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Abstract 

 

 

 

     Prokaryotes contain two release factors, RF1 and RF2, both decode the UAA stop codon 

but individually they are specific for UAG and UGA respectively. The prfB gene, encoding 

RF2, uniquely has a sophisticated autoregulation mechanism contained within its mRNA. A 

frameshift into a +1 reading frame is required to bypass an inframe UGA stop codon located 

at position 26. In this way the cell is capable of tightly regulating the RF2 concentration, as 

frameshift is promoted at low cellular levels of RF2. The frameshift mechanism is highly 

conserved across bacterial species. The prfA gene, encoding RF1, while displaying high levels 

of sequence homology with prfB and almost complete concordance of function, does not 

contain a frameshift site.  

 

     This project set out to test the hypothesis that RF2 has a unique function independent of 

translation as a regulator of other genes. This was investigated by selecting putative promoter 

elements from likely candidate genes and cloning them upstream of a β-galactosidase reporter 

gene. Activity at each promoter was compared under physiologically normal conditions and 

when release factors were over-expressed. The effect of RF2 over-expression on the 

Escherichia coli transcriptome as a whole was investigated by microarray analysis. 

 

     Promoter elements for the three prokaryote release factor genes, prfA, prfB, and prfC 

(encoding class II release factor RF3) and for the hemA gene (located at the start of the operon 

containing prfA) were cloned upstream of β-galactosidase. β-galactosidase activity assays in 

rich medium (LB) showed no activity for the prfA putative promoter. Activity of the prfC 

promoter appeared to increase with ~5 fold over-expression of RF1. Investigations in M9 

minimal medium showed suggestive down-regulation at the hemA and prfB promoter 

elements when RF2 was over-expressed.  

 

     Microarray analysis of the E. coli transcriptome investigated gene expression levels in an 

over-expressing RF2 environment compared to physiologically normal. Changes for the 

targeted release factor genes studied in the β-galactosidase assays were not significant except 

for the over-expressed RF2. Surprisingly, the known co-ordinated expression of RF1 and RF2 
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was not reflected in the microarray results. It was not possible to investigate the effect on the 

prfB gene, though the over-expression was quantified at <5 fold, a non-physiological level of 

expression. The majority of genes appeared to decrease in expression as a result of RF2 over-

expression. For example, the lysS gene was depressed, suggesting a down-regulation of the 

prfB-lysS transcript. Other significantly down-regulated genes are involved in acid resistance, 

transcription, cell division, and ribose transport and metabolism. Significantly up-regulated 

genes included the leu operon. There is little literature available to connect these processes to 

RF2. 

 

     The results of the study did confirm the presence of a previously unidentified promoter 

upstream of the prfB gene which may be controlling expression of the prfB-lysS transcript. 

However, there was insufficient evidence to confirm the hypothesis for a second function for 

RF2 in gene regulation, although interesting suggestive evidence was obtained. Nevertheless 

the reason for a sophisticated conserved mechanism for regulation of RF2 and not RF1 

remains an intriguing mystery. 
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Chapter 1 

Introduction 

 

 

 

     Accurate translation of mRNA into protein according to the rules imposed by the genetic 

code is crucial to the performance of all cells. Incorporation of erroneous amino acids, 

changes in reading frame, and premature termination, are all outside these constraints and are 

likely to produce functionless (or incorrectly functioning) proteins. This is both a waste of 

cellular resources and energy, and is potentially detrimental to the cell. It is no surprise then, 

that prokaryote and eukaryote cells have developed complex and fastidious mechanisms to 

ensure protein synthesis operates with high fidelity within the code, and one of these is that 

the protein is terminated appropriately. 

 

1.1  The Ribosome 

     Protein synthesis (translation) takes place on the ribosome. The ribosome, a complex of 

ribonucleic acids and proteins, is comprised of two subunits, one small and one large. In 

prokaryotes the subunits are each 30S and 50S and together form a 70S ribosome
1
. 

Eukaryotes have 80S ribosomes containing a 40S and a 60S subunit
2
. Ribosomes of 

mitochondria range from 55S to 80S
3
. Chloroplast ribosomes appear similar to those of 

prokaryotes, though, as in mitochondria, they contain unique structures and proteins
4
.  

 

     The small subunit of prokaryotic ribosomes contains a single 16S rRNA and about 20 

proteins. The large subunit contains a 23S rRNA, a 5S rRNA, and about 30 different 

proteins
5
. The exact number and copy number of ribosomal proteins can vary between 

species. The catalytic activity of the ribosome is supported and facilitated by the RNA at the 

active centre, with the proteins providing structural support and stability to the organelle
6
.  
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     Extensive genetic and biochemical studies identified the ribosome‟s protein and rRNA 

components as well as revealing tantalising glimpses of the arrangement and function of the 

components within the ribosome. When structures of ribosomal proteins in isolation were 

produced, the majority showed globular domains and long extensions believed to act as 

anchors into the rRNA scaffold
7
. Elucidation of the ribosomal components in situ was 

imperative to take the process of translation out of theoretical models and into verified reality.  

 

     Investigations into the complete composition of the ribosome were hampered by both its 

size and its asymmetry. The first crystals of the ribosome were created in 1980
8
. Technical 

and technological advances were required before the first high-resolution images could be 

generated, and these did not happen until two decades later
9
. In this time, Thermus 

thermophilus and Haloarcula marismortui ribosomes became the models for bacterial 

ribosome crystallography
10

. Improvements were made in the beams and detectors used in 

crystal diffraction procedures, and cryo-electron microscopy techniques were developed
9,10

.  

 

     Structures of the individual ribosomal subunits were first published in 1999, and were 

quickly followed by higher resolution models, both alone and in complex with numerous 

other elements including mRNA, tRNA, and antibiotics
11

. These structures reveal the sites of 

interaction between the ribosome and mRNA and tRNA (see Figure 1.1) as well as the sites of 

action for antibiotics
12

. Areas of each subunit believed to be involved in ribosome formation 

are often disordered in these structures. A low resolution map of the 70S ribosome complexed 

with mRNA and tRNA was published in 1999
13

. Density mapping has allowed the ribosomal 

proteins to be positioned with greater accuracy, revealing the extent to which the “ribosome is 

a ribozyme” with the inter-subunit interface consisting almost entirely of rRNA
14

.  
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Figure 1.1 Structures of the subunits of the bacterial ribosome. 

The 50S (left) and 30S (right) ribosomal subunits. Shown are the positions of the mRNA (pink), and the A (red), 

P (green), and E (yellow) site tRNAs. The locations of the decoding site and peptidyl transferase centre are 

indicated. Figure taken from Ramakrishnan (2002)1. 

 

     New structures at higher resolutions and of a variety of complexes and functional states 

continue to be published. This visualisation of the ribosome has enabled further insight into 

the organelle and its processes, though the unveiling of the ribosome does not answer all 

questions; discrepancies continue between individual structural models and a multitude of 

functional states remain to be revealed
5,9

. The importance of this work was recognised with 

the awarding of the Nobel Prize in Chemistry to Venkatramen Ramakrishnan, Thomas Steitz, 

and Ada Yonath in 2009 for their work in the field
10,15,16,17

.  

 

     Structural models in combination with genetic and biochemical studies have revealed 

much about the interactions of the large and small subunits. The two subunits interact through 

a series of bridges. Bridges must allow association and dissociation of ribosomal subunits at 

the correct stages of translation, and assemble accurately while being able to adjust and even 

break to allow for translocation
18

. Bridges consist of RNA-RNA, RNA-protein, and protein-

protein interactions, although bridge B1b between S13 and L5 is the only identified protein-

protein bridge
19

. The 5S rRNA does not appear to participate in bridge formation
20

.  
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     Each ribosome has three active sites, formed by both subunits (see Figure 1.1). The A 

(aminoacyl) site accepts the incoming aminoacylated tRNA, and is where the mRNA codon is 

matched to the tRNA anticodon by the decoding site on the 30S subunit. It is in the A site that 

fidelity of codon-anticodon pairing is controlled. The P (peptidyl) site holds the tRNA bound 

to the growing peptide. The E (exit) site contains the deacylated tRNA prior to its dissociation 

from the ribosome.  

 

1.2  Protein Synthesis 

     The path of the mRNA through the ribosome is the latest key element of translation to be 

elucidated. The Shine-Dalgarno sequence at the 5′ end of the mRNA (upstream of the 

translation start site) forms a helix with the complementary anti-Shine-Dalgarno sequence at 

the 3′ end of the 16S rRNA; this interaction assists with initiation and reading frame 

determination. The mRNA threads through two tunnels in the 30S subunit, one upstream and 

one downstream of the subunit interface
21

. The upstream tunnel is located between the Shine-

Dalgarno helix and the initiation site, and comprises positions -1 to -4 of the mRNA (which 

includes the E site codon)
22

. It is not yet clear to what extent codon-anticodon interactions 

occur at the E site
23

.  

 

     The mRNA interacts with tRNA on the interface side of the 30S subunit
5
. As the mRNA 

assembles at the A and P sites, it is forced to assume a 45° kink between the two codons to 

allow concurrent pairing
22

. Downstream of the decoding site the mRNA passes through a 

second, dual-layered, tunnel. Positions +7 to +10 of the mRNA pass through the first layer, 

which is comprised of 16S rRNA. The second layer consists of ribosomal proteins S3, S4, and 

S5, and houses positions +11 to +15 of the mRNA
21

. The interactions in the tunnel are 

thought to position the mRNA in preparation for movement into the A site
22

. It is not yet clear 

how the ribosome disrupts mRNA secondary structures, such as hairpins and pseudoknots
5,21

.  

1.2.1 Initiation 

     Protein synthesis can be divided into several distinct steps; initiation, elongation, and 

termination. Initiation requires the collaboration of several proteins and RNAs (see Figure 
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1.2)
1
. The purine enriched Shine-Dalgarno sequence, consisting of three to nine nucleotides 

and located five to eight nucleotides upstream of the start codon, allows interaction between 

the mRNA and 30S subunit, as well as aiding the establishment of the correct reading frame
24

. 

The start codon is positioned in the P site, not the A site where decoding of elongation codons 

occurs (see Figure 1.2)
25

. The A site is blocked by initiation factor 1 (IF1) which serves to 

enhance the activities of initiation factors 2 (IF2) and 3 (IF3)
5,26

. IF1 also induces 

conformational changes in the 30S subunit, which are believed to facilitate the formation of 

the 70S ribosome
26

.  

 

 

Figure 1.2 Overview of initiation of translation. 

IF3 (cyan) binds to the 30S subunit (brown) initially, followed by IF2 (green), IF1 (blue), fMet-tRNA (red) and 

partial binding of the mRNA (black), forming a pre-initiation complex. The mRNA is accommodated into the 

mRNA channel (dashed lines), creating the 30S initiation complex. The 50S subunit (dark green) associates with 

the complex, the initiation factors dissociate, and the ribosome is primed for elongation. Figure taken from 

Simonetti et al. (2009)26. 

 

     IF2 has both a tRNA binding and a ribosome binding function. The protein binds a GTP 

molecule and is involved in recruitment of the initiator tRNA, fMet-tRNA, and is believed to 



Chapter 1 

6 

bind the tRNA in solution and escort it to the 30S ribosomal subunit
25

. IF2 selectively binds 

to formylmethionine charged tRNA, ensuring the correct initiator is used
27

. IF3 also acts to 

ensure the fidelity of initiation, by destabilising near-cognate or non-cognate anticodon 

interactions with the start codon
26

. Once the initiator tRNA is bound, the 50S subunit 

associates with the 30S complex; this is the key step in moving from initiation to elongation
5
. 

As the 70S ribosome forms, IF1 and IF3 dissociate, and IF2 hydrolyses the bound GTP, 

triggering the protein‟s release from the ribosome
25,26

. This leaves the ribosome primed for 

elongation, with the initiator tRNA in the P site and a vacant A site, and the mRNA 

positioned with a free codon in the decoding site.  

1.2.2 Elongation 

     Elongation tRNA is brought to the ribosome by EF-Tu, which binds all aminoacyl-tRNAs 

except fMet-tRNA and the rare Sec-tRNA
27,28

. GTP-bound EF-Tu binds the tRNA in solution, 

recognising common features of aminoacylated tRNAs, rather than selecting specific tRNA, 

and escorts the tRNA to the ribosomal A site
29

. Upon binding of the complex, the tRNA 

partially enters the A site, and the anticodon of the tRNA interacts with the codon on the 

mRNA
30

. E site tRNA dissociation is triggered at this point
31

. EF-Tu hydrolyses the bound 

GTP molecule and dissociates from the ribosome. The tRNA then fully enters the A site and 

proof reading occurs. Allowance is made for non-Watson-Crick base-pairing at the third 

position; however, non-cognate pairing at other positions prevents the codon-anticodon helix 

from assembling correctly. This change in geometry is recognised by three universally 

conserved bases in the 16S rRNA positioned in the 30S decoding site; G530 which rotates, 

and A1492 and A1493 which discriminate against incorrect tRNAs by flipping out of position 

in a loop of rRNA helix 44, to directly interact with the codon-anticodon helix (see Figure 

1.3)
1,5,29

.  

 



  Introduction 

7 

 

Figure 1.3 Changes in the ribosome decoding site. 

Panel A shows the vacant 30S A site, with the key 16S rRNA bases shown. Panel B shows the 30S A site 

containing a sense codon (mRNA, green) and the anticodon of a cognate tRNA (ASL, yellow) with the new 

positions of bases G530, A1492, and A1493. Figure adapted from Laurberg et al. (2008)32. 

 

     Once the aminoacyl-tRNA is accommodated fully into the A site peptide bond formation 

can occur (see Figure 1.4). The peptidyl transferase centre is located in a cleft of the 23S 

rRNA on the 50S subunit
33

. When an aminoacyl-tRNA completely enters the A site, the 

peptidyl transferase centre rearranges, and the peptidyl-tRNA is exposed for attack
34

. The 

peptide bond is formed through nucleophilic attack on the carbonyl carbon of the peptidyl-

tRNA by the amine of the aminoacyl-tRNA
35

. Formation of the peptide bond transfers the 

growing polypeptide from the peptidyl-tRNA to the aminoacyl-tRNA. The ribosome thus 

does not actively catalyse the creation of the bond; instead it greatly increases the rate of 

reaction by precisely arranging the tRNA molecules in an orientation conducive to the 

occurrence of nucleophilic attack
33

.  
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Figure 1.4 Overview of elongation.  

EF-Tu escorts a tRNA to the ribosomal A site. The E site tRNA dissociates. Cognate of near-cognate tRNA are 

accepted and fully accommodated into the A site and peptidyl transfer occurs. EF-G mediated translocation takes 

place, preparing the ribosome for another round of elongation (or for termination). Figure adapted from 

Ramakrishnan (2002)1. 

 

     With the peptide positioned on the A site tRNA and a deacylated tRNA in the P site 

translocation must occur to reset the translation mechanism and allow further elongation (see 

Figure 1.4). Translocation is catalysed by EF-G, a GTPase
29

. Binding of EF-G and subsequent 

hydrolysis of GTP unlocks the ribosome, slightly separating the subunits, and allowing 

movement of the tRNA and mRNA
36

. The acceptor stem of the P site tRNA moves to the E 

site of 50S subunit, while the anticodon stem loop remains bound to the P site of the 30S 

subunit
37

. The A site tRNA undergoes a similar repositioning, resulting in a ribosome with 

tRNAs bound in the hybrid states of A/P and P/E (see Figure 1.5)
1
. The head of the 30S 

subunit rotates in relation to the 50S subunit
38

. This rotation shifts the mRNA one codon 

along and causes the shift of both tRNAs, so that they enter their post-translocation positions, 

fully encompassed in the E and P sites respectively
5,37

. EF-G then dissociates from the 

ribosome, which relocks, and is ready for another round of translation
37

.  
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Figure 1.5 Translocation. 

Following peptidyl transfer, EF-G binding triggers the shift to hybrid tRNA positions. GTP hydrolysis by EF-G 

leads to the completion of translocation. * denotes position of the polypeptide. Figure taken from Schuwirth et 

al. (2005)19. 

1.2.3 Termination 

     The end of translation is signalled by a stop codon entering the A site
5
. The universal 

genetic code contains three stop codons, UAA, UGA, and UAG. These codons are identified 

as stop in the majority of organisms; however they may be reprogrammed to sense codons by 

evolving tRNA molecules to decode them
39

. In termination of protein synthesis stop codons 

are recognised by protein class I release factors, not tRNA
40

. Eukaryotes have one class I 

release factor which decodes all three stop codons
41

. Prokaryotes have two class I release 

factors, PrfA (release factor one (RF1)) which recognises UAA and UAG and PrfB (release 

factor two (RF2)) which recognises UAA and UGA
42

. Tripeptide motifs, composed of Pro-

Xxx-Thr (PXT) in RF1 and Ser-Pro-Phe (SPF) in RF2, confer individual release factor 

specificity, although the specific determinants are wider and more subtle than simply the 

tripeptide motif
43,44

.  

 

     Evidence suggests that the stop signal is larger than the three nucleotide codon and may 

include as many as 15 bases. This is because efficiency of termination at a stop codon is 

moderated by the context in which the codon appears
45

. There appears to be some bias for the 

identity of the last two amino acids (and through them for the two upstream codons in the 

mRNA), as their identity affects the binding of the release factor and the hydrolysis of the 

ester bond
46

. Downstream bases influence termination effectiveness by interacting directly 

with the release factor, as evidenced by studies showing crosslinking between the release 

factor and nucleotides +1 to +6
47

. There is no requirement for the stop signal to be restricted 

to three nucleotides as it is recognised by a protein, in contrast to the anticodon of tRNA
48

.  
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     The most prevalent bias is seen in the +4 nucleotide (directly 3′ of the stop codon) and the 

identity of this base has a profound effect on the efficiency of termination
49

. UAA is the most 

common stop codon in prokaryotes, being used in over 60% of E. coli genes, and is favoured 

at highly expressed genes
50

. UAAU is the most effective stop signal of the twelve possible 

four-base signals, followed by UGAU and UAAG, and these strong signals appear to be 

influenced to a lesser extent than weaker signals by bases further downstream
51

. UAA may be 

recognised by either RF1 or RF2, however, strong signals appear to be preferentially decoded 

by RF2, with RF1 decoding the weaker UAAA and UAAC signals
52

. Strong signals also 

appear to be enhanced further by RF3, which does not occur at weaker sites
48

. RF2 appears to 

be preferred at high growth rates as it is favoured at strong stop signals utilised by highly 

expressed genes
53

.  While this may give a clue to a special unique function for RF2 it must be 

noted RF1 and RF2 concentrations are coordinated through the growth cycle
54

. 

 

     UGAN signals show the most variability in strength; while UGAU is the second most 

efficient signal, UGAC is the least efficient
55

. This means UGAC has the poorest release 

factor recruitment rate, and that allows for ribosome stalling and recoding
56

. UGAC is utilised 

at sites where specific genetic control is sought, for example insertion of selenocysteine 

(which occurs at specific UGA sites), read-through events, and frameshifting (as utilised to 

regulate the production of RF2)
57

. In contrast UAGN signals are comparatively strong, but are 

rarely observed in the genome, and this may be due to approximately 30% of wild E. coli 

strains having suppressor tRNA for UAG
50

. 

 

     The binding of a class I release factor in response to a stop codon entering the A site 

results in conformational changes to the 16S rRNA that differ to those that occur in response 

to a sense codon (see Figure 1.6)
58

. While A1492 and G530 do flip out of their position, 

A1493 does not
5
. Instead A1493 remains in helix 44 and interacts with A1913 of the 23S 

rRNA of the 50S subunit taking the position left vacant by A1492 in an interaction believed to 

connect decoding with peptide release
32,59

. This also prevents a steric clash between A1493 

and the release factor
60

. 
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Figure 1.6 Ribosome decoding site termination complex. 

The 30S A site containing a UAA stop codon (green) and RF1 (yellow). Key 16S rRNA bases are shown in blue, 

and A1913 of 23S rRNA is shown in grey. Figure adapted from Laurberg et al. (2008)32. 

 

     The tripeptide motif (PXT or SPF), located on domain 2 of the class I release factor, is 

involved in stop codon decoding, though not as exclusively and fundamentally as was first 

thought
5
. The first base of the stop codon (U) is selected by the tip of helix α5

61
. The close 

proximity of the tip of helix α5 to the uracil of the stop codon prohibits the presence of A or G 

at this position
59

. Hydrogen bonds form between the amino acid residues at the tip of the helix 

and the first position U but are unable to form with C
32

. Together these interactions strongly 

discriminate against the presence of any base except U in the first position of the stop codon.  

 

     The Ser205 residue of the SPF motif of RF2 permits both A and G at the second position 

as it is capable of forming hydrogen bonds with either (see Figure 1.7, panel A)
59,60

. RF1 

selects against G at the second position due to the inability of G to form hydrogen bonds with 

the conserved Thr190 of the PXT motif
62

. Both release factors are believed to prohibit 

pyrimidines at the second position due to the inability of these bases to stack correctly
32

.  

 

     The third base of the stop codon is positioned on top of G530 of 16S rRNA, stacked away 

from the first two bases of the stop codon, in a configuration markedly different to that of a 

sense codon in the decoding site (see Figure 1.7, panel B)
58,59

. This stacking acts to select 

against the presence of a pyrimidine at the third position
60

. RF2 residue Thr215 forms 

hydrogen bonds with an A at the third position, but would not be able to with a G
60

. This 
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residue is also present in RF1 which must allow A and G at the third position
60

. RF2 is 

believed to contain additional selection measures against G at the third position in the 

positioning of Arg213 or Val202, which are specific to RF2
60,62

. The RF1 Gln residue in place 

of the Val202 of RF2 forms hydrogen bonds with either A or G at the third position, 

stabilising the interaction of RF1 with a UAG stop codon
59,60

. 

 

 

Figure 1.7 Interactions of RF2 with the UAA stop codon. 

Panel A shows the interactions of the tip of helix α5 and S205 of RF2 with bases U1 and A2 of the stop codon. 

Panel B shows the stacking of A3 of the stop codon and interaction of A3 with T215 of RF2. mRNA is shown in 

green, RF2 is shown in yellow, 16S rRNA is shown in blue. Figure adapted from Korostelev et al. (2008)59. 

 

     The GGQ (Gly Gly Gln) motif is conserved in all sequenced class I release factors in 

prokaryotes and eukaryotes, an indication of its important functional role
63

. It has been 

hypothesised that the motif emulates the CCA end of a tRNA, and mutational studies have 

shown that it is crucial for release of the peptide from the ribosome, but not for other release 

factor functions
64

. Release of the peptide requires hydrolysis of the ester bond connecting the 

peptidyl-tRNA to the terminal amino acid
65

. It has been hypothesised that the nucleophile in 

this reaction is a water molecule which is weaker than the amine group utilised for elongation 

and as such requires precise positioning and activation by the PTC and GGQ loop
66,67

. The 

methylated Gln residue would play a key role in arranging and activating the water molecule 

through hydrogen bonds
68

. While the reaction may proceed with a variant amino acid, only 

the Gln side chain appears long enough to span the distance required and exclude other 
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nucleophiles
69

. It has also been suggested that the main chain amide group of the Gln residue 

is responsible for ester bond hydrolysis
32

. RF1 and RF2 mediated ester bond hydrolysis is 

considerably slower than tRNA mediated peptidyl transfer, though the accuracy of decoding 

may increase with multi-step protein selection
70

. Once the class I release factor has 

hydrolysed the bond, the peptide is released and the translation complex must be 

disassembled in order to allow further rounds of protein synthesis (see Figure 1.8). 

 

     The bacterial class II release factor RF3 enhances the dissociation of class I release factors 

from the ribosome
71

. Eukaryotes also contain a class II release factor (eRF3) although its 

mechanism and exact function differs
69

. After ester bond hydrolysis and release of the 

polypeptide, RF3 binds to the bacterial ribosome in complex with GDP
72

. This is a weak 

interaction and is rapidly stabilised by dissociation of the GDP molecule, which enables RF3 

to form a stable complex with RF1/2 and the ribosome
73

. Subsequent binding of GTP to RF3 

causes another conformational change in the protein which triggers a movement of the small 

ribosomal subunit in relation to the large subunit; repositioning the deacylated tRNA into the 

P/E site, disrupting the interactions between the class I release factor and the decoding site, 

and leading to dissociation of the factor
74

. RF3 hydrolyses GTP returning RF3 to the low-

affinity GDP bound form, which quickly disengages from the ribosome, and leaves the 

ribosome ready for recycling (see Figure 1.8)
70,73

.  

 

 

Figure 1.8 Termination of translation.  

A stop codon entering the A site signals the end of translation. RF1/2 decodes the stop codon and triggers 

peptide release. RF3 binding accelerates RF1/2 release. RRF and EF-G binding results in dissociation of the 50S 

subunit. IF3 binds, releasing the P site tRNA and the mRNA. Figure adapted from Petry et al (2008)67. 
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     Ribosome recycling factor (RRF) has a structure closely resembling that of tRNA
75

. The 

protein binds transversely to the binding position of tRNA, occupying both the entire A site 

and 50S P site
76

. This binding pattern is permissible as the deacylated tRNA is positioned to 

occupy the 30S P site and 50S E site
77

. Binding of RRF has been shown to disrupt 

intersubunit bridge B2a
78

. EF-G (in GDP bound conformation) then binds to the complex. 

Upon binding GDP is exchanged for GTP, this exchange alters the conformation of EF-G
79

. 

Several domains enter the A site of the ribosome directly contacting RRF and causing RRF to 

shift to a lower affinity position
80,81

. This shift causes the dissociation of the tRNA as RRF 

now obstructs the anticodon loop binding site in the 30S P site
82

. The new positioning of RRF 

in the ribosome causes further disruption of intersubunit bridges, including B1a, B1b, B3, and 

B5
82

. EF-G hydrolyses GTP, providing the energy to completely break the bridges and 

separating the 30S and 50S ribosomal subunits
81

. The GDP bound EF-G then dissociates, 

followed by dissociation of RRF from the 50S subunit. The method and moment of mRNA 

dissociation is not yet clear, though it is believed to be dependent on the action of RRF and 

EF-G
80

. IF3 binds to the 30S subunit preventing the two subunits from rejoining
5,76

.  

 

1.3  Class I Release Factors  

     Given their similarity of function, class I release factors were believed to possess a 

structure reminiscent of tRNA
83,84

. The proteins were hypothesised to contain two or three 

functionally distinct domains, one each to interact with the decoding site and the peptidyl 

transferase centre, and possibly a third to interact with the class II release factor RF3
84

. This 

belief was strengthened when the two prokaryote class I release factors were shown to possess 

codon specificity, signifying direct interaction with the decoding site and, presumably, the 

mRNA
42

. The universally conserved GGQ motif was thought to function in place of the tRNA 

CCA acceptor stem in the peptidyl transferase centre. The SPF and PXT tripeptide motifs, 

then thought to directly decode the second and third bases of the stop codon, appeared to 

perfectly mimic the anticodon of the tRNA in the decoding site.  

 

     The SPF and PXT motifs were identified by domain swapping studies as potentially 

conveying the release factor specific codon recognition and were dubbed tripeptide 

„anticodons‟
85

. The tripeptide was believed to decode the second and third bases of the stop 
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codon by hydrogen bonding (see Figure 1.9)
86

. The Pro residue of RF1 was believed to be 

discriminate against G at the second position, while the Thr residue permitted A or G at the 

third position
87

. The RF2 Ser residue was thought to permit A or G at the second position, 

while Phe discriminated against G at the third position
88

. This could explain how the proteins 

could both recognise the UAA stop codon while being specific for UAG (RF1) and UGA 

(RF2). The modified Ser-Pro-Thr tripeptide appeared to confirm this activity by recognising 

all three stop codons and the UGG sense codon
85,88

. The structural studies and the detailed 

study of the major recognition loop now have shown that this analysis was too simplistic and 

that codon recognition extends beyond the tripeptide motifs
32,44,59,60

. 

 

 

Figure 1.9 Hypothesised action of tripeptide anticodons.  

The first and third residues of the tripeptide were thought to decode the second and third bases of the stop codon; 

with Ser and Thr allowing A or G at their respective positions, and Pro and Phe being restrictive to A at their 

respective positions. Figure taken from Nakamura et al. (2000)86. 

 

     The GGQ motif is unique as the only structural element universally conserved in class I 

release factors from all domains of life
89

. The motif was shown to be essential for peptide 

release with mutation of either of the Gly residues demolishing function. Surprisingly, some 

substitutions of the Gln residue were less destructive than the Gly substitutions, with some 

activity being maintained
41

. The mutations did not affect the decoding ability of the release 

factor. The motif is believed to act by positioning a water molecule in the PTC for 

nucleophilic attack, through the methylated Gln sidechain
90

. The Gly residues are believed to 

be essential for correct positioning of the motif in the PTC
91

. 

 



Chapter 1 

16 

     The first crystal structure of release factor two produced in 2001 was a surprise. Taken 

from RF2 in solution, the structure showed the two functional motifs to be only 23Å apart, 

incapable of spanning the 73Å between the decoding site and PTC in the 70S ribosome (see 

Figure 1.10)
92

. The protein was shown to comprise four domains, with the GGQ and SPF 

motifs located on exposed loops. The inability for the protein to occupy both centres of the 

ribosomal A site in this form led the authors to suggest an alternative decoding mechanism for 

RF2, with the GGQ motif located in the PTC, and the SPF motif interacting with helix 44 of 

the 16S rRNA, which has been shown to be involved in intersubunit signalling, instead of 

interacting with the mRNA in the decoding site
92

. Stop codon recognition would be 

performed by rRNA, as had previously been suggested, with RF2 linking decoding to peptide 

release. 

 

     Hydroxyl radical footprinting of the two functional motifs (GGQ and SPF) of release 

factor two showed that each was located in the peptidyl transferase centre and the decoding 

site respectively
83

. Radicals generated from residues adjacent to the SPF motif cleaved the 

16S rRNA in positions known to constitute part of the decoding site
83

. When radicals were 

generated from sites close to the GGQ motif there was cleavage of 23S rRNA bases located 

within the PTC, proving the protein was capable of binding to both functional centres of the 

ribosomal A site
83

. Nevertheless this created a paradox with the solution structure. 

 

     Further structural studies have shown that when bound to the ribosome the proteins‟ 

structure changes, with domain 3 (containing the GGQ loop) undergoing a dramatic 

movement in relation to the body of the protein (domains 2 and 4)
69

. This increases the 

distance between the GGQ motif and the tripeptide „anticodon‟ such that the release factor is 

now able to interact with both the decoding site and the peptidyl transferase centre (see Figure 

1.10)
93,94

.  
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Figure 1.10 Release factor two closed and open conformations. 

The closed conformation of RF2 (left) as seen in the in solution crystal structures. The open conformation of 

RF2 (right) as seen when bound to the ribosome. Figure taken from Tate and Poole (2004)6. 

 

     A potential biological purpose for the closed conformation seen in the first RF2 crystal 

structure was revealed by crystal structures of RF1 in the closed conformation in complex 

with the PrmC protein
95

. The prmC gene is located directly downstream from prfA (encoding 

RF1) in the hemA operon in E. coli (a gene pairing widely conserved amongst prokaryotes) 

and encodes a protein methyl transferase that has been shown to methylate the side chain 

amide group of the glutamine residue of the GGQ motif
96,45

. Absence of the N5-

methylglutamine modification through PrmC inactivation reduces termination efficiency by 

~3-4 fold
68,97

.  

 

1.4  The prfB Gene 

     As described above, the ribosome contains many sophisticated mechanisms to ensure 

fidelity during translation of mRNA into protein; however some genes require the 

circumvention of these processes for correct expression. The E. coli prfB gene encodes class I 

RF2
98

. The prfB mRNA contains a UGA stop codon at position 26, which must be bypassed 

by a frameshift if a full length protein is to be produced
99

. This element is highly conserved 

amongst bacterial species (present in ~87% of sequenced bacterial prfB genes) and likely 

arose in a common ancestor followed by loss in a small number of lineages
100

.  

 

     The prfB gene is controlled by a strong promoter, resulting in steady levels of mRNA
101

. 

The presence of the frameshift mechanism allows for the autoregulation of production of RF2 

protein as termination and frameshift processes are in competition at the site
102

. When RF2 is 
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present in low levels frameshift predominates, favouring full length protein. Once RF2 levels 

increase, the pause before RF2 recruitment is insufficient to allow the frameshift to occur 

frequently, in this situation termination of translation prevails, producing a truncated, twenty-

five amino acid protein which is rapidly degraded by the cell
98

. Autoregulation is utilised for a 

small number of E. coli genes including infC which encodes initiation factor 3 (IF3). During 

initiation of protein synthesis IF3 destabilises complexes that form at weak non-AUG sites
26

. 

As infC is the only E. coli gene known to initiate at an AUU site, high levels of IF3 prohibit 

synthesis of new IF3. As with the RF2 frameshift, this control mechanism is exquisite and 

also widely conserved amongst bacterial species
25

.  

 

1.5  Frameshift 

     Of the possible translational mistakes, erroneous frameshifting is particularly detrimental 

to the cell as the entire message downstream of the frameshift is altered. However, the 

fastidiousness of the translation mechanisms is such that the frequency of such events is 

estimated to be no more than 1 in every 30,000 amino acids incorporated
103

. Therefore the 

prfB mRNA must have some means to overcome the stringency of the translation system in 

order for the frameshift to take place and a full length protein to be produced. This is achieved 

by the combined effects of multiple elements in the mRNA.  

  

     The frameshift site itself includes the codons at positions 25 and 26, and in all sequenced 

prfB genes that include the frameshift these are CUU and UGA (see Figure 1.11)
104

. The 

UGA stop codon is followed by a C at the fourth position, which makes it the weakest stop 

signal possible of the twelve four base stop signals
55,105

. CUU at position 25 is the most 

efficient for frameshifting as the Leu-tRNA is „shifty‟
105

. Many codons can be substituted 

without eliminating the frameshift ability however, in particular, codons with a third position 

U have a higher frameshift efficiency than those with an alternative base in the third 

position
106

.  
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Figure 1.11 The frameshift site located in the prfB mRNA.  

The amino acid and mRNA sequences for the region of RF2 surrounding the frameshift site. The amino acid 

sequence above the mRNA is before frameshift, the amino acid sequence below the mRNA is after frameshift. 

Modified from Craigen et al. (1985)98. 

 

     Two nucleotides upstream (5′) of the frameshift site is a Shine-Dalgarno-like sequence 

which interacts with the anti-Shine-Dalgarno sequence at the 3′ end of the 16S rRNA
103

. The 

spacing of this sequence from the frameshift site is critical, as an increase of only one 

nucleotide significantly decreases the efficiency of the frameshift
103

. The interaction includes 

the first nucleotide of the E site codon, weakening the interaction between the mRNA and the 

E site tRNA (see Figure 1.12)
107

. The weakening of the interaction between the mRNA and 

the E site tRNA causes the tRNA to dissociate. This is a key pre-requisite to the frameshift 

event
103

. The presence of only one tRNA on the ribosome causes instability, facilitating the 

frameshift. 

 

 

Figure 1.12 Role of the E site in programmed frameshift.  

The interaction of the Shine-Dalgarno-like sequence of the RF2 mRNA and the anti-Shine-Dalgarno sequence of 

the 16S rRNA causes a steric clash with the E site tRNA. The resulting complex contains only one tRNA, which 

induces instability and promotes the frameshift event. Figure taken from Marquez et al. (2004)103. 

 

     The short distance between the frameshift site and the Shine-Dalgarno-like sequence (two 

nucleotides in contrast to a distance of five to eight nucleotides upstream of the translation 

start codon) creates a tension in the mRNA which assists the movement into the +1 

frame
24,104

. The mRNA sequence further upstream of the Shine-Dalgarno-like sequence is 
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noticeably purine deficient, decreasing the ability of this section of the mRNA to interact with 

the 16S rRNA as any such interaction diminishes frameshift ability
104

.  

 

     The codons directly preceding the shift site are decoded by rare tRNA species (those with 

low cytoplasmic levels)
108

. These „hungry‟ codons slow the rate of translation down, which 

facilitates frameshifting
102

. The UGAC stop signal is also utilised in this way, as it has the 

poorest release factor recruitment of any stop signal. Furthermore, as it is decoded solely by 

RF2, this creates an autoregulation system for RF2 expression
101

. When sense codons are 

substituted in place of the UGA, frameshifting can still occur, though with lower frequency, 

the most efficient again being those that create a pause due to being decoded by rare tRNA
109

. 

The apparent paradoxical results of high fidelity ribosomes having an increased frequency of 

frameshifting at programmed sites is also attributable to ribosomal pausing as high fidelity 

ribosomes take longer to perform translation
109

. 

 

 

Figure 1.13 Overview of the prfB frameshift mechanism.  

The interactions of the mRNA with the 16S rRNA through the Shine-Dalgarno-like sequence and with the 

„shifty‟ Leu-tRNA are indicated. The two products of the RF2 mRNA are shown, the full length RF2 protein 

when the frameshift occurs, and the rapidly degraded 25aa peptide produced when termination occurs at position 

26 instead of the frameshift. Figure adapted from Persson and Atkins (1998)
105

. 
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     These elements and low cellular levels of RF2 cause the frameshift of the prfB mRNA 

from the 0 frame to the +1 frame in the following manner (see Figure 1.13). As the frameshift 

site approaches the A site the upstream codons are decoded by rare tRNA which slows the 

rate of translation. The Leu-tRNA decodes the CUU codon, and is moved into the P site by 

translocation, bringing the weak UGAC stop signal into the A site
110

. The Shine-Dalgarno-

like sequence is in position to bind to the anti-Shine-Dalgarno sequence on the 16S rRNA, 

causing tension in the mRNA and disrupting interaction between the mRNA and the E site 

tRNA
104

. The mRNA tension also acts to preclude the mRNA from slipping back into a -1 

frame
103

. 

 

     During the release factor recruitment pause GTP-bound EF-Tu continues to escort tRNA to 

the A site, these tRNA will be non- or near-cognate and rejected by the A site proofreading 

mechanism
111

. However, because E site tRNA dissociation is triggered after decoding of A 

site tRNA but before accommodation of the tRNA into the site, and the connections between 

the E site tRNA and the mRNA have been disrupted, the E site tRNA dissociates. This leaves 

the peptidyl-tRNA as the only tRNA on the ribosome
107

. The tension in the mRNA 

destabilises mRNA-tRNA interactions, and the identity of the „shifty‟ Leu-tRNA enables the 

movement into the +1 frame
104

. This creates a new P site codon of UUU which requires G:U 

wobble pairing at the first position. The P site does not contain the proofreading mechanisms 

present in the A site so this pairing is permitted
110

. The new spacing between the Shine-

Dalgarno-like sequence and the P site reduces mRNA tension and no longer affects tRNA 

binding in the E site. The new A site codon, GAC, is rapidly decoded by the sole Asp-tRNA 

species, allowing translation to continue as normal
112,113

.  

 

1.6  The prfA Gene 

     Interestingly, release factor 1 (RF1) does not contain a frameshift site despite high levels 

of sequence homology with RF2 and an almost complete concordance of function in 

termination of protein synthesis. There is 30% sequence homology between the two proteins, 

this increases if conservative substitutions are taken into account
99

. Homology is weak in 

domain 1, but strong in domains 2, 3, and 4. The prfA gene (encoding RF1) and the prfB gene 
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(encoding RF2) are both single copy genes on the E. coli chromosome and are believed to 

have arisen from a gene duplication event
114

. What then is the special function of RF2 in the 

bacterial cell that requires it to be so tightly and elegantly regulated? 

 

     The prfA gene is the second gene in the hemA operon, located between the hemA and prmC 

genes
115

. In contrast to the complex mechanism for regulation of expression present in the 

prfB mRNA, there is no clear means of mediating expression of the RF1 protein. Instead 

some control may be exerted by the weak UAGC stop signal at the end of the hemA coding 

region, and the eleven nucleotide non-optimal spacing between the Shine-Dalgarno sequence 

and the prfA start codon
53,115

. Over production of class I release factors has a toxic effect on 

cells due to interference with translation
115

. Moreover, as indicated earlier, both RF1 and RF2 

concentrations are co-ordinated through the growth cycle of the bacterium
52

. It is this lack of 

reciprocation of the frameshift control mechanism that has led to the suggestion of a potential 

secondary role of RF2. 

 

1.7  The hemA Gene 

     The genomic location of the hemA gene, upstream of, and in the same operon as, the prfA 

gene necessitated its inclusion in the study. The hemA gene encodes the enzyme glutamyl-

tRNA reductase. The enzyme catalyses the reduction of tRNA-bound glutamate to produce 

glutamate-1-semialdehyde
116

. This is the first step in the biosynthesis of heme in E. coli, and 

is the key regulatory step for the pathway
117

. The hemA operon includes the prfA and prmC 

genes. Two promoters have been identified to control expression of the operon, the first 

promoter (hemAp1) regulates expression of a transcript containing all three genes, the second 

promoter (hemAp2) controls expression of a monocistronic hemA transcript
118

. There has 

been no prfA or prmC specific promoter element identified
116

. 

 

1.8  The prfC Gene 

     The class II release factor, RF3, is encoded by the prfC gene
119

. prfC was selected for 

investigation in this study due to its role in the termination process, specifically in recycling 



  Introduction 

23 

class I release factors (see above)
71

. Unlike the class I release factor genes, prfA and prfB, the 

prfC gene is not located in a multi gene operon
120

. This means the gene is being controlled by 

a single promoter region, the activity of which is not being mediated by regulators of other 

genes.  

 

1.9  Aims of this study 

     The frameshift element in the prfB gene is highly conserved throughout microbial species 

(present in ~87% of sequenced genes), and is not present in the closely related prfA gene, 

despite a high level of structural and functional homology between the two genes. This project 

takes the starting hypothesis that RF2 may have a secondary function in the regulation of 

other genes and will attempt to determine what effect, if any, an over-expressing PrfB 

environment has on expression of specific candidate genes, and on the transcriptome as a 

whole.  

 

This will be tested by: 

1. Creating vectors containing potential promoter elements for each of the release factor 

genes upstream of a reporter gene (β-galactosidase or luciferase). 

2. Assessing the effect of over-expression of the individual release factors on the activity 

of the promoter elements by utilising a reporter system (β-galactosidase or luciferase).  

3. Investigating the effect of release factor two on expression of non-candidate genes by 

microarray analysis of the Escherichia coli transcriptome. 

The goal was to gain greater insight into this intriguing mechanism of regulating RF2 that is 

regarded now as a classic example of genetic recoding.  
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Chapter 2 

Methods 

 

 

 

For a list of materials, media, and solutions, see Appendix I.  

 

2.1 Approvals and Conditions 

     Development of Genetically Modified Organisms (GMO) during this study was conducted 

with approval obtained from the Environmental Risk Management Authority, New Zealand 

(ERMA, GMO99/UO006), and was carried out under PC1 conditions. Protein over-

expression work was performed with ERMA approval (GMO00/UO049) and was carried out 

under PC1 conditions. 

 

2.2 Molecular Biology Techniques 

2.2.1 Isolation of Plasmid DNA 

     Plasmids used in this work are detailed in Table 2.1. Plasmid DNA was isolated from 

cultures of E. coli using the Qiagen miniprep kit. Typically, bacteria from 5 ml of overnight 

culture (grown under appropriate antibiotic selection) were pelleted at 13,000 x g in a bench 

top microcentrifuge. The plasmid DNA was isolated as per the manufacturer‟s instructions 

and eluted from the isolation column in 30 μl ddH2O. The yield and quality of plasmid DNA 

was assessed by a Nanodrop spectrometer. The yield typically ranged between 370 ng/μl and 

500 ng/μl for mini-CTX-lux, 100 ng/μl and 200 ng/μl for pTG, and between 30 ng/μl and 90 

ng/μl for pMP190.  
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Table 2.1 Plasmid vectors and constructs used in this study 

Plasmid Description Antibiotic 

Marker 

Source 

mini-CTX-lux Vector expressing luciferase Tet Becher et al. 

(2000)
121

 

pMP190 Vector expressing β-galactosidase Cm Spaink et al. 

(1987)
122

 

pMP190hemA200bp 200bp promoter element from upstream 

of hemA gene cloned into pMP190 

Cm This work 

pMP190prfA200bp 200bp promoter element from upstream 

of prfA gene cloned into pMP190 

Cm This work 

pMP190prfB200bp 200bp promoter element from upstream 

of prfB gene cloned into pMP190 

Cm This work 

pMP190prfC250bp 250bp promoter element from upstream 

of prfC gene cloned into pMP190 

Cm This work 

pTG Expression vector Gm Mansell 

(1999)
123

 

pTGRF1 prfA (RF1) in pTG, downstream from Trp 

promoter 

Gm Mansell 

(1999)
123

 

pTGRF2(T246S) prfB (RF2) in pTG, downstream from Trp 

promoter 

Gm Wilson 

(2000)
124

 

pTGRF3(-PstI) prfC (RF3) in pTG, downstream from 

Trp promoter 

Gm Buck 

(2005)
125

 

 

2.2.2 Polymerase Chain Reaction (PCR) 

     A one step PCR was used to isolate promoter regions from E. coli DH5α genomic DNA 

and, via the forward and reverse primers, to insert SalI and BglII restriction sites at the 5ʹ and 

3ʹ ends of the elements respectively, for subsequent cloning into the pMP190 plasmid. The 

process was repeated with separate primers to insert EcoRI and BamHI restriction sites at the 

5ʹ and 3ʹ ends of the promoter elements, via the forward and reverse primers, for cloning into 

the mini-CTX-lux plasmid. 

 

     PCR was also utilised to screen colonies for clones containing inserts. The PCR primers 

used in this work were designed and then purchased from Invitrogen Life Technologies and 

are listed in Table 2.2. Each PCR was accompanied by a negative control, which contained 

the same components as the reaction mix, except template DNA was excluded and the volume 

complement was made up with sterile ddH2O. 
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Table 2.2 PCR primers used to isolate promoter sequences 

Restriction endonuclease recognition sites are shown in italics. 

Primer Plasmid to be 

used with 

Sequence (5ʹ to 3ʹ) 

hemAp1200bpprof mini-CTX-lux GAGATGAATTCGGGGCATAGTGATGACAAG 

hemAp1pror mini-CTX-lux CGATTGGATCCAACGTTGATAGGGTTAGTC 

prfAlongprof mini-CTX-lux GAGATGAATTCCAAAGCGTTAGCGGCCC 

prfA1264161pror mini-CTX-lux CGATTGGATCCGTAAAAAAAGAAAATGATG 

prfB200bpprof mini-CTX-lux GAGATGAATTCTAATGTCGATACCGCCCTC 

prfBpror mini-CTX-lux CGATTGGATCCGCTAGTCAAAATGCGGTG 

prfC250bpprof mini-CTX-lux GAGATGAATTCGGTTGGCGACACTGCCGAG 

prfCpror mini-CTX-lux CGATTGGATCCGCGGCATCGCGCCGCGCTTG 

hemApMP190f pMP190 GAGATGTCGACGGGGCATAGTGATGACAAG 

hemApMP190r pMP190 CGATTAGATCTAACGTTGATAGGGTTAGTC 

prfApMP190f pMP190 GAGATGTCGACCAAAGCGTTAGCGGCCC 

prfApMP190r pMP190 CGATTAGATCTGTAAAAAAAGAAATGATG 

prfBpMP190f pMP190 GAGATGTCGACTAATGTCGATACCGCCCTC 

prfBpMP190r pMP190 CGATTAGATCTGCTAGTCAAAATGCGGTG 

prfCpMP190f pMP190 GAGATGTCGACGGTTGGCGACACTGCCGAG 

prfCpMP190r pMP190 CGATTAGATCTGCGGCATCGCGCCGCGCTTG 

 

2.2.2.1 PCR 

     The reaction mix (50 µl) contained 10x High Fidelity PCR buffer containing 1.5mM 

MgCl2, 50 pM PCR primers, 10 ng template DNA, 2 mM dNTPs, 2.6 U Expand High Fidelity 

DNA Polymerase, and sterile ddH2O. At the beginning of each PCR reaction, the DNA was 

denatured at 95°C for 5 min, and then the following cycle was repeated 30 times: 

 95°C for 30 s 

 60°C for 30 s 

 72°C for 1 min 

The final cycle was primer extension at 72°C for 5 min, after which the reactions were cooled 

to 4°C.  
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2.2.2.2 Colony Screen PCR 

     Colony screen PCR was used to identify colonies that had been transformed with a 

plasmid containing the promoter insert. Freshly transformed colonies were picked from 

antibiotic selective LB plates and resuspended in 6 µl of LB medium. This resuspension (3 µl) 

was then transferred to an eppendorf tube containing 10 µl 0.5% Tween20. A sample of this 

suspension (1 µl) was used for the PCR reaction.  

 

     The reaction mix (10 µl) contained 10x Expand PCR buffer, 2 mM dNTPs, 2 pM PCR 

primers, 0.26 U Expand DNA Polymerase, 1 µl bacteria suspension and sterile ddH2O. At the 

beginning of each PCR reaction, the DNA was denatured at 95°C for 5 min, and then the 

following cycle was repeated 30 times: 

 95°C for 30 s 

 60°C for 30 s 

 72°C for 1 min 

The final cycle was primer extension at 72°C for 5 min, after which the reactions were cooled 

to 4°C.  

2.2.3 Agarose Gel Electrophoresis 

     DNA from plasmid preparations and samples of PCR products were mixed with agarose 

gel loading dye, and separated on a 0.7-1.5% (w/v) agarose gel depending on the size of the 

DNA. The gel tank was filled with TBE buffer containing 0.5 µg/ml ethidium bromide. Gels 

were run until the dye front had reached approximately 2/3 of the way down the gel. 

λ/Hind/Eco fragments were used as size markers. Gels were imaged and photographed using a 

Gel Doc imager.  

2.2.4 Purification of PCR Products and DNA Fragments 

     A QIAquick PCR purification kit was used as per manufacturer‟s instructions to purify 

PCR products from primers, polymerases, salts, and unused dNTPs. Following the PCR 

reaction, the reaction mix was applied to the isolation column, washed as per manufacturer‟s 

instructions, and eluted from the column in 30 µl ddH2O. The kit was also used to purify 

DNA following restriction enzyme digest. 
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2.2.5 Restriction Endonuclease Digestion 

     Digests of plasmid DNA and PCR products were performed with Roche restriction 

enzymes using buffer conditions recommended by the manufacturer. Enzymes used for each 

plasmid are detailed in Table 2.3. Digests were run for 2-4 h in a 37°C waterbath. Promoter 

elements were treated with the enzymes appropriate for the plasmid. 

 

Table 2.3 Restriction endonucleases used in this study 

Plasmid Buffer Used Restriction 

Endonuclease 

pMP190 Buffer H SalI 

  BglII 

mini-CTX-lux Buffer B EcoRI 

  BamHI 

pTG Buffer H EcoRI 

  PstI 

 

2.2.6 Ligations 

     Ligations were performed by combining digested and purified plasmid DNA with digested 

and purified insert (promoter element) DNA in molar ratios ranging from 1:1 to 1:5. Negative 

controls had one of the following key elements of the reaction varied: use of uncut plasmid 

DNA, no addition of ligase, or no addition of insert DNA. Reaction mixes contained 

Boehringer Mannheim T4 ligation buffer, 1 µl of T4 DNA ligase, varying amounts of DNA 

(added at specific molar ratios of insert and vector), and volume was made up to 20 µl with 

sterile ddH2O. Ligations were incubated at 16°C in a waterbath overnight.  

2.2.7 Preparation of Competent Cells  

     E. coli strains used in this work are listed in Table 2.4. Bacteria were maintained on LB 

plates at 4°C in the short term or stored at -80°C. 
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Table 2.4 Genotypes of E. coli strains used in this study 

Strain Genotype Reference 

FJU112 Δ(lac-pro) gyrA ara recA56^TN10F’lacI
Q1

 Jørgensen and Kurland (1990)
126

 

DH5α F
- 
thi-1 ΔlacU196 (ϕ80 lacZΔM15) gyrA96 

hsdr17 recA1 endA1 relA1 supE44 

Hanahan (1983)
127

 

 

Preparation of Calcium Chloride Competent Cells 

     For transformation of pTG constructs into E. coli, calcium chloride competent cells were 

used. To produce these, 5 ml of an overnight culture of E. coli was diluted 1:100 in 100 ml of 

LB medium and grown at 37°C to an optical density at 600 nm (OD600) of 0.4-0.6. The culture 

was then transferred to two sterile chilled 50 ml Falcon tubes, and left on ice for 15 min. Cells 

were then isolated by centrifuging at 4000 x g for 10 min at 4°C. The supernatant was then 

decanted and discarded, and the cells gently resuspended in 10 ml of cold 0.1 M CaCl2 before 

being left on ice for another 15 min. A second centrifugation at 4000 x g for 10 min at 4°C 

followed and the supernatant decanted. The cells were resuspended in a solution of 2.5 ml of 

0.1 M CaCl2 and 1.25 ml 60% glycerol (v/v) before being stored at -80°C.  

Preparation of Ultra Competent Cells 

     For transformation with mini-CTX-lux or pMP190 plasmids ultra competent E. coli cells 

were used. To prepare, 300 ml SOB medium was inoculated with 1 ml of overnight culture 

and grown at 18°C until the optical density at 600 nm reached ~0.6. The culture was then split 

into 6 sterile 50 ml falcon tubes and left on ice for 10 min. Cells were then isolated by 

centrifuging at 4000 x g at 4°C for 10 min. The supernatant was decanted and the cells gently 

resuspended in 4 ml ice cold TB per tube. A second centrifugation was then performed, the 

supernatant was decanted and the cells were resuspended in 4 ml ice cold TB per tube. This 

was followed by drop wise addition of 0.3 ml DMSO and the cells were left on ice for 10 min 

before being stored at -80°C.  

2.2.8 Transformations 

     Calcium chloride competent cells were used when transforming cells with pTG constructs. 

Ultra competent cells were used for transformation of either mini-CTX-lux or pMP190 

constructs. The methods of transformation for both cell types were the same. The amounts of 
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DNA used in each transformation differed depending on the source of the DNA; when the 

transformation was performed directly following a ligation the total 20 µl ligation mix was 

used, when the source was miniprep isolated DNA 10ng was used. 

 

     If stored at -80°C, the cells were thawed on ice before being divided into 200 µl aliquots. 

The appropriate amount of DNA was added to the cells and mixed gently, then left on ice for 

15 min. The mixture was then heat shocked at 42°C for 45 s before being placed on ice for 1 

min. LB medium (800 µl) was added and incubated with shaking at 37°C for 45 min. Samples 

of the culture (700 µl and 300 µl) were then transferred to separate LB plates containing the 

appropriate antibiotics and grown overnight at 37°C. A single aliquot of 300 µl of culture for 

each of the controls (uncut vector, no ligase, and no insert) was plated.  

2.2.9 DNA Sequencing 

     Sequencing of plasmid DNA minipreps was performed at the Allan Wilson Centre, 

Massey University, Palmerston North. Sequencing was performed to confirm the sequence of 

the promoter elements cloned into mini-CTX-lux and pMP190. The primers used in PCR to 

amplify the promoter elements (see Table 2.2) were also used in sequencing of the promoters 

in the pMP190 plasmid. Additional primers were designed to complement an internal region 

of the promoter to allow accurate sequencing of the 5ʹ region of the promoter element in 

pMP190. A primer designed to bind to the T7 promoter was used to sequence the mini-CTX-

lux clones due to the presence of the T7 promoter located near the multiple cloning site in the 

mini-CTX-lux plasmid. The primers used in sequencing are listed in Table 2.5. 

 

Table 2.5 Internal sequencing primers 

Primer Plasmid to be used with Sequence (5ʹ to 3ʹ) 

hemAinternal pMP190hemA200bp CTTTTGGAGTAATTGCCG 

prfAinternal pMP190prfA200bp AGGCGTTATCCCCGTCAG 

prfBinternal pMP190prfB200bp GCTAAATTGGCCAGATAT 

prfCinternal pMP190prfC250bp CGAAGAAACGGTCCAGGT 

pET-T7f mini-CTX-lux TAATACGACTCACTATAGGG 
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2.3 Protein Methods 

2.3.1 Protein Expression 

     To confirm the over-expression in vivo of release factor proteins encoded on pTG 

constructs, transformed FJU112 cells containing one of pTG (as a negative control), pTGRF1, 

pTGRF2(T246S), or pTGRF3 were grown overnight in antibiotic selective LB medium. 

Samples of these cultures (250 µl) were then inoculated into 5 ml of fresh LB containing 

antibiotic and grown to an optical density at 600 nm of 0.5-0.6, IAA (50 µg/ml) was then 

added to induce expression of the release factors and the cultures grown for another 3 h. The 

optical density at 600 nm was again recorded. Protein extracts were created from pre- and 

post-induction samples by centrifuging 1 ml of culture at 13,000 rpm for 10 min, discarding 

the supernatant and resuspending the cells in Cracking buffer (containing 1% (v/v) β-

mercaptoethanol) (see Appendix I, page 128) of a volume corresponding to 100x the optical 

density of the sample. 

2.3.2 SDS-PAGE 

     Protein samples were analysed by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE). The inner chamber of the tank was filled with 1x inner running 

buffer; the outer chamber was filled with 1x outer running buffer. Electrophoresis was carried 

out at 200 V for 1 h, 20 min. Samples were heated at 94°C for 5 min prior to loading onto gel. 

Cellular protein extracts were run without further dilution. A positive control sample of the 

relevant release factor protein was used as a marker. 

2.3.2.1 Coomassie Staining 

     Protein gels were stained in Coomassie Blue R-250 stain for 1 h with shaking, then 

destained with destain II solution overnight with shaking. 

2.3.3 Western Transfer  

     After SDS-PAGE, proteins were transferred from polyacrylamide gels to nitrocellulose 

membrane. The electroblotting was carried out in transfer buffer with stirring at 100 V for 1 h, 

with an ice container providing cooling. After transfer membranes were stained with Ponceau 
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S stain, then rinsed with water, in order to visualise markers which were then marked with a 

pencil.  

2.3.4 Immunoanalysis 

     The antibodies and dilutions used in this work are detailed in Table 2.6. For detection of 

release factor proteins, after Ponceau S staining, the nitrocellulose membranes were blocked 

by soaking overnight with shaking in 1x TBS containing 1% (w/v) milk powder. The 

membranes were then rinsed twice with 1x TBS and incubated with the primary antibody 

(diluted in 1x TBS) for 60-90 min with gentle shaking. The membranes were then washed 

three times in 1x TBS containing 1% (w/v) milk powder for 5 min with shaking. Membranes 

were then incubated with the secondary antibody (diluted in 1x TBS with 1% (w/v) milk 

powder) for 60-90 min, followed by three washes in 1x TBS for 5 min with shaking.  

 

     Detection of HRP conjugated secondary antibodies was by enhanced chemiluminescence 

(ECL) according to the manufacturer‟s instructions. The membrane was sealed in plastic and 

developed on HT-G Medical X-ray film. 

 

Table 2.6 Antibodies used in Western blotting 

Antibody Raised in Dilution 

Primary Antibodies   

Anti-RF1 (163) Sheep 1:4000 

Anti-RF2 (H147g) Sheep 1:4000 

Anti-RF3 (#99/75) Sheep 1:10000 

Secondary Antibodies   

Anti-sheep HRP conjugate Goat 1:2500 

 

2.3.5 β-galactosidase Activity Assay 

     For experiments analysing the activities of the promoter elements in over-expressing 

environments, FJU112 cells containing one of the four pMP190 constructs, were made CaCl2 

competent (see above) and transformed with one of the four pTG constructs. The full list of 

plasmid combinations used in this experiment can be found in Table 2.7.  
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Table 2.7 Plasmid combinations for β-galactosidase activity assays 

pMP190 Construct pTG Construct 

pMP190hemA200bp pTG 

 pTGRF1 

 pTGRF2(T246S) 

 pTGRF3(-PstI) 

pMP190prfA200bp pTG 

 pTGRF1 

 pTGRF2(T246S) 

 pTGRF3(-PstI) 

pMP190prfB200bp pTG 

 pTGRF1 

 pTGRF2(T246S) 

 pTGRF3(-PstI) 

pMP190prfC250bp pTG 

 pTGRF1 

 pTGRF2(T246S) 

 pTGRF3(-PstI) 

 

2.3.5.1 Functionality of Assay 

     Cells containing the empty pTG plasmid in combination with one of the four pMP190 

constructs were grown overnight in 5 ml of antibiotic selective LB medium. The overnight 

culture was added at a ratio of 1:100 to fresh, antibiotic selective, LB medium and incubated 

at 37°C with shaking until grown to an optical density at 600 nm of ~0.3. Cultures were then 

incubated at 37°C with shaking for a further hour. The optical density at 600 nm was then 

taken.  

 

     A 100 µl aliquot of culture was added to an Eppendorf tube containing 0.9 ml Z buffer, 20 

l chloroform, and 10 l 0.1% (w/v) SDS, and then vortexed for 10 s to permeabilise the 

cells. Each tube had 200 µl of ONPG solution added, was mixed by inverting once, and then 

incubated in a 37°C waterbath until a yellow colour developed. Sodium carbonate (250 l of 
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2 M) was then added to stop the reaction. The reaction mixtures were centrifuged at 13000 

rpm for 5 min and then the optical densities at 420 nm of the supernatants were taken (taking 

care to exclude the chloroform). The units of -galactosidase activity for each sample was 

then calculated by using the following equation (Miller, 1972)
128

: 

 

   Enzyme Units: 1000 x [OD420] 

      t x v x [OD600] 

 

where OD420 is the absorbance of the reaction mixture at 420 nm, OD600 reflects the culture 

cell density at 600 nm, t is the time in min of the ONPG incubation period and v is the volume 

of culture used in the assay (in ml).  

 

     In all reactions, the volume of culture used in the assay was 0.02 ml. The time of the 

ONPG incubation ranged between 1 and 20 min, depending on the sample being analysed and 

the reaction was stopped after visual estimation that a suitable colour had developed. 

2.3.5.2 LB Assays 

     Cells containing one of the four pMP190 plasmid constructs in combination with one of 

the four pTG plasmid constructs were grown overnight in 5 ml of antibiotic selective LB 

medium. The overnight culture was added at a ratio of 1:20 to fresh, antibiotic selective, LB 

medium. Each overnight solution was used to inoculate two separate fresh cultures, one used 

as an uninduced control, the other to be induced with IAA. The cultures were incubated at 

37°C with shaking until grown to an optical density at 600 nm of ~0.3. 50 µg/ml IAA was 

then added to induce expression of the release factors. Cultures were then incubated at 37°C 

with shaking for a further hour. The optical density at 600 nm was then taken.  

 

     Five separate replicate assays were performed as follows for each combination of pMP190 

and pTG plasmid constructs. A 20 µl aliquot of culture was added to an Eppendorf tube 

containing 0.98 ml Z buffer, 20 l chloroform, and 10 l 0.1% (w/v) SDS, and then vortexed 

for 10 s to permeabilise the cells. Each tube had 200 µl of ONPG solution added, was mixed 

by inverting once, and then incubated in a 37°C waterbath until a yellow colour developed. 

Sodium carbonate (250 l of 2 M) was then added to stop the reaction. The reaction mixtures 

were centrifuged at 13000 rpm for 5 min and then the optical densities at 420 nm of the 
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supernatants were taken (taking care to exclude the chloroform). The units of -galactosidase 

activity for each sample was then calculated by using the same equation as for 2.3.5.1. 

2.3.5.3 T-test significance 

     The significance of differences in the results of the LB assays under the different 

conditions was calculated by t-test. The test was performed in Microsoft Excel 2007. The 10 

total induced pTG samples for the individual promoter element were used as the array 1 

values, the appropriate induced release factor values were used as the array 2 values. The test 

was run with two-tailed distribution and with two-sample unequal variance. 

2.3.5.4 Time-Course in M9 Minimal Medium 

     Cells were grown overnight in 5 ml of antibiotic selective M9 medium (containing 1% 

(v/v) 100x W and F solution). The overnight culture was added at a ratio of 1:20 to fresh, 

antibiotic selective, M9 medium (containing 1% (v/v) 100x F solution). Each overnight 

solution was used to inoculate two separate fresh cultures, one used as an uninduced control, 

the other to be induced with IAA. Two 20 µl samples of the culture used to measure bacterial 

growth (optical density) were then utilised as time-point samples for the β-galactosidase 

activity assay, and the remainder of the sample was used to create protein extracts for SDS-

PAGE and Western blot analysis. 

 

     Cultures were incubated at 37°C with shaking until grown to an optical density at 600 nm 

of ~0.3 (this was used as the 0 time-point sample), 50 µg/ml IAA was then added to induce 

expression of the release factors. Samples were taken at 30, 60, 120, 180, 240, and 300 min 

post induction. The optical density at 600 nm was taken. For the β-galactosidase activity 

assay, each 20 µl aliquot of culture was added to an Eppendorf tube containing 0.98 ml Z 

buffer, 20 l chloroform, and 10 l 0.1% (w/v) SDS, and then vortexed for 10 s to 

permeabilise the cells. Each tube had 200 µl of ONPG solution added, was mixed by inverting 

once, and then incubated in a 37°C waterbath until a yellow colour developed. Sodium 

carbonate (250 l of 2 M) was then added to stop the reaction. The reaction mixtures were 

centrifuged at 13000 rpm for 5 min and then the optical densities at 420 nm of the 

supernatants were taken (taking care to exclude the chloroform). The units of -galactosidase 

activity for each sample was then calculated by using the same equation as for 2.3.5.1. 
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2.4 Microarrays 

     The microarray study was completed by Mrs Tina Edgar, the expert technician in the Tate 

group, after personal circumstances led to a premature conclusion to my experimental work. 

2.4.1 RNA Isolation 

     Competent cells were transformed with either pTG or pTGRF2(T246S). Multiple cultures 

of each were grown overnight in antibiotic selective M9 minimal medium (containing 1% 

(w/v) 100x W and F solution), the overnight culture was then diluted 1:20 in fresh, antibiotic 

selective, M9 medium (containing 1% (w/v) 100x F solution). Cultures were grown at 37°C 

with shaking until they reached an optical density at 600 nm of ~0.2. IAA (50 µg/ml) was 

then added, and the cultures were grown until they reached an optical density at 600 nm of 

~0.6. RNA was isolated using RNeasy® Protect Bacteria Mini kit (QIAgen) protocols 1, 7, 

and RNA cleanup, as per manufacturer‟s instructions. Isolated RNA was recovered with a 

final yield of 185-333 ng/µl. 

2.4.2 RNA Amplification 

     Once isolated the RNA was amplified using MessageAmp
tm

 II-Bacteria prokaryotic RNA 

amplification kit (Ambion). Purified RNA (1 µg) per original culture was amplified as per 

manufacturer‟s instructions.  

2.4.3 RNA Labelling 

     The double stranded cDNA was then added to the Affymetrix IVT reaction, using the 

GeneChip
®
 HT One-Cycle Target Labelling and Controls Kit, to allow incorporation of 

biotinylated dUTP into the aRNA produced. aRNA (15 µg) was then fragmented by 

incubating at 94°C for 35 min in a reaction mix containing 6 µl fragmentation buffer 

(Affymetrix), 15 µl aRNA, and sterile ddH2O to make a total volume of 30 µl.  
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2.4.4 Hybridisation 

     Fragmented aRNA (15 µg ) was then added to a hybridisation mix containing control 

oligonucleotide B2 (5 µl), 20x hybridisation control, herring sperm DNA (3 µl), 10 mg/ml 

BSA (15 µl), 2x hybridisation buffer, DMSO (30 µl), and sterile H2O. This mix was preheated 

to 65°C before addition of the aRNA to ensure controls were in solution. After addition of the 

aRNA the mix was incubated at 99°C for 5 min, and then incubated at 5°C for 5 min. It was 

then clarified at 13,000 rpm in a desktop centrifuge for 1 min.  

 

     The GeneChip E. coli Genome 2.0 Array (Affymetrix) chips had 200 µl of prehybridisation 

buffer applied and were incubated at 45°C for 5 min. Hybridisation mix (200 µl) was then 

loaded onto each chip, resulting in three chips hybridised with pTG samples, and three 

hybridised with pTGRF2(T246S) samples. The chips were then hybridised overnight at 45
o
C, 

rotating at 60 RPM, in a GeneChip Hybridisation oven 640.  

 

      Washing steps included removal of unhybridised probe, hybridisation of SAPE stain 

solution, hybridisation of antibody, second staining, and removal of unhybridised stain 

antibody, and were controlled by the Gene Chip operating Software (GCOS), and performed 

using the FS450 Affymetrix chip wash station.  

2.4.5 Scanning 

     Scanning was performed as per manufacturer‟s instructions, using a GeneChip® Scanner 

3000. 

2.4.6 Normalisation 

     The raw microarray results were normalised using Robust Multichip Analysis (RMA) 

(Irizarry et.al. (2003))
129

 and the computer program LIMMA (Smyth (2005))
130

. 

 



Chapter 3 

38 

Chapter 3 

Results 

 

 

3.1  Molecular Biology 

     The objective of the molecular biology was to introduce promoter elements of four key 

genes (hemA, prfA, prfB, and prfC) into promoterless vectors, to facilitate investigation of 

how RF2 affected the activity of the promoters. The steps required to achieve this goal are 

outlined in Figure 3.1. The outcome of this was to be the presence in a cell of one of the four 

promoter elements in a vector (pMP190 or mini-CTX-lux) allowing the promoter to influence 

gene expression of the reporter gene, and to allow changes in activity of the promoter to be 

monitored. Also present was the compatible pTG plasmid, either empty or containing one of 

the three release factor genes (prfA, prfB, or prfC), allowing over-expression of the genes to 

be induced in a controlled manner. This enabled investigation of the main question; does RF2 

(the gene product of prfB) have a role in controlling gene expression? 
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Figure 3.1 Overview of the strategy to test the effect of RF2 expression on the activity of specific 

promoters. 

This strategy would support both the pMP190 and mini-CTX-lux promoterless vectors. 

 

3.1.1 The Promoter Elements 

     The promoter elements from Escherichia coli to be cloned are shown in Table 3.1. The 

position of the sequence relative to the start codon of the relevant gene is indicated by the 

numbers at the beginning and end of each sequence. The promoter elements were amplified 

separately, using different primers for cloning into either pMP190 or mini-CTX-lux. The 

promoter regions amplified were the same apart from the artificially incorporated restriction 

enzyme sites. 
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Table 3.1 Target sequence of the promoter elements 

Gene Promoter Sequence (5ʹ to 3ʹ) 

hemA 

-220 ggggcatagtgatgacaagtccttgagatacgttgcagttataacccttaatgctagcgtta 

ccgtccgctatcgtctatgttcaagttgtcttaattgccagaatctaacggctttcggcaattactc

caaaagggggcgctctcttttattgatcttacgcatcctgtatgatgcaagcagactaaccctatca

acgtt -20 

prfA 

-216 caaagcgttagcggcccttgagcagggcggcgacgcgcaagccattatgcaggatctggcat 

ggaaactgactaaccgcttgatccatgcgccaacgaaatcacttcaacaggccgcccgtgacgggga

taacgaacgcctgaatattctgcgcgacagcctcgggctggagtagcagtacatcattttctttttt

tac -18 

prfB 

-220 taatgtcgataccgccctctggccggataacggcgtgcgcgaagtgcaactggcttataagc 

tcgatatcaacgagtttcgcggcaaccgcagcctgcaaattatcatcgacaatatctggccaattta

gcgtcatcttctctataaaaaagagcgtggattgggtacaatcccgctcttatcaccgcattttgac

tagc -21 

prfC 

-250 ggttggcgacactgccgagtccgatattctcggtggcatcaacgccgggcttgcgacctgct 

ggctgaatgcacaccatcgcgagcaaccagaaggcatcgcgcccacctggaccgtttcttcgttgca

cgaactggagcagctcctgtgtaaacactgattgcctcccccccgttgatgggtaaaatagccgcaa

tttttcgttttcaacaagcgcggcgcgatgccgc -21 

 

3.1.2 Isolation of Promoter Elements 

     PCR reactions were used to isolate and amplify the promoter elements and the products 

were displayed on an agarose gel to confirm the product had been synthesised in good yield. 

An example of such a PCR reaction to isolate and amplify the prfC promoter (products run on 

a 1.5% agarose gel) is shown in Figure 3.2. There was no band present in the negative 

(without template) control (lane 2); the band in lane 3 is consistent with the expected 

molecular size of 229bp, although a DNA ladder of lower bps would have been a better 

marker to provide evidence of this. 
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Figure 3.2 Gel image of the product of a PCR reaction to isolate the prfC promoter. 

The λ/Hind/Eco marker is in lane 1, lane 2 contains the negative control, and lane 3 contains the DNA template. 

 

3.1.3 Creation of Recombinant Plasmid Variants 

pMP190 

     Figure 3.3 shows the pMP190 plasmid that had been treated with restriction endonucleases 

BglII and SalI singly and together. The plasmid was combined in a ligation reaction with each 

of the promoter elements (Table 3.1) that had also been treated similarly with BglII and SalI, 

creating four separate plasmid variants, the strategy of which is shown in Figure 3.4. 

 

 

Figure 3.3 The pMP190 plasmid treated with BglII and SalI.  

The λ/Hind/Eco marker is in lane 1, lane 2 contains uncut plasmid, lane 3 contains pMP190 cut with SalI, lane 4 

contains pMP190 cut with BglII, and lane 5 contains pMP190 cut with both SalI and BglII. 



Chapter 3 

42 

 

 

Figure 3.4 Schematic of the creation of pMP190 plasmid variants.  

Each variant is created separately. Diagram is not to scale. 

 

mini-CTX-lux 

     Four variants of mini-CTX-lux plasmids were also created. mini-CTX-lux plasmids were 

treated with restriction endonucleases EcoRI and BamHI, as shown in Figure 3.5. The 

majority of DNA loaded in lane 2 had been cut. The Figure shows a small amount of plasmid 

in lane 2 that had either not been cut or that was a deletion variant. Lane 3 shows a 

preparative amount of DNA loaded. Promoter elements that had also been treated with EcoRI 

and BamHI, were combined with the cut mini-CTX-lux plasmid in a ligation reaction.  
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Figure 3.5 The mini-CTX-lux plasmid treated with EcoRI and BamHI. 

The λ/Hind/Eco marker is in lane 1, lane 2 contains mini-CTX-lux plasmid cut with both EcoRI and BamHI, and 

lane 3 contains uncut mini-CTX-lux plasmid. 

 

3.1.4 Transformation of Ultra Competent Cells 

     The products of the ligation reactions for both plasmids were transformed into ultra 

competent cells and grown on LB medium plates containing the appropriate antibiotic. The 

transformed cells containing pMP190 variants grew as expected. As an example, the colony 

counts for pMP190prfC250bp transformants are shown in Table 3.2. Uncut plasmids gave 

high numbers of colonies indicating a high efficiency of transformation, but colony counts for 

„ligation with no insert‟ plates were also high and typical for all pMP190 variants, indicating 

the presence of single cut vector and that one of the enzymes had not cut efficiently. Cut and 

uncut plasmid ran in a very similar position on the agarose gel in this case (see Figure 3.3). 

Nevertheless there was a good enhancement of transformation (500 to 800) on adding the 

promoter fragments. 

 

Table 3.2 Colony counts for cells transformed with pMP190 and prfC promoter ligation mixes 

Plate Colony Count 

Uncut vector, 300 µl plated ~2000 

No ligase, 300 µl plated 7 

No insert, 300 µl plated ~500 

1:1 molar ratio, 300 µl plated ~800 

1:3 molar ratio, 300 µl plated ~800 

1:5 molar ratio, 300 µl plated ~800 
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     Ultra competent cells transformed with the products of mini-CTX-lux ligations typically 

produced fewer colonies than those transformed with pMP190 variants. The colony count 

results for plates from the transformation of cells with the reaction mixes from the ligation of 

mini-CTX-lux and prfC are shown in Table 3.3. There were large numbers of colonies on the 

uncut vector plates for all mini-CTX-lux transformation experiments, confirming high 

transformation efficiency, and, without insert, plates showed much lower numbers compared 

with those with transformations of pMP190. This indicated the two enzymes used had cut the 

vector relatively efficiently. With inserts there was a 1.5-2.5 fold enhancement of 

transformants. 

 

Table 3.3 Colony counts for cells transformed with mini-CTX-lux and prfC promoter ligation mixes 

Plate Colony Count 

Uncut vector, 300 µl plated ~2000 

No ligase, 300 µl plated 0 

No insert, 300 µl plated 38 

1:1 molar ratio, 300 µl plated 55 

1:3 molar ratio, 300 µl plated 98 

1:5 molar ratio, 300 µl plated 88 

 

3.1.5 Colony Screen PCR 

pMP190 

     Ten colonies were selected for each of the plasmid transformants resulting from the 

ligation experiments with each promoter fragment. These were analysed using PCR colony 

screening, to detect the presence of the promoter element, and differentiate between these and 

colonies with religated empty vector. After PCR the reaction products were run on a 1.5% 

agarose gel. The gel image for a screen of ten pMP190prfC250bp clones is shown in Figure 

3.6. As expected no band was present in the negative control lane. Given the high background 

(Table 3.2) surprisingly 8 of the 10 colonies selected had an insert and only in lanes 10 and 12 

was there no band, indicating an absence of the promoter element in these clones. These 

clones were excluded from further analysis. 
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Figure 3.6 Gel image of a colony screen for pMP190prfC250bp. 

The λ/Hind/Eco marker is in lane 1, lane 2 is empty, lane 3 is the negative control, and lanes 4-13 contain the 

colony screen products. 

 

mini-CTX-lux 

     The results of the PCR colony screen for mini-CTX-lux ligated with the prfA, prfB, or prfC 

promoter element are shown in Figure 3.7. This image clearly shows a band is present in all 

lanes for both prfA (lanes 2-11) and prfC (lanes 25-34) (though several of the bands have 

amplified weakly) and the results for all the prfC clones are at a lower intensity than for the 

other promoter elements. The prfB clone shown in lane 22 did not produce a band, and as a 

consequence of this negative result, this clone was excluded from further analysis. The 

relative sizes of the bands produced for prfA, prfB, and prfC were as expected (200bp for prfA 

and prfB, and 230bp for prfC).  
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Figure 3.7 Gel image of a colony screen for mini-CTX-lux ligated with the prfA, prfB, or prfC promoters. 

The λ/Hind/Eco marker is in lanes 1 and 20. Lanes 2-11 show results for prfA clones. Lane 12 is empty. Lanes 

13-19, 21-23 show results for prfB clones. Lane 24 is empty. Lanes 25-34 show results for prfC clones. 

 

3.1.6 Plasmid Sequencing 

pMP190 

     The putative positive clones were sequenced to confirm the promoter elements had 

inserted correctly and that the sequence had been maintained. Sequencing of the pMP190 

plasmid variants was conducted first with the promoter specific forward primers used in the 

PCR reactions (see Table 2.2) and then a second round of sequencing was conducted using 

internal primers (as listed in Table 2.5) to allow the 5ʹ region of the promoter to be sequenced. 

The internal primers were used in a PCR reaction in conjunction with the forward primers to 

ensure correct binding before sequencing. The PCR products were displayed on an agarose 

gel (see Figure 3.8). Lanes 2, 4, 6, and 8 all show bands as expected.  
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Figure 3.8 The products of the PCR reaction to confirm the activity of the internal primers.  

Lanes 1 and 10 contain the λ/Hind/Eco marker, lane 2 contains the hemA promoter with DNA template, lane 4 

contains the prfA promoter with DNA template, lane 6 contains the prfB promoter with DNA template, lane 8 

contains the prfC promoter with DNA template. Lanes 3, 5, 7, and 9 contain the respective negative controls. 

 

     Figure 3.9 shows the sequence generated from a pMP190hemA200bp clone, using the 

hemApMP190f primer. The sequence shown in Figure 3.10 is from the same clone, using the 

hemAinternal primer and is of the antisense strand and in the reverse direction. Figure 3.11 

depicts the sequence of the hemA gene including upstream regions (NCBI accession number 

U18555) with the promoter element as confirmed by sequencing shaded in grey. 

 

 

Figure 3.9 The sequence generated by the forward primer for pMP190hemA200bp. 

The BglII restriction site is indicated by the rectangle. The promoter sequence is underlined, sequence shown in 

both Figure 3.9 and Figure 3.10 is double underlined. 
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Figure 3.10 The sequence generated by the internal primer for pMP190hemA200bp. 

The sequence is reverse antisense. The rectangle denotes the SalI restriction site. The promoter sequence is 

underlined, sequence present in both Figure 3.9 and Figure 3.10 is double underlined. 

 

 

Figure 3.11 The sequence of the hemA gene, including the upstream promoter region. 

Sequence shaded grey is that of the cloned promoter element. The translational start of the hemA gene is denoted 

by a rectangle. 

 

     The sequence produced for a pMP190prfA200bp clone using the prfApMP190f primer is 

shown in Figure 3.12 No viable sequence was produced for any prfA clone using the 

prfAinternal primer, despite multiple rounds of sequencing being run. The sequence produced 

by the forward primer is shaded grey in Figure 3.13 which depicts the full length of the prfA 

gene (NCBI accession number U18555) and upstream sequences, including the final 111 

bases of the hemA gene, the final base of which is number 3112. 
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Figure 3.12 The sequence generated by the forward primer for pMP190prfA200bp. 

The BglII restriction site is denoted by the rectangle. The promoter sequence is underlined. The first two bases of 

the BglII restriction site are part of the promoter sequence. 

 

 

Figure 3.13 The sequence of the prfA gene, including the upstream region.  

The sequence begins with the final 111 bases of the hemA gene. Sequence shaded grey is that of the cloned 

promoter element, as confirmed by sequencing. The start codon of the prfA gene is denoted by a rectangle. 

 

     Figure 3.14 shows the sequence generated by the forward primer (prfBpMP190f) of a 

pMP190prfB200bp clone. Figure 3.15 shows the sequence generated from the same clone by 

the internal primer (prfBinternal). The sequence generated by the internal primer is of the 

antisense strand and in the reverse direction. The sequence for the prfB gene (NCBI accession 

number M11520) is shown in Figure 3.16 with the sequence shaded grey that for the cloned 

promoter element, which is deduced from the combined sequences generated by the forward 

and internal primers. 
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Figure 3.14 The sequence generated by the forward primer for pMP190prfB200bp. 

The BglII restriction site is denoted by the rectangle. The promoter sequence is underlined, sequence shown in 

both Figure 3.14 and Figure 3.15 is double underlined.  

 

 
Figure 3.15 The sequence generated by the internal primer for pMP190prfB200bp. 

The sequence is reverse antisense. The SalI restriction site is denoted by the rectangle. The promoter sequence is 

underlined, sequence shown in both Figure 3.14 and Figure 3.15 is double underlined. 

 

 

Figure 3.16 The sequence for the prfB gene, including the upstream promoter region. 

Sequence shaded grey is that for the cloned promoter element. The start codon for the prfB gene is denoted by a 

rectangle. 
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     The results for the prfC promoter sequenced using the prfCpMP190f primer are shown in 

Figure 3.17. The sequence generated from the same clone using the prfCinternal primer is 

shown in Figure 3.18. Figure 3.19 shows the sequence of the prfC gene (NCBI accession 

number D17724) with the start codon for the gene highlighted, and the sequence of the cloned 

promoter element, as assembled from the sequences produced by the two separate primers 

shaded grey. 

 

 

Figure 3.17 The sequence generated by the forward primer for pMP190prfC250bp. 

The BglII restriction site is denoted by the rectangle. The promoter sequence is underlined, sequence present in 

both Figure 3.17 and Figure 3.18 is double underlined. 

 

 

Figure 3.18 The sequence generated by the internal primer for pMP190prfC250bp. 

The sequence is reverse antisense. The SalI restriction site is denoted by the rectangle. The promoter sequence is 

underlined, sequence shown in both Figure 3.17 and Figure 3.18 is double underlined. 
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Figure 3.19 The sequence for the prfC gene, including the upstream promoter region. 

Sequence shaded grey is that for the cloned promoter element. The start codon for the prfC gene is denoted by a 

rectangle. 

 

mini-CTX-lux 

     A primer previously designed to bind to the T7 promoter were used to sequence the mini-

CTX-lux clones, as the promoter is present in the mini-CTX-lux plasmid (positions 7901-

7920), upstream of the position of the multiple cloning site (positions 7822-7893). 

Surprisingly, the sequencing showed that in the majority of clones the plasmid had not 
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incorporated the promoter element. Further analysis identified the possible incorporation of a 

separate section of the mini-CTX-lux plasmid. An example of the sequence produced is 

shown in Figure 3.20. The primer bound sufficiently upstream of the cloning site to allow the 

generated sequence to include the EcoRI site. The BamHI site is not present in the sequence, 

indicating the insert continues beyond the generated sequence. This denotes an insert of 

greater length (>500bp) than is expected for the promoter element (~200bp). 

 

     Figure 3.21 shows the dot matrix results of a 2blastn search performed for the sequence 

shown in Figure 3.20 against the complete sequence of mini-CTX-lux (called cloning vector 

HKBS1 on NCBI, accession number AF251497). Lines are produced on the graph where 

there are regions of homology between the two sequences. The alignment represented by the 

single line just below the 8000bp mark (indicated by an arrow) corresponds to the position of 

the multiple cloning site in the vector and is where an alignment between the two sequences 

was expected to occur. This line is of the expected length as incorporation of the promoter 

element would have interrupted the alignment at the same position. As sequencing occurred in 

an anti-clockwise direction around the plasmid and there is a significant difference in the 

scale of the two axes the line slope is shallow and slightly downwards, not at 45° in an 

upwards direction.  

 

     If the plasmid had been cut and religated without incorporating an insert the alignment 

beginning with the multiple cloning site would have continued across the graph uninterrupted. 

Instead the Figure shows the alignment stops, and a second alignment with a separate region 

of the mini-CTX-lux plasmid occurs. This is the line at the base of the graph, which continues 

to the limit of the sequence produced for this clone. There are also two additional short 

alignments of unknown identity. This result indicates that the mini-CTX-lux plasmid was cut 

by EcoRI and BamHI at the targeted site, but that one or both of the endonucleases cut at 

additional locations in the plasmid. 
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Figure 3.20 The sequence generated for a mini-CTX-lux clone. 

The restriction site for EcoRI is denoted by the rectangle. 

 

 

Figure 3.21 Dot matrix alignment.  

Dot matrix view of the results for a 2blastn search performed on the sequence shown in Figure 3.20 (x axis) 

against the complete sequence of mini-CTX-lux (NCBI accession number AF251497) (y axis). 
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3.1.7 Restriction Enzyme Digest of mini-CTX-lux Clones 

     Following the incongruous sequencing results for the mini-CTX-lux clones, restriction 

enzyme digests were performed on the plasmid DNA extracted from clones that had been 

thought to contain the insert following the PCR colony screen. The plasmid DNA was 

digested with both EcoRI and BamHI, in an attempt to excise the insert. The DNA was then 

run on a 1% agarose gel. Figure 3.22 shows the results from one digest. Both uncut and cut 

empty mini-CTX-lux plasmids are included and in most cases no insert is released. The 

second band in the cut vector sample (lane 3) positioned at approximately 1000bp is believed 

to be a result of star activity of the EcoRI and/or BamHI restriction enzymes. Nevertheless 

one clone on this gel appears to have incorporated the insert (prfC clone 1 in lane 9), shown 

by the faint band located at the position expected for a DNA fragment of a size equivalent to 

that of a promoter element.  

 

     The low success of incorporating the promoter elements straight into mini-CTX-lux meant 

that work with this plasmid was put aside and further experiments focused on the successful 

pMP190 transformants.  

 

 

Figure 3.22 Gel image of a double digest of mini-CTX-lux variants with EcoRI and BamHI. 

The λ/Hind/Eco marker is in lane 1, lane 2 contains uncut, empty, mini-CTX-lux, lane 3 contains cut, empty, 

mini-CTX-lux, lanes 4-10 contain cut mini-CTX-lux that were expected to contain promoter elements: hemA in 

lane 4, prfA 1 and 2 in lanes 5 and 6, prfB 1 and 2 in lanes 7 and 8, and prfC 1 and 2 in lanes 9 and 10.  
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3.1.8 Confirmed Promoter Sequences 

     Table 3.4 shows the sequences for the four separate promoter elements cloned into the 

pMP190 plasmid, as confirmed by sequencing, with the position of the sequence relative to 

the gene start codon indicated by the numbers at the beginning and end of the sequence. The 

sequences for the complete promoter elements were deduced from the sequence generated by 

the forward and internal primers. The prfA promoter did not produce viable sequence using 

the internal primer, and as a result only a 131bp segment of the promoter element sequence 

could be confirmed. Bases that could not be confirmed by analysis of the chromatogram are 

indicated by capital letters, as is the incorrect base in the hemA promoter sequence, where a G 

is in place of an A at position -38.  

 

Table 3.4 Confirmed promoter element sequences 

Promoter Sequence (5ʹ to 3ʹ) 

hemA -220 ggggcatagtgatgacaagtccttgagatACGttgcagttataacccttaatgcta 

gcgttaccgtccgctatcgtctatgttcaagttgtcttaattgccagaatctaacggcttt

cggcaattactccaaaagggggcgctctcttttattgatcttacgcatcctgtatgatgca

agcagGctaaccctatcaacgtt -20 

prfA -149 ctgactaAccgcttgatccatgcgccaacgaaatcacttcaacaggccgcccgtga 

cggggataacgaacgcctgaatattctgcgcgacagcctcgggctggagtagcagtacatc

attttctttttttac -18 

prfB -220 taatgtcgataccgccctctggccggatAAcggcgtgcgcgaagtgcaactggctt 

ataagctcgatatcaacgagtttcgcggcaaccgcagcctgcAAAttatcatcgacaatat

ctggccaatttagcgtcatcttctctataaaaaagagcgtggattgggtacaatcccgctc

ttatcaccgcattttgactagc -21 

prfC -250 ggttggcgacacgccgagtccgatattctcggtggcatcaacgccgggcttgcgac 

ctgctggctgaatgcacaccatcgcgagcaaccagaaggcatcgcgcccacctggaccgtt

tcttcgttgcacgaactggagcagctcctgtgtaaacactgattgcctcccccccgttgat

gggtaaaatagccgcaatttttcgttttcaacaagcgcggcgcgatgccgc -21 

 

3.1.9 Confirmation of Release Factor Genes in pTG Constructs 

     pTG plasmids were digested with EcoRI and PstI restriction enzymes to confirm the 

presence of the release factor genes. The plasmids were treated in three different ways; cut 

with a single aliquot of enzyme for 4 h, having a second aliquot of enzyme added after 2 h, 

and without addition of enzyme. As shown in Figure 3.23, all plasmids showed no difference 

between those cut with a single aliquot of enzyme and those which had a second aliquot 

added after 2 h. All inserts ran at the expected gene sizes (RF1 1.3kb, RF2 1.1kb, RF3 1.6kb). 
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Uncut pTG (lane 4) ran at a noticeably lower position than the restricted fragments. Uncut 

pTGRF1 and pTGRF2(T246S) plasmids ran at approximately the same position as the 

restricted fragments, but this is coincidental.  

 

 

Figure 3.23 Gel image of pTG plasmid variants after digest with EcoRI and PstI. 

The λ/Hind/Eco marker is in lanes 1 and 15, lanes 2-4 are empty pTG, lanes 5-7 are pTGRF1, lanes 8-10 are 

pTGRF2(T246S), lanes 11-13 are pTGRF3, and lane 14 is empty. a is cut with a single aliquot of enzyme, b is 

cut with a second aliquot added after 2 h, c is uncut.  

 

3.1.10 Transformation with pTG Constructs 

     Cells containing one of the four pMP190 plasmid promoter test constructs were made 

calcium chloride competent, before being transformed with one of the four pTG constructs. 

This created sixteen different cell lines. The colony count for pMP190prfC250bp transformed 

with the pTG constructs is shown in Table 3.5.  

 

Table 3.5 Colony counts for cells containing pMP190prfC250bp transformed with pTG plasmid constructs 

Plate Colony Count 

No DNA 26 (tiny breakthrough colonies) 

pTG, 300 µl plated ~1000 

pTGRF1, 300 µl plated ~1000 

pTGRF2(T246S), 300 µl plated ~1000 

pTGRF3, 300 µl plated ~1000 
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3.2  Protein Analysis 

     The protein analysis focused on the assessment of the activity of the promoter elements 

cloned into pMP190 in the molecular biology section. This was done by monitoring the level 

of reporter gene activity in cells containing one of the pTG plasmid variants in addition to one 

of the pMP190 plasmid promoter test constructs. Initial analysis focused on confirming the 

level and fidelity of over-expression of the release factor genes in the pTG plasmids in these 

cells. Any change in activity of the promoter elements in response to over-expression of the 

individual release factor genes was gauged by the β-galactosidase activity assay, since lacZ 

was the reporter gene.  

3.2.1 SDS-PAGE 

     Cell extracts were prepared from the sixteen cell lines containing both a pMP190 plasmid 

variant and a pTG plasmid variant. These extracts were prepared from cultures that had over-

expression of one of the release factor proteins induced for 3 h or before over-expression was 

induced. These extracts were run on a SDS-PAGE gel in an attempt to confirm the protein 

over-expression. Figure 3.24 shows one such gel. In this instance the promoter present on 

pMP190 is prfB, and all pTG variants are present. The inclusion of positive controls of the 

three release factors allow for the accurate identification of the release factor bands in the two 

following lanes. It was possible to identify a modest increase in expression of all the release 

factors in the 3 h samples (lanes 6, 9, and 12), though this is somewhat masked by the 

presence of the total protein content of the cells. Importantly a similar increase was not seen 

in the extracts prepared from cells containing empty pTG. pTG vector allows for a modest 3-5 

fold increase in expression of RFs in bacterial cells over endogenous levels, and this 

expression system was chosen for this reason. 
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Figure 3.24 Coomassie Blue stained gel of cellular extracts prepared pre- and post-induction of over-

expression of release factors. 

 Lane 1 contains a molecular weight marker, extracts from cells containing empty pTG are in lane 2 (pre-

induction) and lane 3 (post-induction), a positive control sample for RF1 is in lane 4, lane 5 is pTGRF1 pre-

induction (pre), lane 6 is pTGRF1 post-induction (post), lane 7 is a RF2 positive control, lanes 8 and 9 are 

pTGRF2(T246S) pre and post respectively, lane 10 is a RF3 positive control, lanes 11 and 12 are pTGRF3 pre 

and post respectively. Asterisks denote the position of the band of interest in the full cell extracts.   

 

3.2.2 Western Blotting 

     Over-expression was also assessed using Western blotting for greater clarity. Figure 3.25 

shows a Western blot generated using five separate clones containing pMP190prfB200bp and 

pTGRF2(T246S). Pre-induction samples were taken immediately before addition of IAA, 

post-induction samples were taken 3 h following the addition of IAA. It is clear in lanes 3, 5, 

7, 9, and 11 that the induction by IAA is resulting in an over-expression of RF2. Western 

blots were performed using multiple clones from all combinations of the pMP190 variants 

and pTG containing one of the over-expressing release factors. These were used to select the 

two best clones that were over-expressing the factor when induced, and to ensure that there 

was no „leaky expression‟ before induction, prior to β-galactosidase activity assays.  
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Figure 3.25 Western blot of clones containing pMP190prfB200bp and pTGRF2(T246S). 

Lane 1 contains the RF2 positive control, lanes 2, 4, 6, 8, and 10 are clones pre-induction, lanes 3, 5, 7, 9, and 11 

are clones post-induction. Detection was with antibody against RF2. 

 

3.2.3 β-galactosidase Activity Assay  

     As the β-galactosidase gene is located downstream of the promoter element on the 

pMP190 plasmid, measuring the level of β-galactosidase activity allowed changes in promoter 

activity to be assessed. The assay was performed initially with all of the promoter elements 

and the empty pTG control in cells grown in LB medium to confirm the functionality of the 

assay. This was followed by more thorough assays in LB medium assessing the activity of 

two clones of each promoter element in combination with either the empty pTG control or the 

pTG plasmid containing one of the release factor genes. Multiple samples were taken for each 

clone and the assay was performed with over-expression of the release factor genes induced 

and uninduced. Finally, time-course studies were performed on cells containing either the 

empty pTG plasmid or pTGRF2(T246S) variant grown in M9 minimal medium with two 

samples taken for each of the induced and uninduced states. One clone was assessed with 

empty pTG for each of the hemA and prfB promoters, and two clones were assessed for each 

promoter in combination with pTGRF2(T246S).  

3.2.3.1 Functionality of Assay 

     The assays to confirm β-galactosidase was present in the cells, driven by the promoters 

cloned into pMP190, were initially performed using cultures grown in LB medium. A series 

of assays were performed to confirm the functionality of the assay. This was done using 

clones containing the empty pTG plasmid, as this would show the level of expression of the 

promoter elements without influence from exogenous factors. Assays were run with the 

highest amount of bacterial culture added as permitted in the protocol, and were allowed to 

run until a noticeable yellow colour had developed, thus the duration of the assay differed 
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depending on what promoter element was present, but this is taken into account in the formula 

to calculate enzyme units. The formula used to calculate enzyme units is as follows: 

   Enzyme Units: 1000 x [OD420] 

      t x v x [OD600] 

 

where OD420 is the absorbance of the reaction mixture at 420 nm, OD600 reflects the culture 

cell density at 600 nm, t is the time in min of the ONPG incubation period and v is the volume 

of culture used in the assay (in ml) (Miller, 1972)
128

. 

 

     The enzyme units produced for each clone used are shown in Table 3.6. The assays 

containing the clones for the hemA promoter (most likely endogenous promoter for prfA) 

required 3 min to develop visible colour, the prfB and prfC assays required 5 min though the 

prfC clones had developed less colour at this time than the prfB clones. The prfA promoter 

clones did not develop any colour even after being allowed to run overnight for a total time of 

18 h. Further assays using multiple prfA clones were carried out, with similar results, leading 

to the decision to exclude the prfA promoter from further analysis.  

 

Table 3.6 Enzyme units produced in testing the functionality of the assay 

Clone Used Β-galactosidase Reporter 

(Enzyme Units) 

pMP190hemA200bp clone 1 4925 

pMP190hemA200bp clone 2 4744 

pMP190prfA200bp clone 1 2 

pMP190prfA200bp clone 2 2 

pMP190prfB200bp clone 1 3425 

pMP190prfB200bp clone 2 2751 

pMP190prfC250bp clone 1 1556 

pMP190prfC250bp clone 2 1339 
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3.2.3.2 LB Assays  

The hemA Promoter 

     Assays were performed for the hemA promoter in combination with each of the pTG 

plasmid variants. First, two clones (1 and 2) were used for the control pTG plasmid. 

Uninduced and IAA induced conditions were used for each clone. Five samples were taken 

from each for the assays. The individual sample results for the hemA promoter with the pTG 

plasmid clones are shown in Figure 3.26 panel A. One analysis point (clone 1 induced sample 

four) is a clear outlier and was removed for the results to be expressed as means ± SEM in 

Figure 3.26 panel B. 

 

     The results for RF1 over-expressing clones (Figure 3.27 panel A) with the hemA promoter 

show a slight reduction between uninduced and induced samples for clone 1, though clone 2 

is less convincing. The RF2 clones (Figure 3.27 panel B) do not appear to vary significantly 

between uninduced and induced samples of the same clone, though there was some variability 

between samples increasing the SEM. Figure 3.27 panel C shows the results of the over-

expression of RF3, there was more variation in the clone 2 samples in particular, this would 

have obscured any possible small differences between uninduced and induced samples.  
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Figure 3.26 Enzyme units calculated for clones containing pMP190hemA200bp and empty pTG plasmids. 

Panel A shows the enzyme units of β-galactosidase calculated for each of the five samples for each clone. Panel 

B shows the mean ± SEM for the enzyme units which have been calculated for five samples for each clone, 

excepting the clone 1 induced result where the outlier sample has been excluded. 1 and 2 refer to two 

independent clones. 

 

 

Figure 3.27 The mean ± SEM enzyme units calculated for five samples for each hemA clone. 

Panel A shows the mean ± SEM for each clone containing pMP190hemA200bp and pTGRF1 plasmids. Panel B 

shows the mean ± SEM for each clone containing pMP190hemA200bp and pTGRF2(T246S) plasmids. Panel C 

shows the mean ± SEM for each clone containing pMP190hemA200bp and pTGRF3 plasmids. 1 and 2 refer to 

two independent clones. 

pTG uninduced 
(clone 1)

pTG induced 
(clone 1)

pTG uninduced 
(clone 2)

pTG induced 
(clone 2)

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

1

β
-g

a
la

ct
o

si
d

as
e

 R
e

p
o

rt
e

r 
(E

n
zy

m
e 

U
n

it
s)

Effect on the hemA promoter
B

0

1000

2000

3000

4000

5000

6000

1

β
-g

a
la

ct
o

si
d

as
e 

R
ep

o
rt

e
r 

(E
n

zy
m

e 
U

n
it

s)

Effect on the hemA promoter

RF1 (clone 1) RF1 (clone 2) RF2 (clone 1) RF2 (clone 2) RF3 (clone 1) RF3 (clone 2)

A B C

U U U U U UI I I I I I



Chapter 3 

64 

 

The prfB Promoter 

     The LB assay results for the prfB promoter in combination with the empty pTG plasmid 

are shown in Figure 3.28 panel A. There was less consistency between samples than seen in 

the hemA pTG samples. The results for prfB and RF1 (Figure 3.28 panel B) showed no 

statistically significant difference between the uninduced and induced samples for each clone. 

Clone 2 of the RF2 over-expression (Figure 3.28 panel C) showed by contrast a significant 

difference between uninduced and induced samples (p<0.02) and Figure 3.28 panel D shows a 

similar difference for the RF3 over-expression. The variability between samples for clone 1 

(as seen for the hemA RF3 samples) masked any small differences that may have been present 

in this clone. 

  

 

Figure 3.28 The mean ± SEM enzyme units calculated for five samples for each prfB clone. 

Panel A shows the mean ± SEM for each clone containing pMP190prfB200bp and pTG plasmids. Panel B shows 

the mean ± SEM for each clone containing pMP190prfB200bp and pTGRF1 plasmids. Panel C shows the mean 

± SEM for each clone containing pMP190prfB200bp and pTGRF2(T246S) plasmids. Panel D shows the mean ± 

SEM for each clone containing pMP190prfB200bp and pTGRF3 plasmids. 1 and 2 refer to two independent 

clones. ** indicates a p value of ≤ 0.02. 
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The prfC Promoter 

     Figure 3.29 panel A shows the results for the enzyme units produced in the LB assay for 

the empty pTG plasmid in combination with the prfC promoter. There does not appear to be 

any significant difference between uninduced and induced samples for each clone. The RF1 

over-expression (Figure 3.29 panel B), RF2 over-expression (Figure 3.29 panel C), and RF3 

over-expression (Figure 3.29 panel D) results, while showing some variation among samples, 

and between clones, had no significant differences between uninduced and induced samples. 

The exception was RF1 clone 1, where there was a statistically significant increase on 

induction of RF1. 

 

 

 

Figure 3.29 The mean ± SEM enzyme units calculated for five samples for each prfC clone. 

Panel A shows the mean ± SEM for each clone containing pMP190prfC250bp and pTG plasmids. Panel B shows 

the mean ± SEM for each clone containing pMP190prfC250bp and pTGRF1 plasmids. Panel C shows the mean 

± SEM for each clone containing pMP190prfC250bp and pTGRF2(T246S) plasmids. Panel D shows the mean ± 

SEM for each clone containing pMP190prfC250bp and pTGRF3 plasmids. 1 and 2 refer to two independent 

clones. ** indicates a p value of ≤ 0.02. 
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3.2.3.3 T-test 

     The significance of the results from the LB assays was calculated by t-test (see Table 3.7) 

comparing the effect of over-expression of a release factor from pTG on a promoter compared 

with the data obtained with the empty pTG vector. The changes in the expression of the hemA 

promoter were not significant when exposed to over-expression of any release factor. The 

expression of the prfB promoter was significantly affected by the over-expression of RF2 

(p<0.001) and to a lesser extent RF3 (p<0.01), but not RF1. The prfC promoter was affected 

by the over-expression of RF1 at a lower significance (p<0.05), and was the only promoter 

element to show such a result.  

 

Table 3.7 T-test results for LB assays 

Promoter and Release Factor p value 

hemA  

RF1 0.517 

RF2 0.858 

RF3 0.580 

prfB  

RF1 0.140 

RF2 0.0007 

RF3 0.006 

prfC  

RF1 0.038 

RF2 0.107 

RF3 0.794 

 

3.2.3.4 Time-Course in M9 Minimal Medium 

     Cultures were grown in minimal medium where changes in promoter activity in response 

to changed concentrations of a regulatory molecule might be more evident. A time-course was 

performed to observe the effect on the expression of the promoter elements with over-

expressed RF2, the key molecule of the study. Samples were extracted from cultures over a 

period of 5 h. The results from the LB assays were used to subselect the promoters to be 

tested. The empty pTG served as before as a negative control, and the pTGRF2(T246S) over-
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expressing plasmid was testing whether RF2 could modulate gene expression. Not part of the 

starting hypothesis, the pTGRF1 plasmid was not tested here as no promoter with the possible 

exception of the prfC promoter had shown any significant difference between the results 

where over-expression was induced and where it was not. The pTGRF3 plasmid was also not 

tested further as over-expressing RF3 generally had no effects on the promoters, and also was 

not the prime condition of interest in this study. The prfC promoter did not demonstrate any 

apparent differences between the induced and uninduced samples for the pTGRF2(T246S) 

plasmid in the LB assay and so it was not included. There was by contrast an identified 

difference for the prfB promoter in combination with the over-expressing RF2 (clone 2) 

compared to the uninduced samples. Since RF1 and RF2 concentrations are co-ordinately 

regulated in the cell during growth the hemA promoter was also tested in minimal medium.  

 

The hemA Promoter 

     The results of the time-course performed on two clones containing the hemA promoter in 

combination with pTG expressing RF2 are shown below, together with one clone containing 

the hemA promoter that has an empty pTG plasmid. Each clone was tested in an induced and 

uninduced state with two samples taken at each time-point. These samples were taken from 

the culture when the cell densities were measured, hence both duplicate time samples from the 

same clone of course have the same OD600 values. The OD600 and OD420 values for each clone 

at each time-point, and the enzyme units calculated for each sample as described above are 

shown in Appendix II. Due to a mishap there was no OD420 result for the RF2 clone 1 induced 

„A‟ sample at the 180 time-point and thus no enzyme units could be calculated for the sample 

at that time-point. 

 

     The time-course of the average enzyme units produced by the two replicates for the clone 

containing the hemA promoter and the empty pTG plasmid over the time-course are shown in 

Figure 3.30 panel A (page 68). The uninduced replicates separate from the induced replicates 

between the 60 min and the 240 min time-points. There is a burden for the bacterial cell of 

expressing from the exogenous pTG plasmid that has an effect on promoter activity from the 

other plasmid pMP190. The uninduced and induced replicates both exhibit this enzyme drop 

off at the final time-point at 300 min (not shown). 
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     The results from the second RF2 over-expressing clone, shown in Figure 3.30 panel B 

(page 69) as the average of the enzyme units produced by the two replicates, also shows a 

clear difference between the amount of enzyme units produced by the uninduced and induced 

replicates. The induced replicates show lower promoter activity, which is most apparent at the 

120 min time-point, where the enzyme units produced by the uninduced samples peak, and 

the enzyme units produced by the induced samples continue to fall. The induced replicates 

show a gradual increase in enzyme units from the 120 min time-point, though this does not 

begin as early nor increase to the extent seen in the empty pTG results. Both the uninduced 

and induced samples show the enzyme drop off at the 300 min time-point (not shown), also 

seen in the empty pTG results.  

 

     The ratio of enzyme units produced by the induced states between RF2 over-expressing 

replicates compared to the empty pTG replicates for the hemA promoter is shown in Figure 

3.30 panel C. While there was an equivalent amount of enzyme units produced up to 60 min 

the hemA promoter element was less active as RF2 over-expression and concentrations 

increased. 
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Figure 3.30 The results of the M9 minimal medium time-course for clones containing the hemA promoter. 

Panel A shows the mean enzyme units produced by the two empty pTG replicates. Panel B shows the mean 

enzyme units produced by the two replicates of RF2 over-expressing clone 2. Panel C shows the ratio of mean 

enzyme units produced by the induced RF2 over-expressing clone compared to the induced pTG clone. 

 

The prfB Promoter 

     The assay was also performed on clones containing the prfB promoter in partner with 

either empty pTG or pTG containing RF2. The detailed data for the two replicates taken from 

each induced and uninduced culture of two separate clones containing the prfB promoter and 

pTGRF2(T246S) and one clone containing the prfB promoter and empty pTG are shown in 

Appendix III.  
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     The summary of results for the prfB promoter and empty pTG plasmid are shown in 

graphical form in Figure 3.31 panel A. Both conditions showed similar promoter activity 

before induction (0 min time-point). The mean enzyme units for the uninduced replicates 

remain constant over the majority of the time-course, beginning to decrease at time-point 240 

min. The induced replicates by contrast showed a decrease in promoter activity by time 30 

min, which gradually reversed from time 120 min. Enzyme drop off occurs for both 

conditions at time-point 300 min (not shown). 

 

     The results from the second RF2 over-expressing clone are shown as the mean enzyme 

units produced by the two replicates in Figure 3.31 panel B. The results for the uninduced 

replicates are very similar to that seen for the uninduced replicates for the empty pTG 

plasmid. The activity of the prfB promoter in the induced replicates is seen to decrease at 

time-point 30 min and remain at this level for the time-course.  

 

     The ratio of enzyme units produced by the induced RF2 over-expressing replicates 

compared to the induced empty pTG replicates for the prfB promoter is shown in Figure 3.31 

panel C. The amount of enzyme units produced in the empty pTG replicates is always greater 

than that seen in the RF2 over-expressing replicates. The relative activity of the prfB promoter 

in the RF2 over-expressing environment decreased after an initial delay through the 240 min 

time-point, in contrast to the recovery of activity seen for the hemA promoter at the same 

point. 
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Figure 3.31 The results of the M9 minimal medium time-course for clones containing the prfB promoter. 

Panel A shows the mean enzyme units produced by the two empty pTG replicates. Panel B shows the mean 

enzyme units produced by the two replicates of RF2 over-expressing clone 2. Panel C shows the ratio of mean 

enzyme units produced by the induced RF2 over-expressing clone compared to the induced pTG clone. 
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3.3 Microarray Analysis 

     A microarray analysis was employed with the aim of identifying other genes in the 

Escherichia coli genome that might be responding to over-expression of RF2. This was done 

by extracting the mRNA from cultures grown in M9 minimal medium in triplicate containing 

either induced pTGRF2(T246S) or empty pTG. Three separate chips were hybridised for each 

plasmid from each biological replicate, with the final results for each gene calculated from all 

three chips for each environment. Each chip contained over 10,000 probe sets to match genes 

and intergenic regions from four strains of E. coli. Where possible a single set of probes were 

designed for the gene homologs of all four strains, except where the differences between 

homologs were too great to allow for a single set of probes to be used. 

 

     A gene showing greater expression in the pTG environment indicates down regulation of 

that gene by RF2, alternately a gene showing greater expression in the over-expressing RF2 

environment indicates up regulation of the gene by RF2. Due to the artificial over-expression 

of the RF2 gene (prfB) the microarray results should show a significantly greater expression 

for prfB in the pRF2 group compared to the pTG group. This internal control was indeed 

observed, with a greater than 5-fold increase in expression for prfB. 

3.3.1 Genes of Interest 

     The results for the four genes of interest already targeted (hemA, prfA, prfB, and prfC) 

were isolated from the microarray data. The results are shown below in Table 3.8, with the 

increase or decrease in expression of the gene in response to over-expression of RF2 

specified. The results for the prfB gene reflect the over-expression from the exogenous 

plasmid. None of the other three genes of interest had an altered expression with a significant 

p value. Only hemA shows decreased expression in the RF2 over-expressing environment.  
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Table 3.8 Microarray results for genes of interest 

Rank Affymetrix 

Reference 

Gene 

Symbol 

Log Fold 

Change 

P Value FDR Expression 

change under 

RF2 O/E 

1 1768494_s_at prfB -5.64478 1.94E-12 1.98E-08 N/A 

1218 1765689_s_at prfC -0.174814 0.05609 0.47008415 Up 

1961 1762822_s_at hemA 0.203868 0.112916 0.58778341 Down 

2645 1767618_s_at prfA -0.131486333 0.167836 0.64756828 Up 

 

3.3.2 Changes in Global Gene Expression Levels 

     The outputs of the microarray were ranked using p values. The top 100 ranked results are 

shown in Table 3.9. The log fold change values were generated without taking the identity of 

the groups into account, and were calculated for empty pTG (group 1) in relation to over-

expressing RF2 (group 2), for example the over-expressed prfB gene has a log fold change -

5.64478 indicating a lower expression of 5.6(4478) fold in the pTG environment compared to 

the RF2 environment. The gene symbols are those given by Affymetrix.  

 

Table 3.9 Top 100 ranked genes from microarray analysis 

Rank Affymetrix 

Reference 

Gene Symbol Log Fold 

Change 

P 

Value 

FDR Expression 

change 

under RF2 

O/E 
1 1768494_s_at prfB -5.6448 1.94E-12 1.9800E-08 N/A 

2 1764690_at --- -3.5843 4.17E-10 2.1300E-06 Up 

3 1762133_s_at ECs0078 / leuA -2.6509 1.97E-08 6.6900E-05 Up 

4 1761326_s_at ECs4319/sirA/yhhP -1.2737 4.07E-07 1.0397E-03 Up 

5 1763663_s_at ECs0076/leuC -2.4814 1.18E-06 2.4186E-03 Up 

6 1768165_s_at ECs2097/gadC/xasA 1.4690 1.64E-06 2.6077E-03 Down 

7 1766336_s_at leuD -2.6666 1.79E-06 2.6077E-03 Up 

8 1760710_s_at --- 1.3896 2.96E-06 3.7774E-03 Down 

9 1760853_s_at --- 1.2920 3.58E-06 4.0649E-03 Down 

10 1760545_s_at ECs2098/gadB 1.5366 4.26E-06 4.3505E-03 Down 

11 1768136_s_at ECs4363/yhiM 1.4238 1.02E-05 8.6683E-03 Down 

12 1762126_s_at ECs4644/tnaC/tnaL 4.4116 1.02E-05 8.6683E-03 Down 

13 1764062_s_at ECs2001/hslJ -0.9626 1.11E-05 8.6683E-03 Up 

14 1760316_s_at ECs0124/sped 1.0773 1.26E-05 8.6683E-03 Down 

15 1763403_s_at rbsC 1.7627 1.27E-05 8.6683E-03 Down 

16 1768775_s_at ECs4693/rbsB 1.7478 1.47E-05 9.3566E-03 Down 

17 1764945_s_at uhpA -0.8301 1.61E-05 9.6543E-03 Up 

18 1761031_s_at lysS 1.2706 2.16E-05 1.2163E-02 Down 

19 1761686_s_at ECs5533 0.8325 2.26E-05 1.2163E-02 Down 
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20 1763370_s_at insA -0.7095 2.88E-05 1.4695E-02 Up 

21 1760971_s_at ECs4691/rbsA 2.0451 3.05E-05 1.4843E-02 Down 

22 1765892_s_at ECs0738/ybgL 0.7259 3.32E-05 1.5099E-02 Down 

23 1760901_s_at ECs4628/yidQ 0.9850 3.40E-05 1.5099E-02 Down 

24 1764407_at evgS 1.1791 3.70E-05 1.5727E-02 Down 

25 1760671_s_at ECs3439/rpoE 0.7266 4.27E-05 1.6815E-02 Down 

26 1762534_s_at ECs2052/yncA 0.6298 4.28E-05 1.6815E-02 Down 

27 1766098_s_at pstA -0.6774 5.68E-05 2.1404E-02 Up 

28 1766093_s_at ECs0539/ybaT 0.6710 5.87E-05 2.1404E-02 Down 

29 1763733_s_at ECs4690/rbsD 1.4461 6.10E-05 2.1474E-02 Down 

30 1764349_s_at ECs5038/yjbQ 0.6505 6.69E-05 2.2768E-02 Down 

31 1768498_s_at ECs4397/gadA 1.3784 7.17E-05 2.3612E-02 Down 

32 1763997_s_at ECs4661/pstB -1.2627 7.64E-05 2.3972E-02 Up 

33 1766172_s_at ECs2022/gapC -0.7562 7.75E-05 2.3972E-02 Up 

34 1759934_s_at ECs2508/yeaT 0.7111 8.57E-05 2.5717E-02 Down 

35 1763275_s_at ECs4694/rbsK 0.7276 9.93E-05 2.8948E-02 Down 

36 1763499_s_at ECs1730/narH 0.9023 1.07E-04 3.0010E-02 Down 

37 1761649_s_at ECs1731/narJ 0.7855 1.14E-04 3.0010E-02 Down 

38 1759705_s_at --- 0.8056 1.15E-04 3.0010E-02 Down 

39 1763959_s_at --- 0.7658 1.17E-04 3.0010E-02 Down 

40 1765902_at fecI 0.7404 1.20E-04 3.0010E-02 Down 

41 1768617_at nlpA -0.5409 1.23E-04 3.0010E-02 Up 

42 1760640_at --- 0.5726 1.23E-04 3.0010E-02 Down 

43 1767516_s_at rimL 0.6227 1.45E-04 3.3660E-02 Down 

44 1761025_s_at ECs3438/rseA 0.6424 1.45E-04 3.3660E-02 Down 

45 1762671_s_at ECs0154/fhuA 1.0453 1.54E-04 3.4941E-02 Down 

46 1762288_s_at ECs3575/hycG 0.9854 1.76E-04 3.8541E-02 Down 

47 1765777_s_at ECs0739/nei 0.6089 1.77E-04 3.8541E-02 Down 

48 1763040_s_at ECs2305/mdtI/ydgE -0.5385 1.82E-04 3.8703E-02 Up 

49 1759113_s_at ECs0975/ftsK 0.5413 2.05E-04 4.2776E-02 Down 

50 1765867_s_at --- -0.5623 2.10E-04 4.2776E-02 Up 

51 1761211_s_at --- 0.9683 2.16E-04 4.3213E-02 Down 

52 1766220_at fhuF 1.5950 2.30E-04 4.5193E-02 Down 

53 1768113_s_at ECs4393/mdtE/yhiU 0.8943 2.40E-04 4.6274E-02 Down 

54 1760188_at c5398 0.8026 2.46E-04 4.6571E-02 Down 

55 1764279_s_at ECs5219/mgtA -0.8969 2.54E-04 4.7088E-02 Up 

56 1768749_s_at ECs4118/yhdP 0.5842 2.64E-04 4.7124E-02 Down 

57 1759740_s_at ECs0538/ybaS 0.7381 2.64E-04 4.7124E-02 Down 

58 1768798_s_at ECs1436/yceO 0.6339 2.68E-04 4.7124E-02 Down 

59 1768897_s_at ECs3569/hydN 0.8414 3.11E-04 5.2386E-02 Down 

60 1759821_s_at ECs4702/ilvG -0.6420 3.12E-04 5.2386E-02 Up 

61 1768184_s_at ECs1129/hyaB 0.6101 3.13E-04 5.2386E-02 Down 

62 1766997_s_at ECs4660/phoU -1.0203 3.21E-04 5.2910E-02 Up 

63 1765240_s_at ECs3705/yqeJ 0.6114 3.29E-04 5.3285E-02 Down 

64 1760008_s_at ECs1037/rmf 0.6503 3.48E-04 5.4852E-02 Down 

65 1763257_s_at dctR/ECs4378/yhiF 0.6337 3.49E-04 5.4852E-02 Down 

66 1762871_s_at ECs0737/ybgK 0.5099 3.63E-04 5.6157E-02 Down 

67 1766053_s_at ECs5335/yjjU 0.6145 3.72E-04 5.6680E-02 Down 

68 1759789_s_at rseB 0.5512 3.79E-04 5.6849E-02 Down 

69 1765745_s_at --- 0.4478 3.90E-04 5.7669E-02 Down 

70 1762423_s_at ECs3925/ygiB -0.6020 3.99E-04 5.8176E-02 Up 

71 1767352_s_at ECs3690/ygdR -0.7849 4.06E-04 5.8385E-02 Up 

72 1764188_s_at ECs0639/ybdL 0.8176 4.18E-04 5.9197E-02 Down 

73 1769204_at malT 0.8445 4.49E-04 6.1420E-02 Down 

74 1759713_s_at --- 0.9565 4.51E-04 6.1420E-02 Down 

75 1761043_s_at aidB/ECs5163 0.6653 4.52E-04 6.1420E-02 Down 

76 1764371_s_at bfr 0.8473 4.57E-04 6.1420E-02 Down 
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77 1762113_s_at ECs2022/gapC -0.4774 4.83E-04 6.3996E-02 Up 

78 1766731_s_at ECs3033/yohJ -0.6456 4.97E-04 6.4250E-02 Up 

79 1763125_s_at ECs3931/glgS 0.9093 4.97E-04 6.4250E-02 Down 

80 1761153_s_at ECs3938/htrG/ygiM 0.5484 5.14E-04 6.5162E-02 Down 

81 1761597_at recB 0.7103 5.19E-04 6.5162E-02 Down 

82 1760409_s_at ECs3581/hycA 0.9397 5.23E-04 6.5162E-02 Down 

83 1764713_s_at ECs4440/yiaG 0.6723 5.30E-04 6.5231E-02 Down 

84 1764432_s_at ECs0921/ybjG -0.5162 5.67E-04 6.8673E-02 Up 

85 1760130_s_at ECs3034/yohK -0.4772 5.72E-04 6.8673E-02 Up 

86 1763471_s_at ECs3831/yggW -0.6195 6.02E-04 7.1468E-02 Up 

87 1764935_s_at ECs1905/mpaA/ycjI 0.5149 6.17E-04 7.2429E-02 Down 

88 1764433_s_at ECs3436/rseC 0.4432 6.30E-04 7.3055E-02 Down 

89 1768953_s_at appA/ECs1136 0.6188 6.59E-04 7.4833E-02 Down 

90 1763539_s_at ECs0232 -0.5007 6.60E-04 7.4833E-02 Up 

91 1761923_at --- -0.4821 6.86E-04 7.6929E-02 Up 

92 1766722_s_at ECs4759 /metE 1.4584 7.19E-04 7.9468E-02 Down 

93 1763249_s_at ECs5039/yjbR 0.6271 7.24E-04 7.9468E-02 Down 

94 1768164_s_at ECs3195/ubiX -0.6063 7.37E-04 8.0016E-02 Up 

95 1764513_s_at ECs3906/ygiW 0.4573 7.90E-04 8.4502E-02 Down 

96 1764747_s_at dhaK/ECs1705/ycgT 0.4997 7.95E-04 8.4502E-02 Down 

97 1768534_s_at ECs1442/grxB 0.4403 8.31E-04 8.7474E-02 Down 

98 1762819_s_at pstC -0.6442 9.07E-04 9.3575E-02 Up 

99 1760812_s_at ECs3270/ypeC -0.5925 9.08E-04 9.3575E-02 Up 

100 1767791_s_at malT 0.7026 9.32E-04 9.4535E-02 Down 

 

     The majority of the genes have decreased expression in response to over-expressing RF2. 

Though most genes do have a symbol associated with them, further investigation revealed a 

large proportion of genes are hypothetical or putative. The over-expressed gene prfB 

(encoding RF2) is the highest ranked gene, however due to the artificial over-expression of 

the protein it is not possible to determine from these data the effect of excessive RF2 on the 

expression of the endogenous prfB gene. The gapC and malT genes are both listed twice 

(gapC at 33 and 77, malT at 74 and 100). Further investigation revealed the dual gapC is the 

result of two transcripts annotated as part of a two gene operon, both annotated as gapC (1 

and 2). The malT results are for two probe sets designed to bind to the malT genes from two 

separate strains of E. coli, however there appears to have been sufficient homology to allow 

both sets of probes to interact with the malT mRNA produced by the cell. 

3.3.3 Genes Selected for Further Analysis  

     Further analysis of the highest ranked genes allowed for the narrowing of the number of 

genes for in-depth examination. Hypothetical and putative genes were discarded, as were 

those that were part of an operon where a majority of the genes had non-significant results. 

Thirty-one of the top one hundred ranked genes were selected on this basis. Genes outside of 
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the top one hundred ranked were added when part of an operon containing a majority of 

highly ranked genes. The selected genes are listed in Table 3.10, grouped by operon.  

      

Table 3.10 Selected genes of significance 

Affymetrix 

Reference 

Gene 

Symbol 

Rank Log 

Fold 

Change 

FDR Expression 

change 

under RF2 

O/E 

Operon 

1768494_s_at prfB 1 -5.6448 1.9800E-08 N/A xerD-dsbC-recJ-prfB-lysS 

1761031_s_at lysS 18 1.2706 1.2163E-02 Down xerD-dsbC-recJ-prfB-lysS 

1763733_s_at rbsD 29 1.4461 2.1474E-02 Down rbsDACBKR 

1760971_s_at rbsA 21 2.0451 1.4843E-02 Down rbsDACBKR 

1763403_s_at rbsC 15 1.7627 8.6683E-03 Down rbsDACBKR 

1768775_s_at rbsB 16 1.7478 9.3566E-03 Down rbsDACBKR 

1763275_s_at rbsK 35 0.7276 2.8948E-02 Down rbsDACBKR 

1767720_s_at rbsR 9845 -0.0099 0.989498 Up rbsDACBKR 

1760671_s_at rpoE 25 0.7266 1.6815E-02 Down rpoE-rseABC 

1761025_s_at rseA 44 0.6424 3.3660E-02 Down rpoE-rseABC 

1759789_s_at rseB 68 0.5512 5.6849E-02 Down rpoE-rseABC 

1764433_s_at rseC 88 0.4432 7.3055E-02 Down rpoE-rseABC 

1760294_s_at leuL 10039 -0.0052 9.9655E-01 Up leuLABCD 

1762133_s_at leuA 3 -2.6509 6.6900E-05 Up leuLABCD 

1762483_s_at leuB 920 -0.5306 4.1271E-01 Up leuLABCD 

1763663_s_at leuC 5 -2.4814 2.4186E-03 Up leuLABCD 

1766336_s_at lueD 7 -2.6666 2.6077E-03 Up leuLABCD 

1764804_s_at pstS 319 -0.7266 2.3210E-01 Up pstSCAB-phoU 

1762819_s_at pstC 98 -0.6442 9.3575E-02 Up pstSCAB-phoU 

1766098_s_at pstA 27 -0.6774 2.1404E-02 Up pstSCAB-phoU 

1763997_s_at pstB 32 -1.2627 2.3972E-02 Up pstSCAB-phoU 

1766997_s_at phoU 62 -1.0203 5.2910E-02 Up pstSCAB-phoU 

1760483_at narG 264 0.5344 1.9737E-01 Down narGHJI 

1763499_s_at narH 36 0.9023 3.0010E-02 Down narGHJI 

1761649_s_at narJ 37 0.7855 3.0010E-02 Down narGHJI 

1762880_s_at narI 128 0.5174 1.1100E-01 Down narGHJI 

1760545_s_at gadB 10 1.5366 4.3505E-03 Down gadBC 

1768165_s_at gadC 6 1.4690 2.6077E-03 Down gadBC 

1759740_s_at ybaS 57 0.7381 4.7124E-02 Down ybaST 

1766093_s_at ybaT 28 0.6710 2.1404E-02 Down ybaST 

1761326_s_at sirA 4 -1.2737 1.0397E-03 Up sirA 

1764062_s_at hslJ 13 -0.9626 0.00866827 Up hslJ 

1767516_s_at rimL 43 0.6227 3.3660E-02 Down rimL 

1765777_s_at nei 47 0.6089 3.8541E-02 Down ybgIJKL-nei 

1759113_s_at ftsK 49 0.5413 4.2776E-02 Down ftsK 

1766220_at fhuF 52 1.5950 4.5193E-02 Down fhuF 

1764279_s_at mgtA 55 -0.8969 4.7088E-02 Up mgtA 
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     The other genes in the operon containing prfB and lysS were excluded as they were non-

significant and the operon produces multiple transcripts. prfB is expressed in two of the four 

identified transcripts, and lysS is expressed in only the prfB-lysS transcript. The majority of 

genes in Table 3.10 have lower expression in the over-expressing RF2 environment, and the 

expression levels of all of the genes in each operon have changed in the same way (up or 

down) in response to the over-expression of RF2, with the exception of rbsR in the 

rbsDACBKR operon. The significance of these data are discussed in Chapter 4 (Discussion). 
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Chapter 4 

Discussion 

 

 

4.1  Molecular Biology 

4.1.1 The Promoter Elements 

     Putative promoter elements were selected for each of the three release factor genes, as well 

as the hemA gene which was chosen due to its position at the start of the operon containing 

the prfA gene. The promoter elements chosen span an average of 200bp and were positioned 

~20bp upstream of the relevant gene. The prfC promoter element covers a greater distance of 

230bp. The span of the promoter elements (Table 3.1) was selected to ensure any sequence 

containing promoter activity was included. The genomic Pribnow box (-10 sequence) was 

excluded to prevent conflict with the Pribnow box present on the plasmid.  

4.1.2 Isolation of Promoter Elements 

     The products of the PCR reactions used to isolate the promoter elements were run on 

agarose gels to produce gel images that allowed verification of the presence of a product of 

the expected molecular weight (Figure 3.2). The absence of a molecular weight marker band 

at or beneath the position of the band in Figure 3.2 (lane 3) precluded the accurate 

characterisation of the size of the band, but fortunately, the absence of any other bands in the 

image and the position of the band in the image relative to its expected size was consistent 

with the desired result.  

4.1.3 Creation of Plasmid Variants 

pMP190 

     The PCR primers used for amplification of the promoter elements to be incorporated into 

the plasmid pMP190 were designed to include a SalI and a BglII restriction site at the 5ʹ and 
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3ʹ ends respectively of the amplified promoter elements. The plasmid contains sites for these 

restriction enzymes in a multiple cloning site upstream of the β-galactosidase gene. Figure 3.3 

showed each enzyme was cutting efficiently. The plasmid was treated with both of the 

enzymes together to produce a cut plasmid for ligation with the promoter elements. The 

enzymes produce different „sticky ends‟ on the DNA molecules they cut, increasing the 

selectivity of the ligation reaction, ensuring the correct orientation of the promoters when 

ligated into the pMP190 plasmid, and decreasing the possibility of the plasmid religating 

without inclusion of an insert or of a random DNA fragment being incorporated. This series 

of ligation reactions created the four desired pMP190 variants, each containing a separate 

promoter ligated immediately upstream of the β-galactosidase gene (Figure 3.4).  

mini-CTX-lux 

     The preparation of mini-CTX-lux variants was performed in the same manner as for the 

pMP190 plasmid. The mini-CTX-lux plasmid was cut with restriction endonucleases EcoRI 

and BamHI (see Figure 3.5) and ligated with promoter elements prepared using the same 

enzymes. The second band present in the cut lane (lane 2) may have been uncut plasmid or a 

deletion variant (see sections 4.1.6 and 4.1.7). 

4.1.4 Transformation of Ultra Competent Cells 

pMP190 

     The transformation of ultra competent cells with the products of the ligation reactions 

which combined the isolated promoter elements and the pMP190 plasmid produced large 

numbers of colonies (see Table 3.2). The bacteria were grown on plates containing the 

antibiotic gentamycin; selecting for cells which had taken up a circularised pMP190 plasmid 

(regardless of whether the cloned promoter element was present in the plasmid or not). It was 

possible for the plasmid to have religated in the absence of an insert if the molecule were cut 

by only one enzyme, and the „no insert‟ reaction indeed produced a moderate number of 

colonies on the plate. The efficiency of ligation was enhanced by addition of PCR promoter 

products, as demonstrated by the higher numbers of colonies on the insert containing plates.  

mini-CTX-lux 

     The transformed cells were grown on plates containing tetracycline, requiring an uncut (or 

religated) mini-CTX-lux plasmid to be present in each cell to convey resistance to the 
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antibiotic and allow growth. The colony counts for cells transformed with mini-CTX-lux 

plasmids (see Table 3.3) were much lower in comparison to the pMP190 plates. The mini-

CTX-lux plasmid has a size of 12.5kb. This is slightly smaller than the pMP190 plasmid 

(15kb), so any difficulty for the cells to take up such large DNA molecules should not explain 

the difference in colony counts seen here.  

4.1.5 Colony Screen PCR 

pMP190 

     Ten colonies per promoter element were selected from the plates of the cells transformed 

with the pMP190 and promoter element ligation products. These were then screened using 

colony screen PCR. The results of one screen (see Figure 3.6) showed most colonies 

contained recombinant plasmid pMP190, but colonies that did not produce a band on the gel 

were excluded from further analysis. 

mini-CTX-lux 

     PCR screening of colonies growing on tetracycline plates following transformation with 

the mini-CTX-lux ligation products was performed employing the same primers as were used 

in the isolation of the promoter elements. Bands present for each individual promoter have run 

at a similar size (see Figure 3.7); this is expected as the cloned promoter elements for prfA 

and prfB (and hemA) were designed to be 200bp, although exact sizes were not determined. It 

was believed from the clones screened the promoters had successfully incorporated into the 

mini-CTX-lux plasmid as they had produced bands on the gel image and these clones were 

used for further analysis.  

4.1.6 Plasmid Sequencing 

pMP190 

     Four clones that had shown positive results in the colony screen PCR were selected for 

each pMP190 variant. In the first round of sequencing for the pMP190 variants, the forward 

primer, which had been utilised in the isolation and amplification of the promoter elements, 

was used. This produced clear sequence of a generally good standard (see Figures 3.9, 3.12, 

3.14, 3.17). However, since the primer was at a position at the 5ʹ end of the promoter and 
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there was poor quality sequence generated at the beginning of the sequencing reactions, the 5ʹ 

region of the promoter was not sequenced clearly.  

 

     A second round of sequencing was then conducted using specially designed primers which 

would bind to an internal region of the promoter element and sequence in a 3ʹ to 5ʹ direction. 

The binding of these primers was tested in a PCR reaction in combination with the previously 

used forward primers (see Figure 3.8). The sequence generated by these internal primers was 

as a result in a reverse direction and of the antisense strand (see Figures 3.10, 3.15, 3.18). 

There was only a small section of the promoter that overlapped in the two sequences produced 

for each clone by the different primers; however it was still possible to construct a complete 

sequence of the promoter elements. This allowed for confirmation that the correct sequence 

had been maintained for the promoter elements through the PCR isolation and amplification 

reactions and the subsequent incorporation of the promoter element into the pMP190 plasmid. 

It also ensured that any activity and, particularly, any changes to the activity of the promoter 

elements seen in future experiments was a true and accurate representation of the native 

activity of the promoter elements.  

 

     The hemA promoter element produced sequence with both primers with sufficient overlap 

to assemble a complete sequence. The sequence and its position relative to the start of the 

hemA gene is indicated in Figure 3.11. The sequence generated by the internal primer for all 

clones showed an area of unnamed peaks located in the same area of sequence. Careful 

examination of the sequence generated for this area showed the identified bases to correspond 

to the known gene sequence. The majority of the ambiguous bases produced by each of the 

sequencing reactions could be resolved by careful inspection of the chromatogram. 

 

     The prfA promoter element failed to produce sequence repeatedly when the reaction was 

run with the internal primer. The sequence produced using the forward primer (see Figure 

3.12) gave most of the promoter element, encompassing the region from base -18 to base -149 

upstream of the prfA gene start codon (see Figure 3.13). This included a section of the 3ʹ end 

of the hemA gene. Nevertheless it is possible that the unsequenced region of the promoter 

element contained sequence changes that affected the potential promoter activity. However, 

given the transcription profile of the operon containing prfA, and the probable location of 



Chapter 4 

82 

regions with promoter activity relative to the gene start codon, work was not continued with 

this promoter.  

 

     The sequence generated by the forward primer for the prfB promoter contained several 

ambiguous bases, the majority of which could be reconciled following examination of the 

chromatogram. As with the hemA internal primer generated sequence, there was a region of 

undefined peaks, though sequence has been produced and does correspond to the known gene 

sequence. The two prfB sequences showed less overlap than those generated for the hemA and 

prfC promoters. The complete sequence of the cloned promoter element, and the position of 

the sequence relative to the prfB gene start codon, is shown in Figure 3.16. 

 

     The two sequences generated for the prfC promoter element exhibited the most overlap, 

substantially more than either the hemA or the prfB sequences. The sequences produced 

contain few ambiguous bases, and these were reconcilable. The sequence for the cloned prfC 

promoter, as confirmed by sequencing, is shown in Figure 3.19, with its location relative to 

the prfC gene start codon indicated. 

mini-CTX-lux 

     The inability of the primers used in the PCR amplification of the promoter elements to 

produce sequence of the 5ʹ region of the promoter of the pMP190 plasmids, led to the 

decision to use a different set of primers for the sequencing of the mini-CTX-lux plasmids 

than those used for the PCR amplification of the promoter elements. Due to the presence of 

the T7 promoter upstream of the multiple cloning site in the mini-CTX-lux plasmid, a primer 

previously designed to bind to the T7 promoter was used to sequence the mini-CTX-lux 

clones.  

 

     The mini-CTX-lux plasmid DNA was extracted from four clones per promoter element and 

purified before being sent away for sequencing. The sequence produced for the mini-CTX-lux 

clones was of high quality, with few ambiguous bases. As the T7 promoter, the binding site of 

the primer used, is located ~80bp upstream of the EcoRI site, there is sufficient „run in‟ space 

to allow the sequence to be of good quality prior to the beginning of the insert sequence. This 

allows for the identification of the EcoRI site in the sequence in Figure 3.20. The BamHI site 

surprisingly was not present in the generated sequence. Further analysis of the inserted 
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sequence identified it as belonging to the mini-CTX-lux plasmid. The dot matrix alignment 

(see Figure 3.21) showed almost the entire sequence matching a region of the plasmid (from 

base 701 to base 203), though this is a separate segment of the plasmid to the multiple cloning 

site. The cloning site is identified in the Figure as being the single, short, line positioned just 

below the 8kb point of the vector DNA. The multiple cloning site is located from base 7822 to 

base 7893 of the plasmid.  

 

     Further investigation identified a partial EcoRI site in the mini-CTX-lux plasmid at the 

positions 697-702. The sequence for this site is GAATTA which only differs from the 

restriction site for EcoRI by the presence of the A at the sixth position instead of a C. This site 

would partly explain how a fragment could be created, and the location of the site fits with the 

sequencing result, with the generated sequence for the clone extending from base 701 to base 

203 of the reference sequence. As the alignment in Figure 3.21 continued until the end of the 

sequence generated for the clone, it is likely that a fragment exceeding 500bp has been 

generated during restriction enzyme digest and then incorporated at the cloning site in place 

of the promoter element. The majority of clones sequenced showed a similar result with no 

incorporation of the insert.  

4.1.7 Restriction Enzyme Digest of mini-CTX-lux Clones 

     Following the unexpected sequencing results and the failure of the colony screen PCR to 

correctly identify those mini-CTX-lux clones that had incorporated the promoter elements, the 

plasmid DNA was examined using restriction enzyme digest. The plasmid DNA was treated 

with EcoRI and BamHI, in an attempt to excise the promoter element from the plasmid, and 

thus identify any clones where the promoter had been correctly incorporated.  

 

     The lower band in lane 2 and the higher band in lane 3 of Figure 3.22 are of the same size 

and correspond to linear full-length mini-CTX-lux. The second, lower, band in lane 3 of 

Figure 3.22 (positioned at ~1000bp) is believed to be the result of the non-specific cutting by 

EcoRI at position 697-702 and a potential second partial cut site for EcoRI or BamHI. The 

fragment produced by cutting the plasmid at the multiple cloning site with EcoRI and BamHI 

is less than 20bp in size, and too small to appear on the gel. The other lanes show clones 

expected to contain one of the four promoter elements. Lanes 4-8 and lane 10 show two 

bands, one at the same position as the larger band in lane 3, and a second, slightly lower, 
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band, which may be the result of plasmids that had the ~1000bp fragment removed and which 

religated without this fragment (or the promoter element). It would be expected that clones 

which had incorporated the 1000bp fragment at the cloning site (e.g. prfA clone 1) would have 

had this fragment excised and it would be visible on the gel.  

 

     The prfC clone in lane 9 of Figure 3.22 shows a successful incorporation of the promoter 

element, with a band at the expected size position. The band corresponding to mini-CTX-lux 

in this lane is positioned equivalent to the lower band in lane 2, suggesting it is complete and 

has not lost the ~1000bp fragment.  

 

     Following the results of this restriction enzyme digest, the sequence of mini-CTX-lux was 

examined in closer detail. A scale map of mini-CTX-lux is shown in Figure 4.1. The positions 

and orientations of all genes are indicated, as is the position of the multiple cloning site and 

the identity of the restriction enzymes capable of cutting in this area. The previously identified 

partial EcoRI site is located at position 697-702 on the map. The size of the fragment 

following the restriction enzyme digest allowed the identification of a second possible partial 

site located at position 12187-12192. The sequence of this site is GAATCC, differing from 

the BamHI site (GGATCC) by the presence of an A at the second position in place of G, and 

the EcoRI site (GAATTC) by the C in place of a T at the fifth position. Cutting by either 

EcoRI or BamHI at this site and by EcoRI at the previously identified site at positions 697-

702, would create a fragment of 1053bp, corresponding to the size of the band visible in 

Figure 3.21.  

 

     The tet gene, conveying resistance to the antibiotic tetracycline is located from position 

12481 to position 11291 on the plasmid map. This places the partial cut site approximately 

300bp downstream of the start codon of the tet gene. Plasmids which had undergone digestion 

at this site would subsequently contain a truncated tet gene lacking a promoter region and start 

codon and thereby be predicted to be non viable on plates containing tetracycline. 
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Figure 4.1 Scale map of the mini-CTX-lux plasmid. 

The location of genes and their orientation of transcription are shown. Abbreviations: int, fCTX integrase 

encoding gene; luxA, luciferase subunit A gene; luxB, luciferase subunit B gene; luxC, fatty acid reductase gene; 

luxD, acyltransferase gene; luxE, acyl-protein synthetase gene; ori, ColE1 origin of replication; oriT, origin of 

transfer; pT7, T7 promoter; and tet, tetracycline resistance encoding gene. * denotes the section of the plasmid 

excised by restriction enzyme activity at the identified partial cut sites. 

 

     Screening of further clones using restriction enzyme digests did not produce any additional 

positive results. This low incorporation of the promoter element in combination with the 

complication of truncated mini-CTX-lux or the 1000bp fragment possibly being involved in 

ligations, and the difficulty in correctly identifying the presence of clones containing the 

promoter elements led to the decision to suspend work with mini-CTX-lux and continue the 

experimental work with the pMP190 variants only. 
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4.1.8 Confirmed Promoter Sequences  

     The verification of the sequences of the cloned promoter elements in at least one reporter 

construct allowed confidence that activity or changes in promoter activity detected in the 

course of further experiments would be a true and accurate representation. The hemA, prfB, 

and prfC promoters were all confirmed to the full target length and position relative to the 

start codons of the respective genes (see Table 3.4). The sequence of the prfA promoter was 

not confirmed for 67 nucleotides at the 5ʹ terminus as a result of only 131 bases of the 198 

base target sequence being obtained, but this promoter was subsequently excluded from the 

study. The sequences of the hemA, prfA, and prfC promoters contained a small number (1-5) 

of ambiguous bases that could not be assured by analysing the chromatogram, but the only 

confirmed difference from the published sequences was the apparent substitution of a G in 

place of an A at position -38 of the hemA promoter sequence.  

4.1.9 Confirmation of Release Factor Genes in pTG Constructs 

     The presence of the release factor genes within pTG was verified using restriction enzyme 

digest prior to transformation of the plasmids into cells already containing one of the pMP190 

variants (see Figure 3.23). All plasmids expected to contain a release factor gene dropped out 

a DNA fragment that corresponded in size to the expected size of the gene fragment. For 

instance, the release factor one gene (prfA) is 1.3kb in size, which matches the size of the 

fragments in lanes 5 and 6 of the Figure. It is coincidental that cut pTG runs at about the same 

level as uncut recombinant pTG carrying the prfA or prfB genes. These two genes are very 

close in size (1.3kb and 1.1kb respectively), and when excised from the plasmid, the gene 

fragments ran at the expected position for their size. The release factor three gene (prfC) is 

larger (1.6kb) and also ran as expected when it was excised from the pTG plasmid. The uncut 

recombinant pTG containing prfC ran at a noticeably higher position than the cut and uncut 

empty pTG plasmids, or those uncut plasmids containing the other release factor genes. 

4.1.10 Transformation with pTG Constructs 

     Cells confirmed to contain a pMP190 plasmid with a promoter element were 

systematically transformed with one of the four pTG plasmids. As pTG is significantly 

smaller than pMP190 (4.4kb compared to 15kb) calcium chloride competent cells were 
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sufficient for transformation, ultra competent cells (as had been utilised for transformations 

involving pMP190 or mini-CTX-lux) were not necessary. As the pTG plasmids were 

previously confirmed to contain the release factor genes, successful transformations could be 

confirmed by cells growing on plates containing both gentamycin and chloramphenicol. There 

were consistently large numbers of colonies on all plates. The identity of the recombinant 

pTG construct had no apparent affect on the resulting colony count, nor did the identity of the 

pMP190 plasmid already present in the cell.  

 

4.2 Protein Analysis 

4.2.1 SDS-PAGE 

     Confirmation of over-expression of the release factor genes in the pTG plasmid was sought 

before studies of the activity of pMP190 encoded β-galactosidase were performed. This was 

done firstly using Coomassie stained SDS-PAGE gels (see Figure 3.24), together with 

molecular weight markers and positive controls of the release factor proteins. This enabled 

specific identification of the release factor proteins. The empty pTG samples were included so 

that any change in protein levels resulting solely from the extra growth time given to the 

induced samples could be visualised. There appeared to be no relative increase in any specific 

proteins in the empty pTG sample taken at the post-induction time-point (lane 3) in 

comparison to the sample taken pre-induction (lane 2). 

 

     The release factors all showed a modest increase in expression in the post-induction 

sample compared to pre-induction. The SDS-PAGE gels confirmed the over-expression, 

induction gave the expected level of increase in the expression levels of the protein release 

factors. For more precise analysis Western blotting was also performed. 

4.2.2 Western Blotting 

     Western blotting was used to allow a more definitive determination of the over-expression 

of the release factors. A positive control was used in place of a molecular weight marker to 

ensure the bands produced were the result of the antibodies interacting with the release factor. 

Five clones for each release factor in combination with each promoter element were tested. 
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The results for clones containing pMP190prfB200bp and pTGRF2(T246S) (see Figure 3.25) 

showed that there was a detectable amount of release factor present in the pre-induction 

samples due to expression from the chromosomal gene, with a marked increase following 

induction of expression of the pTG encoded release factor gene in each clone. This 

demonstration of the expression of the release factors encoded on the pTG plasmids enabled 

investigations of the effect of elevated levels of the release factor proteins on the promoter 

elements to continue. 

4.2.3 β-galactosidase Activity Assay 

     The promoter elements cloned into the pMP190 plasmid are located 5ʹ of a β-galactosidase 

gene. Any change in the activity of the promoters will therefore affect the expression of the 

reporter gene. The expression level of the β-galactosidase gene product can be quantified 

using an enzyme activity assay. The assay involves first growing the culture to a known cell 

density, then adding the appropriate inducer (in this study, IAA was added to induce over-

expression of the release factors). Cultures were then grown for a set period of time and the 

cell density again measured. Cells were ruptured to give a cell free protein extract before the 

addition of the ortho-nitrophenyl-β-D-galactopyranoside (ONPG) substrate for β-

galactosidase. ONPG acts as a lactose substitute, which is recognised by the β-galactosidase 

enzyme and degraded by cleavage of the bond joining the galactose molecule to the ortho-

nitrophenol (ONP). ONPG is a colourless molecule, but upon the release of the galactose, free 

ONP is produced, which has a yellow colour. It is this colouration that is observed and 

quantified in the assay after the experimenter‟s decision to stop the assay. The reaction is 

stopped by the addition of Na2CO3 which also has the affect of slightly deepening the yellow 

colouration. 

 

     The greater the number of β-galactosidase enzyme molecules present in the reaction, the 

faster the yellow colour will be seen to develop. As the amount of enzyme is dependent on 

both the number of units per cell and the number of cells in the culture extract, the cell density 

is included in the equation (as the OD600 measurement). The time of the reaction is also taken 

into account, as a lower number of enzyme units will eventually produce a yellow colour of 

the same intensity as that produced in a shorter period of time by a more concentrated enzyme 

sample. The OD420 measurement reflects the intensity of the yellow colour. The „Miller‟ 
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equation produces a relative value for enzyme units that allows comparisons among multiple 

conditions. 

 

     The equation for determining enzyme units also allows for adjustment of the amount of 

culture added to the assay, to accommodate a weak promoter that will require a long duration 

to give a level of β-galactosidase gene expression measurable in an assay. All clones in this 

study nevertheless had the same amount of culture added to the assay. 

4.2.3.1 Functionality of Assay 

     Initial assays to measure the expression of the β-galactosidase gene under the control of 

one of the four promoter elements were performed to test the functionality of the assay. Cells 

containing empty pTG and one of the pMP190 plasmid variants were grown in LB medium 

and the maximum amount of culture permissible in the protocol (200 µl) was added to the 

assay. The cells were grown to an optical density of ~0.3 at 600 nm, and then allowed to grow 

for a further 1 h. Samples were then taken, the final OD600 measured, and the assay 

performed. The assay reactions were allowed to run until a definite yellow colour had 

developed, with the time differing among the promoter elements. In these experiments the 

promoters were responding to endogenous factors. 

 

     The hemA promoter was the strongest, with clones having the shortest times (3 min) for 

development of significant yellow colour. This was reflected by the larger number of enzyme 

units calculated for those clones in comparison to the clones for the other promoter elements 

(see Table 3.6). The prfB and prfC clones required a longer reaction time and were both 

stopped at 5 min, although the prfC clones had not produced as much ONP as the prfB clones 

at this point, reflected in the lower number of enzyme units calculated for the prfC clones.  

 

     The lack of expression observed in the prfA clones was not unexpected. The prfA gene is 

located within the hemA operon, downstream of the hemA gene. While this location, inside an 

operon, does not itself exclude the possibility of the prfA gene having its own promoter, it 

does lessen the probability of a specialised promoter. It is for this reason that the hemA 

promoter element was initially selected in addition to a putative promoter element cloned 

from the region upstream of the prfA gene. Testing of additional prfA clones was performed to 

confirm that the lack of expression was a result of the inactivity of the promoter element, and 
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not due to the clones chosen by chance. These clones also showed extremely low expression. 

The lack of expression from the prfA promoter led to the decision to exclude prfA clones from 

future analysis and focus on the other three promoter elements. 

4.2.3.2 LB Assays 

The hemA Promoter 

     Assays were performed for the pMP190hemA200bp plasmid in combination with one of 

each of the four pTG plasmid variants. Two separate clones were analysed for each pTG 

plasmid, with five replicate samples taken from each in both an uninduced and an induced 

state. The results for the hemA promoter and empty pTG plasmid (see Figure 3.26 panel A) 

showed the enzyme units were largely consistent over the five samples for both conditions of 

each clone, as expected. The mean enzyme units ± SEM (shown in Figure 3.26 panel B) 

allowed comparison between the uninduced and induced results for each clone. There was 

little difference seen between the uninduced and induced conditions for each clone carrying 

the empty pTG vector. 

 

     Figure 3.27 panel A shows the mean enzyme units ± SEM for the clones containing 

pTGRF1. While there was a slightly higher β-galactosidase activity in the uninduced samples 

than the induced samples for each clone (promoter activity depressed), this was within the 

range of the variability. The results for the hemA promoter and pTGRF2(T246S) plasmid 

clones are shown in Figure 3.27 panel B. There was a slight increase in the amount of enzyme 

units produced in the samples with over-expression of RF2 induced than was produced by the 

uninduced samples. The variability shown, which was greater for the induced samples then 

the uninduced, made the differences non significant. The results for the hemA pTGRF3 

clones, shown in Figure 3.27 panel C, showed very little difference in the enzyme units 

calculated for the clones with induced over-expression compared to those with uninduced 

expression.  

The prfB Promoter 

     The assay results for the prfB promoter in combination with the empty pTG plasmid (see 

Figure 3.28 panel A) showed a similar amount of variability between replicate samples as for 

the hemA pTG assay. There appeared to be slightly higher enzyme units in the uninduced 

samples compared to the induced samples for the same clone. Figure 3.28 panel B shows the 
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assay results for the prfB promoter and the over-expressing RF1 clones. The results for the 

enzyme units produced by each clone does not appear to be significantly affected by the 

induction of over-expression of RF1.  

 

     The results for the prfB promoter in combination with the pTGRF2(T246S) plasmid (see 

Figure 3.28 panel C) showed a lower promoter activity than is seen for any of the other pTG 

plasmid variants. Promoter activity for the induced samples compared to the uninduced 

samples for both clones was depressed, particularly for clone 2 (p<0.001). The pTGRF3 

results (see Figure 3.28 panel D) showed similar results between the uninduced and induced 

conditions.   

The prfC Promoter 

     The enzyme units produced by the prfC promoter in combination with any of the pTG 

plasmids were lower than was seen in either the hemA or prfB assays. The results for the prfC 

pTG assay (see Figure 3.29 panel A) showed no consistent difference between uninduced and 

induced samples. The results for the prfC promoter in combination with the pTGRF1 plasmid 

(shown in Figure 3.29 panel B) showed a slight increase in enzyme units produced in the 

induced samples compared to the uninduced samples. Clone 2 shows both a greater increase 

and a greater amount of variability.  

 

     The results for the pTGRF2(T246S) plasmid are shown in Figure 3.29 panel C. There was 

a small decrease in the amount of enzyme units produced in the induced samples compared to 

the uninduced, though this is within the range of variability. Figure 3.29 panel D showed that 

over-expressed RF3 does not affect the prfC promoter. 

4.2.3.3 T-test Significance 

     The significance of the change in activity of the promoter elements in response to the 

induced over-expression of the release factors was calculated in relation to the induced empty 

pTG results (see Table 3.7). This showed that the expression of the hemA promoter element 

was not significantly affected by over-expression of any of the release factors. This is despite 

the known co-ordinated expression of RF1 and RF2, and also showed a lack of feedback 

response regulating expression of the prfA gene by RF1. Over-expressing RF1 had no 

significant affect on expression of the prfB promoter element as well; however over-

expression of both RF2 and RF3 showed a significant effect (p<0.001 and p<0.05 
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respectively). In both instances the activity of the promoter decreased (see Figure 3.27 panels 

C and D) when the release factor was over-expressed. This suggests that RF2 has systems for 

regulating its own expression other than the translational frameshift mechanism. The prfC 

promoter showed a significant change in activity in response to the over-expression of RF1 

only (p<0.05), with promoter activity increasing when RF1 over-expression was induced 

(Figure 3.28 panel B).  

4.2.3.4 Time-Course in M9 Minimal Medium 

     To investigate these suggestive trends revealed in the LB assays further studies in minimal 

medium were carried out. Expression of the release factor genes in the pTG plasmid is 

suppressed by tryptophan and induced by IAA. To ensure that the addition of IAA could 

overcome added tryptophan suppression to enhance release factor protein concentration to a 

level that may affect the expression of the promoter elements, further assays were conducted 

with cells grown in M9 medium.  

 

     The duration of the assay differed for the samples taken at different time-points. As the cell 

density increased the required time for colour development decreased. Samples taken for 

time-points 0, 30, and 60 min required 10 min to develop a suitable ONP concentration, 

samples taken at 120 and 180 min required 5 min, and the 240 and 300 min time-point 

samples were developed for 3 min. This was true for the induced and uninduced clones 

containing either pTGRF2(T246S) or empty pTG with both prfB and hemA promoters. 

The hemA Promoter 

     The results for the hemA promoter element showed it was a stronger promoter than that of 

prfB. The hemA promoter is located at the start of an operon, while the prfB promoter is 

located within an operon, possibly controlling the expression of the prfB-lysS alternative 

transcript. 

 

     Cells containing the pMP190hemA200bp plasmid also showed a faster cell growth rate for 

uninduced cultures compared with those where over-expression of RF2 was induced (see 

Appendix II). Generally, the growth rates of the hemA and prfB cultures were comparable, 

and equivalent cultures (e.g. cultures with induced over-expression of RF2) between the two 

promoter elements showed less variation than there was between induced and uninduced 

samples from the same clone (e.g. hemA clone 1 induced and uninduced cultures). 
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     The effects of the empty pTG plasmids on the hemA promoter (pMP190hemA200bp, see 

Figure 3.30 panel A) are generally comparable to the results seen for empty pTG in 

combination with the prfB promoter (pMP190prfB200bp, see Figure 3.31 panel A). In both 

instances there were a similar number of enzyme units before induction. The induced samples 

showed less enzyme units compared to the uninduced samples, though there appeared to be a 

greater difference for the hemA promoter than is seen for prfB. After 30 min post-induction 

the uninduced samples showed a sustained increase in enzyme units before levelling off at 

time 180 min. The induced samples showed a much smaller and more gradual increase in 

enzyme units from time 60 min to time 240 min.  

 

     For the hemA promoter paired with the RF2 over-expressing plasmid the uninduced 

samples produced higher numbers of enzyme units than the induced samples at each time-

point after induction. The enzyme units in the uninduced samples of the hemA promoter with 

pTGRF2(T246S) can be seen in the graphical representations (see Figure 3.30 panel B) to 

increase until time 120 min, and then gradually decrease. The induced samples can be seen to 

decrease very gradually until time 120 min. The ratio of enzyme units produced by the 

induced RF2 over-expressing replicates compared to the induced empty pTG replicates (see 

Figure 3.30 panel C) showed that over-expression of RF2 has led to a decrease in the activity 

of the promoter, and as a result, decreased the amount of β-galactosidase present in the cells. 

The prfB Promoter 

     As expected there was less variation in calculated enzyme units between the empty pTG 

induced and uninduced samples (see Figure 3.31 panel A) than was seen for the 

pTGRF2(T246S) samples (see Figure 3.31 panel B). The enzyme units calculated for the 

empty pTG uninduced samples remained relatively constant across the time-points at ~4000 

units, with a drop in the number of enzyme units at the 240 min time-point. The enzyme units 

produced in the induced samples started at ~4000 units, then decreased. 

 

     The pTGRF2(T246S) clones by contrast showed a clear difference in enzyme units 

produced for the induced and uninduced samples. The uninduced samples were consistently 

calculated to contain more enzyme units than the induced samples after induction (see 

Appendix III). The graphical depictions of the over-expressing RF2 results (see Figure 3.31 



Chapter 4 

94 

panel B) clearly showed that within the first 30 min of exposure to the inducer, the expression 

levels of β-galactosidase have been affected. The induced samples all showed a clear decrease 

in the amount of enzyme units present, while the uninduced samples increased.  

 

     The ratio of enzyme units produced by the induced RF2 over-expressing replicates 

compared to the induced empty pTG replicates for the prfB promoter (see Figure 3.31 panel 

C) showed that the over-expression of RF2 resulted in a decrease in activity of the prfB 

promoter.  

4.2.3.5 Conclusions  

     There were indications from the studies in LB medium that elevated RF2 concentrations 

depressed the prfB promoter to a high degree of significance. In the M9 minimal medium 

induction of RF2 depressed the hemA and prfB promoters but empty vector also had a lesser 

effect. Nevertheless collectively the data did not convincingly demonstrate that RF2 

concentration was a key determinant in regulating the hemA promoter for RF1 synthesis, or 

the prfB promoter for RF2 synthesis, or the prfC promoter for RF3 synthesis. This was a key 

part of the hypothesis being tested; that fine control of RF2 synthesis by frameshifting might 

occur because it regulates the synthesis of all of the release factor genes at their promoters.  

 

4.3 Microarray Analysis 

     The microarray analysis allowed a test of whether changing concentrations of RF2 affected 

the mRNA production of any other genes in the E. coli genome in two separate environments. 

In this study the two environments were, physiologically normal cellular protein expression 

(control) (group one), and non physiological controlled over-expression of release factor two 

(case) (group two). This allowed changes in the expression of the genome in response to the 

over-expression of release factor two to be quantified.  

4.3.1 Genes of Interest 

     The results for the four genes targeted for the specific studies (hemA, prfA, prfB, and prfC) 

were first separated from the complete microarray data (see Table 3.8). The changes in 

expression levels of these genes should have resolved if over-expression of RF2 affects their 
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regulation. Due to the artificial over-expression of prfB from the plasmid encoded gene, it is 

not possible here to resolve whether RF2 over-expression has an effect on its own gene 

promoter (however see later discussion of operon). Nevertheless the array data showed the 

over-expression of RF2 from the exogenous plasmid was ~5 fold. Both prfA and prfC genes 

show small increases in expression in the over-expressing RF2 environment. The hemA gene 

by contrast has a decrease in its expression in response to the over-expression of RF2 (see 

later discussion). This lends support to the result of the β-galactosidase activity assay, which 

also showed expression from the hemA promoter decreasing in the presence of over-expressed 

RF2.  

 

     The fold changes seen for the prfA and prfC genes however, are quite low, 0.13 and 0.17. 

Despite the large expression change of the prfB gene (5.6 fold) there was no coordinate 

change in prfA. Over a growth cycle RF1 and RF2 are co-ordinately regulated, but here the 

non physiological over-expression of RF2 may disrupt co-ordinate expression with RF1. The 

initial P values and the adjusted values (FDR) from the array study both indicate that the 

changes in the three genes (hemA, prfA, and prfC) were non-significant. This is reflected in 

the rankings of the genes, with prfC being the highest ranked gene of the three but only with a 

ranking of 1218 out of 10113 transcripts. prfB is of course listed as ranking 1, a reflection of 

the exogenously driven change in gene expression, together with its consistent and high 

significance in the three replicates. This ranking helps to validate the results of the microarray 

analysis.  

 

     The prfC gene is not part of a multi-gene operon, so any changes in expression levels 

cannot be verified by examining the changes seen for other genes in the operon. The prfA 

gene by contrast has two other genes in its operon. Increased expression in the presence of 

over-expressing RF2 was measured despite hemA showing decreased expression. The prfA 

gene is located downstream of the hemA gene in the hemA operon, and upstream of the prmC 

gene which also shows modest up-regulation (fold change of 0.33 and ranking 361). The 

PrmC protein is a protein-(glutamine-N5) methyltransferase with its identified target being the 

Gln residue of the GGQ motif in both class I release factors RF1 and RF2
131

. It is not 

surprising therefore for the expression of the prmC gene to be linked to the expression of the 

prfA gene, and for the expression level changes of the two genes to be comparable. It would 

not be unexpected that increasing the level of one class I release factor results in an increase 
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in expression of both the second class I release factor, and the methyltransferase that acts on 

both release factors. The previously demonstrated lack of expression when the putative prfA 

promoter element was cloned in to the pMP190 plasmid upstream of the β-galactosidase gene, 

suggested that the prfA gene did not possess its own promoter directly upstream of the gene 

and was under the control of the hemA promoter.  

 

     Variation between these genes may of course simply reflect „noise‟ of the analysis and the 

expression of the genes may not be significantly different. However, the differences in the 

effect of the RF2 over-expression on the expression levels of the three genes within the 

operon could be a result of the two promoters located upstream of the hemA gene, which is 

the first gene in the operon. Promoter one is located closest to the hemA gene, and is believed 

to control expression of the polycistronic transcript containing mRNA from all three genes in 

the operon (hemA, prfA, and prmC). Promoter two is located further upstream of the operon, 

and is believed to control expression of the transcript containing only hemA mRNA
118

. The 

results for the prfA and prmC genes are consistent with promoter one increasing expression of 

the whole operon transcript under RF2 over-expression. 

 

     Since the expression of the hemA gene is being controlled by two promoters, each may be 

adjusting expression levels of the gene in opposing directions in reaction to the over-

expression of RF2. Both promoters were present in the promoter element cloned into plasmid 

pMP190 for the β-galactosidase studies, and may have also affected the significance of those 

results. It may be worthwhile for future work to investigate the affect of RF2 over-expression 

on each of the two promoters separately.  

 

     The increases in expression seen for the prfA and prfC genes are expected given the 

function of the protein products. Increased levels of RF2 may signal to the cell that a greater 

amount of protein synthesis is occurring, and as a result trigger increased expression of prfA 

to produce more RF1 protein to maintain the efficiency of termination at UAG and UAA stop 

codons. Increased amounts of RF3, encoded by the prfC gene, would be needed to release the 

class I release factors rapidly from the ribosome following the termination of translation, 

maintaining their cytoplasmic concentrations to support elevated protein synthesis.  
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4.3.2 Changes in Global Gene Expression Levels 

     The array output for the top 100 ranked genes (see Table 3.9) showed interesting trends as 

a consequence of RF2 over-expression. It is clear that most genes had reduced expression in 

response to excess RF2 expressed off the exogenous plasmid. The protein products of the top 

ranked genes are involved in a wide range of cellular processes, including transcription, acid 

resistance, and transport and metabolism of carbon compounds, phosphorous, and amino 

acids. It is difficult to connect RF2 with the functions of affected operons from the available 

literature, but RF2 may have a previously undiscovered second function in the cell.  

 

     Only the top fifty eight ranked genes show significant results according to the FDR values 

(have a FDR value less than 0.05). Genes with results deemed non-significant may still be of 

interest, and may present new targets for future investigations. For example, the metE gene, 

which encodes a methyltransferase involved in methionine biosynthesis, is ranked 92, with a 

FDR of 0.079468, and a fold change decrease of 1.46. This fold change is greater than that for 

many genes with a significant FDR value. It may be that the replicates for the metE gene were 

less consistent, lessening the significance rating for the gene.  

 

     A number of the top 100 ranked genes are hypothetical, with many having no information 

on their identity or possible function. Further investigation using the probe sequences 

provided by Affymetrix could not confirm them as genuine or uncover more information on 

their function. Investigation also mapped the majority of the non-annotated genes to 

intergenic regions. The large fold changes shown by some of these potential genes, for 

example an increase in expression of 3.6 fold for the second ranked gene (Affymetrix 

reference 1764690_at), which is not annotated, suggests that many of these may be genuine 

reading frames.  

4.3.3 Operons affected by RF2 over-expression 

prfB-lysS 

     The prfB and lysS genes are located in an operon containing three additional genes (xerD, 

dsbC, and recJ) upstream of prfB. The operon is capable of producing multiple transcripts 

(xerD, xerD-dsbC-recJ, dsbC, dsbC-recJ-prfB, and prfB-lysS)
132,133

. Though lysS is 
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constitutively expressed, it is found in only one of the transcripts, that with prfB, identified as 

being produced by the operon
134

. No promoter element has been identified to date for the 

prfB-lysS transcript. There is a significant decrease in expression for the lysS gene (fold 

change of 1.2706, rank 18) in response to over-expression of RF2. The other genes in the 

operon returned non-significant results showing more modest decreases in expression. 

 

     The lysS gene, which encodes lysyl-tRNA synthetase, was originally designated herC due 

to its ability to restore replication to a ColE1 plasmid mutant
134

. The tRNA synthetases of E. 

coli are constitutively expressed, reflecting their essential role in protein synthesis, and are 

present as single copy genes with the exception of this lysyl-tRNA synthetase. E. coli also 

contains a second, inducible, lysyl-tRNA synthetase, encoded by the lysU gene
135

. Expression 

of the lysU gene is induced at higher temperatures, and in response to the presence of 

particular metabolites. The lysU gene showed slight decreased expression here (fold change of 

0.15, rank 4311) in response to over-expression of RF2.  

 

     The significant down-regulation of the lysS gene, when the other genes of the operon were 

not significantly affected by RF2 over-expression, suggests a down-regulation of the prfB-

lysS transcript, the promoter for which is yet to be identified. The 200bp putative promoter 

element from upstream of the prfB gene that was cloned into the pMP190 plasmid was shown 

to have promoter activity in the β-galactosidase assays. Together, these data are supportive of 

the presence of a prfB-lysS promoter in the region upstream of the prfB gene on the E. coli 

chromosome, and suggests that the over-expression of RF2 triggers a repression of expression 

of the chromosomal prfB gene, and with it the lysS gene.  

rbsDACBKR 

     The genes in the rbsDACBKR operon encode proteins for the transport and utilisation of 

the sugar ribose. The first five genes in the operon show a decrease in expression ranging 

from 0.73 to 2.05. All are highly ranked with FDR values from 0.0087 to 0.029. rbsK showed 

the lowest fold change (0.73) and had the least significant FDR value (0.029), and this was 

reflected in the gene being the lowest ranked of the operon (35). The gene with the largest 

fold change (2.05), rbsA, did not return the most significant result, instead producing a FDR 

value of 0.015, and was ranked 21. This is likely due to variation between the results of the 

replicates for this gene. The rbsB and rbsC genes showed similar values for fold change (1.75 



  Discussion 

99 

and 1.76) and FDR (0.0094 and 0.0087) and were ranked 16 and 15 respectively. The rbsD 

gene ranked 29 with a fold change of 1.45 and a FDR value of 0.022.   

 

     It is most likely that the consistent results for the genes in the rbs operon (the genes being 

ranked closely together) is in part due to the operon being expressed as a single polycistronic 

mRNA from one promoter. The repressor of the operon, rbsR, shows little change in 

expression in the presence of over-expressing RF2, with an increase of expression of only 

0.0099 and a rank of 9845. There remains some debate over the inclusion of the rbsR gene in 

the rbsDACBKR operon, and it may be that although the gene is part of the operon, an rbsR 

monocistronic mRNA is produced from a separate promoter in addition to the full operon 

polycistronic mRNA known to be produced
136

. This would explain the increase in expression 

of the rbsR gene, when all other genes in the operon have shown significant decreases in 

expression. 

 

     The proteins RbsA, RbsB, and RbsC, comprise a typical ABC (ATP-binding cassette) 

transporter, which transports ribose into the cell in an ATP dependent process. The RbsB 

protein is the substrate binding component of the transporter, and is located in the periplasm 

where it binds ribose, which triggers a conformational change in the protein, allowing 

interaction with the RbsC protein
137

. The membrane bound permease, RbsC, transports the 

ribose into the cytoplasm, using the energy provided by the degradation of ATP to ADP and 

inorganic phosphate by the RbsA protein, which is in complex with RbsC
137

. The rbsD gene 

encodes a ᴅ-ribose pyranase, which catalyses the conversion between the beta-pyran and beta-

furon forms of ᴅ-ribose upon its import into the cell
138

. The ribokinase (RbsK) catalyses the 

formation of ᴅ-ribose-5-phosphate from ribose; this protein is essential for the cell to utilise 

ribose as a carbon source
137

. Although the transporter has a high affinity for ribose, it has been 

shown to be non-essential for cell growth using ᴅ-ribose as a sole carbon source.   

 

     The expression of the operon is activated by CRP (cAMP receptor protein) in complex 

with cAMP
136

. The majority of genes found to be activated by CRP-cAMP are involved in 

energy metabolism. As the rbsDACBKR operon is expressed as a single transcript from one 

promoter, it is possible that even a small increase in expression of the repressor would 

significantly affect the expression level of the operon, but the expression of the activator CRP 

also increased in response to over-expression of RF2 (fold change increase of 0.017 and rank 
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of 8890), however as CRP has an effect on numerous operons, this increase is unlikely to 

have enough effect to combat the smaller increase in expression of the repressor.  

 

     The cell cultures were grown in M9 minimal medium, which does not contain ribose, 

instead utilising glucose as the carbon source, however if the cell was simply down-regulating 

an unnecessary metabolic pathway, this would have occurred before over-expression of the 

prfB gene was induced, and certainly before samples for the microarrays were taken. Also, as 

cells grown in both control and over-expressing environments would be expected to react to 

an absence of ribose in the same manner, the microarray results would indicate no difference 

in expression levels between the samples taken from each environment. The large decrease in 

expression of the rbs operon therefore appears to be solely in response to the RF2 over-

expression, either directly or as a consequence of other changes in the cell which are a direct 

reaction to excessive quantities of RF2.  

rpoE-rseABC 

     The rpoE gene encodes sigma (σ) factor E, which is utilised in the cell in response to 

oxidative stress and in one of two heat-shock expression pathways. RpoE (sigma E) is also 

referred to as sigma 24. The downstream genes rseABC, encode regulators of sigma E 

expression, as is typical of operons containing sigma factor genes. All four genes in the 

operon show decreased expression in response to over-expression of prfB. rpoE shows the 

largest decrease with a log fold change of 0.73; this is also the highest ranked gene in the 

operon, at position 25. The rseABC genes showed decreases in expression of 0.44 to 0.64 

fold. The rseA gene produced a significant result, the FDR values for the rseB and rseC genes 

were above 0.05, though both genes were ranked in the top 100 (68 and 88 respectively). 

 

     The operon is expressed via sigma E and sigma 70 promoters, with three possible 

transcripts, two containing the full operon (rpoE-rseABC) and one containing only the 

rseABC genes. The genes rseA and rseB encode anti-sigma factors; the rseC gene product is 

believed to induce sigma E activity, though it is not yet understood how
139

. RseC is also 

involved in thiamine synthesis and reduction of SoxR
139

. Expression of the operon is thus 

self-regulated, which is part of a series of measures to tightly control the activity of sigma E. 

Under normal cellular conditions, the three proteins, RpoE, RseA, and RseB, are maintained 

in a relative intracellular concentration of 2:5:1
140

. The RseA protein, which spans the inner 
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membrane, regulates RpoE activity by sequestering it, and preventing interaction with RNA 

polymerase. This is done by binding of the C-terminal residues of RseA to RpoE. Interaction 

of RseB (located in the periplasm) with RseA, stabilises the RseA protein and increases the 

affinity of RseA for RpoE
140

. RseB does not interact with RpoE directly. RseB separates from 

RseA in the presence of misfolded periplasmic proteins, resulting in a small (2-fold) increase 

in RpoE activity
140

. DegS, induced by unfolded outer membrane proteins, is then able to 

cleave RseA. A second cleavage by YaeL can only occur after cleavage by DegS. This 

cleavage releases RpoE, which can then interact with RNA polymerase.  

 

     Though the mRNA levels of all four genes have decreased in the over-expressing 

environment, there may still be a small increase in sigma E activity, which is not observable 

here. This is due to the relative instability of the RseA protein, while the RpoE protein is 

stable
141

. The decrease in expression of the anti sigma genes (rseA and rseB) may therefore 

result in an increase in the activity of the RpoE protein already present in the cell, despite a 

decrease in the production of new RpoE protein. It is again worth noting that the changes in 

expression for the three rse genes are the result from expression generated by multiple 

promoters, with two promoters controlling expression of the entire operon, and a separate 

promoter controlling expression of the rseABC genes. The decrease in expression seen here 

may be a result of the cell seeking to release active RpoE protein as part of a stress response 

triggered by over-expression of RF2; this may or may not be a specific response to excessive 

RF2 activity. 

leuLABCD 

     The majority of the proteins required for the biosynthesis of leucine from the valine 

precursor, 2-oxoisovalerate, are encoded by the leuLABCD operon. The leuA, leuC, and leuD 

genes all showed greater than two-fold increases in gene expression in the presence of over-

expressing RF2. The three genes were ranked in the top ten, with highly significant FDR 

values of 0.000067, 0.0024, and 0.0026 respectively. The result for the leuB gene (FDR 0.41, 

fold increase 0.53) is likely to be anomalous, as the operon is transcribed as a polycistronic 

mRNA from a single promoter and all other genes (excluding leuL) showed much higher 

increases in expression.  
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     leuA encodes a 2-isopropylmalate synthase, which catalyses the conversion of 2-

oxoisovalerate to 2-isopropylmalate with the addition of acetyl-CoA
142

. The isopropylmalate 

isomerase encoded by the leuC and leuD genes converts 2-isopropylmalate to 3-

isopropylmalate. leuB encodes 3-isopropylmalate dehydrogenase, which catalyses the 

reaction of 3-isopropylmalate with NAD
+
 to form NADH and 2-isopropyl-3-oxosuccinate, 

this compound spontaneously forms 4-methyl-2-oxopentanoate
142

. The final reaction, which 

forms L-leucine and 2-oxoglutarate from 4-methyl-2-oxopentanoate and L-glutamate, is 

catalysed by either of the transaminases IlvE or TyrB
143

. The genes encoding the 

transaminases, ilvE and tyrB, did not show any significant response to RF2 over-expression. 

This is likely due to the proteins having additional roles in the synthesis of valine and 

isoleucine (IlvE) and tyrosine and phenylalanine (TyrB)
143

. 

 

     The leuL gene encodes a 28 amino acid leader peptide, which controls expression of the 

downstream genes through attenuation
144

. The gene showed little change in expression in 

response to over-expression of RF2. The mRNA contains four consecutive leucine codons, 

which cause the ribosome to stall during translation when leucine is limited. The position of 

the stalled ribosome allows the formation of a secondary structure, which permits the 

translation of the full operon by preventing the formation of a terminator hairpin
144

. If the 

ribosome does not stall, the terminator structure forms, and the ribosome is forced to 

disengage from the mRNA
144

. Regulation through attenuation of transcription and translation 

in this way is common for operons encoding amino acid synthesis proteins.  

 

     The significant up-regulation of the leuLABCD operon may be solely due to the cell 

perceiving the increased levels of RF2 as a signal of increased protein synthesis and 

increasing the level of leucine in the cell as a result. However the absence of such significant 

increases in expression of other amino acid biosynthesis genes (e.g. metE expression 

decreased) suggests the possibility of another explanation.  

pstSCAB-phoU 

     The pstSCAB genes of E. coli encode a phosphate specific high-affinity ABC (ATP-

binding cassette) transporter that is induced by phosphate starvation. The pstA gene was the 

highest ranked gene in the operon, at 27, with pstB at 32. pstA showed an increase in 

expression of 0.68, and pstB an increase of 1.26; the two genes had FDR values of 0.02 and 
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0.024. The pstS and pstC genes showed less significant results (FDR values of 0.23 and 

0.094), though the fold changes were on a par with the pstA gene, suggesting inconsistencies 

between the chip replicates. The phoU gene showed an increase in expression of 1.02 and an 

FDR of 0.052910. The pstS gene encodes a periplasmic phosphate-binding protein, which 

binds to inorganic phosphate and couriers it to the membrane-bound transporter
145

. The pstC 

and pstA genes encode transmembrane transporter proteins and PstB is an ATP-binding 

protein, located in the cytoplasm
145

. The role of the PhoU protein remains unclear at this time, 

with suggestions it is involved with down-regulation of the Pho regulon and in persister 

formation
146

.  

 

     The pstSCAB-phoU operon is a component of the Pho regulon and thus under the control 

of the PhoB/R two-component regulatory system. The phoB and phoR genes returned non-

significant results in the microarray analysis, being ranked 8675 and 3640, respectively. The 

activity of the regulator system is modified by post-translational modifications, namely the 

phosphorylation (and dephosphorylation) of PhoB by PhoR in response to extracellular 

phosphate concentration
147

. It is not unexpected then, that the mRNA levels of these two 

genes have not changed significantly in response to over-expression of RF2, as the amount of 

the two proteins need not change in order for the relative activities of these two proteins to 

alter. Expression of the pstSCAB-phoU operon may also be stimulated by sigma S.  

 

     The pstSCAB-phoU operon is unusual in that it is one of the few operons containing genes 

that have returned significant results and also increased in expression in response to over-

expression of RF2. It is not clear why an increase in the level of the RF2 protein would trigger 

an increase in this highly regulated operon, though it may be related to the putative function 

of PhoU as a negative global regulator. 

narGHJI 

     The narGHJI operon is expressed as a single, polycistronic, mRNA. As shown in Table 

3.10, the narH and narJ genes show significant results with fold changes showing a decrease 

in expression when exposed to over-expressing release factor two of 0.90 and 0.79, 

respectively. The narG and narI genes did not produce results with significant FDR values, 

however they also show a fold change decrease of ~0.5. It is possible that the deviation 

between results for each chip for these two genes affected the significance, as genes with 
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lower fold changes were ranked more highly (e.g. rseC). The narGHI gene products form a 

membrane bound nitrate reductase protein, the narJ gene product encodes a molybdenum-

cofactor-assembly chaperone that is not present in the final protein but is required for correct 

assembly of the nitrate reductase
148

. 

 

     Unlike the closely related narZYWV operon which shows constitutive expression, 

expression of narGHJI is activated by narL and repressed by fis
149

. The regulator narL 

showed very little change in expression between the control and RF2 over-expression 

environments, with a non-significant decrease resulting in a rank of 4235. The repressor fis 

showed an increase in expression of 0.25, and was ranked 805. This is also a non-significant 

result, but it is unlikely for a regulator to undergo sufficient a fold-change to generate a 

significant FDR value. The increase in expression of the repressor does fit with the observed 

decrease in expression of the narGHJI operon. The constitutively expressed narZYWV genes 

showed little change in expression between the control and over-expression environments.  

 

     It is not clear why the narGHJI operon is being down-regulated in response to over-

expression of RF2, particularly as the closely related narZYWV operon shows little change in 

expression. It is possible that the cell is down-regulating a duplicated operon as part of a 

stress response.  

gadBC 

     The gadBC operon is transcribed as a single bicistronic mRNA, which is reflected by the 

fold changes seen for each of the genes in response to over-expression of RF2. gadB shows a 

decrease in expression of 1.54 and is given a rank of 10; gadC expression decreased by 1.47 

fold and is ranked 4, due to a more significant FDR value. The gadA gene (which is located in 

the gadAXW operon and capable of being expressed in a monocistronic mRNA) is ranked 31 

and showed a 1.38 fold change decrease in expression in response to the RF2 over-expression. 

The gadX and gadW genes which encode transcriptional regulators which mediate expression 

of gadA and gadBC returned non-significant results with ranks of 101 and 552 respectively. 

 

     gadB encodes a glutamate decarboxylase which catalyses the irreversible conversion of 

glutamate into γ-aminobutyrate (GABA). The gadC gene encodes a GABA antiporter, which 

imports extracellular glutamate whilst exporting GABA from the cytoplasm
150

. Together the 
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proteins comprise one of the most efficient acid resistance systems, which allow the cell to 

survive in a low pH environment. The system operates by converting an acidic substrate from 

the environment (glutamate) into a neutral compound (GABA) which is then exported, and 

serves to incrementally increase the pH of the surrounding environment. The reaction also 

maintains the intracellular pH by consuming free protons which permeate the cellular 

membrane when the cell is exposed to a low pH environment
151

.  

 

     The gadA gene is believed to be linked to the gadB gene through a gene duplication event, 

the two genes share 97% homology and produce isoforms of glutamate decarboxylase which 

are biochemically indistinguishable
150

. Acid resistance is critical for survival of enteric 

bacteria (e.g. Escherichia coli) as it enables them to survive for several hours in the stomach 

en route to the intestine. The gad system for acid resistance is minimal and efficient, what is 

known about the regulation of the genes involved, however, shows a complex network of 

regulatory proteins controlling expression
151

. The two isoforms of glutamate decarboxylase 

show different expression profiles in response to inducers. The gadA gene is induced when 

the cell is exposed to an acidic environment during exponential growth; the gadB gene is 

induced during the cell‟s stationary phase. 

 

     The necessity for two biochemically identical glutamate decarboxylase genes which are 

induced under different cellular conditions remains unclear, as does the reasons why this 

system would react to the over-expression of RF2 by decreasing expression to such an extent 

in comparison to the control culture.  

ybaST 

     The two genes in the ybaST operon are deemed putative, and both require further study to 

elucidate fully their activity, regulation, and roles in the cell. Both the ybaS and ybaT genes 

showed a decrease in expression levels in response to over-expression of RF2. ybaS had a fold 

change decrease of 0.74 and was ranked 57, ybaT decreased by 0.67 and was ranked 28. 

Evidence to date has identified the ybaS gene product as a glutaminase, catalysing the 

hydrolysis of glutamine to glutamate with ammonia as a by-product
152

. The ybaT gene 

encodes a potential amino acid transport protein of the amino acid/polyamine/organocation 

(APC) superfamily
153

. The position of ybaT, located only 3bp downstream of ybaS, suggests 

the two genes are cotranscribed
154

. The expression of the operon has been shown to be 
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mediated by the GadX/GadW regulators, and YbaS has been shown to be active at low pH 

(4.5), though functional copies of the ybaS and ybaT genes are not required for acid 

resistance
154

. The smaller decreases seen for ybaST compared to the main acid resistance 

genes gadA, gadB, and gadC (see above), is not surprising when the nonessential roles of 

YbaS and YbaT are taken into consideration. 

 

     It is possible to envision a role in the acid resistance system for the two genes with YbaT 

importing glutamine into the cytoplasm, and YbaS converting the glutamine into glutamate, 

which may then be converted by gadA and/or gadB into γ-aminobutyrate (GABA). The 

process would see a neutral compound converted into an acidic compound before being 

changed into another neutral compound; however the by-product of the glutamine hydrolysis 

(ammonia) is basic, and by producing more glutamate to be converted into GABA, the cell is 

capable of consuming more free protons which permeate the cell membrane at low pH. The 

other genes recognised to be part of the gadX/gadW regulon did not produce significant 

results, but also showed decreases in expression levels. It is not clear why the acid resistance 

mechanism of the cell would be down-regulated in response to over-expression of RF2.  

4.3.4 Over-expression of RF2 affecting single genes 

sirA 

     The sirA gene is also referred to as yhhP and tusA. It is not part of a multi gene operon and 

is expressed as a single gene mRNA. The sirA gene was given a rank of 4 in the microarray 

analysis, with an FDR value of 0.0010, and a fold increase of 1.27. The gene was first 

identified in 1998 as having an effect on cell division, namely deletion of the gene resulted in 

filamentous cells, and appearing to have an effect on FtsZ-ring formation
155

. The protein was 

later identified as having a role in the biosynthesis of 2-thiouridine
156

. This response to RF2 

over-expression may be a due to the SirA protein‟s implied but as yet unspecified role in cell 

division, or due to a related but undisclosed role in the cell cycle.  

hslJ 

     The hslJ gene is expressed as a single gene transcript from one promoter. hslJ increased in 

expression in response to release factor two over-expression, with an almost one fold increase 

(0.96) and a strongly significant FDR of 0.0087, which was reflected in the ranking of 13 

assigned to the gene. The hslJ gene was first identified in a study conducted to detect genes 
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involved in the heat shock response
157

. Since then a role for the HslJ protein in resistance to 

the antibiotic novobiocin (which targets DNA gyrase) has been suggested, and doubt has been 

cast on the accuracy of referring to HslJ as a heat shock protein
158

. The gene has been shown 

to be negatively regulated by both HslJ and the regulator CysB, with over-expression being 

toxic to the cell
158

. Though doubt has been cast over the protein‟s activity in heat shock 

response, it is still possible that the results seen here are due to an activity in stress response. 

rimL 

     The rimL gene decreased in expression in response to over-expression of RF2 with a fold 

change of 0.62, and a FDR value of 0.034. The gene is not part of a multi-gene operon, and is 

transcribed as a monocistronic mRNA from a single promoter. The rimL gene encodes 

ribosomal-protein-L12-serine acetyltransferase. This protein acetylates the N-terminal serine 

residue of ribosomal large subunit protein 12, converting it into protein L7
159

. The proteins 

are believed to be responsible for EF-Tu, EF-G, IF2, and RF3 binding to the ribosome, as well 

as mediating ribosomal translational pace and error rate, and ribosome-stimulated, factor-

dependent GTP hydrolysis
160

. Unlike other ribosomal proteins in prokaryotes which are in a 

single copy in the ribosome, proteins L7/12 are present in four copies, comprising two dimers 

located in the stalk
160

. The ratio of L7 to L12 changes in reaction to growth rate, with 

ribosomes in cells at early log phase containing mostly unacetylated L12, and in stationary 

phase the majority is acetylated L7
159

. Knockout mutants for rimL show no discernable 

phenotype. The decrease in rimL expression may reflect a decrease in production of non-

essential proteins in the cells over-expressing RF2, and a resulting shift to ribosomes 

containing L12 rather than L7. 

nei 

     The nei gene encodes endonuclease VIII, which is involved in DNA repair through base 

excision in response to DNA damage resulting from oxidation and mutagenic agents. The nei 

gene decreased in expression by 0.61, with a significant FDR value of 0.039. The gene is 

located at the end of a five gene operon; the other four genes (ybgIJKL) are putative and 

showed fold changes on a par with the nei gene, with decreases ranging from 0.3-0.7, with 

varying significance values and thus rankings
161

. The endonuclease VIII protein shares a large 

amount of sequence homology with the DNA glycosylase Fpg, and substrates for 

endonucleases III (encoded by the nth gene) and VIII overlap extensively
162

. Expression of 

the nth gene also decreased (fold change of 0.48), though with a less significant FDR value, 
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the gene was ranked 193 in comparison to the rank of 47 given to nei. The mutM gene 

(encoding Fpg) showed little change in response to release factor two over-expression and 

was ranked 8388. The decreases in expression seen for the nei and nth genes may be a result 

of changes in cell metabolism, potentially leading into a cellular persister state as signalled by 

the increase in expression of the phoU gene.  

ftsK 

     ftsK encodes an essential cell division protein, FtsK, a DNA translocase. The expression of 

ftsK decreased in response to release factor two over-expression, with a fold change of 0.54 

and a significant FDR value of 0.043. The gene was assigned a rank of 49. The FtsK protein 

has been found to be involved in cell division and chromosome segregation, namely acting as 

a DNA translocase, moving DNA out of the septal region before closure of the septum. The 

protein also has documented activities in Xer recombination reactions leading to the 

resolution of chromosome dimers, during the SOS response, and in septum formation
163

. ftsK 

is expressed as a single gene, and, as for sirA, knockout of the ftsK gene results in filamentous 

cells
164

. The decrease in expression seen for ftsK in the microarray experiment may be a sign 

of decreased cell division. 

fhuF 

     The fhuF gene encodes a siderophore reductase. The fhuF gene has shown a decrease in 

expression of 1.60 in response to RF2 over-expression, with a FDR of 0.045. The FhuF 

protein acts on the siderophore ferrioxamine B, a poor iron source for E. coli. Iron importation 

in bacteria is performed by chelating a Fe
3+

 ion to a siderophore molecule, which is then 

imported into the cell. There are several siderophore transporters identified in E. coli, though 

none specific for, or with high affinity to ferrioxamine B have been identified to date. The 

FhuF protein is located in the cytoplasm, though has been found to be loosely associated with 

the cytoplasmic membrane
165

. FhuF catalyses the reduction of the ferrioxamine B bound Fe
3+

 

ion to Fe
2+

 which has a much lower affinity for the siderophore
166

. FhuF contains an iron-

sulphur cluster, but shows no significant sequence similarity to other known iron-sulphur 

proteins
165

. Other proteins identified as having siderophore reductase activity have been found 

to be known flavin reductases
166

.  

 

     The gene is not part of a multi gene operon. Expression of the fhuF gene is repressed by 

OxyR and derepressed by Fur and Fe
2+

, fhuF expression is highly sensitive to changes in iron 
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concentration
165

. The regulators oxyR and fur show no significant change in expression, 

though this does not account for any changes in the activity of the proteins. OxyR is known to 

exist in oxidised (active) and reduced (inactive) states in the cell; active OxyR activates the 

transcription of antioxidant genes in response to oxidative stress, and represses expression of 

fhuF, as seen here
167

. The decrease in expression seen for fhuF is further indication of what 

may be a major stress-induced down-regulation of gene expression in E. coli in response to 

RF2 over-expression. 

mgtA 

     The mgtA gene encodes a magnesium transporting P-type ATPase. Expression of mgtA 

increased in response to over-expression of RF2, with a fold change of 0.90 and a FDR value 

of 0.047. The gene is expressed as a monocistronic mRNA, with expression controlled by the 

PhoP/PhoQ two-component regulatory system
168

. Gene expression is induced in response to 

low levels of extracellular Mg
2+

; the MgtA protein uses ATP to transport Mg
2+

 into the cell 

with the cation‟s electrochemical gradient
168

. This apparent waste of energy has led to 

speculation that the importation of Mg
2+

 serves to expel an as yet unknown substance from 

the cell. The genes encoding the regulatory proteins PhoP and PhoQ showed no significant 

change in response to the over-expression, this is not unexpected as activity of the proteins is 

mediated by post-translational modification. It is possible that, due to the important roles of 

Mg
2+

 in cellular structure and enzymatic processes, that the increase in expression of mgtA is 

part of a stress response. 
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4.4 Conclusions 

     This study set out to provide an explanation for the presence of the highly conserved 

frameshift mechanism in the prfB mRNA across bacterial species (and its absence from prfA) 

by uncovering a secondary function for the release factor two protein in the E. coli cell. The 

hypothesis was that it might carefully co-regulate expression of the release factor genes or 

even apparently quite unrelated genes. The results of the β-galactosidase activity assays 

suggested that RF2 may be influencing (down-regulating) the expression of the hemA and 

prfB promoter elements but the data were not unequivocal. Further investigation of the 

complete E. coli transcriptome by microarray quantified the extent of the up-regulation of the 

prfB gene (5 fold increase). This was a significant up-regulation but resulted in a non-

physiological concentration of the factor. There were modest changes in the expression levels 

of the target genes in response to RF2 over-expression, hemA decreased 0.2 fold, prfA and 

prfC increased 0.13 and 0.17 fold respectively. Such modest fold changes were too small to 

be seen in the LB and M9 media experiments. Nevertheless the data supporting RF2 

regulation of transcription of the other related release factor genes remains equivocal. 

 

     The effect on specific operons and individual genes of over-expressing RF2 suggests that it 

may have an undiscovered secondary role in their regulation. As yet the literature offers few 

clues as to the possible biology underpinning this. This could be the reason it is regulated so 

tightly by the frameshift mechanism whereas RF1, its companion in structure and function, 

does not have this finely tuned control. Further investigation of the effects of RF2 over-

expression, possibly at a more physiological level, is needed in order to confirm this. RF2 is 

not giving up its secrets easily. 
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Materials  

Chemicals and Reagents 

Acros Organics, USA: ponceau S. 

Affymetrix, USA: GeneChip E. coli Genome 2.0 Array, GeneChip
®
 HT One-Cycle Target 

Labelling and Controls Kit. 

AGFA, Germany: 18 x 24cm HT-G Medical X-ray film (blue).  

Ajax Fine Chemicals, Australia: chloroform, sodium carbonate, sucrose. 

Ambion Incorporated, USA: MessageAmp
tm

 II-Bacteria prokaryotic RNA amplification kit.  

AppliChem, Germany: glycine, SDS, TEMED, tris. 

BDH Laboratory Supplies, England: β-Mecaptoethanol, calcium chloride dihydrate, calcium 

chloride hexahydrate, potassium dihydrogen phosphate, potassium hydroxide. 

Biorad, USA: acrylamide, APS. 

GE Healthcare, UK: ECL™ Western Blotting Detection Reagents. 

Invitrogen, USA: agarose. 

Koch-Light Limited, England: bromophenol blue. 

Life Technologies, USA: glutamine. 

Merck, Germany: peptone, yeast extract. 

Pams, New Zealand: milk powder. 

Pure Science, New Zealand: magnesium chloride hexahydrate. 

Qiagen, USA: RNeasy® Protect Bacteria Mini kit, QIAGEN Plasmid Maxi Kit, QIAprep Spin 

Miniprep Kit, QIAquick Gel Extraction Kit, QIAquick PCR Purification Kit.  

Riedel-de Haën, Germany: magnesium sulphate heptahydrate, sodium dihydrogen phosphate 

dihydrate, disodium hydrogen phosphate dihydrate, urea. 

Roche, Switzerland: λ-DNA, dNTPs, restriction endonucleases and buffers, T4 DNA Ligase 

and buffer, Expand DNA high fidelity polymerase and buffer. 
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Scharlau Chemie S.A., Spain: acetic acid (glacial), agar, EDTA, ethanol, glycerol, potassium 

chloride, dipotassium hydrogen phosphate, methanol (AR), sodium chloride, ammonium 

chloride.  

Sigma-Aldrich, USA: alanine, arginine, asparagine, aspartic acid, brilliant blue R-250, 

cysteine, dimethyl sulfoxide, gentamycin, glutamic acid, glycine, histidine, IAA, isoleucine, 

leucine, lysine, methionine, Minisart® filter, ONPG, phenylalanine, proline, serine, 

tetracycline, thiamine, threonine, tryptophan, tyrosine, valine. 

USB Corporation, USA: chloramphenicol, Tween20. 

Whatman, Germany: nitrocellulose membrane, no. 1 filter paper, 3mm filter paper.  

 

Media and Media Components 

     All media used for this project were prepared using distilled and deionised Milli-Q™
 

(Millipore) water (ddH2O) and sterilised by autoclaving at 15 psi, 121°C for 20 min or filtered 

using Minisart® filter. 

 

Luria-Bertani (LB) medium 

Peptone (bactotryptone) 1% (w/v) 

Yeast extract           0.5% (w/v) 

NaCl    0.17 M 

 

Agar plates 

Agar added to LB   15 g/l 

 

SOB medium 

Peptone (bactotryptone)         2% (w/v) 

Yeast extract           0.5% (w/v) 

NaCl    10 mM 

KCl    2.5 mM 

MgCl2    10 mM 

MgSO4   10 mM 

 

 

M9 Minimal medium  (v/v) 

1M CaCl2            0.01% 

10mg/ml Thiamine (filtered)  0.01% 

1M MgSO4            0.1%  

20x M9 salts   5%  

100x amino acid solution 1% 

100x Y solution  1% 

100x W & F solution  1%  

or 

100x F solution  1% 

Glucose           0.2% (w/v) 

Cultures grown overnight in medium 

containing  100x W & F solution, then 

inoculated into medium containing 100x F 

solution for use in assays. 
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20x M9 Salts 

Na2HPO4   0.42 M 

KH2PO4   0.22 M 

NH4Cl    0.19 M 

NaCl    86 nM 

 

100x Amino Acid Solution 

L-alanine   800 μM 

L-arginine   400 μM 

L-asparagine   400 μM 

L-aspartic acid   400 μM 

L-cysteine   100 μM 

L-glutamine   600 μM 

L-glutamic acid  600 μM 

Glycine   800 μM 

L-histidine   200 μM 

L-isoleucine   400 μM 

L-leucine   800 μM 

L-lysine   400 μM 

L-methionine   200 μM 

L-proline   400 μM 

L-serine     10 mM 

L-threonine   400 μM 

L-valine   600 μM  

Autoclaved and stored at 4°C. 

  

100x Y solution 

L-tyrosine   200 μM 

Dissolved in water by dropwise addition of 

1M KOH. Filter sterilised and stored in the 

dark.  

100x W & F solution 

L-tryptophan    100 μM 

L- phenylalanine  400 μM 

Filter sterilised and stored in the dark at 

4°C. 

 

100x F solution 

L-phenylalanine  400 μM 

Filter sterilised and stored in the dark at 

4°C. 

 

Antibiotics 

When needed for selection, the following 

antibiotics were added to the medium at 

the shown final concentrations: 

Gentamycin   10 μg/ml 

Tetracycline   30 μg/ml 

Chloramphenicol  12.5 μg/ml 

 

Induction of protein expression 

When needed for induction of protein 

expression, the following compound was 

added at the shown final concentration: 

IAA    50 μg/ml 
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Solutions 

     All solutions were prepared using ddH2O. Where necessary solutions were sterilised by 

autoclaving at 15 psi, 121°C for 20 min or filtered using Minisart® filter. 

Solutions for DNA Analysis 

λ/Hind/Eco Marker  (v/v) 

10x Buffer B   10% 

λ-DNA    50% 

EcoRI    2.5% 

HindIII   2.5% 

Incubated at 37°C for 2 h. Stored at  

-20°C.  

 

 

10x Agarose Gel Loading Dye 

Urea    7 M  

Sucrose            50% (w/v) 

EDTA (pH 8)   0.1 mM 

BPB            0.1% (w/v) 

 

TBE Buffer 

Tris-borate (pH 8)  0.9M 

EDTA    1 mM 

Solutions for Protein Analysis 

4x Separating Gel Buffer 

Tris     3 M 

SDS            0.4% (w/v) 

Adjusted to pH 8.8. 

 

4x Stacking Gel Buffer 

Tris    500 mM 

SDS            0.4% (w/v) 

Adjusted to pH 6.8. 

 

Separating Gel  (v/v) 

4x Separating gel buffer 25% 

40% Acrylamide  36%  

TEMED   0.07% 

10% APS   0.9% 

  

 

Stacking Gel   (v/v) 

4x Stacking gel buffer  25% 

40% Acrylamide  22.5% 

TEMED   0.15%  

10 % APS   0.4% 

 

10x Inner Running Buffer 

Tris    250 mM 

Glycine   1.9 M 

 

10x Outer Running Buffer 

Tris    250 mM 

Glycine   1.9 M 

SDS    2% (w/v) 
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Coomassie Stain 

Brilliant Blue R-250        0.25% (w/v) 

Methanol         45% (v/v) 

Acetic Acid (glacial)        10% (v/v) 

Filtered through Whatman No. 1 filter 

paper before use. 

 

Destain II Solution  (v/v) 

Methanol   5% 

Acetic Acid   7.5% 

 

Transfer Buffer 

Tris    25 mM 

Glycine   192 mM 

Methanol             20% (v/v) 

Adjusted to pH 8.3.  

 

Ponceau S Stain 

Ponceau         0.05% (w/v) 

Acetic Acid   1% (v/v) 

 

10x TBS 

Tris    400 mM 

NaCl    1.5 M 

Tween 20   5% (v/v)  

 

Cracking Buffer 

Tris    250 mM 

SDS    1% (w/v) 

Urea    6 M 

Bromophenol blue         0.17% (w/v) 

β-mercaptoethanol   1% (v/v) 

Adjusted to pH 7.2. β-mercaptoethanol 

added just before use. 

 

Solutions for β-galactosidase Activity Assay 

Z Buffer 

Na2HPO4   60 mM 

NaH2PO4   40 mM 

KCl    10 mM 

β-mercaptoethanol  50 mM 

Made up 1M stock solutions of 

components. Z buffer stored at 4°C for up 

to 12 h.  

  

  

  

  

  

ONPG Solution 

K2HPO4   43 mM 

KH2PO   22 mM 

ONPG    4 mg/ml 

 

Na2CO3 Solution 

Na2CO3    2 M 
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Appendix II 

 

 

Time-course in M9 Minimal Medium (pMP190hemA200bp) 

hemA Promoter  Time-point OD600 OD420 Enzyme Units 

pTG Uninduced Replicate 1 0 0.286 0.339 5927 

 30 0.591 0.640 5415 

 60 0.757 0.913 6030 

 120 1.168 0.878 7517 

 180 1.303 0.416 3193 

 240 1.302 0.545 6976 

 300 1.319 0.425 5370 

pTG Uninduced Replicate 2 0 0.286 0.348 6084 

 30 0.591 0.654 5533 

 60 0.757 0.936 6182 

 120 1.168 0.930 7962 

 180 1.303 1.084 8319 

 240 1.302 0.621 7949 

 300 1.319 0.301 3803 

pTG Induced Replicate 1 0 0.306 0.339 5539 

 30 0.369 0.355 4810 

 60 0.46 0.514 5587 

 120 0.747 0.381 5100 

 180 1.058 0.609 5756 

 240 1.251 0.476 6342 

 300 1.33 0.378 4737 

pTG Induced Replicate 2 0 0.306 0.372 6078 

 30 0.369 0.422 5718 

 60 0.46 0.301 3272 

 120 0.747 0.354 4739 

 180 1.058 0.635 6002 

 240 1.251 0.472 6288 

 300 1.33 0.307 3847 

RF2 Clone 1 Uninduced Replicate 1 0 0.288 0.333 5781 

 30 0.45 0.416 4622 

 60 0.659 0.894 6783 

 120 1.048 0.395 3769 

 180 1.21 0.924 7636 

 240 1.23 0.511 6924 

 300 1.25 0.414 5520 

RF2 Clone 1 Uninduced Replicate 2 0 0.288 0.403 6997 

 30 0.45 0.523 5811 
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 60 0.659 0.811 6153 

 120 1.048 0.858 8187 

 180 1.21 0.918 7587 

 240 1.23 0.594 8049 

 300 1.25 0.525 7000 

RF2 Clone 1 Induced Replicate 1 0 0.29 0.310 5345 

 30 0.359 0.841 11713 

 60 0.458 0.421 4596 

 120 0.724 0.288 3978 

 180 0.994 - - 

 240 1.142 0.303 4422 

 300 1.153 0.196 2833 

RF2 Clone 1 Induced Replicate 2 0 0.29 0.404 6966 

 30 0.359 0.896 12479 

 60 0.458 0.862 9410 

 120 0.724 0.304 4199 

 180 0.994 0.468 4708 

 240 1.142 0.325 4743 

 300 1.153 0.213 3079 

RF2 Clone 2 Uninduced Replicate 1 0 0.297 0.388 6532 

 30 0.52 0.660 6346 

 60 0.769 1.046 6801 

 120 1.14 0.960 8421 

 180 1.276 1.023 8017 

 240 1.28 0.542 7057 

 300 1.286 0.537 6960 

RF2 Clone 2 Uninduced Replicate 2 0 0.297 0.322 5421 

 30 0.52 0.726 6981 

 60 0.769 0.960 6242 

 120 1.14 1.021 8956 

 180 1.276 0.997 7813 

 240 1.28 0.530 6901 

 300 1.286 0.396 5132 

RF2 Clone 2 Induced Replicate 1 0 0.299 0.344 5753 

 30 0.386 0.407 5272 

 60 0.496 0.485 4889 

 120 0.783 0.337 4304 

 180 1.073 0.464 4324 

 240 1.212 0.383 5267 

 300 1.269 0.270 3546 

RF2 Clone 2 Induced Replicate 2 0 0.299 0.342 5719 

 30 0.386 0.416 5388 

 60 0.496 0.466 4698 

 120 0.783 0.352 4496 

 180 1.073 0.548 5107 

 240 1.212 0.387 5322 

 300 1.269 0.295 3874 
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Time-course in M9 Minimal Medium (pMP190prfB200bp) 

prfB Promoter Time-point OD600 OD420 Enzyme Units 

pTG Uninduced Replicate 1 0 0.304 0.243 3997 

 30 0.521 0.400 3839 

 60 0.764 0.604 3953 

 120 1.07 0.424 3963 

 180 1.175 0.469 3991 

 240 1.177 0.228 3229 

 300 1.204 0.201 2782 

pTG Uninduced Replicate 2 0 0.304 0.235 3865 

 30 0.521 0.460 4415 

 60 0.764 0.600 3927 

 120 1.07 0.429 4009 

 180 1.175 0.493 4196 

 240 1.177 0.281 3979 

 300 1.204 0.194 2685 

pTG Induced Replicate 1 0 0.3 0.242 4033 

 30 0.375 0.255 3400 

 60 0.446 0.286 3206 

 120 0.681 0.210 3083 

 180 0.954 0.324 3396 

 240 1.157 0.268 3861 

 300 1.253 0.205 2727 

pTG Induced Replicate 2 0 0.3 0.248 4133 

 30 0.375 0.255 3400 

 60 0.446 0.273 3061 

 120 0.681 0.217 3186 

 180 0.954 0.337 3532 

 240 1.157 0.270 3889 

 300 1.253 0.198 2634 

RF2 Clone 1 Uninduced Replicate 1 0 0.274 0.216 3942 

 30 0.452 0.429 4746 

 60 0.728 0.514 3530 

 120 1.17 0.205 1752 

 180 1.304 0.49 3758 

 240 1.336 0.324 4042 

 300 1.353 0.263 3240 

RF2 Clone 1 Uninduced Replicate 2 0 0.274 0.219 3996 

 30 0.452 0.37 4093 

 60 0.728 0.541 3716 
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 120 1.17 0.53 4530 

 180 1.304 0.546 4187 

 240 1.336 0.326 4067 

 300 1.353 0.23 2833 

RF2 Clone 1 Induced Replicate 1 0 0.284 0.216 3803 

 30 0.359 0.194 2702 

 60 0.466 0.275 2951 

 120 0.781 0.202 2586 

 180 1.068 0.265 2481 

 240 1.253 0.226 3006 

 300 1.277 0.134 1749 

RF2 Clone 1 Induced Replicate 2 0 0.284 0.211 3715 

 30 0.359 0.225 3134 

 60 0.466 0.281 3015 

 120 0.781 0.219 2804 

 180 1.068 0.285 2669 

 240 1.253 0.231 3073 

 300 1.277 0.143 1866 

RF2 Clone 2 Uninduced Replicate 1 0 0.329 0.224 3404 

 30 0.56 0.483 4313 

 60 0.809 0.62 3832 

 120 1.135 0.485 4273 

 180 1.249 0.503 4027 

 240 1.237 0.285 3840 

 300 1.264 0.261 3441 

RF2 Clone 2 Uninduced Replicate 2 0 0.329 0.228 3465 

 30 0.56 0.479 4277 

 60 0.809 0.645 3986 

 120 1.135 0.363 3198 

 180 1.249 0.49 3923 

 240 1.237 0.249 3355 

 300 1.264 0.249 3283 

RF2 Clone 2 Induced Replicate 1 0 0.323 0.216 3344 

 30 0.404 0.22 2723 

 60 0.5 0.278 2780 

 120 0.751 0.196 2610 

 180 1.03 0.26 2524 

 240 1.191 0.195 2729 

 300 1.248 0.119 1589 

RF2 Clone 2 Induced Replicate 2 0 0.323 0.223 3452 

 30 0.404 0.231 2859 

 60 0.5 0.282 2820 

 120 0.751 0.213 2836 

 180 1.03 0.275 2670 

 240 1.191 0.197 2757 

 300 1.248 0.132 1763 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


