysis of E. coli BL21 (DE3) [pRE296] harvested 30 minutes after induction, 
cells in lysis buffer were divided and different detergents added to solubilize RNase E. Polyethyleneimine 
(PEI), triton X-100, NP4O5 and N-lauroyl sarcosine added prior to sonication were compared with the 
untreated sample. Lane M: molecular weight marker, lane –C: E. coli BL21 cells, lane T40: sample of E. 
coli BL21 (DE3) [pRE296] 30 minutes after induction, lane 1: sample of centrifuged supernatant after 
sonicating, lane 2: sample of pellet resuspended in PBS.  
 

 

E. coli BL21 (DE3) [pRE296] cells were harvested 30 minutes after IPTG induction. The 

first aliquot was left untreated; the second treated with PEI, the third with Triton X-100, 

the fourth with NP40 and the last with N-lauroyl sarcosine (Figure 2.7). The cell extracts 

were sonicated to rupture the cells, and then centrifuged to separate the soluble 

supernatant (Figure 2.7, lane 1) from the cellular debris (Figure 2.7, lane 2). RNase E was 

found to be insoluble in the untreated samples, being present in the pellet sample and not 

visible in the supernatant. The cell extract treated with PEI showed the RNase E protein 

to be present in the supernatant, and not in the pellet. Triton-treated extracts showed 

RNase E to only be visible in the pellet. NP40 again resulted in RNase E only being 

visible in the pellet. Sarcosyl treated extracts resulted in sonicated and supernatant lanes 

that are both poorly resolved, consistently poorly resolved upon numerous sarcosyl 

treatments, and an RNase E protein band visible in the pellet, leading to a non-conclusive 
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result. Triton and NP40 were not able to solubilize RNase E. Treatment of cell extracts 

with sarcosyl leads to an inconclusive result. However, PEI successfully solubilized 

RNase E. 

 

2.3.5 Purification of FLAG-tagged RNase E 

Purification using FLAG affinity chromatography was used because it is a non-

denaturing system which would allow purification not only of FLAG-tagged RNase E, 

which is trapped in the membrane, but of all the other constituents that associate to this 

scaffold protein to form the degradosome (Einhauer and Jungbauer, 2001). 

 

Overproducing RNase E results in a reduction of cellular growth (Claverie-Martin et al., 

1991; Jain et al., 2002). It thus follows that induced RNase E expresses low levels of 

protein over a short period of time and because of that it was expected to obtain low 

levels of purified protein. In an attempt to obtain purified RNase E with the components 

of the degradosome co-purified, a FLAG epitope fusion protein was used in 

immunoaffinity purification. The FLAG-tagged purification of RNase E produced very 

low levels of RNase E protein (Figure 2.8). No RNase E protein was visible in both 

untransformed E. coli BL21 cells as well as prior to induction (Figure 2.8, panel A, lanes 

1 and 3). RNase E protein yield was very low 90 minutes after IPTG induction; RNase E 

of 180 kDa was identified by means of an anti-FLAG antibody using western blot 

analysis (Figure 2.8, panels A and B, lane 2). A sample of harvested cells treated with 0.1 

% PEI showed an increased RNase E protein yield, identified with anti-FLAG antiobody 

(Figure 2.8, panels A and B, lane 4) However, the FLAG-tagged protein eluted by the 

addition of excess synthetic FLAG peptide was not visible in the SDS gel, and barely 

detectable by western blot analysis (Figure 2.8, panels A and B, lane 5). It was expected 

that all the major degradosome constituents would copurifiy with RNase E, including 

PNPase, RhlB helicase and enolase with expected mobilities of 85 kDa, 50 kDa and 47 

kDa, respectively. 
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Denaturants affect the antibody stability or the fusion and it is therefore not 

recommended for a FLAG fusion protein to be purified in the presence of a denaturant 

(Einhauer and Jungbauer, 2001). The failure at purifying the RNA degradosome was 

 

 

 
 
Figure 2.8 Purification of FLAG-tagged RNase E 
10% educing SDS-PAGE analysis of FLAG-tagged purification of pRE196 (A). Western blot analysis of 
FLAG-tagged purification of pRE196 (B). (A) E. coli BL21 (DE3) transformed with pRE196, cells 
harvested 90 minutes after induction and FLAG-purification conducted. Lane M: molecular weight marker, 
lane 1: negative control of untransformed E. coli BL21 cells, lane 2: sample of culture grown to 90 minutes 
after induction, lane 3: uninduced sample, lane 4: sample of centrifuged supernatant after cells had been 
treated with 0.1 % PEI and sonicated, lane 5: sample eluted with excess FLAG peptide. (B) RNase E of 180 
kDa was identified by means of an anti-FLAG antibody using western blot analysis. 
 

 

unexpected since previous researchers had managed to do so successfully using the 

FLAG fusion protein. Previous researchers successfully purified the RNA degradosome 

using detergent Triton X-100, and an ammonium sulphate precipitation ranging from 40 

– 60 % (Miczak et al., 1996; Klein et al., 2005). In this study the initial native 

purification experiments using Triton X-100 did not solubilize RNase E, which lead to an 

unsuccessful purification (results not shown). Additional detergents were tested, 

including PEI and sarcosyl. The FLAG-tagged RNase E purification protocol used in this 

study was based on the purification protocol used by Miczak et al. (2003). However, 

purification of the RNA degradosome using FLAG-tagged RNase E was not successful. 

 

A 

B 

   kDa  M      1        2      3       4        5     

200 

100 

70 

50 

40 

30 

25 

RNase E 

Anti-FLAG 

antibody 



Chapter 2: Purification of the E. coli RNA Degradosome 
 

52 
 

2.3.6 Purification of His-tagged RNase E 

Having found that purification using the FLAG epitope was unsuccessful a different 

purification method was used. Metal affinity chromatography is based on the principle 

that the amino acid histidine binds to the metal ion nickel (Petty, 2001). RNase E has 6 

His residues at the C-terminus that will bind to nickel ions, which through chelation is 

bound to agarose beads. The ions are immobilized to the resin through nitrilotriacetic acid 

(NTA) (Petty, 2001).  

 

The His-tagged purification of RNase E was performed to purify the E. coli RNA 

degradosome (Figure 2.9). As determined by the solubility study in Section 2.3.4 the 

detergent PEI appeared to best solubilize RNase E and thus used in the RNase E 

purification (Figure 2.9, panel A). In addition to PEI, sarcosyl was used in a second 

RNase E purification to determine if RNase E could successfully be purified from a 

protein extract that had been treated with this detergent (Figure 2.9, panel B). In the His-

purification using PEI, RNase E protein was visible in the sonicated cells, the soluble 

supernatant as well as, surprisingly, the insoluble pellet (Figure 2.9, panel A, lanes 1 – 3). 

The presence of RNase E protein in both the supernatant and pellet indicates that the 

detergent PEI had not completely solubilized RNase E. The protein was present in low 

levels in the RNase E protein extract incubated with beads overnight (Figure 2.9, panel 

A, lanes 4). A 50 mM imidazole wash removed non-specific proteins from binding to the 

beads; no RNase E protein is visible, showing that no protein had been washed off the 

beads (Figure 2.9, panel A, lane 5). RNase E protein was present in the first two elutions 

of 750 mM and 1 M imidazole but in the third wash of 1 M again (Figure 2.9, panel A, 

lanes 6 – 8, respectively). Traces of RNase E and the same proteins as in the elution 

remained bound to the beads (Figure 2.9, panel A, lane 9).  

 

RNase E of 180 kDa was identified by means of an anti-His antibody using western blot 

analysis (Figure 2.9, panel C). The protein bands in the elution lane at approximately 70 

and 80 kDa could be DnaK and PNPase (Figure 2.9, panel B, lane 6). The protein band 

that is faintly visible between 40 and 50 kDa may be enolase. Western blot analysis using 

anti-DnaK, -PNPase and –enolase would verify the presence of these proteins. The  
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Figure 2.9 Purification of His-tagged RNase E from E. coli BL21cells 
His-tagged purified PEI-treated RNase E using 10% reducing SDS-PAGE analysis (A), His-tagged purified 
sarcosyl-treated RNase E using 10% reducing SDS-PAGE analysis (B) and western blot analysis of RNase 
E (A) Once harvested E. coli BL21 (DE3) [pRE296] was treated with 0.1 % PEI prior to sonication and 
then purified with nickel-affinity chromatography. Lane M: molecular weight marker, lane 1: PEI-treated 
sonicated cells, lane 2: centrifuged supernatant after sonication, lane 3: pellet resuspended in PBS, lane 4: 
RNase E incubated with beads overnight, lane 5: first wash with 50 mM imidazole, lane 6: first elution with 
750 mM imidazole, lane 7: second elution with 1M imidazole, lane 8: third elution, lane 9: beads after 
elution sample. (B) Harvested E. coli BL21 (DE3) [pRE296] was treated with 7.5 % sarcosyl prior to 
sonication and then purified with nickel-affinity chromatography. Lane M: molecular weight marker, lane 
1: sarcosyl-treated sonicated sample, lane 2: centrifuged supernatant after sonication, lane 3: pellet 
resuspended in PBS, lane 4: RNase E incubated with beads overnight, lane 5: first wash with 50 mM 
imidazole, lane 6: first elution with 750 mM imidazole, lane 7: second elution with 1M imidazole, lane 8: 
third elution, lane 9: beads after elution sample. (C) RNase E of 180 kDa was identified by means of an 
anti-His antibody using western blot analysis. 
 

 

RNase E purification, when compared to the reconstitution of the RNA degradosome 

performed by Worrall et al. (2008) shows the presence of what may be all major RNA 

B 

A 

C 

   kDa  M     1       2      3      4       5     6      7      8        9 

   kDa  M     1       2       3      4      5     6      7      8        9 

200 

100 

70 

50 

40 

30 

25 

200 

100 

70 

50 

40 

30 

 

25 

RNase E 

RNase E 

Anti-His 

antibody 



Chapter 2: Purification of the E. coli RNA Degradosome 
 

54 
 

degradosome components, albeit that RhlB helicase and enolase are expressed at lower 

protein levels. However, in the purification of RNase E, two additional protein bands are 

present in the region of 25 – 30 kDa. These two proteins may be constituents of the RNA 

degradosome, RraA and 30S ribosomal protein, but have as of yet not been identified 

(Gao et al., 2006). It may be that these two proteins are by-products of the purification 

either when using His-tagged RNase, or the use of sarcosyl to solubilize RNase E. A 

control such as a vector plasmid would help determine whether RraA and 30S ribosomal 

protein are constituents of the RNA degradosome, or simply by-products of the 

purification protocol. 

 

To rule out that the protein bands are not E. coli contaminating proteins, E. coli cells 

must be transformed with an empty vector; the control experiment should have no 

proteins bound to the beads. One of the proteins retained by His-tags columns is peptidyl 

prolyl isomerase (SlyD), with a mobility of 25 kDa (Hengen, 1995). To rule out SlyD as 

the protein band migrating at 25 – 30 kDa in panel A, His-tagged RNase E either has to 

be purified using a cobalt based resin (which does not bind SlyD) or the protein has to be 

produced in a SlyD-deficient E. coli strain (Hengen, 1995). These experimental controls 

need to be conducted to confirm the identity of the small protein bands. 

 

The purification of RNase E using the detergent PEI was not consistent. Previous results 

showed variations in the level of RNase E solubility (results not shown). RNase E was 

thus purified using the solubilizing agent sarcosyl. (Figure 2.9, panel B). The sonicated 

cells and supernatant are both poorly resolved, and the pellet appears to contain RNase E 

protein (Figure 2.9, lane B, lanes 1 – 3). Not being able to determine if RNase E is 

present in the soluble fraction, it cannot be concluded that RNase E has or has not been 

solubilized, or if it has only been partially solubilized. RNase E was incubated with beads 

overnight, again showing poorly resolved protein bands which are inconclusive (Figure 

2.9, lane B, lane 4). In contrast to the PEI purification in Figure 2.9, panel A, the 50 mM 

imidazole wash appears to have washed off a substantial level of RNase E protein from 

the beads (Figure 2.9, lane B, lane 5). The 750 mM and two elutions of 1 M allowed 

RNase E to be eluted from the beads, producing high levels of purified RNase E (Figure 
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2.9, lane B, lanes 6 - 8). The same protein bands appear in the sarcosyl purification as in 

the PEI purification, but are more concentrated. RNase E and the same proteins as in the 

elutions remained bound to the beads, indicating that the purification procedure can be 

optimized further to allow no loss of protein. The sarcosyl purification of His-tagged 

RNase E produced a higher concentration of purified protein than that of the PEI purified 

protein. Sarcosyl is thus the preferred detergent and RNase E was successfully purified. 

 

2.4 Determination of co-purified degradosome components 

To verify the successful purification of the E. coli RNA degradosome each of the 

constituents of the degradosome (PNPase, RhlB helicase and enolase) needs to be 

detected with their respective antibodies using western blot analysis. However, not 

having produced antibodies for each of the proteins, a different approach was used. All of 

the proteins were available as FLAG-tagged fusion proteins, and upon producing these 

proteins and comparing the resulting protein bands with those obtained in the RNase E 

elution, the presence of the degradosome could be confirmed.  

 

Upon the successful purification of His-tagged RNase E, the constituents of the 

degradosome were expressed and compared to the unidentified protein bands found in the 

SDS-PAGE analysis of purified RNase E. Western blot analysis using anti-FLAG 

antibody was used to identify RNase E at 180 kDa. RhlB helicase at an expected mobility 

of 50 kDa and enolase at 47 kDa corresponded to the protein bands in the RNase E 

purified lane (Figure 2.10, panel A, lanes H, E and El, respectively). The proteins, 

PNPase, DnaK, RhlB helicase and enolase, were purified separately and the lanes were 

cut out of separate SDS-PAGE gels in order to determine if all the constituents of the 

RNA degradosome were present in the purification. (Figure 2.10, panel A, lanes P, D, H, 

E and E1, respectively). This was necessary due to a lack of antibodies. PNPase, DnaK, 

helicase and enolase of 85 kDa, 70 kDa, 50 kDa and 47 kDa, respectively, was identified 

by means of anti-FLAG antibodies using western blot analysis (Figure 2.10, panel B, 

lanes P, D, H and E, respectively). In the lane of purified RNase E, protein bands of 

PNPase, helicase and enolase showed very low protein levels when compared to that of 

RNase E and DnaK (Figure 2.10, panel A, lane El). There are two protein bands that have 
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not been identified, with a size between 25 and 30 kDa, as was discussed in Section 2.3.6.  

These unknown proteins may be proteins of interest or components of the RNA 

degradosome that have not yet been identified. Further research needs to be conducted to 

determine whether they are related to the RNA degradosome or whether they may be 

proteins of interest. The two protein bands with mobilities between 25 and 30 kDa were 

suggested to be 30 S ribosomal protein and RraA protein by Gao et al., (2006).  

 

 

 
Figure 2.10 Purification of the E. coli RNA degradosome 
10% reducing SDS-PAGE analysis of the degradosome components (A). Western blot analysis of the 
degradosome components (B). (A) Lane M: marker, lane P:sample of PNPase 5 hours after induction (79 
kDa), lane D: sample of DnaK 5 hours after induction (70 kDa), lane H: sample of RhlB Helicase 5 hours 
after induction (50 kDa), lane E: sample of enolase 5 hours after induction (47 kDa), and lane El: RNase E 
elution (180 kDa). 
 

 

The RNA degradosome was purified to use it as a tool to investigate what some of the 

components response would be to certain environmental conditions. For instance, the 

effect of DnaK on enolase can be determined using the purified RNA degradosome under 

heat shock by enolase assays. Another point to investigate would be to determine whether 

GroEL could functionally replace DnaK under heat shock. This would be achieved by in 

vivo heat shocking of the purified RNA degradosome from E. coli BL21 cells and from 

an E. coli danK minus strain, using western blot analysis with anti-GroEL and anti-DnaK. 
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2.5 Conclusion 

Through restriction analysis and agarose gel electrophoresis the plasmids were 

successfully verified. Protein production after induction was monitored to determine the 

time points of optimal protein production and analyzed by SDS-PAGE and western blot 

analysis. Protein production was conducted at 30ºC as RNase E protein production levels 

were found to be less at 37°C (results not shown). It was found that RNase E protein 

production levels reached an optimal production 40 minutes after induction with IPTG. 

Induction over a longer period of time showed a decrease in protein production levels 

which could be due to auto-regulation of RNase E. This finding was supported by Miczak 

et al. (1996) who showed that RNase E enzyme concentration started to decrease after 

having reached maximum protein production after only 25 minutes. The low protein 

levels prompted a concentration of the induced samples prior to SDS-PAGE analysis. 

The other components of the degradosome, however, were over expressed at 37°C. 

Optimal protein production of enolase, RhlB helicase and PNPase were shown to be 5 

hours after induction and their molecular mass was identified by means of anti-FLAG 

antibodies using western blot analysis. 

 

RNase E was not over expressed during the protein production study. RNase E controls 

its own production levels by cleaving its mRNA (Mudd and Higgens, 1993; Jain and 

Belasco, 1995). The discovery that RraA (regulator of ribonuclease activity A) prevents 

the endonucleolytic cleavage of RNase E and therefore in its presence allows restored 

growth to E. coli cells with an over production of RNase E led to the finding that 

overproducing the E. coli RNase E protein results in a decrease of cellular growth 

(Claverie-Martin et al., 1991; Lee et al., 2003; Yeom and Lee, 2006). This could possibly 

explain why the highest protein production occurs within only 30 minutes for His-tagged 

RNase E after induction with inducer IPTG. FLAG-tagged RNase E showed an optimal 

protein production 90 minutes after induction. 

 

The fact that the membrane bound scaffold protein was found to be insoluble made it 

necessary to determine which treatment or detergent to use to remove RNase E from the 

cytoplasmic membrane. Literature indicated the use of Triton X-100 to solubilize RNase 
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E (Miczak et al., 1996), but surprisingly we could not achieve a successful purification 

using this detergent. In the solubility study of RNase E, PEI showed the best result by 

leaving no apparent traces of RNase E in the pellet containing cellular debris, rendering it 

soluble. However, the result was not easily reproducible. Experiments showed that PEI 

could not render RNase E soluble every time, leaving traces of protein in the insoluble 

pellet fraction. Upon further testing the anionic detergent N-lauroyl sarcosine was found 

to be the optimal reagent to solubilize RNase E, even though traces of protein were found 

in the pellet. The sarcosyl-treated cellular extract produced a higher purified protein yield 

than that treated by PEI. 

 

Protein purification using fusion proteins have advantages such as elongation of the target 

protein which increases the proteins’ solubility and the yield of produced protein, as well 

as purification of the target protein in a one-step purification procedure through the use of 

affinity matrices and allowing easy identification (Einhauer and Jungbauer, 2001). In this 

study the FLAG-tagged purification of RNase E was not successful. The FLAG tag 

shows the disadvantages of immunoaffinity purification, including that of having a low 

binding ability (Einhauer and Jungbauer, 2001), which may have contributed to obtaining 

a very low yield of purified E. coli RNase E. This protein, being a protein that can’t be 

over expressed without the presence of the RraA protein, was difficult to purify with a 

procedure that had been used by previous researchers, surprisingly even after having used 

the detergents that they achieved successful purification with (Miczak et al., 1996).  

 

The successful purification of RNase E was achieved through the metal affinity 

chromatography purification procedure. Both PEI and sarcosyl-treated protein extracts 

allowed the purification of RNase E; however, sarcosyl produced a higher yield of 

purified protein. Not only was RNase E purified but the E. coli RNA degradosome 

constituents attached to the scaffold protein were co-purified alongside RNase E. Protein 

production of each of the components were compared with the purified product and 

found to correspond to the protein bands, thereby verifying the purification of the 

degradosome. Therefore, in conclusion, RNase E and the components of the E. coli RNA 
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degradosome were successfully verified and expressed, and the purification of the 

scaffold protein was optimized in order to allow further study of the degradosome. 

 

Future work would include producing antibodies against PNPase, RhlB helicase and 

enolase to facilitate further research concerning the RNA degradosome. Another aspect 

of future work would include obtaining the RraA protein inhibitor to allow the over 

production of RNase E protein, which would allow optimization of the RNA 

degradosome purification. Optimization, in turn, would allow continuing analysis of the 

components of RNA degradosome, such as the levels of molecular chaperones upon heat 

stress to elucidate their role; and investigating new proteins in the RNA degradosome 

which have not yet been annotated. 
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Chapter 3 
Analysis of heat shock proteins in the E. coli RNA degradosome 

------------------------------------------------------------------------ 
 

3.1 Introduction 

Miczak et al. (1996) discovered DnaK to be associated with the degradosome in 

substoichiometric amounts over a decade ago. DnaK and its co-chaperones DnaJ and GrpE 

are involved in the heat shock response. Steady-state protein levels in E. coli cells do not 

differ noticeably within the normal range of 20°C to 37°C implying that the composition of 

the cell stays similar over this range (Lemaux et al., 1978). However, upon a temperature 

shift to the high range (above 40°C) or the low range (below 20°C), physiological changes 

become evident, implying that the cellular composition differs when moving between the 

normal temperature range and the extreme ranges. One of these changes at a temperature 

range above 37°C is the induction of the heat shock response. The production of heat shock 

proteins, elicited by the increased temperature, is an adaptive physiological change that is 

vital for cellular growth (Neidhart and VanBogelen, 1987). The heat shock regulon, through 

the transcription factor ơ32, is modulated through DnaK, DnaJ and GrpE (Bukau, 1993). In 

the presence of ATP, DnaK and DnaJ interact with ơ
32, thereby preventing the transcription 

factor from associating to RNA polymerase, turning off gene expression mediated by the heat 

shock response (Liberek and Georgopoulos, 1993). Failure of DnaK to fold proteins at 

elevated temperatures may mark the proteins for degradation (Sherman and Goldberg, 1992). 

Miczak et al. (1996) proposed that degradation of the remaining mRNA by the degradosome 

scaffold protein, RNase E, would render the heat shock response more complete. Another 

component of the degradosome, GroEL, is a heat shock protein that is essential for E. coli 

cells to grow at all temperatures. 

 

PNPase, the exoribonuclease of the degradosome, is, in contrast to DnaK, a cold shock 

protein (Jones and Inouye, 1994). E. coli growth temporarily stops when the cell is exposed 

to cold shock and production of cold shock proteins is highly induced.  PNPase is required to 

suppress the specific cold shock proteins at the end of the acclimation phase so that cell 

growth can be restarted and non-cold shock protein production can be continued (Yamanaka 

and Inouye, 2001). RNase E binds both cold shock and heat shock proteins suggesting that 

these proteins engage in the folding of the degradosome complex in reaction to varying 
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environmental conditions (Miczak et al., 1996). This present study, however, will only focus 

on heat shock and the role of heat shock proteins. 

 

Obtaining an E. coli dnaK minus strain would allow it to serve as a tool to study the 

degradosome in the absence of DnaK. The E. coli BM271 (DE3) strain was constructed in 

order to be able to use T7 promoter-based expression system to allow over-production of 

recombinant proteins (Sugimoto et al., 2008). The dnaK minus strain was developed through 

a series of steps. The ∆dnaK52 mutant, BM271, could not be infected by λDE3 because 

functional DnaK was not present. pEcoDnaK, encoding DnaK, was transformed into BM271 

to allow lysogenization with λDE3 to occur. Spot tests were used to test the thermo 

sensitivity of the transformant. BM271 was infected by λDE3 using a λDE3 lysogenization 

kit (Novagen). The lysogen was called BM271 ∆dnaK (DE3) (Sugimoto et al., 2007). 

Through plasmid curing the pEcoDnaK plasmid was removed from the strain resulting in 

BM271 (DE3) with resistance to chloramphenicol (Sugimoto et al., 2008). 

 

The aim of this study was to investigate the role of heat shock proteins in the assembly of the 

degradosome under conditions of stress. Does DnaK become more abundant in the RNA 

degradosome upon heat shock? Is GroEL present in the RNA degradosome when DnaK is 

absent? Can GroEL functionally replace DnaK in the RNA degradosome? A protein 

production study of E. coli DnaK will be used to determine optimal protein production using 

western blot analysis. The second objective was to purify His-tagged DnaK using metal 

affinity chromatography. The study was also focused on the in vivo analysis of DnaK protein 

levels upon heat shock. Western blot analysis was used to identify the molecular mass of 

DnaK using anti-His antibody and as a result detect change in levels of DnaK in E. coli BL21 

cells transformed with RNase E. Another objective was the in vivo analysis of GroEL protein 

levels upon heat shock. Firstly, RNase E and the RNA degradosome would have to be 

purified from the dnaK minus strain. Western blot analysis will be used to detect changes in 

levels of GroEL in the RNA degradosome purified from the dnaK minus strain. Secondly, a 

subcellular fractionation in E. coli BL21 cells at 37°C and under heat shock would be used to 

determine GroEL levels using western blot analysis. 
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3.2 Materials and Methods 

3.2.1 Materials 

Reagents used were purchased from Sigma Chemicals Co. (St. Louis, Mo U.S.A.), Merck 

Chemicals (Darmstadt, Germany), BioRad (U.S.A.) or Roche Molecular Biochemicals 

(Indianapolis, IN, U.S.A.). HybondTM Cextra chemiluminescence nitrocellulose was 

purchased from Amersham Pharmacia Biotech (Piscataway, NJ, U.S.A.). Anti-GroEL 

anitibody produced in rabbit was purchased from Sigma. Monoclonal Mouse anti-His was 

purchased from Amersham. Monoclonal anti-DnaK antibody was purchased from Stressgen 

BIOCOM Biotech. The E. coli strain BM271 (DE3) was a kind donation from Prof. K. 

Sonomoto (Department of Bioscience and Biotechnology, Kyushu University, Japan). 

Plasmid pEKJ30 was constructed by Dr A. Boshoff. 

Table 3.1 Description of E. coli strains and plasmids 

Plasmid Description Reference 

pRE296 pGM102 encoding E. coli His-tagged 
RNase E, AmpR 

 

Miczak et al. (1996) 

pFLAG-ENO pGP1–2 encoding E. coli enolase, AmpR 
 

Liou et al. (2002) 

pEKJ30 pQE30 encoding E. coli dnaK, AmpR Boshoff et al. (2008) 
 

Strains Description Reference 

E. coli BL21 
(DE3) 

F- ompT gal [dcm] [lon] hsdSB λDEs 

 

Studier et al (1990) 

E. coli BM271 
(DE3) 

BM271 (MC4100∆dnaK52::CmR) 
infected by λDE3 

 

Sugimoto et al. (2008) 

E. coli XL1-
Blue 

 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 
relA1 lac [F´ proAB lacIqZ∆M15 Tn10 

(Tetr)]. 

Bullock et al. (1987) 

 

3.2.2 Methods 

3.2.2.1 Transformation of competent cells 

Competent E. coli BM271 (DE3) cells were transformed with His-tagged RNase E (pRE296) 

as described in Section 2.2.2.5. Competent E. coli XL1 Blue cells were transformed with His-

tagged DnaK (pEKJ30). 
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3.2.2.2 Determination of optimal protein production 

The protein production studies were conducted as described in Section 2.2.2.6. For RNase E 

produced from E. coli BM271 (DE3) cells both 100 µg/ml ampicillin as well as 20 µg/ml 

chloramphenicol was used; ampicillin for the RNase E plasmid antibiotic resistance and 

chloramphenicol for the dnaK mutant strain. For DnaK produced from E. coli XL1-Blue cells 

100 µg/ml ampicillin was used and the cell culture was grown at 37°C. 

 

3.2.2.3 Sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE analysis was performed as described in Section 2.2.2.7. 

 

3.2.2.4 Western blot analysis of proteins 

Western blot analysis was performed as described in Section 2.2.2.8. Monoclonal mouse anti-

His antibody was used to detect His-tagged RNase E with ECL anti-mouse IgG HRP-linked 

species specific whole antibody. Anti-DnaK and anti-GroEL antibodies produced in rabbit 

were used to detect DnaK and GroEL proteins using the same secondary antibody.  

 

3.2.2.5 His-tagged protein purification  

The purification of RNase E from the E. coli dnaK minus strain as well as the E. coli DnaK 

purification from XL1-Blue cells was performed as described in Section 2.2.2.11. Both 100 

µg/ml ampicillin as well as 20 µg/ml chloramphenicol was used for the RNase E purification. 

Ampicillin only was used for the purification of DnaK.  

 

3.2.2.6 Subcellular fractionation after heat stress 

The subcellular fractionation was performed as described in Hatzixanthis et al. (2003). An 

overnight culture was prepared by growing E. coli BL21 (DE3) cells transformed with pflag-

ENO in 25 ml 2 x YT broth with 100 µg/ml ampicillin at 37ºC. The overnight culture was 

inoculated into 275 ml 2 x YT broth with 100 µg/ml ampicillin and grown to an optical 

density of A600nm = 0.3. Protein production was induced by the addition of IPTG to a final 

concentration of 1 mM. The culture was divided and one half was heat shocked for 10 

minutes at 42ºC, the other kept at 37ºC. The two cultures were harvested at 4 000 g for 20 

minutes at 4ºC. The pellets were separately resuspended in 7.5 ml periplasting buffer (20 % 

sucrose, 1 mM ethylenediaminetetraacetic acid (EDTA), 500 µg/ml lysozyme) and incubated   

on ice for 5 minutes. A volume of   7.5 ml cold water was added to each   sample, mixed with 

slow pipetting and again incubated on ice for 5 minutes. A pellet was produced by  
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centrifuging  for 20  minutes  at  4 000 g at 4ºC and resuspended  in  15 ml detergent lysis 

buffer (10 mM Tris-HCl,   pH 7.5, 50  mM KCl,  1 mM  EDTA, 0.1  %  deoxycholate) and 

left  to incubate  at room temperature. The supernatant was kept as the periplasmic fraction. 

The solutions were sonicated at 60 Hz (20 x 10 seconds) and centrifuged twice for 20 minutes 

at 4 000 g at 4ºC to produce a supernatant. The supernatants were ultra-centrifuged at 44 800 

g for 1 hour at 4ºC. The pellet, in which the membrane fraction is found, was resuspended in 

1 ml detergent lysis buffer with no added deoxycholate. The supernatant was kept as the 

cytoplasmic fraction. The level of protein in the different cell organelles were analyzed by 

SDS-PAGE and the production of GroEL was confirmed using western blot analysis and 

anti-GroEL antibody. 

 

3.2.2.7 In vivo heat shocking of RNase E and levels of chaperone production 

To study protein levels of DnaK an overnight culture of E. coli BL21 (DE3) transformed with 

pRE296 was diluted 1 : 10 into 2x YT broth, incubated at 30ºC and grown to an optical 

density of A600nm = 0.6. Protein production was induced by adding IPTG to a final 

concentration of 1 mM. The cells were grown for 40 minutes after induction followed by heat 

shocking at 42°C for 30 minutes. SDS-PAGE and western blot analysis using anti-His 

antibody was conducted. To study GroEL levels of protein an overnight culture of E. coli 

BL21 (DE3) transformed with enolase was diluted into 275 ml 2x YT broth, incubated at 

37ºC and grown to an optical density of A600nm = 0.3. Protein production was induced by 

adding IPTG after which the cells were heat shocked at 42°C for 10 minutes before 

performing a subcellular fractionation. SDS-PAGE and western blot analysis using anti-

GroEL antibody was performed. 

 

3.3 Results and discussion 

3.3.1 E. coli DnaK production and purification 

A protein production study of DnaK in E. coli XL1 Blue cells was performed to determine at 

what point cell culture should be harvested to obtain the highest quantity of protein. SDS-

PAGE analysis indicated that DnaK (70 kDa) was over expressed and present even in the 

absence of an inducer (Figure 3.1, panel A). DnaK protein was clearly visible over the 

duration of 5 hours and after overnight growth (Figure 3.1, panel A, lanes 2 – 6, 8, 

respectively). Western blot analysis was performed to identify the 70 kDa protein band of 

DnaK using anti-His antibody on the third and fourth hours after induction and on the 

overnight sample (Figure 3.1, panel B, lanes 4, 5 and 8).  
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E. coli DnaK was purified to be used in the enolase activity assays (discussed in Section 

4.3.4) to determine if there is an interaction between DnaK and enolase in the degradosome. 

Upon IPTG induction of E. coli XL1 Blue cells with His-tagged DnaK, SDS-PAGE analysis 

showed a distinct protein band at 70 kDa, DnaK of 70 kDa was identified by means of an 

anti-His antibody using western blot analysis (Figure 3.2, panels A and B, lane 2). Three 

elutions were performed, the first two with 750 mM imidazole, and the third with 1 M 

imidazole. 

 

 

 

 

Figure 3.1 Protein production study and western blot analysis of DnaK in E. coli XL1 Blue cells 
12% reducing SDS-PAGE (A) and western blot analysis (B) of optimal protein production levels of His-tagged 
DnaK in XL1 Blue cells. (A) Lane M: molecular weight marker; lane 1: untransformed E. coli XL1 Blue cells; 
lane 2: sample taken 1 hour after induction; lane 3: 2 hours after induction; lane 4: 3 hours after induction; lane 
5: 4 hours after induction; lane 6: 5 hours after induction; lane 7: transformed cells before induction; lane 8: 
overnight growth after induction. (B) DnaK of 70 kDa was identified by means of an anti-His antibody using 
western blot analysis. 
 

 

A very high DnaK protein concentration was obtained in the first elution, the molecular mass 

of 70 kDa which was identified using anti-His antibody during western blot analysis (Figure 

3.2, panels A and B, lane 3). The second and third elutions produced slightly lower protein 

concentrations (Figure 3.2, panels A and B, lanes 4 and 5). The E. coli DnaK His-tagged 

purification was thus successful and enough protein was produced to use in enolase assays. 

The protein concentration was determined prior to conducting the assays using the Bradford 

assay (discussed in Section 4.2.2.7). Due to a satisfactory DnaK protein concentration, 

optimization of the purification of DnaK was not required. 
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Figure 3.2 His-tagged purification of E. coli DnaK 
10% reducing SDS-PAGE (A) and western blot analysis (B) of His-tagged purification of DnaK in E. coli XL1-
Blue. (A) Lane M: molecular weight marker; lane 1: untransformed E. coli XL1-Blue cells; lane 2: transformed 
cells after overnight growth; lane 3: first elution with 750 mM imidazole; lane 4:  second elution with 750 mM 
imidazole; lane 5:  third elution with 1 M imidazole. (B) DnaK of 70 kDa was identified by means of an anti-His 
antibody using western blot analysis. 
 

 

3.3.2 RNase E production and purification in the E. coli dnaK minus strain 

To determine whether DnaK is functionally replaced by GroEL in the RNA degradosome, the 

E. coli dnaK minus strain was used to purify RNase E and the RNA degradosome, as the 

components of the degradosome associate to the scaffold protein RNase E. His-tagged RNase 

E (180 kDa) was produced in the E. coli dnaK minus strain, BM271 (DE3) and was studied 

using western blot analysis (Figure 3.3, panels A and B). No RNase E protein was visible 

prior to or after IPTG induction in the SDS-PAGE analysis (Figure 3.3, panel A, lanes 1 – 8). 

However, RNase E of 180 kDa was identified by means of anti-His antibody using western 

blot analysis albeit at low protein levels (Figure 3.3, panel B, lanes 2, 3 and 5). RNase E was 

detected 30, 40 and 60 minutes after IPTG induction, the highest RNase E protein 

concentration appeared to be 40 minutes after induction (Figure 3.3, panel B, lanes 2, 3 and 

5). The absence of RNase E 50 minutes after induction is likely due to a poor western blot 

analysis in which an air bubble may have hindered the transfer of protein from the SDS-

PAGE to the nitrocellulose membrane (Figure 3.3, panel B, lane 5). 

 

Nickel affinity chromatography was used for the purification of His-tagged RNase E from the 

dnaK minus strain and all the other constituents that associate to this scaffold protein to form 
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the degradosome. The detection of GroEL was conducted using western blot analysis. 

Previous studies (Section 2.3.4) have indicated that sarcosyl solubilises membrane-bound 

 

  

 

Figure 3.3 Protein production study of RNase E in E. coli BM271 (DE3) cells 
10% reducing SDS-PAGE (A) and western blot analysis (B) of optimal protein production levels of His-tagged 
RNase E in the DnaK minus strain upon ITPG induction. (A) Lane M: molecular weight marker; lane 1: 
untransformed BM271 cells; lane 2: sample taken 30 minutes after IPTG induction; lane 3: 40 minutes after 
induction; lane 4: 50 minutes after induction; lane 5: 60 minutes after induction; lane 6: 90 minutes after 
induction; lane 7: 120 minutes after induction; lane 8: 180 minutes after induction. (B) RNase E of 180 kDa was 
identified by means of an anti-His antibody using western blot analysis. 
 

 

RNase E. The soluble supernatant after treatment with ionic detergent sarcosyl does not show 

the RNase E protein band (180 kDa) to be present, yet through previous studies (Figure 3.4, 

panels A and B) it was determined that even though the protein is not visible on SDS-PAGE 

analysis, western blot analysis does confirm its presence, albeit at low levels of production. 

The molecular mass of 180 kDa of RNase E was identified by means of anti-His antibody but 

at a surprisingly low level of protein (Figure 3.4, panels A and B, lanes 1 and 2).  

 

Having determined that RNase E was successfully purified from the dnaK minus strain, albeit 

at very low protein levels, western blot analysis was used to detect for GroEL. Neither the 

supernatant nor the RNase E elution showed any GroEL to be present (Figure 3.4, panel C, 

lanes 1 and 2). Purified GroEL was used as a positive control to verify the western blot 

analysis procedure, which showed a clear band at 60 kDa in the SDS-PAGE and was 

identified using western blot analysis (Figure 3.4, panels A and C, lane 3). 
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Figure 3.4 Purification of His-tagged RNase E in E. coli BM271 (DE3) cells 
10% reducing SDS-PAGE of His-tagged purification of RNase E in the DnaK minus strain (A) and western blot 
analysis of RNase E (B) and GroEL as a degradosome constituent associated to RNase E (C). (A) Lane M: 
molecular weight marker; lane 1: soluble supernatant after sonication; lane 2: elution of RNase E (180 kDa) 
with 1 M imidazole; lane 3: positive control of GroEL, 5 hours after induction (60 kDa). (B) RNase E of 180 
kDa was identified by means of an anti-His antibody using western blot analysis. (C) Using anti-GroEL 
antibody, western blot analysis did not confirm the presence of GroEL. 
 

 

Upon a second attempt at the RNase E purification in the dnaK minus strain, neither RNase E 

nor GroEL were detected using western blot analysis. E. coli BM271 (D3) was a very 

difficult strain to work with due to its inconsistent growth patterns. Growth period of colonies 

varied from over night to over 2 days. The time it took for the culture to grow to mid log 

phase varied from a day to a few days, and occasionally there would be no growth beyond a 

certain absorbance reading. The absence of GroEL in the dnaK minus strain was unexpected. 

GroEL along with its co-chaperone GroES are the only chaperones that are required by E. 

coli for cellular growth at all temperatures, and thus should have been present (Fayet et al., 

1989). The purified RNase E protein levels may have been too low to allow the formation of 

the degradosome, and GroEL could thus be present at undetectable levels of protein. A way 

to combat this problem would be to induce the over production of RNase E by introducing its 

protein inhibitor RraA (previously discussed in Section 2.5). Another point to consider is that 

endogenous GroEL levels may be low as a norm. A control to determine if this is the case 

would be to use anti-GroEL antibody in western blot analysis to detect for GroEL in 

untransformed E. coli dnaK minus cells.  
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3.3.3 Subcellular fractionation after heat shock 

The subcellular fractionation allowed the determination of the location of GroEL upon 

inducing heat shock. Having performed the fractionation in E. coli BL21 (DE3) cells, the 

presence of GroEL at 37°C and under heat stress (42°C) was investigated using western blot 

analysis and anti-GroEL antibody. The SDS-PAGE analysis shows no distinct protein band at 

60 kDa under heat shock or at 37°C. However, western blot analysis indicates that GroEL is 

present in the fractionation, and the positive control of purified GroEL confirmed detection of 

GroEL (Figure 3.5, panel B, lane 9). In order to gauge the success of the fractionation it is 

necessary to have antibodies to known protein markers in each fraction. β-lactamase, 

chloramphenicol transacetylase and mannitol permease-alkaline phosphatase hybrid protein 

are used as markers for periplasmic, cytoplasmic and membrane fractions respectively 

(Sugiyama et al., 1991). Based on the lack of these antibodies it was impossible to determine 

the success of the fractionation. The western blot analysis showed no GroEL was present in 

the non-heat shocked whole cell fraction, or in the non-heat shocked periplasm (Figure 3.5, 

panel B, lanes 1 and 2).  

 

 

 
 
Figure 3.5 GroEL protein levels upon heat shock in a subcellular fractionation 
10% reducing SDS-PAGE (A) and western blot analysis (B) of the subcellular localization of GroEL. (B) Lane 
1: whole cells; lane 2: periplasmic fraction; lane 3: cytoplasmic fraction; lane 4: membrane fraction.  Lanes 1 – 
4 contain the fractions at 37°C. Lane 5: whole cells; lane 6: periplasmic fraction; lane 7: cytoplasmic fraction; 
lane 8: membrane fraction; lane 9: positive control of GroEL, 5 hours after induction (60 kDa). Lanes 5 – 8 
contain fractions after heat shock. The subcellular fractions from the culture grown at 37°C were compared to 
those placed under heat stress. 
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The protein levels of the non-heat shocked cytoplasm and membrane appeared to be lower 

than that of the heat shocked whole cells, periplasm and cytoplasm protein levels (Figure 3.5, 

panel B, lanes 3 – 7). The heat shocked membrane fraction has a higher GroEL protein level 

than the other fractions. Importantly, the heat shocked membrane fraction has a higher GroEL 

protein concentration than the membrane from the culture grown at 37°C. This fascinating 

result implicates that GroEL is recruited to the membrane upon heat shock and by extension 

that GroEL is recruited to the RNA degradosome during times of stress. It is very possible 

that GroEL replaces DnaK functionally in the RNA degradosome in the dnaK minus strain. 

However, these are only preliminary results, and further experiments need to be performed to 

prove that GroEL replaces DnaK. For instance, the GroEL production levels in this study 

need to be compared to endogenous GroEL production levels to determine whether its 

absence in the non-heat shocked whole cells is characteristic. None the less, this find could 

lead to further knowledge of the functioning of molecular chaperones in the RNA 

degradosome.  

 

3.3.4 The effect of heat shock as DnaK associated with the RNA degradosome 

The aim of the experiment was to determine the protein levels of DnaK in the assembly of the 

degradosome under conditions of stress. Elevated temperatures elicit the heat shock response 

upon which the heat shock proteins are over produced (Bukau, 1993). Detecting DnaK in an 

in vivo heat shocked RNase E culture would allow the investigation of a change in DnaK 

protein levels from a non-heat shocked culture to a heat shocked culture. A control of 

untransformed E. coli BL21 (DE3) cells at 30°C and heat shocked at 42°C was performed to 

monitor the endogenous protein levels of DnaK upon inducing heat stress. SDS-PAGE 

analysis showed no evident change in protein levels before or after 30 minutes of heat shock. 

Anti-His identified the 70 kDa protein band of DnaK and showed increased DnaK protein 

levels after 30 minutes of heat shock when compared to a non-heat shocked sample (Figure 

3.6, panel B, lanes 2 and 1, respectively). These changed protein levels of DnaK showed that 

under heat stress endogenous levels of DnaK increase due to the heat shock response. E. coli 

BL21 (DE3) cells transformed with His-tagged RNase E were grown 40 minutes after IPTG 

induction before heat stress was induced for half an hour (Figure 3.6, panels A and B, lane 3). 

Western blot analysis, by means of anti-His antibody identifying the 70 kDa protein band of 

DnaK, indicated that the protein levels of DnaK distinctly increased after heat shock; the 

DnaK concentration was highest 30 minutes after heat shock (Figure 3.6, panel B, lanes 4 – 

6). The positive control of purified DnaK with molecular mass of 70 kDa was identified by 
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means of an anti-His antibody using western blot analysis (Figure 3.6, panel B, lane 7). This 

exciting result indicates that DnaK associated with the RNA degradosome does indeed 

increase after heat shock and is most likely facilitating the heat shock response.  

 

 
 
 

Figure 3.6 The effect of heat shock as DnaK associated with the RNA degradosome 
10% reducing SDS-PAGE (A) of RNase E under heat stress and western blot analysis (B) of DnaK associated to 
RNase E. (A) Lane M: molecular weight marker; lane 1: non-heat shocked untransformed E. coli BL21 cells; 
lane 2: heat shocked untransformed E. coli BL21 cells; lane 3: RNase E cells 40 minutes after IPTG induction at 
30°C; lane 4: RNase E cells 10 minutes after heat shock at 42°C; lane 5: RNase E cells 20 minutes after heat 
shock; lane 6: RNase E cells 30 minutes after heat shock; lane 6: cells transformed with DnaK. (B) DnaK of 70 
kDa was identified by means of anti-His antibody using western blot analysis. 
 

 

To further investigate the protein levels of DnaK upon heat stress, the culture was grown at a 

lower temperature prior to heat shock. Would a larger difference between the heat shock and 

cell growth temperatures induce a higher level of protein over-production? An in vivo heat 

shock experiment was performed in which E. coli BL21 (DE3) cells transformed with RNase 

E was cultured at 25°C and heat shocked at 42°C to investigate the effect of a larger 

temperature difference on the DnaK protein levels (Figure 3.7). The purpose of this particular 

study was to determine if a greater difference between DnaK concentrations could be 

obtained at a greater temperature difference. The culturing temperature of 25°C resulted in a 

lower DnaK concentration when compared with that of 30 °C (Figure 3.7, panel B, lane 1; 

Figure 3.6, panel B, lane 3, respectively). When comparing the DnaK concentrations after 

heat shock, the 30°C culture appeared to produce a higher DnaK concentration than DnaK 

cultured at 25°C (Figure 3.6, panel B, lanes3 – 6; Figure 3.7, panel B, lanes 1 – 4, 

respectively). A control that could be considered would be to compare the purified 
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degradosome that was heat shocked to the purified degradosome cultured at 30°C and to use 

western blot analysis using anti-DnaK. 

 

 
 

Figure 3.7 Heat shock of RNase E in E. coli BL21cells and western blot analysis of DnaK production 
10% reducing SDS-PAGE (A) of RNase E induced at 25C and placed under heat stress (42°C) and western 
blot analysis (B) of DnaK associated to RNase E. Panel A and B lane 1: uninduced E. coli BL21 transformed 
with RNase E; lane 2: cells 40 minutes after IPTG induction; lane 3:10 minutes after heat shock; lane 4: 20 
minutes after heat shock; lane 5: positive control of purified DnaK; lane 6: RNase E purified in E. coli BL21 
cells. Western blot analysis confirmed the presence of DnaK using anti-DnaK antibody. Western blot analysis 
confirmed the presence of DnaK. 
 

 

3.4 Conclusion 

It was determined that His-tagged RNase E protein could successfully be produced in the E. 

coli dnaK minus strain albeit with low yields of RNase E. However, the purification of 

RNase E from the mutant strain was successful only once thus not allowing investigation of 

whether or not GroEL functionally replaces DnaK in the degradosome. RNase E protein was 

difficult to grow and purify from the dnaK minus strain. Cell colonies inoculated into broth 

did not grow to mid-log phase on every occasion, and when growth was successful the time 

span ranged from a day to two days to reach mid-log phase. Further research would need to 

be conducted to optimise production and purification of RNase E from the dnaK mutant 

strain. The availability of ribosomal protein L4, which inhibits the ability of RNase E to auto 

regulate its mRNA levels, could allow over-production of RNase E and perhaps allow 

purification  of RNase E from the E. coli dnaK minus strain to be reproducible. 

 

L4 binds to the scaffold domain of RNase E and inhibits RNase E cleavage of selected 

mRNA’s, including those encoding stress-related proteins. This RNase E inhibition results in 

an accumulation of the stress-related proteins (Singh et al., 2009). L4 binding RNase E 
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appears to be critical for the bacteria to adapt to stresses such as elevated temperature. This 

study set out to determine the protein levels of molecular chaperones in the degradosome 

upon conditions of heat stress. 

 

Very interestingly DnaK showed an increase in protein production during the assembly of the 

RNA degradosome when heat shock was induced. There is a distinct increase in DnaK 

protein levels after heat stress. RNase E cleaves its cognate mRNA through auto-regulation 

(Mudd and Higgens, 1993). Literature suggests that RNase E activity is not fully repressed 

during the heat shock response, therefore DnaK is regulated and cannot be over produced. 

Ribosomal protein L4 in E. coli is essential for regulation of transcription and translation of 

its own operon, S10 (Lindahl and Zengel, 1979). Singh et al., (2009) showed that E. coli L4 

regulates RNase E activity through its interaction with RNase E, by changing the steady-state 

level and degradation of regulatory and mRNA’s. L4 is suggested to bind the C-terminus of 

RNase E, thereby inhibiting RNase E activity, causing not only half-lives of RNAI to be 

extended but also resulting in full-length endogenous RNase E being more abundant. 

However, 5S rRNA, tRNA, 6S RNA and M1 RNA processing by RNase E appeared to 

remain unaffected by the presence of L4. Singh et al. (2009) also found that L4 can stabilize 

mRNA’s encoding stress-induced proteins; inhibition of RNase by L4 occurs in association 

with an increased level of stress-responsive transcripts. L4 was found to have a similar action 

on RNase E as that of RraA and RraB, which are also inhibitors of RNase E (Gao et al., 

2006). However, L4 does not change the degradosome composition as RraA was found to do 

upon RNase inhibition. Basal levels of endogenous L4 are present in E. coli and by 

implication full inhibition of RNase E activity upon cell stress is not carried out. Therefore 

the reason why DnaK is not over-produced after heat shock is explained. 

 

An interesting find by Regonesi et al. (2006) determined that DnaK abundance in the 

degradosome varies under different conditions. By studying the degradosome composition in 

different preparations it was discovered that DnaK was more abundant in IPTG-induced 

degradosome over-expressing FLAG-tagged RNase E when compared to low basal levels of 

RNase E. Regonesi et al. (2006) also determined DnaK to be more abundant in a non-

complemented PNPase null mutant. This is due to the fact that PNPase is a cold shock protein 

(Jones and Inouye, 1994). The E. coli cold shock response to a lowered temperature results in 

the induction of cold shock proteins, transcription and translational protein synthesis and, 

importantly, the suppression of heat shock proteins (Jones and Inouye, 1994). Regonesi et al. 
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(2006) further established DnaK to associate to immature degradosome intermediates during 

times of stress. DnaK was shown to prefer intermediates in which either RhlB or PNPase was 

absent, or present in reduced amounts.  

 

Upon optimizing the over-production of RNase E by the addition of RNase E activity 

inhibitors such as ribosomal protein L4 or protein inhibitors RraA and RraB; and by 

extension the purification of the degradosome, over-production of DnaK may be achieved, 

thereby allowing further investigation of the role of DnaK and GroEL in the E. coli RNA 

degradosome. If over-production of DnaK is induced in the degradosome in response to the 

heat shock response, is DnaK present in the RNA degradosome under normal conditions? Is 

DnaK always present in the RNA degradosome? How does DnaK interact with the RNA 

degradosome? Its hasn’t been determined where DnaK binds to RNase E. Vanzo et al, (1998) 

implicated DnaK binding to the central region of RNase, or suggested binding to RhlB 

helicase or enolase. Does DnaK associate to the degradosome though interaction with 

enolase? The next study will be focused on determining if there is a relationship or an 

interaction between DnaK and enolase. 
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Chapter 4 
The role of enolase in the E. coli RNA degradosome 

------------------------------------------------------------------------ 
 

4.1 Introduction 

The first discovery of enolase in 1934 occurred whilst the conversion of 3-phosphoglycerate 

to pyruvate was studied in muscle cells (Lohman and Meyerhof, 1934). Since then enolase 

has been found to be plentiful in the biological world where it plays key roles in the processes 

of fermentation and glycolysis.  The metalloenzyme α-enolase, also known as 2-phospho-D-

glycerate hydrolyase, catalyzes the dehydration of 2-phospho-D-glycerate (2-PGA) to 

phosphoenolpyruvate (PEP) in the catabolic pathway of the glycolytic cycle (Wold, 1971). 

Gluconeogenesis occurs through the reverse anabolic pathway in which PEP is hydrated to 2-

PGA by α-enolase. Enolase is identified as a metalloenzyme because of its need for metal 

ions for its activity. However, divalent magnesium ions bind enolase weakly and so Valle 

(1955) claimed enolase should be identified as a metal-ion-activated enzyme complex 

instead. Magnesium ions bind at two binding sites that influence enolase activity (Faller et 

al., 1977). The conformational site allows binding of a substrate by incurring changes in the 

conformation of the active site of enolase. The second is called the catalytic site and is a 

requirement of the catalytic machinery. The second magnesium ion binds to it once the first 

ion is firmly bound to the first site. Conformational site binding is always stronger than 

catalytic site binding (Brewer, 1985). 

 

A continuous spectrophotometric rate determination assay can be used to determine activity 

of enolase. Coenzyme NADH will absorb UV light it its reduced form, but not in its oxidized 

form. The assay containing an oxidoreductase thus uses NADH as substrate in order to 

monitor the decrease in UV absorbance as the coenzyme is consumed (Bergmeyer, 1974). 

The transformation of NADH•H+ to NAD+ was used to determine the enolase activity 

through three reactions (Figure 4.1). Enolase catalyzes 2-PGA to PEP. A base in the active 

site of enolase removes a proton from C2 of 2-PGA creating a carbanion enolate 

intermediate. Enolase catalyzes the removal of a hydroxyl group from C3 of the intermediate 

producing PEP. The conversion of PEP to pyruvate, with the release of adenosine 

triphosphate (ATP), is catalysed by pyruvate kinase. Oxidoreductase lactate dehydrogenase 

finally converts pyruvate to lactate, and oxidises NADH.  
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2-Phosphoglycerate  +  H20                                  Phosphoenolpyruvate 
 
 
 

Phosphoenolpyruvate  +  ADP                                    Pyruvate  +  ATP 
 

 
 
 
 

Pyruvate  +  NADH•H+                                            Lactate  +  NAD+ 

Enolase 

Pyruvate kinase 

Lactate 
dehydrogenase 

 
 
Figure 4.1 Sequential catalysis of 2-phosphoglycerate to lactate  
Enolase catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate (PEP). PEP is converted to 
pyruvate with the addition of ADP and pyruvate kinase and ATP is released. Pyruvate and NADH•H+ are 
catalyzed by lactate dehydrogenase to form lactate and NAD+.  
 

 

Multifunctional enolase has been described to have “moonlighting” functions, referring to the 

non-glycolytic roles that enolase assumes. Enolase production changes due to 

pathophysiological, developemental or metabolic states of the cell and so is expressed by a 

non-housekeeping gene (McAlister and Holland, 1982). Major components of eye lens are 

crystallins, which have been shown to contribute 20 – 60 % of the wet weight of eye lens. 

The amino acid sequence of τ-crystallin, a principle lens protein in reptiles, fish, lamprey and 

birds, showed a high level of similarity with human and yeast enolase. Alpha-enolase was 

shown as a τ-crystallin protein with a structural role in lens and cataracts (Wistow et al., 

1988). τ-crystallin has low enolase activity which could be due to its monomeric form. The 

second Mg2+, required for dimerization (which is essential for enzyme activity), is absent 

(Wistow et al., 1988). Alpha-enolase has been shown as a Myc-binding protein (MBP1), 

relating its function to regulation of cellular growth and differentiation (Subramanian and 

Miller, 2000). What is interesting is that, even though strongly similar in structure, MBP1 

does not have glycolytic activity due to the fact that it does not have the first 96 amino acids 

of α-enolase. The N-terminus of α-enolase is thus vital for glycolytic activity, and not 

essential for c-myc binding (Subramanian and Miller, 2000). 

In Saccharomyces cerevisiae alpha-enolase has been identified as a heat shock protein, 

HSP48, which is produced by the eno1 gene (Iida and Yahara, 1985). The eno1 gene product 

HSP48 is not only involved with thermal tolerance but also in control of cell growth. HSR1 
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(heat shock resistant) negatively regulates eno1 gene expression; the HSR1 mutant provides 

extreme heat shock resistance to the organism (Iida and Yahara, 1984). HAPs (hypoxia 

associated proteins) are a set of five cell-associated stress proteins that are up-regulated 

during a stress such as chronic hypoxia (Sunstrom and Aliaga, 1992). Enolase has also been 

identified as an endothelial hypoxic stress protein, functioning to increase anaerobic 

metabolism thereby offering cellular protection (Aaronson et al., 1995).  

 

Enolase, commonly known as a glycolytic enzyme, is one of the major components of the E. 

coli RNA degradosome, a multi-enzyme complex involved with the degradation of mRNA. 

The primary constituents PNPase, RhlB helicase and enolase associate to the C-terminus of 

the scaffold protein RNase E to form the “decay machine” (Carpousis et al., 1994). All of the 

major components were shown to function together in the general decay of RNA except for 

enolase. Enolase, as part of the degradosome, had not had a role annotated to it until Morita et 

al. (2004) showed its presence is critical for the regulation of the degradation of ptsG mRNA 

under conditions of phosphosugar stress. 

 

The uptake of glucose involves the transfer of phosphor groups through the 

phosphotransferase system (PTS).  The ptsG mRNA encodes the major glucose transporter 

(IICBGlc) which is a membrane-bound enzyme part of the PTS. The three components of PTS 

involved in the transport of glucose are E1, HPr and EIIAGlc. Phosphoryl transfer: 

phosphoenolpyruvate – E1 – HPr – EIIAGlc – IICBGlc – glucose (Nam et al., 2001). Upon 

blocked glycolysis (IICBGlc) is destabilized; RNase E mediates the immediate degradation of 

ptsG mRNA (Kimata et al., 2001). Increased glucose 6-phosphate (G6P) or fructose 6-

phosphate (F6P) results in RNase E degrading ptsG mRNA (Morita et al., 2003). The rapid 

degradation of ptsG mRNA was not eliminated through the assembly of the degradosome, as 

thought previously, but interestingly rather through reduced enolase levels (Morita et al., 

2004). Enolase is speculated to co-ordinate the action of RNase E ptsG mRNA in response to 

phosphosugar stress (Morita et al., 2004). 

 

The 47-kDa protein enolase is expressed abundantly in the cytoplasm where it functions to 

catalyze the processes of fermentation and glycolysis, but has also been shown to be present 

on the cell surface (Miles et al., 1991). This glycolytic enzyme has been shown to be 

expressed on the surface of hematopoetic cells, epithelial cells and neuronal cells as a strong 

plasminogen-binding receptor (Dudani et al., 1993; Nakajima et al., 1994; Redlitz et al., 
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1995). Enolase has not only been reported as a surface protein on various eukaryotic cells, 

but on bacterial cells as well. It was identified as a surface protein strongly binding 

plasminogen in group A. streptococci (Pancholi and Fischetti, 1998). Hydrophobic domains 

and post translational modifications such as acylation and phosphorylation are thought to 

assist cytoplasmic enolase in membrane association and surface production (Pancholi, 2001).  

Interestingly Myc-binding protein (MBP-1), structurally very alike to α-enolase, has a nuclear 

localization (Subramaniam and Miller, 2000). Multifunctional enolase has thus shown to 

have multiple locations by various researchers. 

 

To determine the localization of enolase upon heat shock a subcellular fractionation study 

will be used. The protocol of preparing membrane vesicles from Gram-negative bacteria was 

adapted from Pool, (1993). This method allows the isolation of a high yield of the subcellular 

membrane, with its structural and functional integrity. The procedure relies on the disruption 

of the cell so that the subcellular fraction of interest contains no contaminating structures. 

This is achieved through sonication, breaking open the cells releasing the spheroplasts. 

Osmotic lysis allows the production of membrane vesicles from the spheroplasts. Swelling 

and bursting of the spheroplasts is caused by exposure to a hypo-osmotic solution. Detergent 

lysis buffer and ultra-centrifugation subsequently allow the release of the cytoplasm and the 

membrane fractions. 

 

Heat shock proteins DnaK and GroEL associate to the degradosome in substoichiometric 

amounts. They are known to facilitate protein folding and may have a role in the assembly of 

the degradosome. Vanzo et al. (1998) indicated that DnaK binds to the central region of 

RNase E, but it has not been determined whether DnaK binds directly to RNase E or whether 

its presence in the degradosome is through enolase or RhlB helicase. The interaction of DnaK 

and enolase has not been investigated prior to this study. The binding site of heat shock 

protein DnaK to RNase E has not been determined. Could DnaK and enolase be interacting? 

Do they have similar roles in the degradosome? These are questions that are still unanswered. 

This study was used to determine if DnaK influences the activity of enolase through the use 

of enolase activity assays. As of yet the role of enolase in the E. coli RNA degradosome has 

not been elucidated. Does enolase function as a heat shock protein in the degradosome, does 

it direct compartmentalization, and does it interact with any of the other degradosome 

constituents?  
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The aim of this study was to investigate the role of enolase in the E. coli RNA degradosome. 

The first objective would be to use bioinformatics tools to perform BLAST searches and 

sequence alignments to investigate the degree of similarity between homologues. The second 

objective was to analyze the sequence similarity between E. coli enolase and Homo sapiens 

enolase. The study was then focused on the localization of FLAG-tagged enolase produced in 

E. coli under normal conditions as well as under heat stress by an in vivo subcellular 

fractionation. The fourth objective of the study was to use an in vitro enolase assay to 

monitor the enolase activity in the presence and absence of purified E. coli DnaK. 

  

4.2 Materials and methods 

4.2.1 Materials 

Reagents used were purchased from Sigma Chemicals Co. (St. Louis, Mo U.S.A.), Merck 

Chemicals (Darmstadt, Germany), BioRad (U.S.A.) or Roche Molecular Biochemicals 

(Indianapolis, IN, U.S.A.). HybondTM Cextra chemiluminescence nitrocellulose was 

purchased from Amersham Pharmacia Biotech (Piscataway, NJ, U.S.A). Commercial enolase 

from rabbit muscle was purchased from Sigma. Monoclonal anti-FLAG antibody was 

purchased from Sigma. Plasmid pFLAG-Eno was a generous donation from Prof. S. Lin-

Chao (Institute of Molecular Biology, Academia Sinica, Taiwan) (Table 4.1). Plasmid 

pEKJ30 was constructed by Dr A. Boshoff. 

 

Table 4.1 Description of E. coli strains and plasmids 

Plasmid Description Reference 

pFLAG-ENO pGP1–2 encoding E. coli enolase, AmpR 

 

Liou et al. (2002) 

pEKJ30 pQE30 encoding E. coli dnaK, AmpR Boshoff et al. (2008) 

Strains Description Reference 

E. coli BL21 
(DE3) 

F- ompT gal [dcm] [lon] hsdSB λDEs 

 

Studier et al (1990) 

E. coli XL1-
Blue 

 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 
relA1 lac [F´ proAB lacIqZ∆M15 Tn10 

(Tetr)]. 

Bullock et al.(1987) 
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4.2.2 Methods 

4.2.2.1 Bioinformatic analysis of E. coli and Homo sapiens enolase 

A comparative investigation of enolase from two different organisms was conducted using 

sequence analysis tools. The comparison was made using amino acid sequences of the protein 

from each organism. The E. coli and H. sapiens sequences were downloaded from the 

National Centre for Biotechnology Information (NCBI) website (www.ncbi.nlm.nih.gov). 

The sequences were aligned using the CLUSTALW multiple sequence alignment tool from 

GenomeNet (http://align.genome.jp/). The alignment was shaded using the Mobyl@pasteur 

Boxshade v.3.0 (http://mobyle.pasteur.fr/cgi-bin/portal.py?form=boxshade). 

 

4.2.2.2 Transformation of competent cells 

Competent E. coli BL (DE3) cells were transformed with FLAG-tagged enolase (pFlag-ENO) 

and competent E. coli XL1 Blue cells were transformed with His-tagged DnaK (pEKJ30) as 

described in Section 2.2.2.5. 

 

4.2.2.3 Determination of optimal protein production 

An overnight culture was prepared by growing E. coli BL21 (DE3) cells transformed with 

plasmid pFlag-ENO in 25 ml 2 x YT broth with 100 µg/ml ampicillin at 37ºC. The overnight 

culture was inoculated into 225 ml 2 x YT with 100 µg/ml ampicillin and grown to an optical 

density of A600nm = 0.4. Protein production was then induced by the addition of IPTG to a 

final concentration of 1 mM. Protein samples were taken every hour for 5 hours after 

induction. The samples were centrifuged for 1 minute at 12 000 g and the pellet resuspended 

in a volume of PBS as determined by the absorbance reading where 150 µl of PBS was added 

for each 0.5 OD600nm absorbance unit. The samples were analyzed on a 10 % SDS-PAGE gel. 

The protein production study of PNPase, enolase and RhlB helicase differed in that protein 

samples were taken over hourly periods for duration of 5 hours. Western blot analysis 

identified 79 kDa, 47 kDa and 50 kDa protein bands, respectively, using anti-FLAG 

antibodies. M2 monoclonal anti-FLAG antibody allowed for the detection of the FLAG-

tagged proteins with ECL anti-mouse IgG HRP-linked species-specific whole antibody. 

 

4.2.2.4 Sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE analysis was performed as described in Section 2.2.2.7. 
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4.2.2.5 Western blot analysis of proteins 

Western blot analysis was performed as described in Section 2.2.2.8. Monoclonal anti-FLAG 

antibody was used to detect FLAG-tagged enolase with ECL anti-mouse IgG HRP-linked 

species specific whole antibody. Monoclonal mouse anti-His antibodies were used to detect 

His-tagged DnaK with ECL anti-mouse IgG HRP-linked species-specific whole antibody. 

 

4.2.2.6 Subcellular fractionation of enolase under heat shock 

An overnight culture was prepared by growing E. coli BL21 (DE3) cells transformed with 

pflag-ENO in 25 ml 2 x YT broth with 100 µg/ml ampicillin at 37ºC. The overnight culture 

was inoculated into 275 ml 2 x YT broth with 100 µg/ml ampicillin and grown to an optical 

density of A600nm = 0.4. Protein production was induced by the addition of IPTG to a final 

concentration of 1 mM. The culture was divided and one half was heat shocked for 10 

minutes at 42ºC, the other kept at 37ºC. The two cultures were harvested at 4 000 g for 20 

minutes at 4ºC. The pellets were separately resuspended in 7.5 ml periplasting buffer (20 % 

sucrose, 1 mM ethylenediaminetetraacetic acid (EDTA), 500 µg/ml lysozyme) and incubated   

on ice for 5 minutes. A volume of   7.5 ml cold water was added to each   sample, mixed with 

slow pipetting and again incubated on ice for 5 minutes. A pellet was produced by  

centrifuging  for 20  minutes  at  4 000 g at 4ºC and resuspended  in  15 ml detergent lysis 

buffer (10 mM Tris-HCl,   pH 7.5, 50  mM KCl,  1 mM  EDTA, 0.1  %  deoxycholate) and 

left  to incubate  at room temperature. The solutions were sonicated at 60 Hz (20 x 10 

seconds) and centrifuged twice for 20 minutes at 4 000 g at 4ºC to produce a supernatant. The 

supernatants were ultra-centrifuged at 44 800 g for 1 hour at 4ºC. The pellet was resuspended 

in 1 ml detergent lysis buffer with no added deoxycholate. The total protein in the different 

cell components were analyzed by SDS-PAGE (Section 2.2.2.7) and FLAG-tagged enolase of 

47 kDa was identified by means of anti-FLAG antibody using western blot analysis (Section 

2.2.2.8). 

 

4.2.2.7 Determination of protein concentration using the Bradford assay 

The Bradford assay was performed in a microtitre plate at an absorbance of 595 nm using a 

PowerWave microtitre plate reader (Biotek) (Bradford, 1976). Bradford reagent to a volume 

of 1 ml was added to 20 µl E. coli DnaK protein sample and incubated at room temperature 

for 30 minutes before taking the absorbance reading. A standard curve was prepared using a 

concentration linear range of 0.125 to 1.0 mg/ml bovine serum albumin (Figure 4.2) (BSA). 

Bradford reagent (1 ml) was added to the BSA standards 20 µl, incubated at room 
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temperature for 30 minutes and the absorbance reading taken. The experiment was conducted 

in triplicate. The DnaK protein concentration was determined by comparing the unknown to 

the prepared standard curve. 

 

 

 
Figure 4.2 Standard curve for protein determination using the Bradford assay 
Bradford assay using BSA to produce a standard curve where y = 0.2827x – 0.0025 and R2 = 0.998.  
 

 

4.2.2.8 Enolase activity assays 

The assay mix (3 ml) was prepared prior to each assay: 2.29 ml of 100 mM HEPES, pH 7.4; 

0.1 ml of 56 mM 2-phosphoglycerate (DPG); 50 µl of 7 mM NADH; 0.15 ml of 500 mM 

MgSO4; 0.2 ml of 2 M KCl; 0.2 ml of 20 mM ADP; 2.75 µl of 2000 units/ml polyphosphate 

kinase (PK); 1.5 µl of 5500 units/ml lactate dehydrogenase (LDH); and varied DnaK 

volumes: 1 µl, 5.3 µl, 10 µl, 20 µl and 50 µl of 1.4 mg/ml DnaK. With each different assay, 

the HEPES buffer volume was adjusted to a total of 3 ml for the reaction. To start the 

reaction, 15 µl of 27 units/mg enolase, was added. The reaction was mixed by inversion and 

incubated at 25ºC for 5 minutes whilst the A340nm was monitored. The reaction was followed 

on a ThermoSpectronic spectrophotometer (Merck). A reaction was set up in the same 

manner with 1.5 µl of 15 mM Tris-HCl, pH 7.4, 0.02% BSA replacing enolase to serve as a 

negative control for the activity of enolase. A positive control experiment was set up in the 

same manner except that DnaK was not added to the reaction mix. Five experiments were 

carried out before using newly thawed purified protein. For every experiment each assay was 

carried out in duplicate.  
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The enolase activity for each assay was calculated as µmol/min/ml according to the following 

relationship: 

 

(∆A.Vt)/(ε.Ve.t) 

 

where ∆A is the total change in absorbance at 340 nm; Vt is the total volume of the reaction 

mixture; Ve is the volume of enzyme extract; t = time (5 min); ε = extinction coefficient = 

6.22 ml-1. min-1. 

 

4.3 Results and discussion 

4.3.1 Multiple sequence alignment of eukaryotic and prokaryotic enolase 

A multiple sequence alignment of the amino acid residues of bacterial and human enolase 

was performed to determine conserved regions amongst the different sequences. BLAST 

analysis allowed the identification of identical and similar sequences. The alignment between 

E. coli enolase and human alpha enolase showed a 52 % identity and that of E. coli enolase 

and human beta-enolase a 55 % identity. Human alpha-enolase shares an 83 % identity with 

human beta-enolase. Human alpha- and beta-enolase are considered close homologues of E. 

coli enolase due to a percentage identity higher than 50 % (Russel et al., 1997). The level of 

conservation across the N-terminus and the enolase principle domain, the TIM-barrel, 

appears to remain consistent (Figure 4.3). The longest helix, H5, is conserved across E. coli 

and human enolase. The mainly hydrophobic helix, H11, is very well conserved, with a 

sequence identity of 100 % across human and E. coli enolase. The alignment between E. coli 

and Human enolase was made due to the fact that the eukaryotic exosome (a complex very 

similar to the RNA degradosome) is present in Human. Enolase is also highly conserved and 

the high percentage identity between E. coli and Human enolase was an interesting find. 
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H. sapiens eno1    - MS I L K I H A R E I F DS R G N P T V E VD L F T S K G L F - R A A VP S G A S T G I Y E A L E L R D NDK T R Y M
H. sapiens eno3    - MA MQ K I F A R E I L DS R G N P T V E VD L H T A K G R F - R A A VP S G A S T G I Y E A L E L R D G DK G R Y L 
E. coli eno    M S K I V K I I G R E I I DS R G N P T V E A E V H L E G G F V G MA A A P S G A S T G S R E A L E L R D G DK S R F L 
     .   . . *  *    . *  *  *  . *  *  *  *  *  *  *  *  *  . . . . .   . *    .   . *  *  . *  *  *  *  *  *  *  . . *  *  *  *  *  *  *  . *  *  . *  . . 
    1 . . . . . . . 1 0 . . . . . . . . 2 0 . . . . . . . . 3 0 . . . . . . . . 4 0 . . . . . . . . 5 0 . . . . . . . . 6 0 

                                                              
                                                              
                                                              

H. sapiens eno1    G K G V S K A V E H I NK T I A P A L VS K K L NV T E Q E K I D K L M I E MD G T E NK S K F G A NA I L G V S L A V 
H. sapiens eno3    G K G V L K A V E N I N S T L G P A L L Q K K L S V A D Q E K V D K F M I E L D G T E NK S K F G A NA I L G V S L A V 
E. coli eno G K G V T K A V A A V NG P I A QA L I G K - - DA K D Q A G I D K I M I D L D G T E NK S K F G A NA I L A V S L A N 
    *  *  *  *  . *  *  *  .   . *    . . . . *  *  .   *  . .   .   . *  . . . *  *  . *  *  . . *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  . *  *  *  *  . 
    . . . . . . . . 7 0 . . . . . . . . 8 0 . . . . . . . . 9 0 . . . . . . . 1 0 0 . . . . . . . 1 1 0 . . . . . . . 1 2 0 

                                                              
                                                              
                                                              

H. sapiens eno1    C K A G A V E K G V P L Y R H I A D L A G NS - E V I L P VP A F N V I NG G S HA G NK L A MQE F M I L P V G A A N 
H. sapiens eno3    C K A G A A E K G V P L Y R H I A D L A G NP - D L I L P VP A F N V I NG G S HA G NK L A MQE F M I L P V G A S S 
E. coli eno A K A A A A A K G M P L Y E H I A E L NG T P G K Y S MP VP MM N I I NG G E HA D NNV D I QE F M I QP V G A K T 
    . *  *  . *  . . *  *  . *  *  *  . *  *  *  . *  . *  . .   . . . . *  *  *  . . *  . *  *  *  *  . *  *  . *  . . . . *  *  *  *  *  . *  *  *  *    . 
    . . . . . . . 1 3 0 . . . . . . . 1 4 0 . . . . . . . 1 5 0 . . . . . . . 1 6 0 . . . . . . . 1 7 0 . . . . . . . 1 8 0 

                                                              
                                                              
                                                              

H. sapiens eno1    F R E A M R I G A E V Y H NL K NV I K E K YG K D A T N VG D E G G F A P N I L E N K E G L E L L K T A I G K A G Y T 
H. sapiens eno3    F K E A M R I G A E V Y H HL K G V I K A K YG K D A T N VG D E G G F A P N I L E N NE A L E L L K T A I QA A G Y P 
E. coli eno V K E A I R MG S E V F H HL A K V L K A K G - - MN T A VG D E G G Y A P N L G S N A E A L A V I A E A VK A A G Y E 
    . . *  *  . *  . *  . *  *  . *  . *  .   *  . *  . *  . . . . . *  . *  *  *  *  *  *  . *  *  *  . . . *    *  . *  . . . . . *  .   . *  *  *    
    . . . . . . . 1 9 0 . . . . . . . 2 0 0 . . . . . . . 2 1 0 . . . . . . . 2 2 0 . . . . . . . 2 3 0 . . . . . . . 2 4 0 

                                                              
                                                              
                                                              

H. sapiens eno1    - - DK V V I G MD V A A S E F F R S G K YDL D F K S P DD P S R Y I S P D Q L A D L Y K S F I K DY P VVS I E D P 
H. sapiens eno3    - - DK V V I G MD V A A S E F YR NG K YDL D F K S P DD P A R H I T G E K L G E L Y K S F I K NY P VVS I E D P 
E. coli eno L G K D I T L A MD C A A S E F YK DG K YVL A G E G - - - - N K A F T S E E F T H F L E E L T K QY P I VS I E D G 
        . . . . . . *  *  . *  *  *  *  *  . .   *  *  *  . *  . . . . . . . .   .   . .   .   . . . . . . . . . *  . *  *  . *  *  *  *  *  . 
    . . . . . . . 2 5 0 . . . . . . . 2 6 0 . . . . . . . 2 7 0 . . . . . . . 2 8 0 . . . . . . . 2 9 0 . . . . . . . 3 0 0 

                                                              
                                                              
                                                              

H. sapiens eno1    F D QD D W G - - A W QK F T A S A G I Q VVG DD L T V T N P K R I A K A V N E K S C NC L L L K V N Q I G S VL T E 
H. sapiens eno3    F D QD D W A - - T W T S F L S G V N I Q I VG DD L T V T N P K R I A QA V E K K A C NC L L L K V N Q I G S V - T E 
E. coli eno L D E S D W D G F A Y QT K V L G D K I Q L VG DD L F V T N T K I L K E G I E K G I A N S I L I K F N Q I G S L - T E 
    . *  . . *  *  .     . . . . . .   .     *  *  . *  *  *  *  *  . *  *  *  . *  . . .   . . . . .   . *  . . *  . *  . *  *  *  *  *  .   *  *  
    . . . . . . . 3 1 0 . . . . . . . 3 2 0 . . . . . . . 3 3 0 . . . . . . . 3 4 0 . . . . . . . 3 5 0 . . . . . . . 3 6 0 

                                                              
                                                              
                                                              

H. sapiens eno1    S L QA C K L A Q A N G W G VMVS HR S G E T E D T F I A D L V V G L C T G Q I K T G A P C R S E R L A K YN QL L R 
H. sapiens eno3    S I QA C K L A Q S N G W G VMVS HR S G E T E D T F I A D L V V G L C T G Q I K T G A P C R S E R L A K YN QL M R 
E. coli eno T L A A I K MA K D A G Y T A V I S HR S G E T E D A T I A D L A V G T A A G Q I K T G S MS R S D R V A K YN QL I R 
     . . . *  . *  . *  .   . *  . . . . . *  *  *  *  *  *  *  *  *  . . *  *  *  *  . *  *  . . . *  *  *  *  *  *  . . . *  *  . *  . *  *  *  *  *  *  . *  
    . . . . . . . 3 7 0 . . . . . . . 3 8 0 . . . . . . . 3 9 0 . . . . . . . 4 0 0 . . . . . . . 4 1 0 . . . . . . . 4 2 0 

                                                              
                                                              
                                                              

H. sapiens eno1    I E E E L G S K A K F A G R N F R N P L A K                                       
H. sapiens eno3    I E E A L G D K A I F A G R K F R N P K A K                                       
E. coli eno I E E A L G E K A P Y NG R K E I K G QA -                                       
    * *  *  . *  *  . *  *    . . *  *  . . . . .   *  .                                       
    . . . . . . . 4 3 0 . . . . . . . 4 4 0 . .                                       

                                                              
                                                              

                                                             
                                                             

Figure 4.3 Multiple sequence alignment of E. coli enolase and Homo sapiens alpha-enolase and beta-
enolase 
E.COLI: E. coli enolase protein (GenBank EU896509), H.SAPIENS 1: H. sapiens alpha-enolase protein 
(GenBank NP001419) and H.SAPIENS 3: H. sapiens beta-enolase protein (GenBank NP001967). Green: E. coli 
N-terminus; blue: E .coli TIM barrel; orange: E. coli helix 5(H5) and helix 11 (H11).  
 

N-terminal 

   H5 

 TIM barrel 

  H11 



Chapter 4: The role of enolase in the E. coli RNA degradosome 
 

85 
 

4.3.2 Protein production study of FLAG-tagged enolase 

The protein production study of FLAG-tagged enolase, of size 47 kDa, is shown in Figure 

4.4. Enolase was successfully produced in E. coli BL21 cells and appeared to produce protein 

at increasing levels over the duration of 5 hours after induction with IPTG (Figure 4.4, panel 

A, lanes 2 to 7).  

 

 

 
 
Figure 4.4 Protein production study and western blot analysis of FLAG-tagged enolase. 
Study of optimal protein production of E. coli BL21 (DE3) [pflag-ENO] through 10% reducing SDS-PAGE 
analysis (A) and western blot analysis (B). (A) lane 1: negative control of untransformed E. coli BL21 cells; 
lane 2: uninduced cells transformed with FLAG-tagged enolase; lane 3: transformed cells 1 hour after IPTG 
induction; lane 4: 2 hours after induction; lane 5: 3 hours after induction; lane 6: 4 hours after induction; lane 7: 
5 hours after induction. The enolase protein band has a mobility of 47 kDa. (B) Anti-FLAG antibody was used 
to identify the 47 kDa protein band of enolase using western blot analysis.  
 
 

No enolase protein is visible in the untransformed E. coli BL21 cells. Western blot analysis 

was used to identify the molecular mass of 47 kDa of enolase using an anti-FLAG antibody 5 

hours after IPTG induction (Figure 4.4, panel B, lane 7). 

 

4.3.3 Subcellular fractionation of enolase under heat shock 

The aim of this study was to investigate if enolase was recruited to the membrane under 

conditions of stress. This finding would determine if enolase recruits to the E. coli RNA 

degradosome that is tethered to the membrane through its scaffold protein RNase E upon heat 

stress. It was thus necessary to determine the localization of enolase in the presence and 

absence of heat stress using a subcellular fractionation. This experiment would allow the 

divisions of the cell into its organelles, and through western blot analysis identify where the 

47 kDa protein band of enolase is most abundant. E. coli cells were divided into periplasmic, 
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cytoplasmic and membrane fractions through the use of lysozyme digestion, osmotic shock 

and ultracentrifugation. Each lane of the SDS-PAGE shows the level of enolase protein 

production present in whole cells, periplasmic, cytoplasmic and membrane fractions from a 

heat shocked culture and from a culture grown at 37° (Figure 4.5, panel A). Western blot 

analysis confirmed the presence of enolase and showed the differences in relative 

concentrations of enolase protein in the different fractions (Figure 4.5, panel B). At 37ºC, 

enolase was most abundant in the cytoplasmic fraction, and least abundant in the membrane 

fraction (Figure 4.5, panel B, lanes 7 and 8). Upon the environmental stress of heat shock 

both the cytoplasmic and membrane fractions showed an increase of protein content (Figure 

4.5, panel B, lanes 3 and 4). The periplasm showed no distinct difference between the heat 

shocked and non-heat shocked fractions (Figure 4.5, panel B, lanes 2 and 6). 

 

 
Figure 4.5 Subcellular fractionation of enolase under heat stress 
10% reducing SDS-PAGE (A) and western blot analysis (B) of the subcellular localization of enolase. (B) Lane 
1: whole cells containing enolase; lane 2: periplasmic fraction containing enolase; lane 3: cytoplasmic fraction 
containing enolase; lane 4: membrane fraction with enolase present.  Lanes 1 – 4 contain the fractions after  heat 
shock. Lane 5: whole cells; lane 6: periplasmic fraction; lane 7: cytoplasmic fraction; lane 8: membrane fraction. 
Lanes 5 – 8 contain the fractions at 37°C. The subcellular fractions from the culture placed under heat stress 
were compared to that from a culture grown at 37ºC. 
 

 

This result, interestingly, showed increased levels of enolase in the cytoplasm as well as in 

the membrane after heat shock. Enolase may very well be membrane-associated; increased 

protein levels in the membrane could be due to enolase recruiting to the degradosome when 

the cell is placed under heat stress. Enolase was not over produced in the whole cells. If a 
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higher level of enolase protein production could be achieved prior to the fractionation, there 

may be a larger difference between the membrane fractions before and after heat shock. 

 

Enolase over production may also then show a movement of enolase from the cytoplasm to 

the membrane upon heat shock, as opposed to the current result where both the membrane 

and cytoplasmic fractions show increased yields of enolase. Another point to consider would 

be to heat shock the E. coli cell culture over a longer duration. This could also result in a 

larger difference in the membrane enolase protein levels before and after heat shock, and may 

reflect a translocation of enolase from the cytoplasm to the membrane. Western blot analysis 

is used to quantify the differences in proteins by the intensity of fluorescence; therefore each 

sample must contain the same amount of protein.  

 

4.3.4 Enolase activity assays 

The activity assays were optimised to that of an enolase concentration of 0.0175 mg/ml. 

Enolase was found to have enzyme activity at both the concentrations 0.035 mg/ml and 

0.0175 mg/ml. The lower enzyme concentration resulted in the reaction occurring over a 

longer period of time and in a higher enolase activity (6.9969 µmol/min/ml) than that of 

0.035 mg/ml which produced an enolase activity of 5.509 µmol/min/ml (results not shown). 

The blank, with no added enolase, showed no signs of activity (results not shown). An 

enolase concentration of 0.0175 mg/ml was thus used for all further activity assays. Bovine 

serum albumin (BSA) was used as a negative protein control because it does not affect 

enzymes that do not need it for stabilization, and BSA produced no change in enolase 

activity. 

 

E. coli DnaK was purified (discussed in Section 3.3.1) for the purpose of adding it to the 

enolase assays to determine if DnaK influences enolase activity. A wide range of molarities 

was investigated to determine at what concentration, if any, DnaK would influence enolase. 

Using a molar ratio of DnaK to enolase of 1:37, an increased enolase activity of 8.3 

µmol/min/ml (standard error of 15.8 %) was observed (Figure 4.6). However, an error of 18.5 

% amounts to approximately 1 unit of activity. The enolase activity with and without DnaK 

differed by 1.4 units. Thus, the result obtained at a molar ratio of 1:37 is not statistically 

relevant. Using a DnaK concentration of 0.002 mg/ml in the enolase activity assay (DnaK to 

enolase molar ratio of 1:13) resulted in a statistically significant increase in enolase activity 

of 9.5 µmol/min/ml. This result indicated that DnaK does in fact influence enolase activity. 
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Figure 4.6 Analysis of enolase activity in the presence and absence of DnaK 
Enolase activity was measured at a constant enolase concentration (0.0175 mg/ml) and varied DnaK 
concentrations: 0.0007 mg/ml, 0.002 mg/ml, 0.004 mg/ml, 0.009 mg/ml and 0.023 mg/ml. Each assay was 
conducted in triplicate. Molar ratios of DnaK to enolase at increasing DnaK concentrations were calculated: 
1:37 (0.0007 mg/ml); 1:13 (0.002 mg/ml); 1:6 (0.004 mg/ml); 1:3 (0.009 mg/ml) and 1:1 (0.023 mg/ml). 
 

 

Upon increasing the DnaK concentration further, at molar ratios of 1:6 and 1:3, enolase 

activity decreased slightly in comparison to the activity at the molar ratio of 1:37 (DnaK : 

enolase). However, changing the molar ratio of DnaK to enolase to 1:1 resulted in 

approximately one third of the activity of enolase in the absence of DnaK (Figure 4.6). Thus, 

these results show, for the first time, that substoichiometric amounts of DnaK increase 

enolase activity. Substoichiometric concentrations of DnaK appeared to enhance the folding 

of enolase resulting in an increase of activity, while equimolar concentrations of DnaK 

resulted in a decrease of activity. It is thus possible that DnaK is acting as a holdase at 

equimolar concentrations, and inhibiting the activity of enolase. 
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Commercial eukaryotic enolase was used in the enolase assays. The multiple sequence 

alignment of prokaryotic and eukaryotic enolase in Figure 4.3 indicated a 55 % identity 

between the two organisms. Despite the fact that it would have been preferable to use E. coli 

enolase, the percentage identity indicates that they are close homologues. 

 

4.4 Conclusion 

Two of the three structurally similar isoforms of enolase are alpha- and beta-enolase. 

Ubiquitous alpha-enolase (non-neuronal enolase) is expressed in the early stages of 

embryonic development, whereas beta-enolase genes are expressed in the adult skeletal and 

cardiac muscle cells (Terrier et al., 2007). Alpha-enolase is highly conserved, ranging from 

40 – 90 % identity between different organisms (Pancholi, 2001). E. coli enolase and human 

alpha-enolase share a 52 % identity.  E. coli enolase and human beta-enolase share a 55 % 

identity and human beta-enolase and human alpha-enolase share 83 % homology. The 

evolutionary relationship between two sequences is inferred based on the high sequence 

identity between them. Two proteins are considered medium homologues if the percentage 

identity between them is greater than 25 % and less than 50 % (Russel et al., 1997). Close 

homologues share a percentage identity greater than 50 % (Russel et al., 1997). E. coli 

enolase can thus be termed a close homologue of both human alpha- and beta-enolase.  

 

In the in vivo fractionation study, the E. coli cells were fractionated to produce periplasmic, 

cytoplasmic and membrane fractions, with the aim of determining the localization of enolase 

upon inducing heat stress. Enolase appeared to localize towards both the membrane and 

cytoplasm. This finding indicates that enolase is recruited to the membrane, and by 

implication to the E. coli RNA degradosome, under heat stress. It is possible that increasing 

the period of heat shock may result in greater localization of enolase to the membrane. 

Enolase has previously been shown to be expressed on the cell surface as a strong 

plasminogen binding protein in both eukaryotes and prokaryotes (Dudani et al., 1993; 

Pancholi and Fischetti, 1998). Enolase is very diverse in its functioning across species and 

has a wide variety of moonlighting functions. Further research could answer the question as 

to why enolase localizes to the membrane where the scaffold protein is located. Could 

enolase be functioning as a heat shock protein? The role of enolase can further be elucidated 

by determining if post-translational modifications such as phosphorylation recruit this protein 

to the degradosome through membrane translocation. 
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During the in vitro analysis of enolase activity in the presence and absence of DnaK, it was 

found that enolase activity was either stimulated or inhibited, depending on the DnaK 

concentration. Substoichiometric amounts of DnaK enhanced the activity of enolase while 

equimolar DnaK concentrations inhibited enolase activity. Future work will include the use 

of enolase purified from E. coli cells and the addition of DnaJ and GrpE, which are co-

chaperones of DnaK. The addition of co-chaperones may further enhance the activity of 

enolase. The chaperone binding site on RNase E has not been determined. It was, however, 

speculated that DnaK could associate with the central part of RNase E, or with either enolase 

or RhlB helicase as part of the degradosome (Vanzo et al., 1998). From this study it is 

possible that the chaperones associate with RNase E via enolase. Could the binding of DnaK 

facilitate the binding of enolase to the RNA degradosome? This research poses many 

fascinating and new exciting areas of study. 
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Chapter 5 
Conclusions and future work 

------------------------------------------------------------------------ 
 

The major components of the E. coli RNA degradosome have been studied and characterized 

(Miczak et al., 1996). The role of RNase E, PNPase and RhlB helicase in mRNA processing 

and degradation in the RNA degradosome are known (Miczak et al., 1996; Vanzo et al., 

1998). However, the specific functions of all the components of the RNA degradosome have 

not been elucidated. Enolase, a major component, has not been shown to have a specific 

function in the process of mRNA degradation, even though it is a “moonlighting” protein 

with a wide variety of functions across different organelles and different organisms. 

Molecular chaperones, minor components of the RNA degradosome, were not considered 

significant, until recently, so that no specific function in the RNA degradosome has been 

found for them.  

 

The RNA degradosome could not be purified using the FLAG-tagged purification. The level 

of RNase E protein obtained was low and not consistent. The FLAG-tagged purification 

would have allowed purification of all the major as well as the minor components of the RNA 

degradosome. The RNA degradosome was thus purified using the His-tagged purification. 

However, communications with our collaborators lead us to the understanding that the His-

purification is not ideal for purification of the RNA degradosome as not all the components 

are present. RNase E catalytic activity is auto-regulated. Inhibitors of RNase E activity 

include the proteins RraA and L4, both of which prevent endonucleolytic cleavage of RNase 

E. RraA inhibits RNase E activity by altering the composition of the RNA degradosome, 

whereas L4 inhibition of RNase E does not result in a modification of the RNA degradosome 

(Gao et al. 2006). L4 can thus be used to over-produce RNase E and facilitate the purification 

of the RNA degradosome.  

 

Proteins associating with the RNA degradosome in substoichiometric amounts were 

previously considered to be insignificant, but recently a different view point has been 

adopted. Some of the minor constituents of the RNA degradosome were suggested to 

participate in the response to changing environmental conditions. The question of whether 

DnaK and GroEL are essential in the assembly of the RNA degradosome under elevated 

temperatures still remains unanswered. The purified RNA degradosome was heat shocked to 



Chapter 5: Conclusions and future work 

 

92 

 

investigate levels of DnaK and it was found that DnaK protein production increased in the 

RNA degradosome after heat stress. The role of DnaK was not fully elucidated. The 

molecular chaperones GroEL/GroES are the only chaperones required for E. coli viability at 

all temperatures. Very interestingly, GroEL was shown, in preliminary results, to localize in 

the membrane fraction after heat shock. An E. coli dnaK minus strain was specifically 

obtained to allow the purification of the RNA degradosome and determine whether GroEL 

could functionally replace DnaK in this multi-protein complex. However, the RNA 

degradosome purified from the dnaK minus strain produced a very low yield of RNase E 

protein and an incomplete degradosome; GroEL was not present.  Further research using the 

L4 protein would allow the specific function of DnaK as well as GroEL in the RNA 

degradosome to be determined. Does the chaperone, GroEL, that binds non-native 

polypeptides, replace DnaK functionally? How do the molecular chaperones integrate to 

function within the RNA degradosome? 

 

Enolase has been shown to have a wide variety of functions. This glycolytic protein was 

shown to have a specific function of directing compartmentalization of the RNA 

degradosome to the plasma membrane for the ptsG mRNA to then be degraded (Morita et al., 

2004). As of yet (2010) the there is no evidence to suggest that enolase has a role in mRNA 

degradation. Its specific function in the assembly of the RNA degradosome under conditions 

of heat stress has not been determined. Investigating enolase provided exciting results. 

Enolase protein production was found to increase in abundance in the membrane fraction 

after heat shock. By extension it is suggested that enolase may be directed towards the 

membrane-tethered scaffold protein RNase E, to which all the components of the RNA 

degradosome associate. Further research will determine whether enolase localizes in the 

cellular membrane or whether enolase is specifically recruited towards the RNA 

degradosome upon heat shock. Does enolase act as a heat shock protein in the RNA 

degradosome? A study was performed to determine whether DnaK influenced enolase 

activity. Commercial eukaryotic enolase was used for enolase assays to which purified DnaK 

was added. Eukaryotic enolase was used because enolase could not be purified using the 

FLAG-tagged purification. A set of preliminary results was produced showing very 

interestingly that substoichiometric amounts of DnaK increased the activity of enolase. A 

molar ratio of DnaK to enolase of 1 : 1, however, showed that enolase activity was inhibited 

by DnaK. It may be possible that change in enolase activity at varied DnaK concentrations is 

due to the chaperone functioning of DnaK, acting as a hold/folding protein. Does DnaK 
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refold enolase into a better conformation that enhances enolase activity? Vanzo et al. (1998) 

ruled out the possibility of DnaK binding to PNPase in associating with the RNA 

degradosome, and suggested DnaK associated with the RNA degradosome by binding to 

either the central region of RNase E, or to RhlB or enolase. Further research could determine 

why DnaK binds to enolase, and if the binding of DnaK facilitates the binding of enolase to 

the degradosome. An interesting study would be to determine what the mechanism of action 

is when DnaK interacts with enolase and whether DnaJ and GrpE influence DnaK’s activity 

on enolase. 

 

Future work should be started by successfully over-producing RNase E in the presence of 

protein inhibitor RraA. Over-production of RNase E would allow FLAG-tagged purification 

of the RNA degradosome. The next important point to consider would be the positive 

identification of the recombinantly expressed proteins through obtaining antibodies specific 

to each protein associated to the scaffold protein. The full RNA degradosome could then be 

compared to the degradosome purified from the E. coli dnaK minus strain under conditions of 

heat stress. E. coli enolase must be purified to further research the effect of DnaK and also 

DnaJ on enolase activity. An enolase plasmid that encodes for a His-tag therefore needs to be 

constructed to allow the purification of E. coli enolase to be used in the activity assays. 

Antibodies against enolase, as well as PNPase and RhlB helicase need to be prepared so that 

the major components of the RNA degradosome can be identified under varied conditions. 

This study was at a disadvantage because these antibodies were not available to investigate if 

the full RNA degradosome had been purified. The association of RhlB helicase to the 

degradosome increases its ATPase activity fifteen fold, but it has not been determined how 

the interaction of RNase E activates RhlB (Vanzo, 1998). Future work could include 

determining the mechanism of action of RNase E on RhlB. 

 

Future work could also include elucidating the role of enolase by determining if a post-

transcriptional regulation, such as phosphorylation, recruits this protein to the RNA 

degradosome. The majority of enzymes involved in degradative pathways have been shown 

to be active in the phosphorylated state and inactive in the dephosphorylated state (Ranjeva 

and Boudet, 1987; Randall and Blevins, 1990). Using enolase activity assays, the 

phosphorylated state of enolase can be determined by measuring the activity of purified 

enolase upon treatment with alkaline phosphatase. It can then be compared to the enolase 

activity from the purified degradosome treated with alkaline phosphatase. 
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Enolase was shown to be a validated target for drug design in Trypanosoma brucei. 

Disruption of the degradosome could be incurred using platinum nanoparticles. Could 

research on enolase from the disrupted RNA degradosome possibly lead to drug targeting?  

 

Anti-alpha-enolase antibodies have been found in many autoimmune and antiflammatory 

diseases such as multiple sclerosis, rheumatoid arthritis, paraneoplastic retinopathy etc. These 

antibodies may come about due to microbial infection or uncontrolled cellular growth in 

pathophysiological conditions. In infections, these antibodies could function in decreasing 

microbial tissue invasion. Autoimmune and inflammatory diseases results in endothelial 

injury induced by the anti-alpha-enolase antibodies and in apoptotic cell death (Terrier et al., 

2006). Thus a thorough study of E. coli enolase could enhance our understanding of its role in 

human diseases. 
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