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Preface 

 

This thesis is submitted as part of the requirements for receiving the degree of Master of 

Science (M.Sc) in Biotechnology at the Norwegian University of Science and Technology 

(NTNU), Department of Biotechnology. The work presented has been carried out under the 

supervision of Professor Svein Valla and Phd candidate Simone Balzer.  

This master thesis differs from most others since it consists of two separate parts. The topics 

of the two parts overlap to some degree, but are otherwise independent of each other. The 

reason for this solution is because of an unforeseen interruption of the laboratory work due to 

injuries and health issues.  

The first part is the one most resembling a standard master thesis, and is based on the 

laboratory work performed. It should be noted that much of the results presented were 

actually thought of as initial research leading to further experiments. Part two was added to 

compensate for the somewhat shortened laboratory work and is a review article covering 

recent research, and is a result of an extensive literature search.  
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th
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5’-UTR-Optimization for Maximal 
Enhancement of Transcription and 
Translation in Escherichia coli 

Abstract: The 5’-untranslated region (5’-UTR), and the DNA region corresponding to it, 

have been shown to have a significant influence on the expression of genes both at 

transcriptional and translational level. Since transcription and translation are two independent 

mechanisms a 5’-UTR sequence will probably not be optimal for both. The suggested solution 

presented in this study is to design a long 5’-UTR composed of one transcription stimulating 

and one translation stimulating region. The stimulating regions consist of 5’-UTR variants 

independently identified as transcription or translation stimulating by screening for the desired 

trait, as well as translation stimulating 5’-UTR variants designed using a bioinformatics tool. 

The results indicated that 5’-UTR fusions tend to introduce limiting factors yielding a reduced 

gene expression. However, some 5’-UTR fusions successfully resulted in high gene 

expression and one variant surpassed both of its components showing a possible additive 

effect of stimulating both transcription and translation in the form of 5’-UTR fusions. This 

indicates that testing a relatively small number of different sequences gives a good chance of 

success. The method also proved viable to increase the expression of low expressive 5’-UTR 

variants while maintaining low uninduced expression. In addition 5’-UTR fusions containing 

in silico designed translation stimulating regions have the potential of reaching expression 

levels on par with the levels reached by fusions containing 5’-UTR variants identified through 

screening.  
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Sammendrag: Den 5’-ikke-kodende regionen (5’-UTR), og DNA regionen som tilsvarer 

denne, har vist seg å ha en betydelig innflytelse på uttrykk av gener både på transkripsjons og 

translasjons nivå. Siden transkripsjon og translasjon er to uavhengige mekanismer vil en 5’-

UTR sekvens trolig ikke være optimal for begge. Løsningen som legges fram i denne 

oppgaven er å designe en lang 5’-UTR som består av en transkripsjons-stimulerende og en 

translasjons-stimulerende region. De stimulerende regionene består av 5’-UTR varianter som 

tidligere har blitt identifisert som enten transkripsjons- eller translasjons-stimulerende ved 

seleksjon for den ønskede egenskapen, i tillegg til translasjons-stimulerende 5’-UTR varianter 

designet ved bruk av et bioinformatisk verktøy.  

Resultatene indikerer at 5’-UTR fusjonene har en tendens til å innføre begrensende faktorer 

som fører til redusert genuttrykk. Noen 5’-UTR fusjoner resulterte imidlertid i høyt 

genuttrykk og en variant førte til høyere uttrykk enn hva bestanddelene gjorde alene, som 

tyder på en mulig additiv effekt ved å stimulere både transkripsjon og translasjon i form av en 

5’-UTR fusjon. Dette indikerer at å teste et relativt lite utvalg av 5’UTR-sekvenser gir en god 

sjanse for suksess. Metoden viste også potensial til å øke ekspresjonen til lav-uttrykks 

varianter og samtidig beholde det lave uinduserte genuttrykket. I tillegg viste det seg at 5’-

UTR fusjoner med in silico designede translasjons-stimulerende regioner kan oppnå 

ekspresjonsnivå på linje med nivåene oppnådd av 5’-UTR fusjoner bestående av regioner 

identifisert ved seleksjon. 
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1 Introduction 

 

1.1 Recombinant gene expression in E. coli  

Gene expression in an organism is extensively regulated to best ensure its viability. In order to 

achieve effective production of a gene of choice in a host organism, it is necessary to 

manipulate the regulatory mechanisms of gene expression. This section will cover some of the 

fundamental mechanisms in regulation of gene expression on the pathway from DNA to 

functional protein and commonly used strategies for achieving effective recombinant 

production.      

 

1.1.1 E. coli as a production host 

E. coli was the first host organism utilized for the recombinant production of therapeutic 

proteins, and it has maintained its prominent position as a production host being responsible 

for nearly 30% of the recombinant therapeutic proteins produced today (Huang et al. 2012). 

The advantages with E. coli are favourable industrial qualities, like low-cost medium 

requirements and rapid growth rate, as well as extensive knowledge of the organism and vast 

experience on it as a production host. Drawbacks are its limited ability to perform certain 

posttranslational modifications, protein maturation and disulfide formations, which is part of 

the reason several other host options have arisen, including yeasts and mammalian cells 

(Huang et al. 2012).         

 

1.1.2 Regulation at the transcriptional level 

Transcription is the step where RNA is synthesized on the basis of a DNA template, and it 

consists of three phases; initiation, elongation and termination. The central DNA element 

responsible for the initiation of transcription is the promoter element located upstream of the 

gene. The promoter element consists of four regions: the two hexamers named the -10 and -35 

region after their location in respect to the transcriptional start site (TSS), the spacer sequence 

between them, and the A/T rich UP element (fig. 1-1)(Saecker et al. 2011).  
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Figure 1-1: A σ
70

 Promoter element, showing the consensus sequence of the -10 and -35 

region recognized by the σ factor.   

 

The RNA synthesis is carried out by the multi subunit RNA polymerase (RNAP) enzyme. The 

RNAP consists of five subunits with the stoichiometry α2ββ’ωσ where the α2ββ’ω part form 

the core enzyme region which is able to synthesize RNA from a DNA template, and the  -

factor which is responsible for recruiting the RNAP to the promoter element. The -10 and -35 

regions are the most essential for binding of the σ-factor and the closer they are to the 

consensus sequence (fig. 1-1) the more effective is the binding of the RNAP to the promoter. 

However, a promoter which is at perfect consensus for all the regions would bind RNAP too 

tightly (Browning et al. 2004). Several different σ-factors are produced in E. coli recognizing 

different promoter elements. The most common is σ
70

, but other σ-factors come to play during 

certain stress situations and competes with σ
70 

for binding to the RNAP complex (Saecker et 

al. 2011). During transcription initiation RNAP must first interact with the promoter sequence 

in such a way that the double stranded DNA is unwound around the TSS, forming what is 

known as the “open complex”. Then the formation of the first phospho-diester bonds in the 

nascent RNA sequence is established, leading RNAP into the elongation complex 

synthesizing the rest of the RNA strand (Browning et al. 2004). It has been shown that the 

RNAP might begin to synthesize RNA several times before it escapes the promoter and enters 

the elongation phase. This phenomenon is termed abortive initiation and leads to the synthesis 

of short aborted transcripts (Goldman et al. 2009). After promoter escape the RNAP enters the 

elongation complex, which can exist in several conformational states regulating the efficiency 

of elongation as a response to different interactions (Erie 2002). Transcription termination is 

executed through two mechanisms. Intrinsic termination takes place at certain template 

palindromic sequences, forming stable hairpin structures in the newly synthesized RNA, 

followed by a T-stretch. The combination of the hairpin followed by unpaired U residues 

destabilizes the RNAP, leading to transcript termination (Nudler et al. 2002). The other 

mechanism is factor dependent termination, which depends on factors like the Rho protein. 

The Rho protein complex binds accessible RNA, pulling the transcript away from RNAP 

(Nudler et al. 2002).      
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Most regulatory mechanisms target the transcription initiation step, due to the disadvantage of 

wasting unnecessary energy by aborting a process mid-way (Browning et al. 2004). The 

supply of RNAP is limited in a cell. Hence, the promoter sequence, which determines the 

efficiency of RNAP binding, is a crucial factor in determining the transcript amount produced. 

Trans-acting factors may also contribute both by activating and repressing transcription 

(Browning et al. 2004). In addition to the importance of the promoter sequence it has been 

shown that the DNA sequence downstream of the promoter, corresponding to the 5’-

untranslated region (5’-UTR), can have a significant influence on gene expression. This effect 

is hypothesized to be linked with promoter escape and/or the rate of formation of the open 

complex (Berg et al. 2009).  

 

1.1.3 Properties of an expression vector  

The transcript amount produced from a gene located in a vector plasmid is highly affected by 

the plasmid copy number and the promoter controlling the gene. The plasmid copy number is 

determined by the origin of replication (ori), and a high copy number is associated with high 

production and plasmid stability. However, a large number of plasmids might pose a 

significantly metabolic burden on the cell. A selection marker (usually antibiotic resistance) to 

select for cells harbouring the plasmid is also essential (Jana et al. 2005). In addition to 

choosing a strong promoter it is advantageous to choose a tightly regulated promoter, which 

will lower the burden on the cells when in the growth phase. Simple and cost-effective 

induction is also important, especially at industrial scale (Jana et al. 2005).  

 

1.1.4 mRNA decay  

In addition to the transcription efficiency the transcript amount in the cell is regulated by the 

speed at which the mRNA is degraded (mRNA decay rate). The RNA degradation is mediated 

by RNases which can operate alone or as part of degradation complexes (Burger et al. 2011). 

The most prominent RNase in E. coli is RNase E, catalyzing the rate limiting step of cleaving 

single stranded A/U rich regions leaving fragments vulnerable for further degradation. In 

addition to RNases cutting RNA internally (endonucleases) like RNase E there is RNases 

cleaving RNA from the terminal ends (exonucleases) either in the 5’→3’ direction or the 

3’→5’ direction (Arraiano et al. 2010). Several factors will influence the mRNA decay rate. 

Secondary structures can make the mRNA less accessible for degradation. Sequences 
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containing poly-A stretches are more susceptible for degradation since poly-A stretches are 

the preferred binding site for many RNases. The translation rate will affect the mRNA decay 

rate since ribosomes covering it will protect it from degradation. In addition trans-acting 

factors may make sequence stretches preferred by RNases more or less accessible (Arraiano et 

al. 2010).     

 

1.1.5 Regulation at the translational level   

Translation is the synthesis of polypeptides by ribosomes using an mRNA sequence as 

template. As transcription, it consists of the three steps; initiation, elongation and termination. 

The rate limiting step of translation is the initiation, which begins with the small ribosomal 

subunit (30S) interacting with three initiation factors (IF 1,2 and 3) favouring the binding of 

mRNA and the initiator tRNA (fMet-tRNA
fMet

) (Simonetti et al. 2009). 30S binds the mRNA 

at the Shine Dalgarno (SD) sequence with consensus GGAGG (in E. coli) located in the 5’-

UTR by base pairing with the 16S rRNA 3’-end (anti SD), and the initiator tRNA binds the 

start codon. Then the large ribosomal subunit (50S) is recruited followed by the release of the 

initiation factors and entrance to the elongation phase (Simonetti et al. 2009). 

The mRNA nucleotides are interpreted in series of three, named codons. Each codon 

translates to an amino acid (except for the stop codons). Since there are more possible codon 

combinations than amino acids, different codons may encode the same amino acid (Taylor et 

al. 1989). tRNAs bearing amino acids are brought to the ribosome as a complex with the 

elongation factor Tu and GTP. The amino acid is added to the peptide chain using the energy 

provided by dephosphorylating the GTP (Kaczanowska et al. 2007). Translation termination 

takes place when the ribosome arrives at one of the three possible stop codons in the mRNA 

sequence, which is recognized by a release factor triggering the release of the peptide chain 

(Kaczanowska et al. 2007).   

Much of the regulation of the translation efficiency affects the translation initiation. To what 

extent the SD sequence matches the consensus and also the distance of the SD to the start 

codon will affect the translation rate (Chen et al. 1994; Ma et al. 2002). The remaining 5’-

UTR sequence in addition to the SD sequence has also been found to have a significant 

influence on the translation efficiency (Berg et al. 2009; Berg et al. 2012). The most effective 

and abundant start codon is AUG (Laursen et al. 2005), but alternative start codons can be 

found in the E. coli genome (Blattner et al. 1997). In addition, factors influencing the 
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availability of the SD sequence and/or the start codon will also regulate translation initiation. 

This can be trans-acting elements like sRNA (small RNA) (Storz et al. 2011), mRNA binding 

proteins (Babitzke et al. 2009), and RNA structures changing conformation due to interacting 

with small molecules (riboswitches) (Breaker 2011) or through temperature change 

(Kortmann et al. 2012). Moreover Secondary structures are also known to interfere with the 

translation initiation (Kudla et al. 2009).  

For optimal translation one should have a strong SD sequence at an optimal distance to the 

start codon (Chen et al. 1994; Vimberg et al. 2007). Another important factor is that many 

heterologous proteins will have strong secondary structures at the 5’-UTR and the initial 

coding sequence of the mRNA compared to endogenous genes, reducing the translation 

initiation rate (Tuller et al. 2010b). Hence reducing the 5’-end stability have often proven to 

increase recombinant expression (Cèbe et al. 2006; Kudla et al. 2009; Jung et al. 2010).  

A common tactic of achieving high expression levels of heterologous genes is codon 

optimization. Several codons codes for the same amino acid, but the abundance of each codon 

may differ among organisms. Thus, a gene harbouring many rare codons can hamper the 

translation (Huang et al. 2012). A solution is to synthetically make a new gene sequence with 

better suited codons, designed by a bioinformatics tool made for that purpose (Villalobos et 

al. 2006). There are several methods in which the optimal codon composition can be selected. 

The simplest approach is to use the most common codons in the host organism by optimizing 

the Codon Adaptation Index (CAI) score (Sharp et al. 1987). Alternatively the tRNA 

Adaptation Index (tAI) can be used, which is a measure for the tRNA usage based on that the 

tRNA gene copy number is correlated with the tRNA abundance and the codon preference of 

the organism (dos Reis et al. 2003). Traditional codon optimization has been challenged in 

recent years by the research of Welch et al. who indicated that picking the codons recognized 

by the tRNAs which are most efficiently charged during amino acid starvation is the most 

effective strategy (Welch et al. 2009). In addition, Tuller et al. states that ineffective codons 

within the 30-50 first codons might by advantageous due to reduced ribosomal jamming 

(Tuller et al. 2010a).  

 

1.1.6 Protein folding and degeneration    

After a polypeptide is synthesized through translation it needs to fold into the correct tertiary 

structure to become a functional protein. The conditions in a cell will often disfavour 
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spontaneous correct folding, for instance due to high protein concentration which may lead to 

protein aggregation (Dougan et al. 2002). As a consequence the cell harbour proteins called 

chaperones, which help to create the proper environment for correct folding. Certain 

chaperones may come to play during acute stress situations like heat shock (Walter et al. 

2002). Protein degradation by proteases will also affect the gene expression (Dougan et al. 

2002), and the extent of protein degradation may be regulated as a response to environmental 

factors, like starvation (Schweder et al. 1996).   

 

1.2 Constructs and sequence elements used in this study 

The expression vectors utilized in this study are derived from RK2 based, tightly controlled, 

broad host range plasmids containing the XylS/Pm promoter system (Blatny et al. 1997). 

These mini RK2 plasmids contain the origin of replication, oriV, and the trfA gene coding for 

the replication initiation protein (Perri et al. 1991). The XylS/Pm promoter system originates 

from the TOL plasmid of Pseudomonas putida. In this system the XylS protein is 

constitutively produced from its promoter, but only acts as a transcription activator of the Pm 

promoter when bound by benzoate derivatives, such as m-toluic acid (the inducer used in this 

study) (fig. 1-2) (Ramos et al. 1997). The XylS/Pm system has been shown to produce 

recombinant proteins at industrial levels in E. coli (Sletta et al. 2004). The plasmids used in 

this study harbour the kan gene, encoding kanamycin resistance, which was used as a 

selective marker.  

 

 

Figure 1-2: the XylS/Pm promoter system and how the system is induced by benzoate 

derivatives (in this case m-toluic acid). XylS proteins are constitutively synthesized, but will 

only function as an activator of the Pm promoter when bound to a benzoate derivate.    
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The use of the penicillin resistance gene bla has previously been used as a reporter gene for 

the XylS/Pm system (Berg et al. 2009). This allows screening for high productive variants by 

plaiting cells on agar with an increasing ampicillin (a type of penicillin) concentration, since 

the resistance level correlates with the expression of bla. In addition the expression can be 

further explored by monitoring the rate of penicillin degradation (Winther-Larsen et al. 2000; 

Berg et al. 2009)(also see section 2.2.3). 

The pIB11 plasmid (fig. 2-1) constructed by Berg et al. is a plasmid with the properties 

described above used to research the effect of the 5’-UTR on gene expression (Berg et al. 

2009; Lale et al. 2011; Berg et al. 2012), and it is also utilized in this study. 

Another RK2 based plasmid utilizing the XylS/Pm system used in this study is the pAO-

double construct (fig. 2-2) designed for selection of 5’-UTRs enhancing either transcription or 

translation (Lale, unpublished). In this construct the Pm promoter transcribes an mRNA 

consisting of two genes; celB located upstream of bla separated by a spacer region (fig. 1-3). 

The two genes are individually translated, each harbouring its own 5’-UTR. The length of the 

spacer region between celB and the 5’-UTR was ensured to be long enough so that ribosomes 

translating celB would leave the mRNA before reaching the bla sequence. Because of this 

design the 5’-UTR in front of celB will not affect the translation of bla. Identifying 5’-UTRs 

stimulating transcription can be done by altering the celB 5’-UTR and screen for increased bla 

expression (increased ampicillin tolerance). Any increase in bla expression observed will then 

be a result of an increase in celB-bla transcript and not bla translation since the bla 5’-UTR is 

unchanged. Identifying translation stimulating 5’-UTRs can be done by altering the bla 

5’UTR and screen for increased bla expression. This will leave the celB-bla transcript level 

unchanged and any increase in bla expression will be due to increased translation efficiency.  

 

Figure 1-3: Part of the pAO double construct (fig. 2-2) with two individual 5’-UTRs 

influencing the bla expression. The 5’-UTR in front of celB will affect the bla expression by 

influencing the celB-bla mRNA transcription and the 5’-UTR in front of bla will affect the 

expression by influencing the bla translation.  
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Prior to this study the method described above was utilized to identify transcription and 

translation stimulating 5’-UTRs from 5’-UTR libraries (Balzer, unpublished). The libraries 

were made using the same method as in the published 5’-UTR study performed by Berg and 

colleagues (Berg et al. 2009). Some of the 5’-UTRs identified are used in this study (tab. 1-1). 

 

Table 1-1: The 5’-UTR sequences identified as transcription or translation stimulating through 

selection screening of a 5’-UTR (Balzer, unpublished) library which are used in this study. 

The restriction sites (underscored) are PciI at the 5’-end and NdeI at the 3’-end. The SD- 

sequence is marked in bold, and the mutations in respect to the wt 5’-sequence are marked in 

red.   

Transcription stimulating 5’-UTRs 

wt AACATGT-ACAATAATAATGGAGTCATGAACATATG 

Tr28 AACATGT-A-TATAATAATGGAGAAATGAACATATG 

Tr31 AACATGTTACCATGATAATGGAGTCATGAACATATG 

Tr36 AACATGT-ACAAGTATAACGGAGTAATGAACATATG 

Tr50 AACATGTTACAATAATAACGGAGTCATGTACATATG 

 Translation stimulating 5’-UTRs 

wt AACATGTACAATAATAATGGAGTCATGAACATATG 

Tn2 AACATGTAGTTTAATA-TGGAGTCATTAACATATG 

Tn15 AACATGTACAACAATAGTGGAGTCATTAACATATG 

Tn24 AACATGTACATTAATATAGGAGTCATCAACATATG 

Tn25 AACATGTACAATGATAATGGAGTCATAAACATATG 

Tn47 AACATGTAATAAACTAAAGGAGTTATGAACATATG 

Tn58 AACATGTACATTAACAAAGGAGTCATATACATATG 

Tn59 AACATGTACTATTAGATAGGAGTCATTAACATATG 
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Some 5’-UTR variants originating from previously published works have also been further 

explored in this study. These are summarized in table 1-2 and consist of the LII-11 5’-UTR 

variant shown to highly increase β-lactamase activity and the LV-1 and LV-2 5’-UTR 

variants shown to highly increase the bla transcription amount (Berg et al. 2009), as well as 

the 5’-UTR down variants DI-3 and DI-8 leading to very low uninduced expression at the cost 

of reduced induced expression (Lale et al. 2011).  

 

Table 1-2: The 5’-UTR sequences originating from the previously published work of (Berg et 

al. 2009), and (Lale et al. 2011). The restriction sites (underscored) are PciI at the 5’-end and 

NdeI at the 3’-end. The SD sequence is marked in bold, and the mutations in respect to the wt 

sequence are marked in red. 

5’-UTRs from (Berg et al. 2009) 

wt AACATGTACAATAATAATGGAGTCATGAACATATG 

LII-11 AACATGTTACACAATAATGGAGTAATGAACATATG 

LV-1 AACATGTACCATTATAACGGAGTAATGAACATATG 

LV-2 AACATGTACCATAATACAGGAGTTATGAACATATG 

5’-UTRs from (Lale et al. 2011) 

wt AACATGTACAATAATAATGGAGTCATGAACATATG 

DI-3 AACATGTGGCATAATAATGGAGTTATGCACATATG 

DI-8 AACATGTCCCATAATAATGGAGTCATGAACATATG 

 

 

1.3 Aims of the study  

The overall aim of this study is to identify new 5’-UTR sequences stimulating gene 

expression at a higher level than those available today. The approach taken is built on the 

discovery that the 5’-UTR (and its corresponding DNA region) can influence both the 

transcriptional and translational efficiencies (Berg et al. 2009). Transcription and translation 

are two separate mechanisms, thus there is a good chance that one 5’-UTR sequence will not 
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be optimal for both transcription and translation. The suggested solution presented in this 

study is to design a long 5’-UTR, composed of one transcription stimulating and one 

translation stimulating region placed at the 5’-end and 3’-end of the 5’-UTR respectively (fig. 

1-4). The position of the stimulating regions are based on the assumption that it is most 

important for the part stimulating transcription to be localized close to the promoter region 

and transcription initiation while the 3’-end will have the SD sequence in a suitable distance 

to the start codon and take part in translation initiation.  

The stimulating regions will consist of 5’-UTRs independently identified as transcription or 

translation stimulating by screening for the desired trait. It will be tested whether the long 5’-

UTR fusion will lead to an increase in gene expression surpassing the expression achieved by 

its components alone. In addition the performance of translation stimulating 5’-UTRs made 

by a bioinformatics tool will be compared to those obtained through selection screening.  

 

 

Figure 1-4: An overview of a 5’-UTR fusion consisting of a transcription and a translation 

stimulating region fused together with a spacer region. The restriction sites located within the 

5’-UTR fusion are included in the figure.  

   

5’-UTR sequences with down regulated gene expression and very low uninduced expression 

levels have been identified (Lale et al. 2011). Some of these will also be combined with a 

transcription stimulating 5’-UTR to see if the gene expression can increase while maintaining 

the desired low uninduced expression level. 

Some characterization of the short 5’-UTR components used to build up the 5’-UTR fusions 

will also be included in this study to better understand their transcription and translation 

stimulating properties.  

The 5’-UTR sequence has already shown great potential in increasing recombinant gene 

expression through both transcription and translation stimulation (Berg et al. 2009; Berg et al. 

2012). This study is a step towards finding a 5’-UTR with optimal stimulation of both 
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transcription and translation, which if successful would represent a new type of approach for 

the optimization of recombinant gene expression.    

 

1.4 Laboratory experiments and bioinformatics analyses  

The laboratory experiments (3.1 and 3.2) performed in this study will fist cover 

characterization of the transcriptional and translational stimulating traits of some of the 

previously identified 5’-UTR variants (table 1-1 and 1-2) by utilizing the properties of the 

pAO double construct (section 1.2, fig. 2-2) as well as protein assay and transcriptional 

analysis (section 2.2.3). Then the potential of enhancing bla expression by combining 

transcriptional and translational stimulating 5’-UTRs both as separate units in the pAO double 

construct and as a long 5’-UTR fusion in the pLUTR construct (fig 2-1) will be explored by 

replica plating (section 2.2.3). The E. coli strain utilized throughout this study is DH5α (Tab. 

2-1).  

The second part (3.3) of this study involves bioinformatics analyses of the 5’-UTR sequences, 

exploring factors explaining the observed ampicillin tolerance (bla expression). The analyses 

performed cover the translation initiation rate (TIR), the structural energy of the 5’-UTRs, the 

location of the SD sequence in respect to the secondary structures and the strength of the SD-

containing secondary structures.   
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2 Materials and Methods 

 

2.1  Materials  

 

2.1.1  Recipes 

 

Lysogeny Broth (LB) medium 

 10 g/L Bacto
TM

 Tryptone (Becton, Dickinson& Co.,Sparks, USA) 

 5 g/L Yeast extract (Oxoid, Basingstoke, Hampshire, England)  

 5 g/L NaCl 

Components were dissolved in distilled water, then autoclaved at 120 ºC for 20 minutes. 

LB Agar (LA) 

 LB medium 

 15 g/L DifcoTM Agar Noble (Becton, Dickinson and Company, Sparks, USA) 

LB components and agar were dissolved in distilled water, then autoclaved at 120 ºC for 20 

minutes. The LA was cooled to   50 ºC, before addition of selective antibiotics and casting of 

agar plates.  

Psi Medium  

 5 g/L Yeast extract (Oxoid, Basingstoke, Hampshire, England) 

 20 g/L Bacto
TM

 Tryptone (Becton, Dickinson& Co.,Sparks, USA) 

 5 g/L MgSO4 (10.24 g/L MgSO4 x 7H2O)  

The components were dissolved in distilled water and the pH was adjusted to 7.6 using KOH, 

followed by autoclaving at 120 ºC for 20 minutes.  

Transformation Buffer 1 (TFB1)   

 30 mM Potassium acetate (CH3CO2K) 

 100 mM RbCl  

 10 mM CaCl2 

 80 mM MnCl2 

 15 % (v/v) glycerol  
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The components were dissolved in distilled water, and the pH was adjusted to 5.8 using acetic 

acid followed by sterile filtration (0.22 µm filter). Stored at 4 ºC 

Transformation Buffer 2 (TFB2)  

 10 mM MOPS  

 100mM CaCl2  

 10 mM RbCl  

 15% (v/v) glycerol  

Components were dissolved in distilled water, and the pH was adjusted to 6.5 using NaOH 

followed by sterile filtration (0.22 µm filter).  

Kanamycin stock solution  

 50 mg/mL Kanamycin sulphate  

Kanamycin sulphate was dissolved in distilled water and sterile filtered (0.22 µm filter). 

Stored at – 20 ºC after aliquotation 

Ampicillin stock solution 

 200 mg/mL Ampicillin sodium salt  

Ampicillin sodium salt was dissolved in distilled water and sterile filtered (0.22 µm filter) 

before use the same day.  

β-lactamase assay buffer 

 80 mM K2H2PO4 

 20 mM NaH2PO4 

The components were dissolved in distilled water and sterile filtered (0.22 µm filter). 

m-toluic acid stock solution  

m-toluic acid was dissolved in ethanol making a 1M stock solution.  
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2.1.2 Plasmids and strains  

The bacterial strain and the plasmids used in this study are described in table 2-1.Plasmid 

maps of the plasmids utilized in this study are shown in figure 2-1 and 2-2.  

 

Table 2-1: Bacterial strains and plasmids used in this project. The selectable marker for all 

plasmids is Kan
r
. 

Strain or plasmid Description  
Source or 

reference  

Strain   

Escherichia coli 

DH5α 

General cloning strain. Genotype F
-
, endA1, hsdR17 

(rk
-
, mk

+
), supE44, thi-1, λ-, recA1, gyrA96, relA1, 

ϕ80dlacZΔM15. 

(Bethesda 1986) 

Plasmids   

Single constructs    

PIB11 

RK2-based expression vector containing the xylS/Pm 

expression cassette with the penicillin-resistance gene, 

bla, as the reporter gene for Pm. 

(Berg et al. 2009) 

PIB11-LV-1 and LV-2 
pIB11 derivate with the LV-1 and LV-2 5’-UTR 

variant in front of bla. 
(Berg et al. 2009) 

PIB11-DI-3 and DI-8 
pIB11 derivate with the DI-3 and DI-8 5’-UTR variant  

in front of bla.  
(Lale et al. 2011) 

pIB11-Tnx 
pIB11 derivates where x indicates the 5’-UTR variant 

identified by screening for high translation (tn).  

(Simone Balzer, 

unpublished)  

pIB11-Trx 
pIB11 derivates where x indicates the 5’-UTR variant 

identified by screening for high transcription (tr). 

(Simone Balzer, 

unpublished) 

pLUTR 

 

pIB11 derivate with a longer 5’-UTR in front of bla 

composed of 2 wt 5’-UTRs fused together with a spacer 

sequence in between (fig 2-1). 

 

This study  

 

pLUTR-x y 

pLUTR derivates. The x and y indicate the 5’-UTR 

sequences the 5’-UTR fusion is composed of, x being 

the upstream part and y the downstream part of the 5’-

UTR fusion. 

This study  
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Double constructs    

pAO-Tr 

Expression vector containing the xylS/Pm expression 

cassette. The construct contains Pm – celB – spacer – 

bla with restriction sites making it possible to switch 

out the 5’-UTR region in front of celB (fig 2-2).  

(Rahmi Lale, 

unpublished)  

pAO-Tn 

Expression vector containing the xylS/PM expression 

cassette. The construct contains PM – celB – spacer – 

bla with restriction sites making it possible to switch 

out the 5’-UTR region in front of bla (fig 2-2).   

(Rahmi Lale, 

unpublished)  

 

pAO-TrTn 

A combination of pAO-Tr and pAO-Tn made when 

switching out the bla fragment of pAO-Tr with the one 

in pAO-Tn (by digesting with EcoRI and BamHI) fig 2-

2.  

This study 

pAO-Trx 
pAO-Tr derivates where x indicates the 5’-UTR 

variants identified when screening for high transcription 

(Tr). 

(Simone Balzer, 

unpublished)  

pAO-Tnx 
pAO-Tn derivate where x indicates the 5’-UTR variant 

identified when screening for high translation (Tn).  

(Simone Balzer, 

unpublished)  

pAO-Trx Tny 
pAO-TrTn derivate where x and y indicate the mutated 

5’-UTR sequence in front of celB and bla , respectively.  
This study  
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Figure 2-1: Plasmid map of plB11/pLUTR containing the xylS/Pm expression cassette and bla 

as reporter gene. Kanamycin is used as a selective antibiotic for the plasmid during culturing. 

The 5’-UTR sequence in front of bla is expanded with annotated restriction sites, Shine-

Dalgarno (SD), transcription start site (TSS), bla start codon, as well as the spacer and the two 

5’-UTRs of the 5’-UTR fusion. 
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Figure 2-2: Plasmid map of pAO-Tr, pAO-Tn and pAO-TrTn. All containing the xylS/Pm 

expression cassette and celB and bla are co-transcribed as reporters for Pm. Kanamycin is 

used as selective antibiotic during culturing.  
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2.1.3 Oligonucleotides used for plasmid construction and as primers  

The synthetic oligonucleotide sequences presented in table 2.2 were used to create plasmid 

constructs with alternative 5’-UTRs to the wild type 5’-UTR. The sequences were obtained 

from previously conducted screenings of 5’-UTR libraries (See section 1.2) with the 

exception of the Long UTR max sequences which are obtained from the bioinformatics tool 

RBS calculator (section 2.2.4). The oligonucleotides were designed using Clone Manager 

Suite (Sci-Ed Software). The forward and reverse strands were annealed as described in 

section 2.2.2.  

 

Table 2-2: An overview of the synthetic oligonucleotides used in this study to construct 

plasmids with alternate 5’-UTRs, containing oligonucleotide name, sequence in 5’-end to 3’-

end direction, length, the restriction sites overhangs designed at the 5’-end and 3’-end (listed 

in that order) and the constructs made by the specific oligonucleotide. The pLUTR constructs 

are denoted with the upstream region of the 5’-UTR fusion first followed by the downstream 

region. 

Name  Sequence (5’ to 3’)  bp  
Restriction 

sites  

Used to  

construct   

LUTR wt fwd 

CATGTACAATAATAATGGAGTCATGAACATA

TCATACACTAGTATATACTAGATATGTACAA

TAATAATGGAGTCATGAACA  

82 PciI, NdeI  

pLUTR 

 

LUTR wt rev  

TATGTTCATGACTCCATTATTATTGTACATAT

CTAGTATATACTAGTGTATGATATGTTCATGA

CTCCATTATTATTGTA 

80 PciI, NdeI  

LUTR LV-1 

fwd 

CATGTACCATTATAACGGAGTAATGAACATA

TCATACA 
38 PciI, SpeI 

 

pLUTR 

LV-1 wt 

pLUTR 

LV-1 Tn24 

 

LUTR LV-1 

rev 

CTAGTGTATGATATGTTCATTACTCCGTTATA

ATGGTA 
38 PciI, SpeI  

LUTR LV-2 

fwd 

CATGTACcATAATACAGGAGTTATGAACATA

TCATACA 
38 PciI, SpeI 

 

pLUTR 

LV-2 wt 

pLUTR 

LV-2 Tn25 

 

LUTR LV-2 

rev  

CTAGTGTATGATATGTTCATAACTCCtGTATT

ATGGTA 
38 PciI, SpeI 
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LUTR tr28 

fwd 

CATGTATATAATAATGGAGAAATGAACATAT

CATACA 
38 PciI, SpeI 

pLUTR 

Tr28 wt 

pLUTR 

Tr28 Tn47 

 

LUTR tr28 

rev 

CTAGTGTATGATATGTTCATTTCTCCATTATT

ATATA 
38 PciI, SpeI 

LUTR tn24 

fwd 

CTAGTATATACTAGATATGTACATTAATATA

GGAGTCATCAACA 
44 SpeI, NdeI 

 

pLUTR wt 

Tn24 

pLUTR 

LV-1 Tn24 

 

LUTR tn24 

rev 

TATGTTGATGACTCCTATATTAATGTACATAT

CTAGTATATA 
42 SpeI, NdeI  

LUTR tn25 

fwd 

CTAGTATATACTAGATATGTACAATGATAAT

GGAGTCATAAACA 
44 SpeI, NdeI 

 

pLUTR wt 

Tn25 

pLUTR 

LV-2 Tn25 

 

LUTR tn25 

rev  

TATGTTTATGACTCCATTATCATTGTACATAT

CTAGTATATA 
42 SpeI, NdeI 

LUTR tn47 

fwd 

CTAGTATATACTAGATATGTAATAAACTAAA

GGAGTTATGAACA 
44 SpeI, NdeI 

 

pLUTR wt 

Tn47 

pLUTR 

Tr28 Tn47 

 

LUTR tn47 

rev  

TATGTTCATAACTCCTTTAGTTTATTACATAT

CTAGTATATA 
42 SpeI, NdeI 

LUTR tn58 

fwd 

CTAGTATATACTAGATATGTACATTAACAAA

GGAGTCATATACA 
44 SpeI, NdeI 

 

pLUTR wt 

Tn58 

pLUTR 

LV-2 Tn58 

 

LUTR tn58 

rev  

TATGTATATGACTCCTTTGTTAATGTACATAT

CTAGTATATA 
42 SpeI, NdeI 

LUTR LII-11 

fwd 

CTAGTATATACTAGATATGTTACACAATAAT

GGAGTAATGAACA 
44 SpeI, NdeI 

 

pLUTR wt 

LII-11 

pLUTR 

LV-2 LII-

11 

 

LUTR LII-11 

rev  

TATGTTCATTACTCCATTATTGTGTAACATAT

CTAGTATATA 

42 SpeI, NdeI 

LUTR DI-3 

fwd 

CTAGTATATACTAGATATGTGGCATAATAAT

GGAGTTATGCACA 

44 SpeI, NdeI  

pLUTR wt 

DI-3 

pLUTR 

LV-2 DI-3 

 

LUTR DI-3 

rev  

TATGTGCATAACTCCATTATTATGCCACATAT

CTAGTATATA 

42 SpeI, NdeI 
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LUTR DI-8 

fwd 

CTAGTATATACTAGATATGTCCCATAATAAT

GGAGTCATGAACA 

44 SpeI, NdeI pLUTR wt 

DI-8 

pLUTR 

LV-2 DI-8 

 

LUTR DI-8 

rev  

TATGTTCATGACTCCATTATTATGGGACATAT

CTAGTATATA 

42 SpeI, NdeI 

LUTR max 1 

fwd 

CTAGTAGATCTAATACACCCAATCTTTTTAGA

GGAGGTTTTACA 

44 SpeI, NdeI 
pLUTR 

LV-2 max 

1 

 
LUTR max 1 

rev  

TATGTAAAACCTCCTCTAAAAAGATTGGGTG

TATTAGATCTA 

42 SpeI, NdeI 

LUTR max 2 

fwd 

CTAGTATACACGTTCAGCAAGAGCAACCGCC

GAGGAGGTTAACA 

44 SpeI, NdeI 
pLUTR 

LV-2 max 

2 

 
LUTR max 2 

rev 

TATGTTAACCTCCTCGGCGGTTGCTCTTGCTG

AACGTGTATA 

42 SpeI, NdeI 

LUTR max 3 

fwd 

CTAGTAGGCGCAACCACCAGTTCAGCAAATC

AGGAGGTTCTCCA 

44 SpeI, NdeI 
pLUTR 

LV-2 max 

3 

 
LUTR max 3 

rev  

TATGGAGAACCTCCTGATTTGCTGAACTGGT

GGTTGCGCCTA 

42 SpeI, NdeI 

LUTR max 4 

fwd 

CTAGTAATCCCAGTTTACGCCGACCATACCCT

AAGGAGGTCCCA 

44 SpeI, NdeI 
pLUTR 

LV-2 max 

4 

 
LUTR max 4 

rev  

TATGGGACCTCCTTAGGGTATGGTCGGCGTA

AACTGGGATTA 

42 SpeI, NdeI 

LUTR max 5 

fwd 

CTAGTAGCAACAGGTCCTATACAACTAACCT

AAGGCAGGTATCA 

44 SpeI, NdeI 

pLUTR wt 

max 5 

 LUTR max 5 

rev  

TATGATACCTGCCTTAGGTTAGTTGTATAGGA

CCTGTTGCTA 

42 SpeI, NdeI 

LUTR max 6 

fwd 

CTAGTAGCCTTTCAGCCTCAGCCCAGAACCTT

TAAGGAGGTACA 

44 SpeI, NdeI 

pLUTR wt 

max 6 

 LUTR max 6 

rev 

TATGTACCTCCTTAAAGGTTCTGGGCTGAGG

CTGAAAGGCTA 

42 SpeI, NdeI 

LUTR max 7 

fwd 

CTAGTAACACGTCCCCCAATAGTTATTTCTTA

AGGAGGTCCCCA 

44 SpeI, NdeI 

pLUTR wt 

max 7 

 LUTR max 7 

rev 

TATGGGGACCTCCTTAAGAAATAACTATTGG

GGGACGTGTTA 

42 SpeI, NdeI 

LUTR max 8 

fwd 

CTAGTACCGCCACTAATAGTCCGCGCCCTTA

AGGAGGAATCCCA 

44 SpeI, NdeI 

pLUTR wt 

max 8 

 LUTR max 8 

rev 

TATGGGATTCCTCCTTAAGGGCGCGGACTAT

TAGTGGCGGTA 

42 SpeI, NdeI 
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The primer sequences utilized for sequencing and qRT-PCR (section 2.2.3) are listed in table 

2-3  

Table 2-3: List of the primers used for sequencing and in qRT-PCR transcript analysis 

 

2.1.4 Enzymes  

All enzymes and buffers for enzymatic reactions were ordered from New England Biolabs
®

inc. 

 

2.2  Methods 

 

2.2.1 Cultivation and manipulation of bacteria 

E. coli DH5α was cultivated in liquid LB or on solid LA plates. Selective antibiotics were 

added if required.   

 

Competent cells  

Competent cells are susceptible for uptake of plasmid DNA. This can be achieved by 

exposing the cells to certain cations, such as Mn
2+

, Ca
2+

 and Rb
+
 followed by heat shock 

treatment (Aune et al. 2010).   

Name Sequence (5’ to 3’) Target 

Sequencing   

552F AACGGCCTGCTCCATGACAA bla 5’-UTR region 

UTR.bla.rev CAAGGATCTTACCGCTGTTG bla 5’-UTR region 

qRT-PCR   

Bla fwd ACGTTTTCCAATGATGAGCACTT bla  

Bla rev TGCCCGGCGTCAACAC bla 

16S fwd ATTGACGTTACCCGCAGAAGAA 16S rRNA 

16S rev GCTTGCACCCTCCGTATTACC 16S rRNA 
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E. coli DH5α competent cells were first grown in 10 mL Psi medium in an Erlenmeyer flask  

at 37 ºC, 225 rpm ON. The following day 2 mL of the ON culture were transferred to 200 mL 

Psi medium in a 500 mL Erlenmeyer flask and grown to OD600 = 0.4 at 37 ºC 225 rpm. Then 

the cell culture was incubated on ice for 15 minutes, followed by centrifugation (4 ºC, 4500 

rpm, 5 minutes). The supernatant was removed and the pellet was carefully dissolved in 80 

mL TFB1 followed by another round of centrifugation. The supernatant was removed and the 

pellet was carefully dissolved in 6 mL TBF2. The cell solution was then aliquoted in volumes 

of 100 and 500 µL and snap-frozen using ethanol cooled with dry ice. The aliquots were 

stored at -80 ºC.  

 

Transformation 

Competent cells were thawed on ice, then 10 µL plasmid/ligation mixture was added to 100 

µL cell solution and left on ice for 20-30 minutes. The cells were exposed to heat shock by 

placing them in a 42 ºC water bath for 42 seconds and then put back on ice for 2 minutes.  

1 mL LB was added followed by incubation at 37 ºC (225 rpm) for 1 to 1.5 hours. 100 µL cell 

solution (diluted or concentrated if needed) spread on LA plates containing selective 

antibiotics and incubated at 37 ºC ON.  

 

Glycerol stock  

For long term storage of cell cultures 3 mL LB + selective antibiotic were inoculated with a 

single colony and incubated at 37 ºC, 225 rpm ON. 1 mL culture was mixed with 0.5 mL 60% 

glycerol and stored at -80 ºC.  

 

 Plasmid isolation 

Plasmids were isolated using the Wizard
®
 Plus SV Miniprep DNA Purification System from 

Promega (the centrifugation part of the protocol). Single colonies were transferred to 13 mL 

tubes with 3 mL LB containing selective antibiotics and incubated at 30 ºC, 225 rpm for 16 – 

18 hours.  



23 

 

 

 

 The next morning cells were centrifuged for 5 minutes at 10 000 x g. 

 The pellet was resuspended in 250 µL Cell Resuspension Solution by vortexing and 

then transferred to a sterile 1.5 mL Eppendorf tube.  

 250 µL Cell Lysis Solution was added and mixed by inverting the tube 4 times 

followed by incubation for 5 minutes.  

 10 µL of Alkaline Protease Solution was added and mixed by inverting the tube 4 

times followed by incubation for 5 minutes.  

 350 µL of Neutralization Solution was added and mixed by inverting the tube 4 times.  

 The lysate was centrifuged for 10 minutes at 13 000 rpm.   

 The cleared lysate was transferred to a spin column placed in a collection tube 

followed by centrifugation for 1 minute at 13 000 rpm.  

 The flow-through was discarded and 750 µL Column Wash Solution was added 

followed by centrifugation for 1 minute at 13 000 rpm.  

 The flow-through was discarded and the wash procedure was repeated using 250 µL 

column wash solution followed by centrifugation for 2 minutes at 13 000 rpm. 

 The spin column was transferred to a new sterile Eppendorf tube and the plasmid was 

eluted by adding 100 µL Nuclease-free water followed by centrifugation for 1 minute 

at 13 000 rpm.  

 Plasmid yield was determined by spectrophotometry (NanoDrop 1000, Thermo 

Scientific) and stored at -20 ºC.  

  

For high plasmid yields the NucleoBond
® 

Xtra Midi/Maxi (Macherey-Nagel) was used (Midi 

+ low-copy protocol).  

 A start culture was made by inoculating 3 mL LB containing selective antibiotics with 

single colonies followed by incubation for 8 hours at 37 ºC.  

 An ON culture was made by diluting the start culture 1/100; two times 750 µL start 

culture in 75 mL LB + antibiotics in 500 mL Erlenmeyer flask making 150 mL total 

volume. The ON culture was incubated at 37 ºC, 225 rpm.  
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 The following day the two 75 mL cultures were combined and centrifuged at 5000 x g 

for 15 minutes at 4 ºC. 

 The pellet was resuspended in 16 mL Resuspension Buffer RES + RNase A by 

vortexing. 

 16 mL Lysis Buffer LYS was added and mixed by inverting the tube 5 times. 

 The column filter was prepared by placing it in a NucleoBond
®
Xtra Column and 

equilibrating by adding 12 mL Equilibration Buffer EQU as instructed in the protocol.  

  16 mL Neutralization Buffer NEU was added to the lysate and mixed by inverting the 

tube 15 times.  

 Following the “alternative” part of step 8 in the protocol, the precipitate was removed 

by centrifugation at 5000 x g for 15 minutes to prevent clogging of the filter.  

 The lysate was applied to the equilibrated NuceoBond
®
Xtra Column Filter. 

  The NuceoBond
®
Xtra Column and Column Filter were washed by adding 5mL 

Equilibration Buffer EQU. 

 The column filter was discarded and the column was washed with 8 mL Wash Buffer 

WASH. 

 The plasmid DNA was eluted by adding 5 mL Elution Buffer ELU. The eluate was 

collected in a 50 mL centrifuge tube. 

 3.5 mL isopropanol (room temperature) was added to precipitate the eluted plasmid 

DNA followed by vortexing and then left on the bench for 2 minutes. The mixture was 

then centrifuged at 10 000 x g for 30 minutes at 4 ºC. The supernatant was removed 

carefully.  

 2 mL 70% ethanol was added to the pellet followed by centrifugation at 10 000 x g for 

15 minutes at room temperature. The ethanol was carefully removed using a vacuum 

pump and the pellet was left to dry at room temperature for 5-10 minutes. 

 The pellet was dissolved in 200 µL distilled water. Plasmid yield was determined by 

spectrophotometry (NanoDrop 1000, Thermo Scientific) and the plasmids were stored 

at -20 ºC.     

 

Culturing and sampling for β-lactamse assays and transcript measurement 

For each strain two 13 mL tubes containing 2 mL LB + selective antibiotics each, were 

inoculated with single colonies from a fresh agar plate and incubated at 30 ºC ON. The next 
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morning, the OD600 was measured and the parallels with the most even results were diluted to 

make a start culture of OD600 = 0.05 in 15 mL LB + selective antibiotics in a 125 mL 

Erlenmeyer flask. The cultures were grown at 37 ºC, 225 rpm until OD600 reached 0.1. The 

cultures were immediately induced with 2 mM m-toluic acid and incubated at 30 ºC, 225 rpm 

for 5 hours.   

For RNA isolation 0.5 mL culture were mixed with 1 mL RNAprotect (QIAGEN) by 

vortexing for 5 seconds followed by 5 minutes incubation at room temperature. The samples 

were centrifuged for 10 minutes at 5 000 rpm, 4 ºC. The supernatant was discarded and the 

pellet was stored at -80 ºC. For β-lactamase assays 5 mL of each cell culture were transferred 

to a 13 mL tube followed by centrifugation for 10 minutes at 8000 rpm, 4 ºC. The supernatant 

was discarded and the pellet was resuspended in 5 mL assay buffer followed by an additional 

centrifugation step. The supernatant was discarded and the pellet was stored at -20 ºC.    

 

2.2.2 DNA manipulation 

 

DNA digestion by type II Restriction endonucleases   

Type II restriction endonucleases recognize specific DNA sequences (often palindromic) of 4-

8 bp and cleave the DNA within or close to the recognized sequence (Pingoud et al. 2001). 

Some endonucleases leave “sticky ends” or overhang of DNA bases making it possible for 

cleaved DNA fragments with matching overhang to be ligated together(Roberts 2005).   

The reaction conditions used were obtained using the double digest finder tool (Biolabs)  

provided by New England Biolabs
®

inc. 

Reaction mixture e.g 30 µL: 

 7 µL DNA 

 3 µL 10 x recommended NEBuffer 

 3 µL 10 x BSA if recommended  

 1 µL Restriction enzyme A    

 1 µL Restriction enzyme B 

 Distilled water to make a total of 30 µL 
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The reaction mixture was incubated in a water bath at 37 ºC for 2 hours. The resulting DNA 

fragments were separated using gel electrophoresis and required fragments were cut out of the 

gel and purified using the Qiagen gel extraction kit (described below). 

 

Used for oligonucleotide insertion: 

Reaction mixture e.g. 80 µL:  

 20 µL DNA 

 8 µL 10 x recommended NEBuffer 

 0.8 µL 100 x BSA if recommended 

 2.5 µL Restriction enzyme A 

 2.5 µL Restriction enzyme B 

 Distilled water to make a total of 80µL 

The reaction mixture was incubated in a water bath at 37 ºC ON followed by heat inactivation 

at the conditions given by the New England Biolabs
®

inc homepage for the relevant enzymes. 4 

µL of CIP (Alkaline Phosphatase, Calf Intestinal) was added and the sample was incubated in 

a water bath at 37 ºC for 2 hours. The digested product was then purified using the Qiagen 

PCR purification kit protocol (using the microcentrifuge alternative), and used as vectors for 

oligonucleotide insertion.  

Gel extraction  

After digested DNA fragments were separated using gel electrophoresis the required 

fragments were cut out of the agarose gel using a clean scalpel, placed in a sterile Eppendorf 

tube and purified using the QIAquick® Gel Extraction Kit.  

 Buffer QG was added so that the gel was covered.  

 The tube was incubated at 42 ºC in a water bath until the gel was dissolved. Vortexing 

was preformed if necessary.   

 100 µL isopropanol were added and mixed with the dissolved gel slice.  

 A QIAquick spin column was placed in a 2 mL collection tube and the sample was 

applied to the column followed by 1 minute centrifugation at 13 000 rpm.  
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 The flow-through was discarded and 720 µL wash buffer PE was added to the column 

followed by 1 minute of centrifugation at 13 000 rpm.  

 The flow-through was discarded and the sample was centrifuged one additional time 

for 2 minutes to remove any remaining wash buffer.  

 The column was placed in a sterile Eppendrof tube and the DNA was eluted by 

applying 32 µL of distilled water to the column followed by centrifugation for 1 

minute at 13 000 rpm.  

 The DNA yield was determined by the use of a NanoDrop 1000 (Thermo Scientific) 

spectrophotometer.  

 

Annealing of synthetic oligonucleotides  

Synthetic oligonucleotides (tab. 2-2) were ordered from Sigma-Aldrich
®
. They are 

synthesized as separate single-stranded DNA strands, one forward strand and one reverse 

strand, and thus need to be annealed before use. The synthetic oligonucleotides do not have a 

5’ phosphate and is therefore treated with T4 polynucleotide kinase (PNK) which synthesizes 

the transfer of a phosphate from ATP to the 5’-hydroxyl termini of polynucleotides 

(Richardson 1965).  

Reaction mixture:  

 7 µL forward oligonucleotide [100 µmol/µL]  

 7µL reverse oligonucleotide [100 µmol/µL]  

 2 µL Buffer T4 DNA ligase 

 0.7 µL PNK 

The reaction mixture was incubated at 37 ºC for 30 minutes followed by heat inactivation by 

incubating the reaction mix at 65 ºC for 30 minutes. 4µL 1M NaCl was added to the reaction 

mixture and the oligonucleotides were annealed in an Eppendorf Mastercycler® PCR 

machine using the “ANNEAL” program (appendix A, table 8-1).  
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Ligation reaction 

Ligase catalyzes the formation of phosphodiester bonds between directly adjacent 3'- 

hydroxyl and 5'-phosphoryl termini in DNA and is therefore used as a tool for attaching DNA 

fragments with matching overhangs (Lehman 1974).  

To calculate the amount of vector and insert to add, the following equation (Eq. 1) was used 

with a ratio of 3.  

                        
                           

         
  

A sample containing only the vector DNA served as religation control.    

Ligation mixture e.g. 20 µL 

 1 µL T4 DNA ligase diluted 1/10 with diluent A (NEB) 

 2µL T4 DNA ligase buffer 

 17 µL Vector/insert 

The ligation mixture was incubated at 4 ºC ON.  

 

DNA sequencing  

Isolated plasmids were transferred to sterile Eppendorf tubes in volume amounts containing 

1000 ng plasmid DNA. The plasmids were dried on a heating block at 50 ºC until about 15 µL 

liquid were left. The tubes were then sent to Eurofins MWG Operon for sequencing using 

primers listed in table 2-3. 

 

2.2.3 Expression analysis 

 

Testing of ampicillin resistance by replica plating 

To identify the level of ampicillin resistance acquired through recombinant expression of β-

lactamase, colonies were grown on a series of large agar plates with an increasing ampicillin 

concentration.   
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A colony was transferred from a fresh agar plate to a 96-well plate (Nunc) containing 100 µL 

LB + selective antibiotics in each well. 4-6 parallels were used for each strain. The 96-well 

plate was sealed with parafilm and incubated on a horizontal shaker board at 30 ºC, 800 rpm 

for about 24 hours.  

The next day, two sets of big agar plates (50 mL LA) with varying ampicillin concentration 

were made, one with and one without inducer. In addition a plate containing kanamycin was 

prepared as a positive control. Agar, antibiotic +/- inducer were added to a 50 mL 

centrifugation tube and mixed by inverting the tube 4 times before pouring the plates. The 

plates were left on the laboratory bench until the agar was solid and then dried in a clean 

bench.  

When the agar plates were dry the cell cultures were diluted by transferring the cultures to a 

new 96-well plate containing 100 µL LB medium in each well using a 96-pin replicator 

(transferring about 1 µL). This was repeated one additional time resulting in a dilution of 

about 1: 10 000. The diluted cultures were transferred to the agar plates using the 96-pin 

replicator. The plates were incubated at 30 ºC for two days.  

 

β-lactamase assay 

β-lactamase breaks the β-lactam ring of β-lactam antibiotics such as penicillin. This changes 

the UV absorption spectrum making it possible to use a spectrophotometer to measure the 

enzymatic activity of β-lactamase (Waley 1974).     

The frozen pellet was resuspended in 2 mL assay buffer. The cells were lysed by sonication 

using the tapered microtip of a Branson Sonifier 250 for 2.5 minutes at 30% duty cycle, 3.0 

output control. The sample was kept on ice during sonication and then centrifuged for 10 

minutes at 8000 rpm, 4 ºC. The supernatant constituted the sample. 

For measuring the reaction kinetics of β-lactamase in the samples several dilutions were made 

and applied to a 96-well UV Transparent Nunc plate in three parallels with the following 

reaction mixture:  

 20 µL of sample 

 170 µL assay buffer 

 10 µL penicillin-G (pen-G) stock (10 mg/mL) 
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In addition a standard was made consisting of a blank sample and 100 through 500 µg/mL 

with intervals of 100 µg/mL pen-G. 

Samples were measured immediately after pen-G was added using the following settings: 15 

seconds mixing before first read, followed by absorbance measurements at 240 nm every 30 

seconds for 10 minutes.  

Determination of the protein concentration: 

Coomassie Brilliant Blue G-250 binds proteins and by doing so shifts its absorption 

maximum from 465 to 595 nm (Bradford 1976). Absorbance and protein amount follow a 

linear relationship between the range 0.05 and 0.5 mg/mL using the microtiter plate protocol 

(Bio-Rad).    

The total protein amount was determined using the Bio-Rad protein assay procedure (standard 

microtiter plate protocol). First the dye reagent was diluted by mixing 1 part dye reagent 

concentrate with 4 parts distilled water followed by filtration through a Whatman # 1 filter. 6 

dilutions of the protein standard were prepared (0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 mg/mL BSA). 

10 µL of each sample and protein standard in addition to a blank sample were added to 

separate wells of the microtiter plate (3 parallels of each sample and standard). Diluted dye 

reagent (200 µL) was added to each well followed by mixing and incubation for 5 minutes 

prior to absorbance measurement at 595 nm.      

 

Transcript analysis  

Cultures were grown, as described in section 2.2.1, 5 hours post induction with 2 mM m-

toluic acid. 

RNA isolation and cDNA synthesis  

Total RNA was isolated using the RNAqueous
®
 Kit (Ambion). Samples were kept on ice. All 

centrifugations were performed at 13 000 rpm for 1 minute. 

 The cell pellet was resuspended in 100 µL TE-buffer. A small amount of lysozyme 

was added using a pipette tip followed by mixing and incubation for 5 minutes at room 

temperature.  

 300 µL Lysis/Binding Solution was added and mixed by vortexing.  
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 400 µL 64% ethanol was added and mixed by inverting the tube 4 times.  

 The lysed sample was transferred to the filter column placed in a collection tube and 

centrifuged.  

 The flow-through was discarded and 700 µL Wash Solution 1 was added followed by 

centrifugation. 

 The flow-through was discarded and 500 µL Wash Solution 2/3 was added followed 

by centrifugation. This step was performed twice.  

 The flow-through was discarded followed by an additional centrifugation step. 

 The sample was eluted by adding 50 µL preheated (80 ºC) Elution Solution followed 

by centrifugation. The step was repeated using 25 µL Elution Solution.   

 2 µL of the sample was transferred to a new Eppendorf tube for measuring of RNA 

concentration using the NanoDrop 1000 (Thermo Scientific).  

DNA was removed from the sample using the TURBO DNA-free
™

 Kit (Ambion). 

 RNA (3000 ng) was mixed with RNase free water making a volume of 25 µL. 

 2.7 µL TURBO DNA-free buffer and 1 µL Ambion Turbo DNase was added followed 

by incubation for 30 minutes at 37 ºC.  

 5 µL Inactivation Mixture was added followed by incubation for 2 minutes at room 

temperature.  

 The sample was centrifuged at 13 000 rpm for 2 minutes. 2 µL were transferred from 

the top of the sample to 18 µL RNase free water.  

The cDNA was synthesized using the First-Strand cDNA Synthesis Kit (Ambion).  

 The sample was heated for 10 minutes at 65 ºC.  

 3.5 µL bulk mixture (2.5 µL Bulk reaction mix, 0.5 µL hexamere primers, 0.5 µL 

DTT) were mixed with 4 µL sample.  

 The samples were incubated for 1 hour at 37 ºC. 
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Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

SYBR green binds double stranded DNA and the resulting complex emits green florescent 

light when exited. This property is utilised for monitoring dsDNA amount in real time during  

polymerase chain reaction (PCR)(Zipper et al. 2004).  

The following components were mixed in each well of qRT-PCR strips: 

 12.5 µL Power SYBR
®
 Green master mix 

 2.5 µL Forward primer (2 mg/mL) 

 2.5 µL Reverse primer (2 mg/mL)  

 2.5 µL Distilled water  

 5 µL Sample 

 3 parallels were made for each sample in addition to 3 non template controls. Primer 

sequences for bla and 16S rRNA (endogenous control) are shown in table 2-3. Samples for 

the endogenous control were diluted 1:400 and target samples were diluted 1:100. The qRT-

PCR strips containing reaction mixture were spun down before running qRT-PCR using an 

Applied Biosystems 7500 Real Time PCR system with the standard settings.   

 

2.2.4 Bioinformatics analysis  

 

Clone Manager professional suite (Sci Ed software) 

The Clone Manger suite used (containing Clone manager 6, Align plus 4 and Primer Designer 

4) allows the managing of DNA sequences in silico, including enzymatic digestion, ligation 

and alignment of two or more sequences. The program was used for planning of cloning steps, 

design of synthetic oligonucleotides, making sequence alignments, sequence analysis and 

creation of plasmid maps.    

 

RBS calculatorv1.1 (Salis lab, Penn state university)   

The Ribosome Binding Site (RBS) Calculator is a bioinformatics tool engineered for the 

prediction of the translation initiation rate (TIR) of a RBS (reverse engineering) or the design 
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of a RBS sequence with the desired TIR (forward engineering) in bacteria (Salis 2011). The 

software utilizes an equilibrium statistical thermodynamic model which quantifies the 

strengths of molecular interaction between mRNA transcript and the 30S ribosome construct 

to predict the TIR (Salis et al. 2009; Salis 2011). 

The software was used to evaluate TIRs for 5’-UTR variants obtained through screening and 

the 5’-UTR fusions involving these, by using the reverse engineering option with the 5’-UTR 

plus the 50 first coding base pairs of bla (appendix B) as mRNA input and ACCTCCTTA as 

16S rRNA input. 8 sequences were designed (LUTR max 1-8 table 3-2) using the forward 

engineering with constraints option. The following sequence was used as RBS constraints 

input: 

ATACACTAGTANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCAT 

where N denotes the nucleotides to be chosen by the software. The 50 first coding nucleotides 

of bla (appendix B) were used as input for protein coding sequence and ACCTCCTTA were 

used as 16S rRNA input. For maximum TIR the option “Goal: Maximize” was chosen.      

 

Quickfold 

Quickfold is a web based tool and part of the Mfold web server, which consists of different 

software made for prediction of the secondary structure of single stranded nucleic acids. The 

softwares are based on a minimum free energy algorithm for folding of the input sequence 

(Zuker 2003). The software allows for prediction of several sequences at once and returns a 

table of the lowest free energies in kcal/mol for each structure as well as a pdf-file with the 

structure models. Default settings were used except for the RNA 3.0 energy rule option and 

maximum distance between paired bases of 30 to only allow local structures.  
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3 Results  

 

3.1 Characterization of the transcription stimulating and translation 

stimulating traits of the short 5’-UTR variants obtained by selective 

screening  

 

3.1.1 Exploring the transcription stimulating and translation stimulating qualities by 

switching position of the two functional 5’-UTR units in the pAO double 

construct    

Several transcription stimulating 5’-UTR variants (Tr) and translation stimulating 5’-UTR 

variants (Tn) had prior to this study been identified (tab. 1-1) by screening for increased bla 

expression by altering the 5’-UTR in front of celB and bla, respectively (section 1.2). 

However, the effect of the Tr 5’-UTR variants on translation and the Tn 5’-UTR variants on 

transcription was not known. In order to explore this, pAO constructs were made with 

switched 5’-UTR positions, placing the Tr 5’-UTR variants in the bla position and the Tn 5’-

UTR variants in the celB position. If the Tr 5’-UTR variants only enhance the transcription 

one would expect no increase in bla expression when placed in front of bla. The same goes 

for the Tn 5’-UTR variants, if they only stimulate translation no increase in bla expression 

should be observed when placed in front of celB. The resulting bla expression was tested by 

replica plating. Strains harbouring the plasmid with the stimulating 5’-UTR variants in their 

original position were included as controls (fig. 3-1 and 3-2).  

From the results presented in figure 3-1 it can be observed that the translation stimulating 5’-

UTRs led to an increase in ampicillin resistance of about 8-20-fold in the bla position and 

unchanged or a weak decrease in ampicillin resistance in the celB position compared to the 

wild type 5’-UTR sequence. This indicates that the Tn 5’-UTR enhance the translation, but 

has no positive effect on the amount of mRNA transcript.  
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Figure 3-1: Replica plating of strains with the translation stimulating 5’-UTR variants placed 

either in front of bla (white columns) or in front of celB (grey columns) in the pAO double 

construct (fig 2-2). The two first columns show the resistance level of the strains harbouring 

the plasmids in figure 2-2 without any alteration of the 5’-UTR sequences. The 5’-UTR in the 

bla position will influence the bla expression at the translation level and the 5’-UTR in the 

celB position will influence the bla expression at the transcription level (fig. 1-3). The 

expression was induced with 0.5 mM m toluic acid. For the ampicillin concentrations of the 

plates used in this experiment see appendix C, table 8-2.  

 

From the results of the replica plating presented in figure 3-2 it can be observed a   2.5 fold 

increase in expression of the strains in which the Tr36 5’-UTR variant is placed upstream of 

celB and a weak increasing effect from the remaining Tr 5’-UTR variants in the celB position 

compared to the wild type. In the bla position the transcriptional stimulating 5’-UTRs also 

resulted in a stimulating effect, but on average lower than what was observed for the Tn 5’-

UTR variants (fig 3-1). The results indicate that the 5’-UTR variants obtained by screening 

for enhanced transcription also have a positive effect on the translation.  

It should be noted that the sequences of the pAO constructs with switched positions were not 

verified by sequencing.   
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Figure 3-2: Replica plating of strains with the translation stimulating 5’-UTR variants placed 

either in front of celB (grey columns) or in front of bla (white columns) in the pAO double 

construct (fig 2-2). The two first columns show the resistance of the strains harbouring the 

plasmids in figure 2-2 without any alteration of the 5’-UTR sequences. The 5’-UTR in the bla 

position will influence the bla expression at the translation level and the 5’-UTR in the celB 

position will influence the bla expression at the transcription level. The expression was 

induced with 0.5 mM m toluic acid. For the ampicillin concentrations of the plates used in this 

experiment see appendix C, table 8-2. 

 

3.1.2 Exploring the transcription stimulating and translation stimulating qualities by 

β-lactamase assay and transcript analysis 

Another method of evaluating the transcription and translation stimulating traits resulting 

from a 5’-UTR variant are by the use of β-lactamase assay and transcript analysis by qRT-

PCR described in section 2.2.3. The measured β-lactamase activity adjusted to the total 

protein amount in a given cell culture gives information on the amount of translated β-

lactamase in the strain. The transcript analysis gives information on the amount of bla 

transcript produced by a given strain and henceforth on the transcription efficiency compared 

to the other strains. It should be noted that the transcript amount will also be influenced by the 

mRNA decay rate in addition to the transcription efficiency. There might have been variance 

in mRNA decay rates between the different strains, but this was not explored in this study. β-

lactamase assay and transcript analysis were used on strains harbouring some of the 
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transcription and translation stimulating 5’-UTR variants in  front of bla in the pIB11 

construct (fig 2-1). The LV-1 5’-UTR variant was included as a control since the same 

procedure had been utilized to characterize it in the published work of Berg et al (Berg et al. 

2009). The results are presented in figure 3-3. The raw data from the assays and qRT-PCR as 

well as the protein standard curve used for determining protein concentration of the samples 

can be found in appendix D, table 8-5 to 8-9 and figure 8-1.  

 

Figure 3-3: The β-lactamase activity (grey columns) and bla transcript amount (white 

columns) relative to the wt levels. The methods are described in section 2.2.3. The raw data 

used can be found in appendix D, table 8-5 to 8-9 and figure 8-1.   

 

The LV-1 strain has previously been shown to increase both β-lactamase activity and the bla 

transcript amount by a factor of ~12 (Berg et al. 2009). The results for the LV-1 variant 

presented in figure 3-3 have some deviation from the previously obtained results with about 

14-fold increase in β-lactamase activity and about 10-fold increase in bla transcript amount. 

The transcription stimulating Tr28 and Tr31 5’-UTR variants resulted in an increase in bla 

transcript of about 7-and 3-fold, respectively. However, the translation stimulating Tn24 and 

Tn47 5’-UTR variants also showed an increase in transcript amount of about 4- and 8-fold, 

respectively. The transcription stimulating effect of the Tn24 and Tn47 variant was not 

observed in the experiment using the pAO double construct (fig. 3-1). 

Aside from the LV-1 variant, the Tn24 and Tn47 variants led to the highest β-lactamase 

activity with an increase of about 10- and 12-fold, respectively, followed by the transcription 
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variants Tr28 and Tr31 which led to an increase in β-lactamase activity of 9- and 4-fold, 

respectively. The Tr 5’-UTR variants showed an enhancing effect on both transcription and 

translation, but the effect on translation was lower than what was observed for the Tn 5’-UTR 

variants. This matches the results from the experiment using the pAO double construct (fig. 3-

2).    

 

3.2 Enhancement of bla expression by the use of 5’-UTR variants 

stimulating transcription and translation both as individual sequence 

elements and as combined 5’-UTR fusions 

 

3.2.1 An additive effect on the bla expression is observed when enhancing both the 

transcription and the translation in the pAO-TrTn double construct  

To test the possible additive effect on bla expression by stimulating both transcription and 

translation through 5’-UTR alterations, several pAO-TrTn (fig. 2-2) constructs were made. 

The constructs consisted of both transcription stimulating 5’-UTRs (Tr and LV) in front of 

celB and translation stimulating 5’-UTRS (Tn) in front of bla. In addition control constructs 

were made containing either a transcriptional or translational stimulating 5’-UTR 

accompanied by the wild type 5’-UTR in the other position. The construct names are denoted 

with the name of the 5’-UTR variant in the celB position followed by the name of the 5’-UTR 

variant in the bla position (e.g. Tr28 Tn47 means that the Tr28 5’-UTR variant is in front of 

celB and the Tn47 5’-UTR variant is in front of bla). The resulting gene expression of bla was 

tested by replica plating as described in section 2.2.3. The results are presented in figure 3-4.   
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Figure 3-4: The bars show the maximum ampicillin tolerance level of the different strains 

during replica plating when inducing with 0.5 mM m-toluic acid. Growth at uninduced levels 

is shown in grey. The first four bars are from strains hosting the different plasmids shown in 

figure 2-2 without any alteration of the 5’-UTR sequences, followed by two strains with 

transcription stimulating variants in the celB position, three strains with translation 

stimulating variants in the bla position, and six strains with both transcription and translation 

stimulating 5’-UTRs in front of celB and bla, respectively. The maximum ampicillin 

concentration was 8000 µg/mL. For complete concentration range of the plates see appendix 

C, table 8-3.   

 

The transcription stimulating 5’-UTRs (Tr) accompanied by the wt 5’-UTR in the bla position 

(no translation enhancement) only resulted in a weak increase in ampicillin resistance. 

However, by combining them with the more potent translation stimulating 5’-UTRs (Tn) in 

front of bla a level of resistance surpassing the ones achieved by stimulating just transcription 

or translation was observed (fig. 3-4). When combining the translation stimulating 5’-UTRs 

with the identified transcription stimulating 5’UTRs LV-1 and LV-2 from the published work 

of Berg and colleagues (Berg et al. 2009) an even larger increase in ampicillin resistance 

could be observed (fig. 3-4). The results indicate an additive effect on bla gene expression 

achieved by enhancing both the amount of celB-bla mRNA transcript and the bla translation 

efficiency.  
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These pAO-TrTn constructs were not confirmed by sequencing, but restriction analysis 

suggested a successful cloning procedure (fig. 3-5). When cut with the restriction enzyme 

NdeI correctly assembled pAO-TrTn construct would yield a fragment of 1775 bp and a 

fragment of 8126 bp, as opposed to the religated vector that would only yield one fragment of 

9901 bp. Four parallels were tested for each of the TrTn combinations constructed and all of 

them had at least two parallels yielding the desired fragment pattern.  

 

 

Figure 3-5: The resulting gel after separating the digested fragments. The pAO-TrTn 

constructs were digested with the restriction enzyme NdeI. The expected fragment pattern of a 

pAO-TrTn construct was a fragment of 1775 bp and a fragment of 8126 bp. Four parallels 

were digested and all the parallels show the expected fragment pattern except Tr31 Tnwt 

parallel 1, Tr28 Tnwt parallel 1 and 2, Tr31 Tn24 parallel 1 and 2 and Tr28 Tn24 parallel 1. 

The DNA ladder used is GeneRuler 1 Kb DNA ladder #SM0311 from Thermo Scientific 

(appendix E).   
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3.2.2 5’-UTR fusions constructed by fusing one transcription stimulating and one 

translation stimulating 5’-UTR can result in an additive or repressive effect on 

bla expression  

To test the effect on the bla expression resulting from a 5’-UTR fusion consisting of a 

transcription stimulating and a translation stimulating region (fig. 1-4) the pLUTR plasmid 

was constructed  (fig 2-1). The difference from the pIB11 plasmid is that the 5’-UTR in front 

of bla has been switched out with a long 5’-UTR consisting of two wt 5’-UTR sequences 

fused together (wt wt) with a spacer sequence containing a SpeI restriction site, allowing the 

replacement of the upstream and downstream 5’-UTR region. The 5’-UTR fusion variants are 

named in the order its components appear in the construct with the upstream region first 

followed by the downstream region (e.g. LV-2 Tn25 means that the 5’-UTR fusion consist of 

the LV-2 sequence as the upstream region and the Tn25 sequence as the downstream region). 

The sequences of the 5’-UTR fusions constructed in this study can be viewed in appendix F, 

table 8-10 and 8-11. The oligonucleotides used for the construction can be views in table 2-2.    

 

5’-UTR Fusions combined of previously identified transcription and translation 

stimulating 5’-UTRs   

After an initial testing of different combinations (appendix G, figure 8-3), the identified 

transcription stimulating 5’-UTR variant LV-2 (Berg et al. 2009) was chosen as a fixed 

transcription stimulating region and several different translation stimulating 5’-UTRs were 

fused with it, and also to the wt 5’-UTR as controls. The bla production of the various 5’-

UTR fusions was determined by replica plating, and the results are shown in figure 3-6 along 

with the short corresponding 5’-UTRs for comparison.    

From the results in figure 3-6 it is evident that, except for the LV-2 Tn58 variant, the 5’-UTR 

fusions did not result in strains with an increased ampicillin resistance compared to the strains 

with bla expression controlled by the corresponding short 5’-UTRs. Fusion with LV-2 

compared to fusion with wild type as the upstream 5’-UTR region can result in increased, 

decreased or unchanged ampicillin resistance. The 5’-UTR fusions resulted in strains with a 

high ampicillin resistance under uninduced conditions, especially the LV-2 Tn58 variant 

leading to viable growth at 3 500 µg/mL, which was maximum ampicillin concentration for 

the uninduced plates. The maximum ampicillin concentration observed, when induced with 

2.0 mM m-toluic acid, was 13 000 µg/mL. Three strains (LV-2, LV-2 Tn58 and LII-11) 
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showed viable growth at this concentration and are further explored later in this section (fig. 

3.9). 

 

 

Figure 3-6: Replica plating of strains having 5’-UTR fusions in front of bla in the pLUTR 

construct, along with the strains having short 5’-UTRs in front of bla in the pIB11 construct. 

The two first columns are the pIB11 and pLUTR constructs without any alterations of the 5’-

UTR as seen in figure 2-1. The expression was induced with 2mM m-toluic acid (uninduced 

levels are shown in grey). Maximum ampicillin concentration was 13 000 µg/mL for the 

induced plates and 3 500 µg/mL for the uninduced. The Wt, Tn25, pLUTR, and LV-2 wt 

strain had uninduced growth at 10, 50, 100 and 100 µg/mL, respectively. For complete 

ampicillin concentration range of the LA plates used see appendix C, table 8-4.  

 

5’-UTR Fusions with a down variant as the downstream fusion partner 

Prior to this study 5’-UTR variants causing reduced bla expression along with the desired trait 

of very low uninduced expression had been identified (Lale et al. 2011). Two of these 5’-UTR 

down variants (DI-3 and DI-8) were used as the downstream region in 5’-UTR fusions with 

LV-2 and wt in order to test if such a fusion could increase the bla expression while 

maintaining their low uninduced expression qualities. Since the down 5’-UTR variants result 
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in a reduced bla transcript amount compared to the wt 5’-UTR variant in pIB11 (Lale et al. 

2011) the fusions with wt 5’-UTR might also have a stimulating effect on transcription 

compared to the short 5’UTR down variants. The bla expression was determined by replica 

plating (fig. 3-7).   

 

 

Figure 3-7: Replica plating of strains harbouring the pLUTR plasmid with the 5’-UTR down 

variants DI-3 and DI-8  fused with either LV-2 and wt, as well as the short DI-3 and DI-8 5’-

UTRs in the pIB11 plasmid. The two first columns are the pIB11 and pLUTR constructs 

without any alterations of the 5’-UTR as seen in figure 2-1. The wt DI-3, DI-3 and DI-8 5’-

UTR variants led to no observed growth at uninduced conditions (7,5 µg/mL was the lowest 

ampicillin concentration), pIB11 and LV-2 DI-3 showed growth at 10 µg/mL ampicillin.. For 

complete ampicillin concentration range of the plates see appendix C, table 8-4. 

 

The DI-8 5’-UTR fusions resulted in a large increase in ampicillin resistance compared to the 

short DI-8 variant at both induced and uninduced conditions. The DI-3 fusions resulted in a 

significantly lower ampicillin resistance compared to the wt 5’-UTRs, as was expected for the 

down 5’-UTR variants. The LV-2 DI-3 fusion led to a 5-fold greater ampicillin resistance 

compared to DI-3, but the uninduced resistance had increased to the wt levels of the pIB11 

strain. Interestingly the wt DI-3 variant resulted in a doubling in ampicillin resistance 
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compared to DI-3, while maintaining low uninduced resistance with undetected uninduced 

growth (lowest concentration was 7.5 µg/mL). 

The sequences of the long 5’-UTR fusions were verified by sequencing as described in 

section 2.2.2, and the results can be viewed in appendix H, figure 8-4. 

     

Fusions with an in silico made translation stimulating 5’-UTR element as the 

downstream fusion partner  

To test how well an in silico made translation stimulating 5’-UTR fusion partner performs 

compared to those obtained through screening, the RBS calculator was used to generate 5’-

UTR regions with optimal translation initiation rates (TIRs). For details on the RBS calculator 

and the parameters used, look to section 2.2.4. It is stated that if four 5’-UTRs are made, the 

probability of achieving  protein expression within twofold of the target is 92% (Salis et al. 

2009). Using the option for generating 5’-UTRs with maximum TIR, eight fusion partners 

were designed (max 1-8), four to be fused downstream of the LV-2 sequence and four to be 

fused downstream of the wt 5’-UTR sequence. The sequences are listed in table 3.1 along 

with the input and wt sequence.   

 

Table 3-1: The 5’-UTR fusion partners, designed by the RBS calculator, (max1-8) along with 

the wt and input sequence. The putative SD sequence is written in bold and the restriction 

sites SpeI (5’-end) and NdeI (3’-end) are underscored. 

Name Sequence 

input        atacactagtannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncatatg 

wt          ...........tatactagatatgtacaataataatggagtcatgaa...... 

max 1       ...........gatctaatacacccaatctttttagaggaggtttta...... 

max 2       ...........tacacgttcagcaagagcaaccgccgaggaggttaa...... 

max 3       ...........ggcgcaaccaccagttcagcaaatcaggaggttctc...... 

max 4       ...........atcccagtttacgccgaccataccctaaggaggtcc...... 

max 5       ...........gcaacaggtcctatacaactaacctaaggcaggtat...... 

max 6       ...........gcctttcagcctcagcccagaacctttaaggaggta...... 

max 7       ...........acacgtcccccaatagttatttcttaaggaggtccc...... 

max 8       ...........ccgccactaatagtccgcgcccttaaggaggaatcc...... 
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The 5’-UTR fusions were made by cloning the max 1-4 variants downstream of LV-2 and the 

max 5-8 variants downstream of the wt sequence, resulting in the constructs pLUTR LV-2 

max 1-4 and pLUTR wt max 5-8. The bla expression resulting from these 5’-UTR fusions 

were tested using replica plating (fig. 3-8).   

 

Figure 3-8: Replica plating of the strains containing 5’-UTR fusions consisting of the max 

sequences designed using the RBS calculator (table 3-1) fused with either the LV-2 or the wt 

5’-UTR variant. The first column is the resistance level of the strain harbouring the pLUTR 

construct containing the wt 5’-UTR fusion sequence as seen in figure 2-1. Maximum 

concentration of ampicillin were 13 000 µg/mL. The LV-2 max 3 strain showed uninduced 

growth at 50 µg/mL. For the full range of ampicillin concentrations used see appendix C, 

table 8-4.  

 

Both 5’-UTR fusions containing wt max combinations and LV-2 max combinations resulted 

in strains with high ampicillin tolerance (fig. 3-8). The wt max 5 strains grew on a 10 000 

µg/mL ampicillin concentration, the same level as the highest wt 5’-UTR fusion with a 

previously identified translation stimulating fusion partner (wt Tn58, fig. 3-6), and the LV-2 

max 1 strains grew at 13 000 µg/mL also achieved by the LV-2 Tn58 strain (Fig. 3-6). 13 000 

µg/mL was the highest concentration used in this experiment and the strains that reached this 

level are further explored later in this section (fig. 3-9). The strains with an in silico made 

fusion partner gave lower ampicillin resistance at uninduced conditions compared to the long 
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5’-UTR strains with a previously identified translation stimulating fusion partner (fig 3-6 and 

3-7).   

The sequence of the long 5’-UTR max variants were verified by sequencing as described in 

section 2.2.2, and can be viewed in appendix H (fig. 8-5). It should be noted that the results 

for the wt max 5 strain showed mutations in the early bla sequence.  

 

The LV-2 Tn58 5’-UTR fusion variant results in higher bla expression than its 

components on their own   

The strains harbouring the pIB11 LV-2, pIB11 LII-11, pLUTR LV-2 Tn58 and pLUTR LV-2 

max1 plasmids all showed viable growth on plates containing the highest concentration used 

of 13 000 µg/mL ampicillin, when induced with 2 mM m-toluic acid (fig 3-6 and 3-8). It 

would be impractical to make plates with a higher ampicillin concentration since too much 

ampicillin stock solution compared to agar will hamper the plates from solidifying. Instead 

one additional replica plating with lower inducer concentration (0.1 mM) was performed to 

differentiate the high resistance strains and identify the strain with the highest ampicillin 

resistance and henceforth bla expression (fig 3-9).  

 

Figure 3-9: The replica plating used to differentiate the high resistance strains. Expression 

was induced with 0.1 mM m-toluic acid. For the full range of ampicillin concentrations of the 

plates see appendix C, table 8-5.  
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The highest ampicillin tolerance was observed in the strain harbouring the LV-2 Tn58 5’-

UTR fusion in front of bla with about a 60% and 30% increase compared to LV-2 and LII-11, 

respectively (fig. 3-9). This result shows that the LV-2 Tn58 strain reached a higher tolerance 

level than what was observed for its 5’-UTR components on their own (LV-2 and Tn58).    

 

3.3 Bioinformatics analyses of the 5’-UTR sequences discovered probable 

factors responsible for reduced bla expression  

Except for the LV-2 Tn58 variant, the 5’-UTR fusions resulted in a reduced bla expression 

compared to their short 5’-UTR counterparts. To explore this phenomenon the different 5’-

UTR sequences were analyzed using bioinformatics tools. The analyses explored the 

translation initiation rate, the structural energy of the 5’-UTR, the location of the SD sequence 

in relation to the secondary structures, and the strength of the SD containing secondary 

structures.  

 

3.3.1 Prediction of the translation initiation rate (TIR) in respect to bla  

Translation initiation is a crucial and often limiting step of protein synthesis. The RBS 

calculator predicts the rate of translation initiation with a thermodynamic model evaluating 

the Gibbs free energy (ΔG) of the mRNA sequence and its interaction with the 30S ribosomal 

complex. The TIR is given on a proportional scale from 0.001 to 100 000 + (Salis 2011).   

The predicted TIRs for the short 5’-UTRs and the 5’-UTR fusions in respect to bla made by 

using the reverse engineering option in the RBS calculator (section 2.2.4) are shown in figure 

3-10. The RBS calculator only takes in to account the 35 bp upstream of the start codon. 

Hence, it will not distinguish whether the wt or the LV-2 sequence is used as an upstream 

fusion partner and the difference between the fusion and the short 5’-UTRs stem from the 

spacer sequence percent in the 5’-UTR fusions and the removal of the PciI restriction site in 

the downstream 5’-UTR region of the fusions (fig 2-1).   
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Figure 3-10: The predicted TIR for the short 5’-UTR variants together with the corresponding 

5’-UTR fusions predicted by the RBS calculator. The two first columns are the TIR of the wt 

5’-UTR sequences in the pIB11 and pLUTR construct, respectively, as seen in figure 2-1. All 

but the DI-3, DI-8 and DI-3 fusions were issued with the NEQ warning indicating that the 

mRNA sequence may not fold quickly to its equilibrium state (Salis 2011).  

 

The predicted TIRs of the short 5’-UTRs (fig 3-10) show some correlation with the observed 

ampicillin tolerance (fig 3-6 and 3-7). The wt and down variants had a low predicted TIR and 

low observed ampicillin resistance. The Tn47 and Tn58 variants had a high predicted TIR and 

resulted in strains with high ampicillin resistance. However, the LII-11 and LV-2 sequence 

gave relative low predicted TIR compared to the resulting high ampicillin tolerance of the 

strains harbouring them. The predicted TIR for the long 5’-UTR fusions follows the same 

overall pattern as the TIR predictions of the short 5’-UTRs (fig. 3-10). The Tn25 fusions had 

a reduced predicted TIR compared to the Tn25 sequence, and the DI-8 fusions had a relatively 

large increase compared to the short DI-8 variant. For the remaining 5’-UTRs the predicted 

TIR was slightly increased or unchanged for the 5’-UTR fusions compared to the short 5’-

UTRs. It should be noted that all but the DI-3 and DI-8 5’-UTR variants and the DI-3 fusions 

were issued with the NEQ warning indicating that the mRNA sequence may not fold quickly 

to its equilibrium state, which is one of the assumptions made by the RBS calculator (Salis 

2011).  
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The predicted TIR, in respect to bla, of the max 1-8 5’-UTR fusion partners designed using 

the forward engineering option provided by the RBS calculators (tab. 3-1) are shown in figure 

3.11 

 

Figure 3-11: The predicted TIR for the eight 5’-UTR sequences designed using the RBS 

calculator (table 3-1).    

 

The predicted TIR for the max 1-8 5’-UTR fusions (fig 3-11) showed a TIR ranging from   

60 000 to 260 000 all significantly higher than the TIRs predicted for the non in silico made 

sequences (fig 3-10) with a maximum TIR of   7 000 – 8 000. There is no overall correlation 

between the predicted TIR of the max 5’-UTR sequences and the ampicillin tolerance 

resulting from them.   

 

3.3.2 Evaluation of the 5’-UTR secondary structures showed an influence on bla 

expression from the structural energy and the structures at and close to the SD 

sequence     

The secondary structures of the 5’-UTR regions were predicted using the Quickfold software 

as described in section 2.2.4 in order to test if some factors of the secondary structures in the 

5’-UTR region reflect the observed ampicillin tolerance. The numbers of suggested structures 

as well as the average ΔG (kcal/mol) are summarized in appendix I (table 8-12, 8-13).   
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The relationship between ampicillin tolerance and the energy of the 5’-UTR secondary 

structures are shown in figure 3-12. The dataset is divided into the short 5’-UTRs, the wt 5’-

UTR fusions and the LV-2 5’-UTR fusions.  

 

Figure 3-12: A scatter plot of the average energy of the secondary structures of the 5’-UTR 

regions obtained from the Quickfold software, versus the observed ampicillin resistance of the 

strains hosting the different 5’-UTR variants. The results are divided in to three groups; the 

short 5’-UTRs, the 5’-UTR wt fusions and the 5’-UTR LV-2 fusions.  
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From figure 3-12 it is evident that the short 5’UTRs have relatively low energy and also some 

of the strains with the highest ampicillin resistance. The long 5’-UTR LV2 fusions have 

higher structural energy than the long 5’-UTR wt fusions, probably due to the high energy of 

the LV-2 region (-4.6 kcal/mol) compared to the wt (at -1.9 kcal/mol). Except for the high 

energy of the down variants (DI-3, DI-8 and fusions containing them) which are linked with 

low bla expression, there is little correlation between energy of the secondary structure and 

ampicillin resistance within the groups.    

To see if any differences in the location of the SD sequence in relation to the secondary 

structures reflect the resulting ampicillin tolerance, the predicted secondary structures were 

further investigated. The predicted secondary structures of the short 5’-UTRs are shown in 

figure 3-13. In the cases were two structures were suggested the one with the most favourable 

energy is shown. The structures not shown did not deviate much from the ones presented in 

figure 3-13.  

Except from the wild type and the down variants, the secondary structures (fig 3-13) of the 

short 5’-UTRs have a similar shape containing two GC bonds and with the SD sequence as 

part of a loop at the end of a stem-loop structure. The wt, DI-3 and DI-8 have their SD as part 

of a more rigid structure with 3, 3, and 4 GC bonds, respectively, and the wt and DI-8 variant 

have the SD sequence as part of an internal loop of a stem-loop structure.   

The Quickfold software suggested several different secondary structures for the 5’-UTR 

fusions (appendix I). Because of the low standard deviation of the energies between the 

suggested structures (appendix I) the amount of time the 5’-UTR sequence spends in each 

structure can be expected to be quite evenly distributed. An overview of the suggested 

structures given to each 5’-UTR fusion is given in figure 3-14. The structures are divided into 

four groups according to the secondary structure at and in close proximity of the SD 

sequence. The “free SD” group contains of structures were the putative SD sequence is not 

part of a secondary structure. In all the remaining three groups the SD is part of a secondary 

structure. However, the groups are separated by the number of additional secondary structures 

within 10 bp from the SD containing structure (not counting the bp in the secondary 

structures). The groups are exemplified in figure 3-15. The sectioning into these groups is 

based on the hypothesis that the more secondary structures present in close proximity of the 

SD sequence the more likely will they hamper the translation initiation rate.    
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Figure 3-13: The predicted secondary structures of the short 5’-UTR sequences made by the 

Quickfold software. The putative SD sequences are highlighted in yellow.  
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Figure 3-14: The distribution of the secondary structure groups (fig 3-15) predicted by the 

Quickfold software for the 5’-UTR fusions.  The pLUTR column is an overview of the 

predicted structures of the wt 5’-UTR sequence of the pLUTR construct (wt wt) as presented 

in figure 2-1. 

 

It can be observed in figure 3-14 that the 5’-UTR fusions which have a similar ampicillin 

resistance level or greater than their short 5’-UTR counterparts (pLUTR and LV-2 wt vs. 

pIB11 and the Tn58 fusions vs. Tn58) are the ones with free SD structures. The ones with 

decreased resistance in comparison to their short 5’-UTR counterparts (The Tn25, Tn47 and 

LII-11 fusions vs. Tn25, Tn47 and LII-11, respectively) all have a high proportion of 2 and > 

2 secondary structures groups and no free SD structures. The down variant fusions have a 

high content of secondary structures and results in strains with low ampicillin resistance.  Of 

the 5’-UTR fusions with an in silico made fusion partner the strain with highest ampicillin 

resistance is the one with free SD structures (LV-2 max 1) (fig 3-8). The ones with 2 or more 
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than 2 secondary structures had relatively low ampicillin resistance except for LV-2 max 2. 

Amongst the ones with a high proportion of predicted structures in the 1 secondary structure 

group; two strains showed relatively high resistance (wt max 5 and wt max 7) and two strains 

relatively low resistance (LV-2 max 3 and wt max 6).  

 

 

Figure 3-15: Examples of the secondary structure groups. All sequences are of the wt 5’-UTR 

sequence of pLUTR seen in figure 2-1. The putative SD sequence is highlighted in yellow.  

 

3.3.3 The average content of GC bonds in the SD containing secondary structure  

Bonds between guanine and cytosine are strong due to the three hydrogen bonds formed 

between them. Hence the number of GC bonds will reflect the strength of the secondary 

structure. An overview of the average GC bonds in the secondary structure containing the SD 

is given in figure 3-16.  

The wt, Tn58 and max 1 fusion sequences have low average GC bonds in the SD containing 

secondary structure partly due to the high proportion of free SD structures (fig. 3-14). The 

other non in silico fusions have a two GC bond average except for the down mutants with 2.5-

3 GC bonds. The max fusions show more variance, ranging from 1-5 GC bonds. The LV-2 

max sequences show a correlation between low average GC bonds in the SD containing 

structure and high resulting ampicillin tolerance. However, for the wt max sequences some 5’-



55 

 

UTR fusions led to relatively high ampicillin resistance despite high content of GC bonds in 

the SD containing secondary structure (wt max 5 and wt max 7).   

 

 

Figure 3-16: The average number of GC bonds in the secondary structure containing the SD 

sequence based on the predictions of the Quickfold software. Structures in the free SD group 

(fig 3-15) were treated as a structure with 0 GC bonds.  
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4 Discussion  

 

4.1 The transcription and translation stimulating traits of the short 5’-

UTRs 

The results in figure 3-1 clearly indicate that the translation stimulating 5’-UTR variants (Tn) 

obtained through screening (see section 1.2) indeed lead to elevated ampicillin tolerance 

resulting from enhancement of translation. Since no increase in ampicillin tolerance was 

observed when the Tn 5’-UTR variant sequences were placed in the front of celB, influencing 

the transcription (fig 3-1), it seems like the Tn 5’-UTR variants does not have a stimulatory 

effect on transcription. However, the results from the β-lactamase assay and transcript 

analysis (fig. 3-3) indicate a significant increase in transcript amount compared to wt as well 

as increased β-lactamase activity for the Tn strains tested (Tn24 and Tn47). The two 

experiments differ in both construct (pAO and pIB11) and method making them unsuited for 

direct comparison, but the difference in apparent transcript stimulation is still striking. One 

possible explanation is that in the pAO double construct the transcription initiation of the 

celB-bla mRNA transcript are somewhat uncoupled from the translation initiation of bla since 

the transcription initiation is far upstream from the bla translation initiation site. Whilst in the 

pIB11 construct transcription and translation initiation of bla occurs in close proximity. 

Moving ribosomes prevent spontaneous backtracking by the RNAP and hence increased 

translation rate will lead to increased transcription rate (Proshkin et al. 2010). This effect 

might be less prominent in the pAO double construct since the ribosomes translating celB will 

leave the transcript before reaching bla. There might also be a difference in the mRNA decay 

rate of the resulting transcripts from the two constructs since a negative correlation between 

mRNA length and mRNA decay has been identified in E. coli (Feng et al. 2007), which will 

influence the transcript amount. However the mRNA decay rate was not explored in this 

study.   

Regarding the experiment presented in figure 3-2, an increase in ampicillin tolerance is 

observed in both the celB and the bla position indicating that the Tr 5’-UTR variants have 

both transcription and translation stimulating traits. This is reflected in the β-lactamase assay 

and transcript analysis experiment (fig. 3-3) as well. From the results of the tested Tr 5’-UTR 

variants and the previously tested transcription stimulating 5’-UTRs LV-1 and LV-2 (Berg et 

al. 2009) it seems like a transcription stimulating 5’-UTR will also stimulate translation, even 
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though screening was preformed so that only celB expression was directly affected and an 

increase in bla expression would only be a result of an increase in transcript amount. It is 

possible that the traits stimulating transcription overlap to some degree with the traits 

stimulating translation. The transcription enhancing effect can be a result of faster promoter 

escape and/or faster formation of the open complex, as hypothesized by Berg et al. (Berg et al. 

2009), which would explain why the effect was seen in both constructs (pIB11 and pAO).      

 

4.2 The effect of combining a transcription stimulating and a translation 

stimulating 5’-UTR in the pAO-TrTn construct  

The combination of transcription stimulating 5’-UTR in front of celB and a translation 

stimulating 5’-UTRs in front of bla in the pAO-TrTn construct (fig. 1-3 and 2-2) led to a 

higher ampicillin tolerance than the stimulating 5’-UTR variants did in combination with the 

wt 5’-UTR (fig- 3-4). Due to the design of the pAO construct (section 1.2) the tolerance 

increase probably results from the combination of both increasing the celB-bla mRNA 

transcript amount as well as the translation of bla. Analysis of the differences in transcript 

amount and mRNA decay rate would give more information on the factors resulting in the 

increase.  

 

4.3 A putative promoter element in the spacer region may explain the 

observed high uninduced bla expression for some 5’-UTR fusions   

A striking trait of these long UTR fusions was a substantial increase in ampicillin resistance 

during uninduced conditions compared to their short 5’-UTR counterparts (fig. 3-6, 3-7). 

However, this increase was not observed in the 5’-UTR fusions with an in silico made 

downstream fusion partner (fig. 3-8). This ongoing trend indicates that there is some factor 

differing from the in silico fusions responsible. That might be the spacer sequence 

downstream of the SpeI restriction site and/or a part of the conserved downstream 5’-UTR 

sequence (fig. 2-2). One hypothesis is that the presence of a promoter sequence in the 5’-UTR 

fusion may lead to the additional uninduced gene expression. Indeed, a potential -10 promoter 

element with five of six nucleotides corresponding to the consensus promoter sequence exists 

in the spacer downstream of the SpeI restriction site which could act as a functional promoter 

together with a possible -35 promoter element 15 bp upstream (17 bp being the optimal 
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distance) with four of six nucleotides corresponding to the consensus sequence (for location 

of the possible promoter elements see appendix J, figure 8-6). Based on the position of the 

putative -10 element a transcript from this promoter would contain a 5’-UTR region close to 

the length of the short 5’-UTR variants, thus having the RBS intact. Amongst the 5’-UTR 

fusions with high uninduced ampicillin the LV-2 fusions had a higher uninduced expression 

compared to the corresponding wt fusions (fig 3-6). It might be that some of the mutations in 

the LV-2 sequence favour the activity of the putative promoter. The -10 element is not present 

in the in silico made fusion (tab. 3-1, fig. 3-8) which might explain why they did not result in 

strains with as high uninduced ampicillin tolerance.  

 

4.4 Remarks on the bioinformatics analyses performed on the 5’-UTR 

fusions 

To shed light on the properties affecting the gene expression of the 5’-UTR fusions several 

bioinformatics analyses were performed on the 5’-UTR sequences (section 3.3). The RBS 

calculator calculates the Translation initiation rate (TIR) by evaluating the Gibbs free energy 

(ΔG) of the sequence and its interaction with the ribosome (fig. 3-10). Obviously more factors 

than the TIR will determine the gene expression, for instance the LV-2 5’-UTR variant leads 

to high bla expression but still had a relatively low TIR prediction. This is probably because 

part of the high expression caused by the LV-2 5’-UTR variant comes from transcription 

stimulation. Still some 5’-UTR sequences like LII-11 and Tn 25 gave lower predicted TIRs 

than one would expect based on their ampicillin tolerance. Of course all prediction tools take 

in to account a limited set of factors and it should be noted that most of the sequences 

subjected to reverse engineering got the “NEQ” warning indicating that a model assumption 

might not be fulfilled (Salis 2011).      

The free energy (ΔG) of the most favourable secondary structures of the 5’-UTR sequences 

was predicted by the Quickfold software. As can be visualized in figure 3-12 the short 5’-

UTRs had on average a less stable structure than the long 5’-UTR fusions and amongst the 

fusions the LV-2 combinations had the most stable structures. The increased stability of the 

LV-2 fusions compared to the wt fusions can be explained by that the LV-2 5’-UTR sequence 

on its own had a higher structural energy with -4.6 kcal/mol as opposed to -1.9 kcal/mol for 

the wt 5’-UTR. The down variants and the 5’-UTR fusions containing them had high 

structural stability accompanied with low gene expression, especially for the DI-3 5’-UTR 
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variant and DI-3 fusions. Apart from the down variants no clear relationship between the 5’-

UTR stability and gene expression was observed within the groups. It is known that stable 

structures in the mRNA 5’-end will lower the gene expression (Kudla et al. 2009; Tuller et al. 

2010b). The structural energy, however, tends to have less of an impact on the gene 

expression when approaching lower levels (Supek et al. 2010; Tuller et al. 2010b). This may 

explain why only the most stable structures showed a convincing correlation with low gene 

expression. It is possible that the short 5’-UTRs are more sensitive towards high stability 

since they contain fewer nucleotides to distribute the energy, and that is why low ampicillin 

tolerance is observed for DI-3 and DI-8 at energy levels of -10.6 and -6.2 kcal/mol, 

respectively. The 5’-UTR fusions seem to withstand a higher stability, possibly because the 

secondary structures will distribute over a larger area, and some structures will be further 

away from the SD sequence and start codon and hence might have less of an impact on the 

translation initiation. 

The predicted secondary structures of the short 5’-UTRs were quite similar (fig. 3-13) as one 

would expect since the sequences themselves are very similar and the short stretch of 

nucleotides limits the number of possible structures. Most of the structures had the putative 

SD-sequence as part of an end-loop in a stem-loop structure containing two GC bonds. The 

exceptions are the ones resulting in the lowest ampicillin resistance. The wt and DI-8 5’-UTR 

sequence had the SD sequence as part of an internal loop in a stem-loop structure and the wt, 

DI-3 and DI-8 had stronger structures with 3, 3 and four GC bonds, respectively. It is possible 

that a SD sequence in an internal loop is less accessible by the ribosome leading to hampering 

of the translation. The same goes for a high degree of GC bonds which makes for a stronger 

secondary structure.  

Most of the 5’-UTR fusions gave a large number of predicted secondary structures. To get a 

better overview, the secondary structures were divided into groups depending on the 

secondary structure at and close to the SD sequence (fig. 3-14). The sectioning into groups 

was based on the hypothesis that the more secondary structures present close to the SD 

sequence the more hindrance of the translation will occur. In addition the amount of GC 

bonds in the SD containing secondary structure was analyzed because the strength of the GC 

bonds contributes to a more stable structure. A SD sequence within a strong secondary 

structure will be less accessible which might hamper translation.  
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The 5’-UTR fusions with unstructured SD sequence (free SD) consist of the strains which 

achieved about the same ampicillin tolerance level or higher than the corresponding short  5’-

UTRs (pLUTR, LV-2 wt, wt Tn58 and LV-2 Tn58), and also the two 5’-UTR fusions 

resulting in the highest ampicillin tolerance (LV-2 Tn58 and LV-2 max 1). In addition the 5’-

UTR fusions with 2 and >2 secondary structures were associated with reduced (compared to 

short UTRs) and low gene expression (with the exception of LV-2 max2). This shows that 

valuable information not picked up by just looking at the sequence stability can be obtained 

by closer inspection of the predicted secondary structures.  

The analyses performed in this study are more or less linked together. The RBS calculator 

model is based on the mRNA stability (Δ G) which again is affected by the number of GC 

bonds in the SD containing structure. 5’-UTRs with structures in the free SD group will 

automatically have a lower average number of GC bonds in the SD containing secondary 

structure. However the results show that they are different enough so that one analysis can 

pick up information overlooked by another.     

 

4.5 Limiting factors discovered can explain low/reduced ampicillin 

tolerance for the 5’-UTR fusions  

The wt 5’-UTR sequence of pLUTR and the LV-2 wt 5’-UTR fusion resulted in strains with 

close to the same ampicillin tolerance as the short wt 5’-UTR sequence of pIB11 (fig.3-6). 

The analysis showed a low TIR (fig. 3-10), relatively low mRNA stability (fig. 3-12), 

structures with a free SD sequence (fig. 3-14) and a low average of GC bindings in the SD 

containing secondary structures (fig. 3-16). The three last traits are believed to favour high 

gene expression so the results indicate that some unfavourable interaction with the ribosome 

picked up by the RBS calculator is the limiting factor (low TIR) for the strain with the short 

and long wt 5’-UTR, as well as the LV-2 wt fusion.  

The wt Tn25 and LV-2 Tn25 5’-UTR fusions resulted in a lower ampicillin tolerance with 

growth at 4 000 and 5 000 µg/mL ampicillin, respectively, compared to 9 000 µg/mL 

resulting from the Tn25 5’-UTR variant. The Tn25 fusions had a lower predicted TIR than the 

Tn25, relatively high Δ G and highly structured sequences close to the SD sequence. Wt Tn25 

had more structures in the >2 secondary structures category than LV-2 Tn25 which might 

explain its lower tolerance level. Alternatively it is expected that the LV-2 fusions produce 
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more transcript. The results indicate that the decrease in tolerance level compared to the Tn25 

strain comes from a decrease in TIR and/or highly structured 5’-UTRs with relatively high 

stability. 

The wt Tn47 and LV-2 Tn47 resulted in strains with relatively high ampicillin resistance with 

growth at 7 000 and 6 000 µg/mL ampicillin, respectively, but still substantial lower than the 

Tn47 strain with viable growth at 10 000 µg/mL. The Tn47 sequence has a relatively high 

predicted TIR and the Tn47 fusions had a slight increase, suggesting that the TIR is not the 

limiting factor. The 5’-UTR stability (Δ G) does not stand out as especially high compared to 

the other 5’-UTR fusions, but the Tn47 combinations have at least two secondary structures at 

and close to the SD sequence. The same goes for the LII-11 fusions resulting in a substantial 

decrease in ampicillin tolerance with growth at 5 000 µg/mL ampicillin down from more than 

13 000 for the LII-11 strain despite an unchanged predicted TIR compared to LII-11 and Δ G 

close to the ones predicted for the 5’-UTR fusions with the highest ampicillin tolerance. So in 

the case of the Tn47 and LII-11 5’-UTR fusions it seems like the structures at and close to the 

SD sequence is the limiting factor reducing the bla expression. 

The wt Tn58 and LV-2 Tn58 stood out with a resulting ampicillin tolerance close to and 

surpassing that of Tn58 with growth at 10 000 and more than 13 000 µg/mL ampicillin 

respectively, compared to 11 000 µg/mL for the Tn58 strain. It is noteworthy that these two 

sequences got favourable results in all the factors analyzed. They have the highest predicted 

TIR surpassing that of Tn58, the second lowest Δ G next to the wt combinations and high 

proportion of secondary structures with “free SD” resulting in a low GC bond average of the 

SD containing secondary structure. The higher resistance level resulting from LV-2 Tn58 

compared to wt Tn58 might come from increased transcription due to stimulation from the 

LV-2 sequence, which could be further investigated with transcript analysis. In addition the 

LV-2 Tn58 5’-UTR variant has more favourable predicted secondary structures than the wt 

Tn58 5’-UTR with a higher proportion of free SD and no structures in the >2 secondary 

structures group. It should also be noted that the LV-2 Tn58 5’-UTR resulted in an especially 

high bla expression at uninduced conditions with growth at more than 3500 µg/mL. If this 

uninduced expression is due to the putative promoter in the spacer region (as discussed above) 

it is possible that it will contribute to an increased bla expression also during induced 

condition since repetitive promoters elements in tandem have  been shown to increase gene 

expression (Li et al. 2012).  
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The DI-3 fusions resulted in an increase in ampicillin tolerance of about 2-fold for the wt DI-3 

strain and 5-fold for the LV-2 DI-3 strain compared to the strain harbouring the short DI-3 5’-

UTR (fig. 3-7). The wt DI-3 fusion looks to have maintained the low uninduced expression 

level of the DI-3 strain with undetected growth at an ampicillin concentration of 7.5 µg/mL, 

while the LV-2 DI-3 strain showed uninduced growth at the levels reached by the wt short 5’-

UTR. The DI-3 fusions share traits with the DI-3, with the lowest predicted TIR, the highest 

5’-UTR stability and equal amount of GC bonds in the SD containing secondary structure. 

Since the transcript amount of the DI-3 is about half that of the wt strain (Lale et al. 2011) it is 

possible that the 2-fold increase in expression from the wt DI-3 fusion is a result of increased 

transcription resulted from the wt 5’-UTR fusion partner. Increased transcription is of course 

also a possibility for the LV-2 DI-3 due to the transcription stimulating properties of the LV-2 

sequence. In addition the LV-2 DI-3 5’-UTR does not have any predicted secondary 

structures in the >2 secondary structures group as opposed to wt DI-3 which might contribute 

to the higher expression level. The DI-3 fusions did not result in such an increase of 

expression at uninduced conditions as observed in the other 5’-UTRs containing the -10 

promoter element. It might be that some part of the DI-3 sequence has a negative effect on the 

transcription from that promoter region.  

The DI-8 fusions both resulted in about a 13-fold increase in ampicillin tolerance compared to 

the DI-8 strain. The DI-8 fusions had an increased TIR to about wt levels and average GC 

bonds in the SD containing sequence of about 2.5 down from 4 in the DI-8 5’-UTR. These 

traits may explain the increase in ampicillin resistance as well as the possibility of increased 

transcript amount. Like the other 5’-UTR fusions the uninduced tolerance levels were high, 

possibly because of the -10 promoter element present in the spacer region.   

The max 5’-UTR variants (tab. 3-1), designed by the RBS calculator, are based on the 

maximizing of the TIR value alone. Hence it was no surprise that the predicted TIR of the 

max 5’-UTR sequences were much higher than that of the other sequences studied (fig. 3-10). 

However, the substantial difference was not reflected in the experimentally observed 

ampicillin resistance where they performed quite evenly with the 5’-UTR fusions composed 

of sequences obtained by selection screening (fig. 3-6 and 3-8). There is little correlation 

between the TIR and the observed ampicillin resistances of the max fusions. This, in 

combination with that all the predicted TIRs for the max fusions are much higher than the 

other 5’-UTR fusions with greater ampicillin resistance, indicate that other factors than the 
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TIR is the limiting factor in determining the gene expression in the case of the max fusion 

strains.  

The LV-2 max 1 5’-UTR resulted in the highest ampicillin resistance level of all the max 

fusions only surpassed by the LII-11 and LV-2 Tn58 strain. Like the LV-2 Tn58 5’-UTR the 

LV-2 max 1 5’-UTR performed favourably in all the categories analyzed with the lowest 5’-

UTR stability of all the LV-2 fusions together with LV-2 wt, and predicted secondary 

structures with a free SD sequence. The LV-2 max 2 strain had viable growth at the relatively 

high ampicillin concentration of 9 000 µg/mL. It has a high number of predicted secondary 

structures at and close to the SD sequence. However, a low average number of GC bonds in 

the SD containing structure of two may explain the relatively high ampicillin tolerance. The 

LV-2 max 3 5’-UTR resulted in a medium ampicillin tolerance with growth at 5 000 µg/mL 

ampicillin. Except for the DI-3 fusions, the LV-2 max 3 strain had the lowest background 

expression with no observed growth at 75 µg/mL ampicillin. It has predicted secondary 

structures with only one structure at the SD sequence. However, with an average of 3 GC 

bonds it is quite stable which might be the limiting factor. The LV-2 max 4 strain showed 

relatively low bla expression with growth at 3 000 µg/mL ampicillin, which might be 

explained by the high number of secondary structures at and close to the SD sequence in 

combination with 5 GC bonds in the SD containing structure. 

The wt max 5 strain showed a relative high ampicillin resistance with viable growth at 10 000 

µg/mL ampicillin, the same level as the wt Tn58 strain, making these two strains the wt 

fusions with the highest bla expression. The strain has a high bla expression despite a stable 

SD containing structure with an average of 4 GC bonds. However, half of the predicted 

structures belonged in the 1 secondary structure group supporting good accessibility of the SD 

sequence. A theory which seeks to explain why high expression can be observed despite 

stable structures covering the SD sequence is named “the stand by model” (Unoson et al. 

2007) which is based on that the ribosomes are able to bind a single stranded part of the 

mRNA close to the SD sequence, thus be in immediate presence when the SD sequence is 

accessible. In the case of wt max 5 the sequence in close proximity of the SD is indeed single 

stranded. The same goes for the wt max 7 strain which share much of the traits with wt max 5 

and also results in a relatively high gene expression. In addition it has a quite low Δ G with -

6.2 kcal/mol. Wt max 6 as well as wt max 5 and 7 have predicted secondary structures in the 1 

secondary structure group combined with a high number of GC bonds in the SD containing 

structure. However, it results in low ampicillin tolerance indicating some differences not 
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picked up by the analyses performed in this study. The wt max 8 strain too had relatively low 

ampicillin resistance probably because of many structures close to the SD sequence. It should 

be noted that the wt max 5 strain showed mutations in the initial bla sequence (appendix G). It 

has been shown that the nucleotides in the initial coding region can have a significant impact 

on gene expression (Ahn et al. 2008; Tuller et al. 2010b) 

 

4.6 5’-UTR fusions enhancing transcription and translation may lead to 

increased/high bla expression when limiting factors are absent  

It is noteworthy that the two 5’-UTR fusions (LV-2 Tn58 and LV-2 max 1) that resulted in the 

highest ampicillin tolerance performed favourably in all the categories analyzed with no 

obvious limiting factor emerging. It should also be noted that these two 5’-UTR fusions are 

LV-2 fusions. No ongoing trend linked high expression with a LV-2 fusion partner, but it is a 

possibility that the absence of other limiting factors have allowed the transcription stimulating 

properties of LV-2 to contributed to the high bla expression for these two strains. No data on 

the transcript amount was obtained for the 5’-UTR fusions in this study. Thus, it is not known 

whether the LV-2 sequence has kept its transcription stimulating properties as part of a 5’-

UTR fusion. However, considering that the transcriptional open complex is only 12-15 bp 

long, initially just covering a couple of bases after the TSS and that the RNAP usually have 

formed the elongation complex by the time it has reached the nucleotide +20 of the transcript 

mRNA (DeHaseth et al. 1998; Davis et al. 2007) it seems unlikely that the sequence 

downstream of the LV-2 region (stating at +35) of the 5’-UTR fusions will have a significant 

influence on transcription initiation. Since the LV-2 5’-UTR variant has a confirmed 

transcript enhancing effect in the pIB11 construct (Berg et al. 2009), there is a good chance it 

has the same effect in the pLUTR construct as well. For most of the other LV-2 5’-UTR 

fusions the analyses picked up one or more possible limiting factors which might overshadow 

the transcription stimulating effect from the LV-2 region.  

When further investigating the strains with the highest ampicillin resistance the LV-2 Tn58 

strain was found to have the highest tolerance, close to 30% greater than that resulted from the 

LI-11 strain (fig. 3-9) previously shown to have an increase in β-lactamase activity of a factor 

of 20 compared to the pIB11 wt strain (Berg et al. 2009). Hence, it reached a higher 

ampicillin resistance level than both of its components (LV-2 and Tn58). The LV-2 max 1 

strain barely surpassed the ampicillin tolerance of the LV-2 strain previously shown to have 
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about a 17 fold increase of  bla expression compared to the pIB11 wt strain (Berg et al. 2009). 

This indicates that the in silico designed 5’-UTR sequences are capable of reaching the same 

expression levels as those identified by selective screening.    

5 Conclusion  

 

The aim of this study was to look into the possibility of designing a 5’-UTR fusion consisting 

of a transcriptional stimulating and a translational stimulating region capable of achieving 

higher gene expression than what was achieved by its components alone. The results indicate 

that the creation of a 5’-UTR fusions tend to introduce limiting factors yielding a reduced 

gene expression. However some 5’-UTR fusions successfully resulted in high gene expression 

and the LV-2 Tn58 strains surpassed the ampicillin resistance level of both its components 

(the LV-2 and Tn58 strain) showing a possible additive effect of stimulating both 

transcription and translation in the form of a 5’-UTR fusion. This indicates that testing a 

relatively small number of different sequences gives a good chance of success. The method 

also seemed viable to increase expression of down variants while maintaining low uninduced 

expression.  

The results indicate that in silico designed translation stimulating 5’-UTR sequences on 

average are able to perform at the same levels as the 5’-UTR sequences obtained trough 

selection screening. The LV-2 max 1 variant showed that these 5’-UTR fusions have the 

potential of reaching bla expression levels on par with the previously identified high 

expressive 5’-UTRs.  

It seems likely that the high gene expression seen from some of the LV-2 fusions is due to 

increased transcription stimulation caused by the LV-2 region, though without data on the 

transcript amount a conclusion cannot be made. 
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6 Future prospects 

 

Transcript analysis such as described in section 2.2.3 should be performed on the 5’-UTR 

fusions to confirm if the LV-2 sequence stimulate transcription as part of a 5’-UTR fusion in 

such a way as it does on its own in the pIB11 construct (Berg et al. 2009). Analysis of any 

differences in mRNA decay could be useful to investigate if it might explain some of the 

variance in expression. To get a more accurate measurement on the variances in gene 

expression (as opposed to replica plating) protein assays should be performed as described in 

section 2.2.3. 

To investigate the possible transcription from the -10 promoter element found in the spacer 

region one could seek to analyse the transcript length since the resulting transcript would be 

shorter than the transcript from the Pm promoter. Alternate spacer regions can be tested and if 

the high uninduced expression disappears, as seen in the max fusions, it would support that an 

active promoter element is responsible. In addition testing the effect of alternate spacer 

regions would be interesting regardless of the investigation of the promoter element.  

It would be interesting to further test the robustness of the analyses performed on the 5’-UTR 

fusions by designing new 5’-UTR fusions with high TIR, unstructured SD sequence and low 

structural energy, to see if these also would result in strains with high expression of the target 

gene. Other reporter genes could be tested to investigate to what degree the observed effect of 

the 5’-UTR fusions is gene specific. 

Making a 5’-UTR library with a fixed LV-2 upstream region and a randomized downstream 

region could be performed to see if it would identify 5’-UTR regions outperforming the ones 

covered in this study.     
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8 Appendices 

A. Annealing program  

Table 8-1: The settings used on the PCR machine when annealing oligonucleotides  

Step Temperature ( ºC) Time 

(min) 

1 95 10 

2 80 2 

3 75 2 

4 70 3 

5 65 5 

6 55 10 

7 50 10 

8 45 3 

9 40 2 

10 35 2 

11 30 1 

12 25 1 

13 20 1 

14 15 1 

15 4 Hold 

 

B. The bla sequence used as input in the RBS calculator 

50 fist nucleotides of the bla DNA sequence:  

ATGAGTATTCAACATTTTCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTG 



 

C. Ampicillin concentrations of the plates used in replica plating 

 

Table 8-2: The ampicillin concentration of the plates used in the replica plating presented in 

figure 3-1 and 3-2. 

 

 

 

 

 

 

 Uninduced plates Induced plates (0.5 mM m-toluic acid) 

Plate Ampicillin concentration [µg/mL] Ampicillin concentration [µg/mL] 

1 5 50 

2 7.5 100 

3 10 200 

4 25 300 

5 50 400 

6 100 500 

7 150 750 

8 200 1000 

9 250 2000 

10 300 3000 

11 350 4000 

12 400 5000 

13  6000 



 

Table 8-3: The ampicillin concentration of the plates used in the replicatplating presented in 

figure 3-4. 

 

 

 

 

 

 Uninduced plates Induced plates (0.5 mM m-toluic acid) 

Plate Ampicillin concentration [µg/mL] Ampicillin concentration [µg/mL] 

1 2.5 50 

2 5 100 

3 7.5 250 

4 10 500 

5 25 750 

6 50 1000 

7 100 1500 

8 250 2000 

9 500 3000 

10 1000 4000 

11  5000 

12  6000 

13  7000 

14  8000 



 

Table 8-4: The ampicillin concentration of the plates used in the replicatplating presented in 

figure 3-6, 3-7 and 3-8. 

  

 Plates without inducer Plates with inducer (2.0 mM m-toluic acid) 

Plate Ampicillin concentration [µg/mL] Ampicillin concentration [µg/mL] 

1 7.5 25 

2 10 50 

3 25 75 

4 50 100 

5 75 250 

6 100 500 

7 150 750 

8 200 1000 

9 250 1250 

10 300 1500 

11 400 2000 

12 500 3000 

13 750 4000 

14 1000 5000 

15 1250 6000 

16 1500 7000 

17 2000 8000 

18 2500 9000 

19 3000 10000 

20 3500 11000 

21  12000 

22  13000 



 

Table 8-5: The ampicillin concentration of the plates used in the replikaplating presented in 

figure 3-9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Induced plates (0.1 mM m-toluic acid) 

Plates Ampicillin concentration [µg/mL] 

1 1000 

2 1250 

3 1500 

4 2000 

5 2500 

6 2750 

7 3000 

8 3250 

9 3500 

10 4000 

11 4500 

12 5000 

13 6000 



 

D. β-lactamase assay and qRT-PCR data 

 

 

Table 8-6: The slopes of the linear area of the graphs obtained when measuring the 

absorbance as for the β-lactamase assay as described in section 2.2.3. 

Sample Parallel 1 Parallel 2 Parallel 3 Average St DEV % St DEV 

pB11 wt -8.621 -7.084 -6.844 -7.516 0.964 12.828 

pB11 LV-1 -93.7 -106.6 -111.2 -103.833 9.072 8.737 

pB11 n24 -71.18 -72.24 -76.98 -73.467 3.088 4.204 

pB11 n47 -81.92 -89.06 -82.1 -84.360 4.071 4.826 

pB11 r28 -61.21 -56.08 -65.61 -60.967 4.770 7.823 

pB11 r31 -30.19 -30.32 -31.94 -30.817 0.975 3.164 

 

 

Table 8-7: The absorbance measurements of known protein (BSA) concentrations performed 

to make the protein concentration standard curve (fig. 8.1).   

BSA protein  

Concentration 

(mg/mL) 

Parallel 1 Parallel 2 Parallel 3 Average St DEV 

0 0.3036 0.3063 0.3224 0.3108 0.0102 

0.05 0.42 0.4294 0.4271 0.4255 0.0049 

0.1 0.4537 0.5403 0.5879 0.5273 0.0680 

0.2 0.7176 0.7764 0.7785 0.7575 0.0346 

0.3 0.862 0.9885 0.9671 0.9392 0.0677 

0.4 1.1577 1.0801 1.1861 1.1413 0.0549 



 

 

Figure 8-1: The standard curve of protein amount used to calculate the protein concentration 

of the samples seen in figure 3-3.  

 

Table 8-8: Calculated protein amount of the samples presented in figure 3-3 by using the 

standard curve in figure 8-1.  

Sample Parallel 1 Parallel 2 Parallel 3 Average ST DEV 
Concentration 

(mg/mL) 

pB11 wt 0.7146 0.7298 0.7422 0.7289 0.0138 0.1968 

pB11 LV-1 0.6982 0.7097 0.7356 0.7145 0.0191 0.1898 

pB11 n24 0.732 0.6867 0.7180 0.7122 0.0231 0.1888 

pB11 n47 0.6505 0.6776 0.7489 0.6923 0.0508 0.1792 

pB11 r28 0.6379 0.6625 0.7236 0.6747 0.0441 0.1707 

pB11 r31 0.6903 0.7186 0.7468 0.7186 0.0282 0.1919 
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Table 8-9: Output data from the qRT-PCR used to determine the transcript amount presented in 

figure 3-3. The empty parallel boxes are omitted outliners.  

Sample 

 

Parallel 

1 

 

Parallel 

2 

 

Parallel 

3 

Average 

Ct 
Ct st dev 

   

16S 

rRNA 
        

pIB11 - 11.987 12.275 12.131 0.144    

LV-1 - 13.000 13.010 13.005 0.005    

Tn24 13.638 13.429 - 13.534 0.105    

Tn47 14.588 14.523 14.478 14.530 0.032    

Tr28 14.377 14.094 14.208 14.226 0.082    

Tr31 12.499 12.214 12.405 12.372 0.084    

bla      RQ RQ min RQ max 

pIB11 22.000 22.180 - 22.090 0.090 1.000 0.603 1.660 

LV-1 19.604 19.739 19.684 19.676 0.039 9.769 8.955 10.657 

Tn24 21.676 - 21.417 21.547 0.129 3.852 2.344 6.330 

Tn47 21.435 21.326 21.434 21.398 0.036 8.517 7.760 9.347 

Tr28 21.370 21.190 21.280 21.280 0.052 7.491 6.213 9.032 

Tr31 20.887 20.826 20.757 20.824 0.038 2.843 2.383 3.393 
 

           



E. GeneRuler 1 Kb DNA ladder #SM0311 

 

Figure 8-2: The GeneRuler 1 Kb DNA ladder #SM0311 used in the gel electrophoreses in 

figure 3-5



 

F. 5’-UTR fusion sequences  

 

Table 8-10: The sequence of the 5’-UTR fusions presented in figure 3-6 and 3-7. The restriction sites; PciI (5’-end), SpeI (spacer) and NdeI (3’-

end) are underscored and the SD sequence is marked in bold. Mutations in relation to the wt sequence are marked in red.   

pLUTR 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTATATACTAGATATGTACAATAATAATGGAGTCATGAACATAG-3’ 

LV-2 wt 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTATATACTAGATATGTACAATAATAATGGAGTCATGAACATATG-3’ 

wt Tn25 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTATATACTAGATATGTACAATGATAATGGAGTCATAAACATATG-3’ 

LV-2 Tn25 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTATATACTAGATATGTACAATGATAATGGAGTCATAAACATATG-3’ 

wt Tn47 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTATATACTAGATATGTAATAAACTAAAGGAGTTATGAACATATG-3’ 

LV-2 Tn47 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTATATACTAGATATGTAATAAACTAAAGGAGTTATGAACATATG-3’ 

wt Tn58 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTATATACTAGATATGTACATTAACAAAGGAGTCATATACATATG-3’ 

LV-2 Tn58 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTATATACTAGATATGTACATTAACAAAGGAGTCATATACATATG-3’ 

wt DII-11 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTATATACTAGATATGTTACACAATAATGGAGTAATGAACATATG-3’ 

LV-2 DI-11 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTATATACTAGATATGTTACACAATAATGGAGTAATGAACATATG-3’ 

wt DI-3 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTATATACTAGATATGTGGCATAATAATGGAGTTATGCACATATG-3’ 

LV-2 DI-3 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTATATACTAGATATGTGGCATAATAATGGAGTTATGCACATATG-3’ 

wt DI-8 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTATATACTAGATATGTCCCATAATAATGGAGTCATGAACATATG-3’ 

LV-2 DI-8 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTATATACTAGATATGTCCCATAATAATGGAGTCATGAACATATG-3’ 



 

Table 8-11: sequence of the 5’-UTR fusions presented in figure3-8. The restriction sites; PciI (5’-end), SpeI (spacer) and NdeI (3’-end) are 

underscored and the SD sequence is marked in bold.    

LV-2 max 1 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTAGATCTAATACACCCAATCTTTTTAGAGGAGGTTTTACATATG-3’ 

LV-2 max 2 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTATACACGTTCAGCAAGAGCAACCGCCGAGGAGGTTAACATATG-3’ 

LV-2 max 3 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTAGGCGCAACCACCAGTTCAGCAAATCAGGAGGTTCTCCATATG-3’ 

LV-2 max 4 5’-AACATGTACCATAATACAGGAGTTATGAACATATCATACACTAGTAATCCCAGTTTACGCCGACCATACCCTAAGGAGGTCCCATATG-3’ 

wt max 5 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTAGCAACAGGTCCTATACAACTAACCTAAGGCAGGTATCATATG-3’ 

wt max 6 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTAGCCTTTCAGCCTCAGCCCAGAACCTTTAAGGAGGTACATATG-3’ 

wt max 7 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTAACACGTCCCCCAATAGTTATTTCTTAAGGAGGTCCCCATATG-3’ 

wt max 8 5’-AACATGTACAATAATAATGGAGTCATGAACATATCATACACTAGTACCGCCACTAATAGTCCGCGCCCTTAAGGAGGAATCCCATATG-3’ 



 

G. Initial replica plating 

 

 

Figure 8-3: Initial replica plating performed prior to the replikaplating presented in figure 3-6 

and 3-7.  
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H. Sequencing results  

Figure 8-4: Aligned sequencing results of the 5’-UTR fusions with previously identified translation 5’-UTR variants as a downstream fusion 

partner 

Figure 8-5: Aligned sequencing results of the 5’-UTR fusions with an in silico made downstream partner



 

I. Secondary structures predicted by the Quickfold software 

 

Table 8-12: The number of predicted secondary structures for the 5’-UTR fusion sequences 

given by the Quickfold software, as well as the average free energy (ΔG) including standard 

deviation. 

 

Strain 
Number of suggested 

structures 

Average ΔG [kcal/mol] + 

standard deviation 

pLUTR 9 -6.5  ± 0.4 

LV-2 wt 8 -9  ± 0.4 

wt Tn25 3 -10.6  ± 0.4 

LV-2 Tn25 1 -13.5 ± 0.0 

wt Tn47 3 -8.7  ± 0.4 

LV-2 Tn47 1 -11.6 ±0.0 

wt Tn58 5 -7.3  ± 0.4 

LV-2 Tn58 2 -10  ± 0.6 

wt LII-11 4 -7.8  ± 0.3 

LV-2 LII-11 2 -10.6  ± 0.2 

wt DI-3 3 -16  ± 0.4 

LV-2 DI-3 1 -18.9 ± 0.0 

wt DI-8 5 -9.6  ± 0.4 

LV-2 DI-8 2 -12.5  ± 0.1 

LV-2 max 1 8 -9.0 ± 0.4 

LV-2 max 2 2 -10.7 ± 0,.5 

LV-2 max 3 2 -10.5 ± 0.7 

LV-2 max 4 2 -10.7 ± 0.3 

wt max 5 2 -7.2 ± 0.6 

wt max 6 7 -7.6 ± 0.4 

wt max 7 3 -6.0 ± 0.5 

wt max 8 3 -6.2 ± 0.5 



Table 8-13: The number of predicted secondary structures for the short 5’-UTR sequences 

given by the Quickfold software, as well as the average free energy (ΔG) including standard 

deviation. 

Strain 
Number of suggested 

structures 

Average ΔG [kcal/mol] + 

standard deviation 

pIB11 2 -1.9 ± 0.3 

LV-2 1 -4.6 ± 0.0 

Tn25 1 -4.1 ± 0.0 

Tn47 2 -2.1  ± 0.1 

Tn58 2 -0.9  ± 0.2 

LII-11 2 -1.7  ± 0.6 

DI-3 1 -10.6 ± 0.0 

DI-8 1 -6.2 ± 0.0 

 

 

J. The putative promoter element present in some of the 5’-UTR 

fusions 

 

 

Figure 8-6: The putative promoter element present in some 5’-UTR fusions. The nucleotides corresponding to 

the consensus of the -10 and -35 region is in uppercase   

 

 

 

 

 



 

 

 

 

 

 

 

 



 

Part Two: The Literature-Based Study 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

The Role of the Nucleotide Sequences at 
the 5'-ends of Genes in the Control of 
the Level of Recombinant Expression in 
Escherichia coli 

Abstract: The nucleotide sequence at the gene 5’-end has a great influence on the expression 

level of genes, being the location of central mechanisms like transcription and translation 

initiation. Because of this the 5’-end sequence is an important target when designing genes for 

recombinant expression. This review will focus on recent research trends, covering the traits 

of the 5’-end that influence gene expression, as well as on approaches and tools targeting this 

region that have been utilized or show potential to be used to achieve desired recombinant 

expression levels in E. coli. In recent years it have become evident that the entire 5’-

untranslated region as well as the initial coding sequence has great influence on gene 

expression, showing that there is more to designing genes for recombinant expression then 

picking a strong promoter and an optimal SD sequence. 

Sammendrag: Nukleotidsekvensen til 5’-enden av gener har en stor innflytelse på 

genuttrykket, siden det er lokasjonen til sentrale mekanismer som transkripsjons og 

translasjons start. Dette gjør sekvensen til 5’-enden til et viktig mål ved design av gener for 

rekombinant produksjon. Denne artikkelen vil fokusere på nyere trender innen forskning som 

omfatter egenskaper ved 5’-enden som påvirker genuttrykket, samt tilnærminger og 

programvare rettet mot 5’-enden som har blitt brukt eller viser potensial til å bli brukt for å 

oppnå ønsket rekombinant genuttrykk i E. coli. I senere år har det blitt tydelig at hele den 

ikke-kodende 5’-enden samt den innledende kodende sekvensen har stor innflytelse på 

genuttrykket, som viser at det er mer til design av gener for recombinant uttrykk enn å 

kombinere en sterk promoter med en optimalisert SD-sekvens.     

 

 



2 

 

1 Introduction 

E. coli has since the late 70s been extensively used for recombinant expression of proteins. It 

is an attractive production host due to its well characterized genome, well developed cloning 

tools and expression systems as well as industrial advantages such as rapid growth, cheap 

medium requirements and potential for high yield of the desired product. Close to 30% of bio-

pharmaceuticals are produced in E. coli (Ferrer-Miralles et al. 2009) showing that it has 

maintained its important role as a recombinant microorganism.  

Several approaches are used to achieve the desired expression of recombinant genes in E. coli. 

However, regulation of gene expression is immensely complicated and can occur at several 

levels on the path from DNA to a functional protein as illustrated in figure 1, and it should be 

noted that only part of the big picture will be addressed in this review (Fig. 1, highlighted).   

The 5’-end of a gene at the DNA and messenger RNA (mRNA) level plays an important part 

in determining the efficiency of its gene expression. The 5’-end (including part of the 5’-

flanking region) includes the promoter element, the 5’-untranslated region (5’-UTR) 

stretching from transcription start to translation start, and the initial coding sequence.  Being 

the site of transcription and translation initiation there is no surprise that many regulatory 

mechanisms exert its role at the 5’-end. As will be described in this review, complex 

regulatory systems can operate at the 5’-end and small changes in the sequence may have a 

big impact on gene expression. Because of these traits the 5’- sequence is an important target 

in altering the expression of recombinant genes. This review will focus on recent research 

trends covering the traits of the 5’-end region influencing gene expression, and also on 

approaches targeting this region that have been utilized or show potential to be used to 

achieve desired expression levels in E. coli. The focus on recent research means that well 

known regulatory elements such as the promoter and the ribosome binding Shine Dalgarno 

(SD) sequence are not the main focus of this review. Instead the importance of the remaining 

part of the 5’-UTR and the initial coding region and also the subject of RNA regulation will 

be brought to attention. Aspects influencing gene expression at the protein level are beyond 

the scope of this review, such as protein-protein interaction and protein folding even if the N-

terminus is involved.  
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Figure 7: An overview of the synthetic pathway from DNA to a functional protein and some 

of the factors influencing gene expression. The focus areas of this review article are 

highlighted.  

 

Since synthesizing synthetic gene sequences have become progressively easier over the years 

it has become commonplace to design synthetic genes, and other relevant DNA elements, 

when attempting to reach a specific expression level of a recombinant gene. However, a 

drawback in much of the research done on altering gene expression is that it is highly based 

on trial and error and only the success stories get published, often just presenting the wild 

type and the altered sequence. This makes it difficult to pin point the best way to design 

synthetic genes. Recently, studies analyzing large datasets of altered sequences with respect to 

their influence on gene expression have been published, some of which will be presented in 
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this review. Finally, the available bioinformatics tools aimed to design synthetic genes and 

commercial expression systems will be addressed.      

2 The transcriptional level 

 

The first step in protein synthesis is transcription where RNA polymerase (RNAP) initiates 

synthesis of messenger RNA (mRNA). The RNAP consists of five subunits of which the σ-

factor is responsible for specific promoter recognition. E. coli produces several different σ-

factors (mostly σ
70

) recognizing different promoter sequences. The promoter can be divided 

into four regions: the two hexameres named the -10 and -35 region after their location in 

relation to the nucleotide first transcribed by RNAP termed the transcription start site (TSS), 

the spacer region between them (consensus length of 17 bp) and the A/T rich UP element (at 

position -40 to -60). The -10 and -35 regions are especially important for recognition of the σ-

factor and the closer they are to the consensus sequence the stronger the promoter is 

(DeHaseth et al. 1998). The TSS chosen by the RNAP is dependent on the distance from the -

10 region, but the sequence will also influence the start site selection, for instance purines are 

preferred over pyrimidines (Walker et al. 2002). A part of the initiation process is formation 

of the “open complex” where the two DNA strands melt (separate) from  bp -11 to about 

+2/+3, but up to base +20 may be involved before RNAP escapes the promoter and forms the 

elongation complex (Hsu 2002; Davis et al. 2007). For more details on RNAP-promoter 

interaction see (DeHaseth et al. 1998). The importance of the promoter in recombinant 

expression is highly recognized. The most common commercially expression systems for E. 

coli utilize some version of the Plac, Ptrp, Ptac, λPL, λPR and T7 promoter (see  (Schumann et al. 

2004) for details). Other factors recently found to influencing the transcription efficiency 

other than the basic interaction between the RNAP and the promoter sequence are addressed 

below.  

The effect of several promoter elements in control of a gene has been investigated by 

incorporating clusters of core-tac-promoters in tandem. The transcript amount had a stepwise 

increase correlating with the number of promoter elements, until the maximum enhancement 

was reached at five promoters (Li et al. 2012).   
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The first nucleotides of the mRNA transcribed makes up the 5’-UTR, which for long has been 

known to influence translation. However, it has been discovered through recent studies that 

even mutating the 5’-UTR sequence more than 7 bp away from the TSS can result in a 

significant increase in transcript amount without changing the mRNA stability or the TSS 

position. An increase in the transcript amount of the penicillin resistance gene bla of up to 16-

fold compared to wild type transcript amounts has been reported. It is speculated on that this 

effect may come from a faster formation of the open transcription initiation complex and/or 

faster promoter escape by RNAP (Berg et al. 2009). 

Failure of promoter escape is linked with a mechanism termed “abortive initiation”, which is 

the cyclic premature release of short (2-15 bp) RNA sequences by the RNAP. The 

phenomenon has long been observed in vitro, but was quite recently proven to take place in 

vivo as well (Goldman et al. 2009). A promoter close to the consensus sequence will lead to 

more abortive initiation due to tight binding of the RNAP preventing promoter escape. Hence, 

the promoter sequence is the primary regulator of abortive initiation, but in addition, the 

initial transcribed region can serve as a secondary regulator by altering the escape pattern if 

transcription is limited by promoter escape (Hsu et al. 2006). As well as influencing the 

transcription efficiency directly, abortive initiation can have an additional effect on gene 

expression posed by the aborted transcripts produced. It is shown that the aborted transcripts 

may regulate gene expression through trans-acting antitermination activity. For instance the 

aborted transcripts produced from the T7 promoter interact with the T7 terminator Tφ, 

disrupting its termination of transcription, which allows for the expression of genes 

downstream from it (Lee et al. 2010). A class of Short RNA oligonucleotides of 2-5 bp, 

termed “nanoRNA”, to distinguish them from other classes of small RNAs (Mechold et al. 

2007), can be the product of abortive initiation. They are shown to influence gene expression 

through priming of transcription initiation and altering of the sequence and phosphorylation 

state of the 5’-end. However, the extent of these regulatory mechanisms is uncertain. Sources 

of nanoRNAs other than from abortive initiation can be intermediate products from RNA 

degradation (Nickels et al. 2011).  
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3 Degradation of mRNA 

 

mRNA is readily degraded in the cellular environment; hence the rate of mRNA decay 

together with transcription efficiency will determine the transcript amount available for 

translation. mRNA degradation involves several components forming the degradosome, 

where the most important component is RNase E catalyzing the rate limiting step of cleaving 

single stranded A/U rich regions. The cut regions leave  fragments with monophosphorylated 

5’-ends which are more easily degraded than triphosphate ends (Arraiano et al. 2010). It is 

important to realize that the steps in protein synthesis influence each other as is the case when 

ribosomes covering an mRNA during translation protect it from degradation. Hence, 

mechanisms decreasing or blocking translation might increase mRNA decay (Yarchuk et al. 

1991).   

Through a study of the E. coli transcriptome Lenz and colleagues described a correlation 

between low GC-content and less stable secondary structures in the 5’-mRNA with high 

mRNA half life. The mechanism at play might be a protective effect as a result of RNA 

binding proteins known to bind A/U rich regions (Lenz et al. 2011). 

RNA transcripts can serve a role as regulators in bacteria. These non-coding regulatory 

transcripts are relatively short (50-300 bp) and denoted as small RNAs (sRNAs). Most is 

known of the group of sRNAs called trans-encoded sRNAs or antisense RNA which regulate 

by base-pairing with mRNA. Most of these bind at the mRNA 5’-end at or close to the 

ribosomal binding site (RBS). For details on sRNA, see the review by Stortz et al. 2011 (Storz 

et al. 2011). sRNA blocking translation will increase mRNA decay due to less protection 

provided by the ribosomes covering it. However, there are examples of sRNA increasing 

mRNA decay as part of an active mechanism as opposed to a secondary effect from blocked 

translation. The RNA chaperone protein Hfq is known to bind RNase E at the C-terminal end 

as well as certain sRNAs targeting the mRNA 5’-end such as RyhB involved in rapid 

degeneration of target mRNAs. It was discovered through a study involving RyhB that the 

increase in decay of the target mRNA after binding of RyhB at the RBS region was greater 

than what could be explained by blocked translation alone, revealing an active mechanism 

directed towards the 5’-end of target mRNAs increasing their decay rate (Prévost et al. 2011).   

  



7 

 

4 The translational level  

 

The direct synthesis of a protein peptide chain through assembly of amino acids brought to 

the ribosomes by tRNAs occurs in the translation step. The rate limiting part of translation is  

translation initiation taking place at the mRNA 5’-end (Simonetti et al. 2009). The central 

mRNA elements are the Shine Dalgarno (SD) sequence, with consensus sequence GGAGG 

(in E. coli), and the start codon where the most common and effective codon is AUG (Ma et 

al. 2002; Laursen et al. 2005).  The small ribosomal subunit (30S) binds the mRNA through 

base pairing between the SD sequence and the 3’-end of the 16S ribosomal RNA (rRNA). The 

initiation factors (IF1, IF2 and IF3) and the initiator tRNA (fMet-tRNA), binding the start 

codon, joins the 30S and in combination with adaptation to the mRNA 5’-end results in the 

formation of the 30S initiation complex.  Then the large ribosomal subunit (50S) is recruited, 

followed by release of the initiation factors and synthesis of the peptide chain (Simonetti et al. 

2009). For more details on the mechanisms of translation initiation the following reviews can 

be recommended (Simonetti et al. 2009; Malys et al. 2011). 

Even though translation and transcription often are focused upon separately it is important to 

note that they are indeed coupled mechanisms in bacteria. It is evident that the moving 

ribosome increases the transcription rate by preventing spontaneous backtracking by RNAP 

when the ribosome is in proximity of the RNAP. Thus, mechanisms slowing down the 

ribosome might decrease the transcript amount as well as translation rate (Proshkin et al. 

2010). Not much is known of the mechanistic details of the crosstalk between ribosome and 

RNAP, but tools have recently been developed for exploring this interaction (Castro-Roa et 

al. 2012).  

 

4.1 The 5’-UTR sequence and the necessity of the Shine Dalgarno 

Much attention has been given to the undoubtedly important SD sequence, but recent research 

has emphasized the importance of the rest of the 5’-UTR as well. β-lactamase activity has 

been increased more than 20-fold by altering the 5’-UTR sequence. The alterations did not 

change the putative SD sequence and no correlation with secondary structures introduced or 

removed were found. A majority of the mutations were A to C and T to C, contradicting the 

common assumption of an A and T/U preference in the 5’-UTR due to reduced formation and 
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strength of secondary structures (Berg et al. 2009). The same strategy has successfully been 

applied to other genes as well. The effect is highly gene-dependent but a small set of 5’-UTR 

variants seems to work for most genes (Berg et al. 2012). Maximizing the gene expression is 

not always desired in recombinant production, due to factors like toxicity, the metabolic 

burden resulting from over-expression and the necessity of fine tuning expression in 

metabolic engineering. For the latter, targeting the 5’-UTR has proven to be a useful tool 

since 5’-UTR variants have been shown to downregulate induced gene expression without 

losing the inducible qualities, and to downregulate constitutive promoters as well as 

controlling the metabolic flow of the carotenoid sarcinaxanthin production pathway (Lale et 

al. 2011). 

As more prokaryotic genomes have been sequenced it has been discovered that 5’-UTRs 

without a SD sequence are common in prokaryotes, suggesting more prokaryotic translation 

initiation mechanisms than previously thought (Chang et al. 2006). In a minimal, 

reconstituted E. coli system the majority of the effective RBSs were C-rich non-SD sequences 

showing high complementarity with the G-rich 16S rRNA. The C-rich non-SD RBS 

sequences tested in this study did not yield high level gene expression in vivo (Barendt et al. 

2012). However, there are examples of higher recombinant expression levels achieved from a 

non-SD RBS sequence compared to the conventional SD sequence in E. coli (Mironova et al. 

1999).  

 

4.2  Stable secondary structures at the 5-end reduce gene expression  

The research of Kudla and colleagues (Kudla et al. 2009) points to the mRNA stability of the 

5’-end as a key feature affecting the translation initiation rate. They found a correlation 

between less stable mRNA structures and high translation initiation rate. The study involved 

the creation of a synthetic library consisting of 154 versions of the green fluorescent protein 

(gfp) gene only differentiating by random synonymous mutations. The mRNA folding energy 

was predicted using a moving window analysis. The analysis identified the region from 

nucleotide -4 to +37 relative to the translation start site which explained close to 10-times as 

much of the 250-fold variation in protein amount as any other predictive variable. To further 

emphasize the effect of the mRNA stability, low expressive gfp-variants gave higher 

expression when fused with a 28-codon tag with low mRNA stability (Kudla et al. 2009). The 

dataset obtained by Kudla et al. was later reanalyzed resulting in a model taking both 5’-
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mRNA stability and codon bias into account, which better explained the variance in 

expression of the data set. It was concluded that codon usage was relevant in sequences 

without a strong 5’-mRNA structure (Supek et al. 2010). In a large study looking at the 

complete genomes of 340 species, a universal trend of reduced mRNA stability of the first 30 

to 40 nucleotides of the coding region in all cellular life was found. The difference was largest 

in genes with high GC content and for the genes of prokaryotes with low optimum growth 

temperature. This makes thermodynamically sense since high GC content and low 

temperatures induce stable mRNA structures (Gu et al. 2010). It is hypothesized that the 

regulatory effect on gene expression mainly originates from interference with the start codon 

rather than ribosome binding to SD since the region of reduced mRNA stability does not 

overlap with the SD sequence (Kudla et al. 2009; Gu et al. 2010). The expression level of 

several wild type proteins has been significantly increased in E. coli by reducing the 5’-

mRNA stability through the introduction of synonymous mutations in the first 72 nucleotides 

of the coding region. This resulted in development of a model predicting the suitability of 

expression of recombinant genes in E. coli, suggesting engineering of the 5’-end if the free 

energy (ΔG) is more negative than -17 to -20 kcal/mol (Cèbe et al. 2006). Thermostable 

enzymes originating from thermophilic microbes are of industrial interest, but because of 

cultivating difficulties it is advantage to express these genes in alternative hosts such as E. 

coli. Reducing the mRNA stability of the 5’-mRNA in combination with increased 

temperature have been utilized to increase the recombinant expression level of a thermostable 

enzyme originating from the thermophilic microbe Deinococcus geothermalis in E. coli 

(Szeker et al. 2010). The authors suggest this as a strategy for overexpressing genes limited 

by translation inhibiting 5’-mRNA structures and emphasizes that it can be especially useful 

for recombinant expression of genes originating from thermophiles, due to less selection 

pressure for unstable 5’-mRNA structures in their native high temperature environment. The 

strategy of reducing the 5’-end stability has been used to achieve efficient expression of the 

human aglycosylated FcγR1 Receptor in E. coli. The synthetic codon-optimized FcγR1 gene 

did not reach the same high expression level of the other recombinant FcγR genes in the 

study. However, the problem was solved by reducing the ΔG of the 100 nucleotides 

downstream of the promoter, including the first 21 codons, from -22.5 to -12.4 kcal/mol (Jung 

et al. 2010). The recombinant expression level of the hormone somatotropin has been greatly 

enhanced by modification of the +2 to+8 codon region by incorporating synonymous 

mutations. Expression levels of up to 23% of total cell protein (TCP), measured by 

coommasie blue staining, were achieved by introducing A or U at wobble positions when 
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possible. A correlation with high expression levels and low structural energy could be found 

for most but not all of the 21 gene variants (Sadaf et al. 2008). High recombinant expression 

levels of the human G-CSF gene in E. coli were achieved by optimizing the AT-content of the 

ten first codons. In all, 128 sequences were analyzed and the expression level correlated with 

the AT-content to an optimum expression reached at 51.8%, resulting in 14-fold greater gene 

expression (protein amount) than the native sequence. Considerable variation was observed 

between genes with different codons and approximately the same AT-content, and codon 

number 2,3,4,5 and 10 were found to be responsible for most of the positive effect. Codon 

optimizing the same region using a codon usage table gave no positive effect on gene 

expression (Krishna Rao et al. 2008). Analysis of regional tendencies in the coding region of 

genes derived from 816 bacterial genomes discovered a bias towards high AT-content, low 

amount of mRNA secondary structure and low CAI in the 5’-end of the coding region (first 

35 bases).  CAI is short for “Codon Adaptation Index” which is based on giving the most 

common codons in the host organism genome a favourable score (Sharp et al. 1987). 

Optimizing the CAI is a common tactic for codon optimizing a recombinant gene. The 

analysis was followed up by the construction of 285 synthetic sequences coding for three 

different test proteins designed to explore the region specific influences on the genetic 

expression. The gene expression was highly dependent on high AT-content and low mRNA 

secondary structure content at the 5’-end of the coding region and a high CAI value was 

found to contribute to a lesser extent. It is speculated on that the mechanism involved might 

be the recruitment of RNA helicases recognizing AU rich regions (Allert et al. 2010). An 

expression stimulating fusion tag termed an “expressivity tag” has been made from a 21 

nucleotide long segment of the infB gene (coding for IF2). The fusion tag enhanced the 

production of three different proteins when fused to the 5’-end, thereof two proteins of 

industrial interest which are difficult to express in E. coli. The fusion led to a significant 

reduction in the 5’-mRNA stability which is hypothesized to be the cause of the positive 

effect on expression level (Hansted et al. 2011).  

Studies indicate that translation initiation depends on certain segments of the mRNA to be 

single stranded for successful base pairing of the SD sequence and start codon to the 16S 

rRNA 3’-end and initiator tRNA anti codon, respectively. However, there are examples of 

efficiently translated genes despite stable secondary structures at the SD and start codon. One 

possible solution for this paradox is the “ribosome standby model” assuming that the 30S 

ribosomal subunit is able to bind single stranded mRNA regions flanking the secondary 
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structures sequestering the ribosome binding regions. The single stranded mRNA region can 

then function like a loading site when stable mRNA structures eventually loosen (De Smit et 

al. 2003). Since the model was presented in 2003 more experimental data supporting the 

model have been published (Unoson et al. 2007; Loh et al. 2012). 

In recent years attention has been brought to the existents of guanine rich four stranded 

structures called G-quadruplexes in the 5’-UTR, as opposed to the more extensively studied 

double stranded RNA elements (Bugaut et al. 2012). Most of the research has been directed 

towards human cells and other eukaryotes, but experiments introducing quadruplexes in the 

5’-UTR of gfp in E. coli resulted in heavy reduction of gene expression (fluorescence).  The 

effect could be lightened by reducing the strength of the structure. Another effect was that the 

expression also became more temperature sensitive (Wieland et al. 2007).  

 

4.3 The importance of the initial coding sequence  

Resent research indicate that the initial coding sequence has a greater influence on gene 

expression than the rest of the coding sequence. Attention has been directed towards possible 

interaction between the 16S rRNA and the initial coding region of the mRNA 5’-end. This is 

due to the identification of a sequence stretch in several E. coli genes termed the “downstream 

box” (DB) showing complementarity to the nucleotides 1469-1483 of the 16S rRNA named 

the “anti downstream box” (ADB)  (Sprengart et al. 1996). Researchers have shown that an 

optimized DB can enhance protein synthesis of luciferase  by 13-fold compared to a non-

optimized DB in a construct without a functional SD sequence (Rush et al. 2005). An 

optimized DB also has a stimulatory effect in concert with SD, with a reported β-galctosidase 

activity increase of 2-3 fold (Etchegaray et al. 1999). An expression vector utilizing the strong 

T7 promoter has been modified with an optimized DB sequence as part of the vector. This 

resulted in an increase of recombinant gene expression by 35-70% for 4 different genes 

(Zhang et al. 2003). In other uses; constructs with a common DB have successfully been 

utilized to achieve co-expression of genes in E. coli extract where otherwise one gene product 

would dominate (Keum et al. 2006). Even though several examples of the DB effect exist the 

mechanism of the DB enhancement is uncertain, and evidence against the occurrence of base 

pairing between DB and ADB during translation initiation have been put forward (O'Connor 

et al. 1999; Moll et al. 2001). Regardless of the mechanism it seems like the early coding 

region has some effect on gene expression exceeding the rest of the coding sequence. This is 
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supported by the identification of a marked non-randomness in the 15-17 nucleotides 

downstream from the start codon in the E. coli genome, and analysis of the results support 

that the effect is based on the nucleotide sequence rather than codon bias (Fuglsang 2004). 

Further demonstrating the effect of the early coding region on gene expression have been 

performed by randomizing the sequence of the +2 and +3 codon position of four recombinant 

genes, achieving low, medium, and high gene expression with up to a 70-fold variation in 

expression. The effect of the randomized sequences on gene expression appeared to be gene 

specific (Ahn et al. 2008).  

4.4 Codon usage in the initial coding sequence  

In resemblance to the research done by Kudla and colleagues (section 4.2) (Kudla et al. 2009), 

Welch et al have studied factors affecting gene expression by making gene libraries only 

differentiating by synonymous mutations (Welch et al. 2009). 40 versions of two different 

genes were made resulting in up to a 40-fold variation in gene expression (protein amount). In 

this study the main contributor to the variation was found to be codon usage. However, the 

common tactic of optimizing the CAI did not correlate with high gene expression, but rather 

using the codons read by the tRNAs which are most highly charged during shortage of amino 

acids. The authors do not disprove the findings of Kudla and colleagues since the genes in this 

study had low mRNA stability at the 5’-end to begin with and most of the variants had 

significantly weaker stability than what was found to have an effect on gfp expression. In 

addition, some of the sequences with lower expression than expected by the codon based 

predictions had stronger than average mRNA stability near the initiation site and the predicted 

expression levels were achieved by replacing the fist 15 codons with codons generating less 

stable structures (Welch et al. 2009). The influence on gene expression resulting from codon 

bias and 5’-mRNA folding energy has been further addressed, and the conclusion was that the 

translation efficiency is determined by both factors. However, for endogenous E. coli genes 

codon bias was found to be the main regulatory factor due to a global selection for weak 

structural energy at the mRNA 5’-end (Tuller et al. 2010b). Research analyzing the codon 

usage, using the tRNA adaptation index (dos Reis et al. 2003), has found a universal trend of 

low efficiency codons in the 30 to 50 first codons of the mRNA 5’-end (except for the second 

codon). This feature is termed “the low efficiency ramp” (or just “ramp” for short) and the 

mean ramp length for prokaryotes is 24 codons. Since less effective codons will slow the 

ribosomes down, it is hypothesized that the ramp hinders collision of the ribosomes 

(ribosomal jamming). Such ribosomal collisions can lead to abortion of translation, so 
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reducing that phenomenon will make for a more efficient translation and lower the metabolic 

burden on the cell. Thus, making it a relevant factor  for recombinant gene expression (Tuller 

et al. 2010a). Results from further research indicate that mRNA secondary structures and 

amino acid charge contributes to the ramp functionality.  The ribosome is slowed down by 

positively charged amino acids, due to the negative electrostatic potential of the ribosomal 

exit tunnel, and from strong secondary structures, both more prominent in the ramp region 

except for weak mRNA folding at the first few codons (Tuller et al. 2011).    

It is known that most proteins are translated with an AUG codon, coding a methionine (Met), 

as the fist codon. However, findings involving analyses of proteins in the Swiss-Prot databank 

suggest that there is a functional selection for the second codon as well. The selection is 

weaker than the one for the first codon but stronger than the selection of further downstream 

codons. The second codon preference is species dependent. Lysine (Lys) and serine (Ser) are 

the most common in prokaryotes with Lys at 16.7% and Ser at 13.6% in E. coli. However, 

variation within prokaryotic species was observed, some with Ser as the most abundant 

second codon amino acid. The species dependent nature of the second codon amino acid 

makes it a possible target in achieving successful recombinant gene expression (Shemesh et 

al. 2010). Recombinant expression of the hormone somatotropin has been greatly increased 

by modifying the initial codons. The +2 codon seemed to be an especially potent target, since 

a deletion of the +2 GCC codon moving TCC (Ser) into the + 2 position resulted in a 30% 

TCP expression. Nucleotide substitutions to ACC and CCC resulted in TCP of 27% and 28% 

respectively while UCC resulted in undetectable expression by Coommasie blue staining 

(same as wt).  However, the largest expression increase was achieved by Introducing six 

histidine (His) codons in the place of the +2 codon built up from three CAUCAC repeats 

resulted in expression at 48% TCP (Sadaf et al. 2008). Another large survey including 442 

genomes across three domains show less conservation of the second base rather than the first 

for the second codon. This is opposite of what is normally observed in codons suggesting a 

different selection pressure for the second codon compared to codons in general (Tang et al. 

2010). A relationship between NGG codons (N = non G) in the +2 to +5 position and low 

expression of the lacZ reporter gene has been found. The effect is hypothesized to be a result 

of peptidyl tRNA drop-off triggered by NGG in early position. No reduction in expression 

was observed with NGG in position +7 and onwards (Gonzalez De Valdivia et al. 2005).   
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4.5 RNA thermometers  

The temperature will affect all cellular processes including gene expression by influencing 

factors like mRNA stability, but some genes have such a fine tuned temperature dependent 

regulation that the term RNA thermometers (RNATs) has arisen. These genes involve 

virulence, heat shock and cold shock genes and all take advantage of temperature dependent 

structural changes entirely or partly involving the 5’-UTR. RNATs can be sensitive enough to 

detect a 1 ºC difference in temperature (Kortmann et al. 2012). There are several different 

classes of RNATs (reviewed elsewhere (Narberhaus 2010; Kortmann et al. 2012)), but all 

depend on structures making the SD sequence and/or initiation codon more or less available 

for translation. The mechanism does not solely depend on the favourability of low 5’-mRNA 

stability since lower temperature increasing the stability may lead to more favourable 

structures as seen in cold shock genes. RNATs are known to regulate gene expression in a 

gradually or zipper like manner, or as more of an on/off or switch like response giving them 

diverse possibilities as a biotechnological tool. Regulation of gene expression without the 

need of an chemical inducer may help to reduce cost at industrial scale and prevent possible 

toxic effects (Kortmann et al. 2012). Synthetic RNATs have been made by a rational design 

approach followed by in vivo screening. RNATs performing at the same level or better 

compared to natural RNATs was obtained after two rounds of selection screening 

(Waldminghaus et al. 2008). Replacing the original 5’-UTR with the 5’-UTR of the cold 

shock protein cspA has shown a potential of increasing recombinant gene expression from the 

T7 promoter at low temperature (15 ºC) by a factor of two (Kim et al. 2008).  

 

4.6 Small RNA 

sRNA, introduced in chapter 3, is known to target the 5’-UTR through base pairing which 

interfere with ribosome binding. Examples of regulation of gene expression by artificial 

antisense RNA do exist, showing that this mechanism can be utilized to decrease the 

expression of a gene of choice. 70% silencing of lacZ was achieved using sRNA targeting its 

5’-UTR (Alessandra et al. 2008). In order du reduce mRNA decay RNaseE expression has 

been successfully reduced using sRNA hybridizing with the 5’-UTR of the RNaseE transcript. 

The stability of the sRNA is important for effective silencing and research indicate that the 

presence of a SD sequence in the antisense RNA increases stability (Stefan et al. 2010). 

Acknowledgment of the potential of utilizing RNA as a biological tool has resulted in the 
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development of techniques allowing efficient in vivo recombinant RNA production in E. coli 

(Ponchon et al. 2011). 

5 Riboswitches  

 

The term riboswitch was originally described as a RNA metabolite-sensing genetic switch 

without the need of protein interaction (Nahvi et al. 2002). Riboswitches are located in the 

mRNA 5’-UTR and the binding of a metabolite ligand to the riboswitch induces structural 

changes in the mRNA effecting gene expression. It consists of two regions: the aptamer, 

which is the highly conserved ligand binding domain, and the regulatory part referred to as 

the expression platform which is overlapping or in close proximity of the aptamer. The 

natural occurring bacterial riboswitches are involved in environmental adaptation through 

metabolite sensing. The most common regulatory mechanisms are transcription termination 

through the creation of a GC rich stem followed by a poly U tail (Rho independent 

terminator) and translational regulation by affecting the availability of the SD sequence and/or 

start codon to the ribosome. More complex structures like riboswitches stacked in tandem or 

two aptamers in one expression platform result in increased sensitivity of the expression 

regulation posed by the riboswitch (Bastet et al. 2011; Breaker 2011). A focus area in 

riboswitch research has been the use of riboswitches as a possible drug target. Riboswitches 

are suitable targets for antimicrobial targeting. This is because riboswitches recognize small 

molecules, most of them are unique for bacteria, and riboswitches are often involved in 

regulating genes essential for microbial survival (Deigan et al. 2011). One example is the use 

of the thiamine analogue pyrithiamine to interfere with the riboswitch downregulating the 

genes involved with biosynthesis and transport of thiamine (Sudarsan et al. 2005).  

Methods have been developed to engineer aptamers with high affinity and specificity to the 

ligand of choice by selecting from large pools of randomized oligonucleotides. One example 

is the aptamer binding the cheap and well characterized molecule theophylline. These 

synthetic aptamers can be incorporated to create functional riboswitches. While most 

riboswitches function by reducing gene expression, some synthetically made riboswitches 

increase gene expression as a response to the ligand, making them interesting as inducible 

systems. (Topp et al. 2010; Wittmann et al. 2012). A theophylline sensing synthetic 

riboswitch, with low background expression of the lacZ gene, showing a 36-fold expression 
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increase in the presence of theophylline has been engineered using a high throughput 

enzymatic assay approach (Lynch et al. 2007). An improved riboswitch showing a 96-fold 

increase, while remaining the low background expression, was engineered by screening 

combined with alteration of the SD sequence. The screening consisted of two steps: first using 

fluorescence activated cell sorting (FACS) followed by enzymatic assays (Lynch et al. 2009). 

Synthetic riboswitches functioning at the transcription level by disrupting the termination 

stem in the presence of theophylline resulting in increased expression of the reporter gene 

(gfp) have been engineered by the use of FACS and fluorescent assays (Fowler et al. 2008). 

Complex regulation can be achieved by synthetic riboswitches, exemplified by the 

engineering of a tandem riboswitch functioning both at the transcriptional and translational 

level in a manner where  gene expression is downregulated at high and low ligand 

concentrations, resulting in maximum expression at intermediate ligand concentration 

(Muranaka et al. 2010).        

6 Bioinformatics tools and expression systems 

 

A large number of bioinformatics tools exist today, performing tasks like identification of 

genes and gene elements, structure predictions, and exploring sequence similarities through 

alignments. However, not too many are made for designing synthetic genes with a desired 

gene expression, but some notable examples will be presented in this section.  

The Ribosome Binding Site (RBS) Calculator uses a thermodynamic model calculating the 

Gibbs free energy of ribosome binding to predict the translation initiation rate (TIR). It can be 

used to predict the TIR of an existing RBS, using the reverse engineering mode. In addition it 

can be used to design a RBS sequence with a desired TIR for a specific gene in the forward 

engineering mode by combining the thermodynamic model with a stochastic optimization 

model. The model considers an mRNA stretch of 35 nucleotides upstream and downstream 

from the start codon and the predicted TIR is given on a proportional scale from 0.001 to 

100 000+. The software allows for incorporation of restriction sites or other wanted sequence 

stretches in the designed RBS by preventing alteration of given nucleotides (Salis 2011). 

Experimental validation of the RBS calculator involving over 100 predictions in E. coli show 

an accuracy within a factor of 2.3 covering a range of 100 000-fold. The reuse of an RBS 
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sequence with another gene may decrease the TIR by 500-fold emphasizing the importance of 

including the initial coding region (Salis et al. 2009). 

An alternative mathematical model also focusing on the translation initiation step has been 

developed. This model utilizes steady state kinetics on the steps involved in translation 

initiation including global and regional mRNA folding/unfolding and ribosome binding. The 

model was experimentally verified by synthesizing 22 RBS regions for the luxR gene with a 

broad spectre of predicted translation efficiencies. The results gave a correlation coefficient of 

R=0.87 between experimental measured gene expression in E. coli and predicted translation 

efficiency (Na et al. 2010b). This mathematical model as well as the effect on translation 

efficiency resulting from the spacer length between the SD sequence and start codon has been 

incorporated in the publicly available software RBSDesigner (Na et al. 2010a).  

ExEnSo (Expression Enhancer Software) is a free computer tool aimed to enhance the 

expression of recombinant genes in E. coli by reducing the mRNA stability at the RBS region. 

The software allows alterations of certain nucleotides and creates an in silico library followed 

by calculation of the free energies in the -70/+96 regions and then picks out the sequence with 

the most favourable free energy. The output is a 5’ primer which can be used to PCR amplify 

the gene of interest followed by sub-cloning into an expression vector. The approach resulted 

in significantly enhanced protein expression for 8 of the 10 proteins tested (Care et al. 2008)  

GeneDesigner is a software designed for creating synthetic DNA elements optimizing the 

gene expression by addressing several factors covering the entire mRNA sequence.  The 

optimizing is performed by switching codons by using a codon usage tables, and avoiding 

certain sequence elements and strong secondary structures. Acknowledging the important role 

of the 5’-end, the software allows for it to be treated separately filtering out NGG codons, 

repeats and secondary structures as well as choosing A/T nucleotides in wobble positions 

(Villalobos et al. 2006; Welch et al. 2011).    

One aspect of optimizing gene expression which might be overlooked is that most expression 

vectors in use today consist of natural genetic parts and other elements such as multiple 

cloning sites (MCS) not systematically optimized for production (Gustafsson et al. 2012). 

Gene expression has been improved by redesigning the MCS of a commonly used expression 

vector in yeast, a method believed to be relevant for prokaryotic vectors as well (Crook et al. 

2011). It is therefore important to pay attention to the newly developed promoters, cloning 

sites, selection tags etc made by companies such as New England Biolab and Promega, or 
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alternatively look to organizations like Addgene (www.addgene.org) and Biofab 

(www.biofab.org) devoted to catalogue and distribute vector elements.  

7 Concluding remarks  

 

Advancement in sequencing technology over the past years has resulted in several completely 

sequenced genomes available for analysis, discovering non-random tendencies in the 5’-end 

previously not recognized. In addition the advancement in artificial sequence synthesis has 

allowed for the creation and analysis of large datasets of several synthetically made versions 

of a gene to better understand the factors determining gene expression. The number of such 

publications is still low. Thus, the number of genes analyzed in that manner need to increase 

to reach reliable conclusions. In addition the conclusions available today do not correspond 

completely.  

The research field of trans-acting regulatory RNAs and riboswitches is still relatively fresh, at 

least in the context of applying them as biotechnological tools. Their place as tools in research 

and industry will surely be established in the years to come. 

As the knowledge of the factors influencing gene expression increase, bioinformatics tools 

can become more reliable and approach the effectiveness of screening large libraries. Some 

approaches need to be re-evaluated when considering recent findings, like how to best codon 

optimize a gene. It is also important to recognize that vector elements like MCS, although 

practical, are not negligible and may influence gene expression.   

It is evident that there is not one definitive answer on the best strategy to synthesis the gene’s 

5’-end resulting in the desired expressive qualities. As shown in this review many approaches 

can be utilized even when limited to targeting the 5’-end and it is not as simple as picking a 

strong promoter and optimal SD sequence. Over the last years it has become evident that the 

entire 5’-UTR in addition to the SD sequence as well as the initial coding region, have great 

influence on gene expression, though much is still uncertain regarding the mechanisms.  

  

 

http://www.addgene.org/
http://www.biofab.org/
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