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Abstract 

Translation maps triplet RNA codons onto single amino acids within a protein. Bacterial translation 

initiation occurs at a conserved AUG start codon recognised by the initiator tRNA anticodon, with 

studies demonstrating that codon-anticodon complementarity is sufficient for initiation. Thus far, 

engineering initiation codons have been neglected aside from one identified mutant amber 

initiator tRNA (tRNACUA
fmet2) that can start protein synthesis from the UAG stop codon. In this study, 

I create a new inducible system to express tRNACUA
fmet2 and a new set of fluorescent reporter 

plasmids to enable population-level studies for the first time. Fluorescence measurements 

confirmed that tRNACUA
fmet2 initiates translation from UAG start codon with 200-fold increase on 

inducing tRNACUA
fmet2 compared to the repressed condition with 30-fold increase in reporter 

expression from an AUG start codon in similar conditions. Time-course measurements indicate 

different initiation effects as tRNACUA
fmet2 matures. Proteomic analysis of cells expressing tRNACUA

fmet2 

reveal a minimal effect on the host proteome with no evidence of peptides initiating from 

genomic UAG codons. I demonstrate that my tRNACUA
fmet2-expressing plasmid is transportable in all 

five E. coli strains with no adverse fitness defects. In this thesis, I define tRNACUA
fmet characteristics 

with future scope for refinement for this orthogonal translation initiation system.
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Chapter 1: Introduction 

1.1 Translation is a fundamental cellular process 

Translation is a fundamental molecular process occurring in every living cell that is responsible for 

the formation of proteins, which comprise the structural and catalytic machinery of life (Figure 

1A). The translation process is divided in three phases known as initiation, elongation, and 

termination (Figure 1B) (Cooper 2000).  

Figure 1: Translation is a fundamental process in the cell.  

(A) Translation is a crucial process that synthesizes proteins responsible for 

various cellular functions. (B) Translation occurs in three phases namely 

initiation, elongation, and termination. The different coloured circles 

represent different amino acids. 
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Translation initiation brings all the parts of the translation machinery together to link the first two 

amino acids and start synthesis of a protein from the beginning of a gene, defined in the genetic 

code by a start codon. The elongation phase continues to extend the amino acid chain until the 

end of the gene at a stop codon. The process of translation ends at the termination phase when 

the growing chain of amino acids stops and the translation machinery dismantles (Hirokawa et al. 

2005). The ribosome plays a central role in all these phases, reading the genetic message encoded 

in messenger RNAs (mRNAs) to produce a polymerised chain of amino acids using transfer RNAs 

(tRNAs) as adaptor molecules (Figure 1B).  

1.1.1 Major components of translation in prokaryotes and eukaryotes 

1.1.1.1 Ribosome  

The ribosome is made of multiple proteins and RNAs forming a large complex and functioning as 

the site of protein production. Its catalytic activity links amino acids via peptide bonds to form 

polypeptide chains, which mature to form a protein. During translation initiation, the ribosome 

attaches to the mRNA and exposes the genetic message to the tRNA adaptor molecule. The 

general structure and function of the ribosome is conserved in all domains of life with minor 

variations (Ramakrishnan 2002).  

The large ribosomal subunit has catalytic activity to form peptide bonds between the C-terminus 

of the growing polypeptide chain (chain of amino acids) and N-terminus of the next amino acid to 

be attached. The prokaryotic large ribosomal subunit is called the 50S subunit while the eukaryotic 

version is referred to as the 60S subunit due to different sedimentation rates (Cooper 2000; 

Hirokawa et al. 2005). The prokaryotic 50S large subunit consists of 5S and 23S rRNAs and 21 

proteins, whereas the eukaryotic 60S large subunit consists of 5S, 5.8S, and 28S rRNAs and 50 

proteins (Figure 2). The smaller ribosomal subunit in both prokaryotes and eukaryotes is 

responsible for recognizing and binding the mRNA ribosomal binding site via conserved ribosomal 

RNA (rRNA) sequences. In prokaryotes, the small 30S ribosomal subunit consists of the 16S rRNA 

which recognises and binds to a ribosomal binding site (RBS), commonly called the Shine-Dalgarno 

sequence, on prokaryotic mRNA and 21 proteins (Shine and Dalgarno 1975). In eukaryotes, the 

small 40S subunit consists of the 18S rRNA (Figure 2) which recognizes and binds a RBS called the 

Kozak sequence, on the eukaryotic mRNA (Kozak 1987) and 33 proteins. The small subunit after 

binding to the mRNA at the RBS such that the start codon is aligned to interact with the incoming 
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initiator tRNA and start protein synthesis. Subsequently, the large ribosomal subunit binds to 

complete the ribosomal machinery and releases the complex to begin the elongation phase. 

Figure 2: Components of the prokaryotic and eukaryotic ribosome.  

(A) Prokaryotic 70S ribosome is made up of two subunits: the 50S and 30S. The large 

50S subunit is made up of two rRNAs (23S rRNA and 5S rRNA) and 31 ribosomal 

proteins. The small 30S is made up of a 16S rRNA and 21 ribosomal proteins.  

(B) Eukaryotic 80S ribosome is made up of two subunits: the 60S and 40S. The large 

60S subunit is made up of three rRNAs (28S rRNA, 5.8S, and 5S rRNA) and 50 

ribosomal proteins. The small 40S is made up of a 18S rRNA and 33 ribosomal 

proteins. 

 

1.1.1.2 Messenger RNA  

The mRNA is a string of ribonucleotides with genetic information (i.e. gene) transferred from the 

DNA via the process of transcription. The process of translation converts the mRNA message to 

have a functional meaning as a chain of amino acids (protein) serving as a temporary signal for 

genetic expression due to its short half-life (Kushner 2002). The beginning of each gene encoded in 

the mRNA starts from a group of the three consecutive nucleotides (triplet) called a start codon. 

Succeeding RNA base triplets are called codons (Tsugita et al. 1960; Crick et al. 1961). The region 

(~3-15 nt) upstream of the start codon consists of the RBS with the Shine-Dalgarno sequence in 

prokaryotes (Shine and Dalgarno 1975; Hyatt et al. 2010). Eukaryotic mRNAs are more complex 

with special secondary structures at the 5’-terminus (5’-7-methylguanosine capping) and 3’-
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terminus (3’polyA tail) along with the upstream Kozak sequence in the RBS (Kozak 1987), which 

increases half-life of the mRNA and stimulates translation initiation, respectively (Mitchell et al. 

2010).  

1.1.1.3 Transfer RNA 

The tRNA is an adaptor molecule that connects nucleic acids with amino acids in the ribosome. 

The tertiary structure of tRNAs is described as a compact L-shape but is frequently modelled as a 

cloverleaf structure.  The structure of all tRNA molecules is formed through complementary 

pairing between nucleotide bases in the stem regions. The cloverleaf structure depicts three loops: 

D-loop (Dihydro-uridine loop), TψC loop (Psuedo-uridine loop) and the anticodon loop with an 

additional variable loop (Figure 3). The anticodon loop contains the three nucleotides that 

specifically bind to the codon on the mRNA, forming the physical link within the tRNA between the 

codon and amino acid bound to the 3’-end. 

The specific amino acid attached to each tRNA is also based on direct interaction with the 

anticodon loop. An amino-acyl synthetase charges the tRNA with an amino acid by recognising the 

same anticodon (Normanly and Abelson 1989). Together, these two recognition events are major 

determinants of overall translation fidelity (Anantharamaiah et al. 2003).  

Figure 3: Cloverleaf structure of tRNA 

bound to an mRNA via codon-anticodon 

pairing. 

The secondary cloverleaf structure of tRNA 

depicts the D-loop, TψC loop, anticodon 

loop, and variable loop. The anticodon of 

the tRNA binds to the codon on the mRNA 

via specific complementary base pairing. 

 

 

 

1.2 The standard genetic code 

The standard genetic code is conserved across all domains of life and acts as the link that enables 

information transfer from DNA to RNA to protein. In the early 1960s, the general characteristics of 

the standard genetic code that helped information transfer between DNA, RNA, and protein were 
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described in the central dogma of molecular biology (Crick et al. 1961). The general nature of the 

genetic code solved previously disputed features regarding codon arrangement in terms of 

overlapping or non-overlapping nature and code degeneracy.  

1.2.1 Non-overlapping codons  

The non-overlapping feature of the genetic code was discovered while studying mutant Tobacco 

Mosaic Viruses. Scientists observed that proteins created from mutant viruses exhibited a single 

amino acid change (Tsugita et al. 1960). If the genetic code was overlapping, a mutation in one 

nucleotide base would give rise to changes in three consecutive amino acids whereas a non-

overlapping genetic code would only have one (Crick et al. 1961).  

1.2.2 Code degeneracy 

In the genetic code there are 64 possible permutations of three nucleotide codons, but there are 

only 20 standard amino acid, indicating either that some codons do not code for anything or that 

each amino acid can be coded by multiple codons (Crick et al. 1961). By the late 1960s, scientists 

found out all possible combinations of nucleotide triplets and their corresponding amino acid 

through a series of ingenious experiments (Nirenberg et al. 1962) giving the world its first iteration 

of the standard genetic code (Woese et al. 1966). This redundancy of the genetic code is now 

referred to as codon degeneracy. 

1.2.3 Variation from the ‘standard’ genetic code 

Although the genetic code was initially hypothesised to be conserved across all domains because 

of its fundamental use, this idea was disproved fairly early on as scientists found discrepancies in 

the genetic code.   

1.2.3.1 Amber codons 

Early experimental evidence for variation in the genetic code came from the use of amber 

mutants. An amber mutant was defined as bacteriophage T4 which acquired a conditional lethal 

nonsense mutation (Epstein et al. 2012). One of the first uses of amber mutants was through the 

creation of bacteriophage T4 mutants that could not lyse wild-type Escherichia coli strain, but 

these mutants could be grown on a mutant E. coli strain called an amber suppressor (because it 

suppressed the negative amber mutation). It was discovered later that the suppressor strain 

possesses a mutant tRNA which recognises the amber (UAG) codon and allows translation of this 

codon which is normally read as ‘stop’ in other strains. The amber suppressor strain effectively 

reassigns the function of UAG from a stop codon to a sense codon (Brenner et al. 1965). 
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1.2.3.2 Natural variation in the genetic code 

The first instance of a distinct natural genetic code was in human mitochondria where AUA, 

instead of encoding Leucine as in the standard code, encoded methionine (Barrell et al. 1979). 

Successive discoveries observed stop codon (UAG and UGA) reassignments as well. For example, 

the UGA stop codon is reassigned to encode tryptophan in both animal mitochondria and 

mycoplasma species (Barrell et al. 1979; Panicker et al. 2015). In contrast, UAG is assigned to 

encode leucine, alanine and glutamine in the mitochondria of several plant and fungal species but 

in particular, the mitochondrial genetic code seems to be especially variable (Knight et al. 2001). 

There have been various attempts to explain genetic code variation as an evolutionary 

phenomenon with two theories gaining the most prominence. The codon reassignment theory 

explains that a mutational pressure can lead to the disappearance of a codon from the genetic 

code of an organism. The mutational pressure, such as a change in the GC content of the 

organism’s genome, could over time mutate and replace all instances of a given codon, freeing up 

the corresponding tRNA (Osawa and Jukes 1989). 

Conversely, the ambiguous intermediate theory proposes that disappearance of a codon from all 

gene sequences in an organism is not a necessary pre-condition for codon reassignment. In this 

theory, reassignment is possible due to a mutation in the functional centre of a tRNA gene copy. 

This mutation leads to an ambiguous tRNA molecule that can add to or change the meaning of a 

codon, causing a change in the genetic code. The intermediate variation becomes permanent if 

the mutation confers a selective advantage (Schultz and Yarus 1996). The CUG codon in Candida 

species that can encode both serine and leucine supports this ambiguous intermediate model 

(Knight et al. 1999, 2001). 

1.3 Translation initiation in prokaryotes 

Protein synthesis in prokaryotes occurs after the entire ribosomal complex is formed in the initial 

phase of translation. The ribosomal complex formation serves as a check point because it is the 

rate-limiting step of translation (Hauryliuk and Ehrenberg 2006). The process of translation 

initiation in prokaryotes has been widely studied over decades and the bulk of evidence to date 

supports three distinct modes that can operate simultaneously in the cell at different rates. 
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1.3.1 Initiation modes 

1.3.1.1 30S binding mode 

This is the widely-accepted dominant mode of translation initiation in prokaryotes where the 30S 

ribosomal subunit initiates the process (Cooper 2000; Laursen et al. 2005). In this binding mode, 

the 30S subunit recognises the initiation site on the mRNA, which contains the Shine-Dalgarno 

sequence upstream from the start codon (Figure 4A). The initiator tRNA together with initiation 

factors, accessory proteins that help in translation initiation, interact with the 30S subunit to form 

the 30S initiation complex (30S IC) allowing the anticodon of the initiator tRNA to interact with the 

initiation codon on the mRNA. The attachment of the 50S ribosomal subunit and subsequent 

release of the initiation factors complete the initiation complex maturation and allows translation 

to enter the elongation phase (Cooper 2000; Clancy and Brown 2008). 

1.3.1.2 70S-scanning mode 

Contrasting with the 30S-binding model in which ribosomal subunits are recycled after 

every translation event, the 70S-scanning mode model proposes that after successfully completing 

translation of a coding sequence and encountering a stop codon, the 70S ribosomal complex does 

not dissociate and instead continues to move downstream along the mRNA (Figure 4B). With the 

help of the initiator tRNAfmet and initiation factors bound, the 70S -scanning complex encounters 

the next Shine-Dalgarno sequence and start codon downstream ejecting the initiation factors 

entering translation elongation as in the 30S-binding model.  

The 70S scanning mode is mainly observed in a bicistronic mRNA where the first gene is 

translated via the 30S-mode while translation of the second gene downstream occurs via the 70S-

scanning mode since it is energy efficient compared to the 30S mode (Yamamoto et al. 2016). 

Translational-coupling and bicistronic constructs (Mutalik et al. 2013) have been documented to 

enhance heterologous protein expression lending support for the existence of a 70S scanning 

mode for prokaryotic ribosomes (Makoff and Smallwood 1990; Mendez-Perez et al. 2012). Recent 

experimental evidence also suggests that the initiator tRNA can trigger scanning mode in 70S 

ribosomes and that neither the presence of competing mRNA nor ribosomal release factors can 

prevent this (Yamamoto et al. 2016).  

1.3.1.3 Leaderless mRNA mode 

A rare subset of mRNAs in prokaryotes lack the Shine-Dalgarno sequence and instead have a start 

codon within 5 nucleotides of the 5’ end. These mRNAs are called ‘leaderless’ and they can 
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surprisingly still initiate translation through an alternative mode where a 30S—IF2-initiator-tRNA 

complex (Figure 4C) is formed (Moll et al. 2002). Efficient leaderless mRNA initiation is possible 

even in the absence of initiation factors (Udagawa et al. 2004) and the 5’-terminal start codon was 

described to provide a major feature for ribosome recognition (Brock et al. 2008). However, this 

mode of initiation may be specific for the λ-phage leaderless mRNA employed in E. coli. 

Figure 4: Three proposed translation initiation modes in prokaryotes.  

(A) 30S binding mode requires IF1 and IF3 to aid initiator fmet-tRNA binding, recruited by IF2.  

(B) 70S scanning mode is influenced by initiator fmet-tRNA and IF1 to scan downstream for the next 

coding sequence to initiate translation in a bicistronic mRNA. (C) Leaderless mRNA mode requires 

a special feature to initiate translation without a translation initiation region (TIR) heavily 

dependent on initiator fmet-tRNA and IF3 (adapted from Yamamoto et al. 2016). 

 

1.3.2 Accessory features of the initiation complex  

1.3.2.1 The initiation codon 

The start codon of a gene is the first nucleotide triplet (codon) in the mRNA which is translated by 

the ribosome and sets the reading frame (Crick et al. 1961). Bioinformatic analysis of model 

bacterial genome annotations suggest that AUG (81.8%) is the most common initiation codon, 

followed by GUG (13.8%), and UUG (4.3%) (Hecht et al. 2017).  

A distinct feature of the genetic code is the dual function of AUG as a both the major start codon 

as well as a sense codon internal to genes. When positioned as start codon, AUG initiates 



9 
 

 

translation with a formyl-methionine, but when AUG is in-frame downstream of the start codon it 

behaves as a normal sense codon directing methionine incorporation into the protein sequence 

(Lobanov et al. 2010). 

The AUG codon duality creates issues in gene prediction and genetic design. For example, in the 

bacteriophage øX174 gene A* was one of the last genes discovered in this virus because it is an N-

terminally truncated version of gene A that uses an internal AUG start codon (Colasanti and 

Denhardt 1985). This problem is also seen in recombinant protein design where in-frame AUG 

sense codons can behave as start codons if the DNA sequence upstream resembles a Shine-

Dalgarno site (Whitaker et al. 2015). 

1.3.2.2 Role of initiation factors  

The initiation factors are a group of proteins that aid in 30S IC formation. Initiation Factor 1 (IF1) 

and Initiation Factor 3 (IF3) control the fidelity of the initiation process while Initiation Factor 2 

(IF2) recruits the initiator tRNA (Figure 4)(Julián et al. 2011).  

IF1 is the smallest initiation factor with a single β-domain (Sette et al. 1997) that binds to the 

ribosomal A-site (Moazed et al. 1995; Carter et al. 2001) and is encoded by the infA gene. IF1 is 

essential for cell viability (Cummings and Hershey 1994) because of its critical role preventing 

unwanted tRNA binding during the initiation process. IF1 also modulates IF2 and IF3 interaction 

with the ribosome by providing a key anchoring point (Gualerzi and Pon 1990; Hussain et al. 2016).  

IF2 is a multi-domain GTPase encoded by the infB gene and is thought to recruit and anchor the 

initiator tRNA on the 30S subunit (Simonetti et al. 2008) with a highly conserved C-terminal 

domain  that contains GTP-binding and initiator tRNA binding sites (Guenneugues et al. 2000; 

Caserta et al. 2006; Julián et al. 2011). IF2 plays a crucial role in stimulating the leaderless mRNA 

initiation mode of initiation (Grill et al. 2000). 

IF3 ensures the fidelity of the codon-anticodon interaction between the start codon and initiator 

tRNA anticodon (Hartz et al. 1990; Ayyub et al. 2017). Additionally, IF3 affects the rate of tRNA 

association with, and disassociation from, the P-site. Lastly, IF3 is also thought to be involved in 

the process of enabling the ribosome to detect translation initiation regions on mRNA (Milon et al. 

2008). 
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1.3.3 Unique features of initiator tRNA 

1.3.3.1 Conserved anticodon stem enables P-site discrimination between initiator and elongator tRNA 

It has long been an open question how the P-site of the ribosome is able to discriminate between 

the similar methionyl-initiator tRNA and methionyl-elongator tRNA (Figure 5). The initiator tRNA 

has three uniquely conserved G:C base pairs in the anticodon stem which is absent in the 

elongator (Figure 5) (Marck and Grosjean 2002). The significance of this conserved anticodon stem 

sequence in translation initiation was established when an elongator methionyl-tRNA initiated 

translation after the anticodon stem was mutated to harbour the three conserved G:C base pairs 

(Varshney et al. 1993). The conserved base pairs are essential for P-site binding with G:C base pairs 

30-40 and 29-41 forming type I and type II A-minor interactions with 16S rRNA nucleotides G1338 

and A1339 (Lancaster and Noller 2005) conserved in the prokaryotic domain. Recent structural 

studies of the 70S-complex of Thermus thermophilus showed the conserved interaction points in 

the ribosomal P-site (Selmer et al. 2006; Barraud et al. 2008). These studies also discovered that 

the G:C base pairs along with an unusual Cm32:A38 base pair causes a distinct anticodon stem-

loop conformation of the initiator tRNA (Figure 6) projecting the anticodon loop outward (Barraud 

et al. 2008).   

Figure 5: The initiator tRNA binds to the 

specifically to the P-site in the ribosome.  

The G:C base pair in the initiator tRNA is 

specifically recognised by elements in the 

ribosome P-site and the elongator tRNA can 

only enter the ribosome from the A-site. 

 

 

 

1.3.3.2 Conserved acceptor stem of initiator tRNA enables formylation and IF2 recognition 

The methionyl-initiator tRNA and methionyl-elongator tRNA are both charged with a methionine 

by the methionyl-tRNA synthetase (MetRS) but the methionyl-tRNA N-formyltransferase enzyme 

only formylates the methionine attached to the initiator tRNA. Formylation has been suggested to 

be crucial for initiator tRNA functioning since variants with an acceptor stem mutation with 

reduced formylation have lowered initiation activity in vivo (Varshney and RajBhandary 1992; 

Guillon et al. 1993). Subsequently, IF2 was discovered to exhibit a higher binding affinity towards 
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formylated aminoacyl-tRNAs and play a major role in initiator tRNA recruitment for translation 

initiation (Mayer et al. 2003) suggesting that the formyl group may be essential for IF2 mediated 

initiator tRNA recruitment.  

However, recent structural analysis of the 30S IC shows IF2 interacting with the conserved 

nucleotide sequence (CAACCA) in the tRNA acceptor stem (Figure 6) that programs formylation by 

methionyl-tRNA N-formyltransferase, rather than the formyl group itself. This result suggests that 

the conserved acceptor stem sequence (CAACCA) of initiator tRNA differentiates it elongator 

tRNAs rather than the formyl group on the amino acid attached (Guenneugues et al. 2000; Mayer 

and RajBhandary 2002; Simonetti et al. 2008). 

1.3.3.3 Codon-anticodon pair specificity 

Translation initiation most frequently starts at AUG because the cytoplasmic initiator tRNA in all 

organisms has a conserved anticodon (CUA) that recognises AUG start codons. Therefore, 

initiation fidelity may not depend on the start codon sequence (AUG) itself but rather depends on 

a stable codon-anticodon interaction. The codon-anticodon pair should be considered as a unit, 

when discriminated by IF3 at the initiation checkpoint, rather than individual elements (Hartz et al. 

1990). Further evidence based on Cryo-EM structures of the translation initiation complexes 

showed that IF3 does not recognise the start codon or the anticodon as individual elements (Allen 

et al. 2005; Julián et al. 2011). Instead, the C-terminal domain of IF3 causes a conformational 

change in the 30S IC, putting a larger constraint on the codon-anticodon pair, which can only be 

sustained by energetically favourable cognate codon-anticodon interactions (Hussain et al. 2016). 

In this manner the IF3 destabilizes any tRNA with non-cognate and pseudo-cognate codon-

anticodon pairs (Petrelli et al. 2001).  
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Figure 6: Cloverleaf structure and 

unique features of the initiator tRNA. 

The conserved acceptor stem sequence 

is recognised by IF2 recruiting initiator 

tRNAs for translation initiation. 

(A) Structural analysis reveals unusual 

anticodon loop conformation (adapted 

from Barraud et al. 2008).  

(B) Unique Cm32:A38 pair promotes 

unusual conformation of the anticodon 

loop (adapted from Barraud et al. 2008). 

(C) G29:C41 and G30:C40 base pairs 

interact with A1339 and G1339 of 16S 

rRNA in the P-site essential for initiator 

tRNA discrimination (adapted from 

Selmer et al. 2006). 

 

 1.4 Re-engineering Translation 

1.4.1 Engineering sense codons 

In recent years, researchers have begun re-engineering the genetic code and the translation 

process for biotechnology applications. One line of work has focused on reassigning the amber 

stop codon (UAG) as a sense codon capable of inserting non-standard amino acids into proteins to 

enable enhanced immunogenic properties for therapeutic proteins, and more desirable 

biophysical features for analysis using NMR and X-ray crystallography (Liu and Schultz 2010). 

Reprogramming UAG amber sense codons was accomplished by creating orthogonal suppressor 

tRNAs which recognise UAG as a sense codon and can be amino-acylated in vivo (Liu et al. 1997). 

The next step was to engineer orthogonal aminoacyl-tRNA synthetases that specifically charge the 

suppressor tRNAs. The first example of an orthogonal pair was the modified E. coli glutaminyl-

tRNA2/glutaminyl-tRNA synthetase pair (Liu et al. 1997). After understanding the minimal 

requirements to create an orthogonal tRNA/aminoacyl-tRNA synthetase pair in vivo, scientists 

expanded the adaptability of the system by identifying additional aminoacyl synthetases with 

different active site specificities (for example, specificity for large hydrophobic amino acids like 

tyrosine). The most advanced orthogonal pair in current use is from the archaebacterium 
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Menthanococcus jannaschii (Wang et al. 2000), which has been used to incorporate 71 different 

non-standard amino acids into proteins (Liu and Schultz 2010). 

An additional advantage of in vivo incorporation of non-standard amino acids is the development 

of a novel biocontainment strategy. With recent large-scale deployment of genetically modified 

organisms in agriculture, therapeutics, bioremediation, and bioenergy (Moe-Behrens et al. 2013), 

biocontainment strategies aim to prevent unwanted proliferation of genetically modified 

organisms or related compounds in the environment. One strategy, using UAG sense codons, 

introduces non-standard amino acids into key sites on essential proteins to establish synthetic 

auxotrophy, preventing these organisms from growing without intentional supplementation with 

the non-standard amino acid (Mandell et al. 2015; Schmidt and Pei 2015).  

1.4.2 A new strain for amber codon engineering 

With large-scale advances in recoding and non-standard amino acid incorporation, scientists have 

looked to create a platform for improving the purity and yield of proteins containing non-standard 

amino acids. The E. coli MG1655 derivative-strain C321.∆A.exp was modified to remove all 321 

instances of the UAG stop codon. Additionally, release factor 1 (RF1) was deleted since it is the 

only release factor that recognises the UAG codon. This results in two advantages if a site-specific 

UAG amber sense codon is introduced: firstly there is no RF1 to recognise and terminate 

translation, and secondly the orthogonal tRNA does not face any competition for UAG codon 

binding. Thus, this strain serves as an ideal host with an altered genetic code possessing a devoted 

UAG sense codon for robust in vivo site-specific incorporation of non-standard amino acids (Lajoie 

et al. 2013). Alternatively, this strain also serves as an excellent biocontainment host with 

experimental evidence showing that it obstructs horizontally transferred genetic elements such as 

viruses since the altered genetic code with RF1 deletion prevents efficient termination of the viral 

genes (Ma and Isaacs 2016). 

1.4.3 Engineering start codons 

The first instance of reprogramming the initiation codon came in the early 1990s when protein 

synthesis from a UAG start codon was successfully initiated in cell extracts (Varshney and 

RajBhandary 1990). This result was achieved by supplementing the extract with an initiator tRNA 

with modified anticodon sequence CUA that was complementary to the amber codon UAG. This 

so-called amber initiator tRNA (tRNACUA
fmet) was later shown to work in vivo as well, with efficiency 

approximately 50-60% that of canonical AUG initiation measured by western blot analysis and 
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chloramphenicol acetyl-transferase (CAT) assay (Varshney and RajBhandary 1990). However, 

unlike the engineered amber sense codon systems, the amber initiator has not found widespread 

use in applications, instead being used as a tool to determine features essential for translation 

initiation (Rajbhandary et al. 1967; Varshney and RajBhandary 1992; Varshney et al. 1993; 

Mangroo et al. 1995; Wu and Rajbhandary 1997).  

1.4.4 An orthogonal translation initiation system using amber initiator 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕

 

With recent scientific advances in recoding and codon reassignment technology it is a perfect time 

to develop a well-defined and robust orthogonal translation initiation system in E. coli using the 

amber initiator tRNACUA
fmet. Unfortunately, many questions regarding how the tRNACUA

fmet operates 

within cells have not been addressed to this date. In this thesis I chose to develop new tRNA 

expression and reporter tools to study the function of tRNACUA
fmet at the population level, as well as 

to use proteomics and phenotypic growth measurements to identify deleterious off-target effects 

that may limit the amber initiator’s use in future applications. 

1.5 Project aims and objectives 

The overall objective of this thesis is to define and measure the amber initiator tRNA (tRNACUA
fmet2) 

activity in E. coli as a first step to developing an orthogonal translation initiation system capable of 

overexpressing proteins independently of the host translation system and providing genetic 

isolation and biocontainment through the use of an alternative genetic code. 

Specifically, I aim to: 

1. Measure tRNACUA
fmet2 amber (UAG) start codon translation initiation efficiency in E. coli strain 

C321.∆A.exp through the creation of improved tRNA expression and reporter plasmids. 

2. Identify host proteome changes from tRNACUA
fmet2 expression in E. coli strain C321.∆A.exp to 

determine off-target effects. 

3. Determine the portability of the amber initiator tRNACUA
fmet2 genetic system to four other 

commonly used E. coli strains. 

4. Measure fitness defects caused by tRNACUA
fmet2 expression in five E. coli strains to determine the 

tRNA’s suitability in an efficient and robust orthogonal translation initiation system. 
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Chapter 2: Methods 

2.1 Bacterial strains, cultures and glycerol stock 

2.1.1 Bacterial strains 

I used five strains of Escherichia coli in this study: C321.ΔA.exp (K-12 strain) obtained from 

Addgene (strain #49018) (Lajoie et al. 2013), BL21 (B strain) obtained from ATCC (strain # BAA-

1025), NCTC122 (C strain) obtained from Public Health England (strain #NCTC122), Crooks 

obtained from ATCC (strain #8739), and W obtained from ATCC (strain #9637). 

2.2.1 Bacterial culture preparation 

All E. coli C321.∆A.exp strains were grown in lysogeny broth Lennox (LBL) or on LBL agar, 

supplemented with 100µg/ml zeocin (Thermo Fisher Scientific #R25001)and 100 µg/ml 

carbenicillin (Sigma-Aldrich #C9231) and/or 100µg/ml spectinomycin (Sigma-Aldrich #S4014-5G) as 

appropriate for plasmid content. All other E. coli strains were grown in lysogeny broth Miller (LBM) 

or LBM agar, supplemented with 100 µg/ml carbenicillin and/or 100µg/ml spectinomycin for 

selection.  

2.2.2 Glycerol stock preparation and storage 

To make glycerol stocks of all E. coli strains, 900µL of an overnight culture was mixed with 900µL 

of glycerol (60%), mixed, and stored at -80° C. Recovery of strains from glycerol stocks involved 

streaked out onto LBL and LBM agar plates with the appropriate antibiotics, overnight incubation at 

37° C, followed by storage at 4° C for later use.  

2.2 Plasmid construction 

2.2.1 Synthesized oligonucleotides and dsDNA 

All oligonucleotides used in this study were synthesised by Integrated DNA Technologies (IDT) 

(Supplementary Table 1). I designed and synthesized a 1971bp IDT gblock (supplementary 

information) containing the metY gene for initiator tRNA from MG1655 (GenBank: U00096.3) with 

an anticodon mutation (CAU>CUA). This DNA fragment was used to amplify the metY(CUA) gene 

fragments for plasmid construction.  

2.2.2 Plasmids 

I designed reporter plasmids containing superfolder GFP (sfGFP) with different start codons and 

they were commercially constructed (Genscript). I designed and constructed the amber initiation 

plasmids from 2 parts using in vitro homologous assembly (Gibson et al. 2009).  
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Plasmids created and purchased for this study are listed in Table 1 and represented in Figure 7. 

Table 1: Strains and plasmids used in this study 

Strain/ Plasmids Description Source 

E. coli strains 

E. coli C321.∆A.exp Recoded E. coli genome with all instances of the UAG 

codon and ∆RF1 (UAG termination function removed) 
Addgene 

E. coli BL21 E. coli B strain with all instances of UAG codon and intact 

termination function.  
ATCC 

E. coli C122 
E. coli C strain with all instances of UAG codon and intact 

termination function 

Public 

Health 

England 

E. coli W (ATCC 

9637) 

E. coli W strain with all instances of UAG codon and intact 

termination function 
ATCC 

E. coli Crooks (ATCC 

8736) 

E. coli Crooks strain with all instances of UAG codon and 

intact termination function 
ATCC 

Plasmids 

pQE-60 (AUG) Reporter plasmid; pQE-60 based vector, AmpR, sfGFP with 

AUG start codon driven by T5 promoter.  
This study 

pQE-60 (UAG) Reporter plasmid; pQE-60 based vector, AmpR, sfGFP with 

UAG start codon driven by T5 promoter. 
This study 

pQE-60 (GCC) Reporter plasmid; pQE-60 based vector, AmpR, sfGFP with 

GCC start codon driven by T5 promoter. 
This study 

pULTRA-metYp1p2-

metYCUA 

Amber initiator plasmid; pULTRA based vector, SpecR, 

tRNACUA
fmet2 driven by metYp1p2 promoter 

This study 

pULTRA-tac-

metYCUA 

Amber initiator plasmid; pULTRA based vector, SpecR, 

tRNACUA
fmet2 driven by tac promoter 

This study 

^ Native E. coli metY gene promoter 

Ɨ Strong inducible promoter  

 

2.2.3 Plasmid assembly 

The pULTRA-CNF vector (Addgene plasmid #48215) (Schultz et al. 2006) was used as the backbone 

for the amber initiation plasmid construction (Table 1). Polymerase chain reaction (PCR) with 
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Phusion High-Fidelity PCR Master Mix (Life Technologies #F-530) was used to produce the vector 

backbone and oligonucleotide fragments with common 20 bp overlaps. All PCR products were 

subjected to DpnI (NEB #R0176S) digestion at 37° C for 60 minutes followed by heat inactivation of 

DpnI at 80°C for 20 minutes. PCR products were cleaned up using the GenElute™ PCR Clean-Up kit 

(Sigma-Aldrich #NA1020-1KT). Two-fragment one-step isothermal in vitro DNA assembly was used 

for all constructed plasmids (Gibson et al. 2009). To a total reaction volume of 20µL containing 

10µL NEBuilder® HiFi DNA Assembly Master Mix (NEB #E2621L), 30 fmol of PCR amplified vector 

backbone with 30-60 fmol of one PCR amplified DNA fragment was added. The entire reaction 

mixture was incubated at 50°C for 30 minutes. All PCR and assembly reactions were performed on 

a Mastercycler® proS (Eppendorf International). 

2.2.4 Transformation  

In vitro assembled plasmids were transformed into chemically competent NEB® Turbo Competent 

E. coli (NEB #C2984H) where 2.5µL of the assembly mixture was mixed with 25µL thawed 

competent E. coli NEBTurbo and chilled on ice for 30 minutes. Cells were heat-shocked at 42° C for 

30 seconds and further chilled on ice for 5 minutes. A total of 975µL of SOC media preheated at 

37° C was added to the cells and shaken at 250 rpm for 60 minutes. Transformants were plated 

onto pre-warmed LBL and LBM agar plates with 100µg/ml spectinomycin. 

2.2.5 Colony PCR 

Each transformant colony was picked and solubilized/homogenized in 50µL of sterile. The 

screening primers (Table 1) were used to amplify segments of the both amber initiation plasmids 

via PCR with Kappa2G Robust Hotstart Ready Mix (Sigma-Aldrich #KK5701). The PCR products 

were run on a 1% agarose gel in Tris/Borate/EDTA (TBE) buffer (Sigma-Aldrich # T4415) to 

determine and differentiate successfully assembled amber initiation plasmids as the PCR products 

were of different sizes (Supplementary Table S1).   

2.2.6 Plasmid extraction 

Plasmids were isolated from the transformants using the QIAprep Spin Miniprep Kit (Qiagen 

#27106) according to the manufacturer’s instructions and stored in 30 µL of 10 mM Tris-HCl buffer 

(pH 8.0) at 4° C for frequent use and - 20° C for prolonged storage. 
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2.2.7 Sequencing 

Purified plasmids (100ng/µL) along with sequencing primers (Supplementary Table S1) were sent 

to Macrogen Inc. for standardized Sanger sequencing. Sequencing data were aligned against 

expected sequence using software tool Benchling (https://benchling.com/). 

2.3 Sequential double transformation 

To obtain double transformants of each strain with both the amber initiation plasmid and reporter 

plasmid, sequential double transformation was performed since the conventional method of 

simultaneous double transformation (Weston et al. 1979) did not result in required strains. The 

sequential double transformation method involved two steps of transformation preceded by 

preparing competent cells. 

2.3.1 Transformation of amber initiation plasmids 

Competent E. coli cells of each strain (C321.ΔA.exp, BL21, NCTC122, Crooks, and W) used were 

prepared using the Mix & Go E. coli Transformation Buffer Set (Zymo Research #T3002) following 

manufacturer instructions. Each strain was individually transformed by the constructed amber 

initiation plasmids and plated on LBL and LBM agar plates with 100µg/mL spectinomycin to isolate 

transformants.  

2.3.2 Transformation of reporter plasmids  

Competent E. coli cells containing the amber initiation plasmids were prepared using the Mix & Go 

E. coli Transformation Buffer Set (Zymo Research #T3002) following manufacturer instructions. 

Each strain was individually transformed with individual reporter plasmids and plated on LBL and 

LBM agar plates with 100µg/mL spectinomycin and 100µg/mL carbenicillin to isolate double 

transformants. 

2.4 Fluorescence measurements 

2.4.1 Bulk fluorescence measurements 

Measurements of fluorescence intensity from the amber initiation plasmid system was adapted 

from a previous method (Hecht et al. 2017). Three individual colonies for each bacterial culture 

were used to inoculate 2mL of LBL and LBM containing appropriate antibiotics: zeocin only for E. 

coli C321.∆A.exp strains and spectinomycin (amber initiation plasmid) and/or carbenicillin 

(reporter plasmids) in 15 mL tubes (Labtek #FB50). Tubes were sealed and grown overnight at 37° 

C shaking at 250 rpm. After overnight growth, each culture was diluted 1:100 into into 400 µL of 
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fresh media in a 96-well deep well plate and grown for 2 hours at 37° C (250 rpm). Following 

regrowth, either 4µL of freshly prepared 100mM isopropyl-beta-D-thiogalactoside (IPTG) (Sigma-

Aldrich #I6758) was added to cultures to induce metY(CUA) expression, or 40µL 20% glucose was 

added to cultures to repress metY(CUA) expression. Following inducer/repressor addition, cultures 

were grown for an additional 5 hours at 37°C (250 rpm).  

A total of 250 µL of each cell culture was centrifuged at 2,240g for 12 minutes (swinging bucket 

rotor) and the supernatant was aspirated. The pelleted cells were resuspended in 200 µL of 1X 

phosphate buffered saline (PBS) (Sigma-Aldrich #P4417) and transferred to Greiner CELLSTAR® 96 

well plate (Sigma-Aldrich #M0312). Absorbance was measured at 600 nm (OD600) to estimate 

culture density, followed by fluorescence (excitation= 485 nm, emission = 520 nm, bandwidth = 9 

nm) measured at a single gain setting (high gain sensitivity=111), on a PHERAstar FSX (BMG 

Labtech) plate reader.  

2.4.2 Dynamic fluorescence measurements 

After overnight growth as mentioned previously, each culture was diluted 1:100 into 30 mL of 

fresh media in a 250 ml Erlenmeyer flask and induced as previously described above. At 30-minute 

intervals post-induction, 250 µL of each culture was transferred to a Greiner CELLSTAR® 96 well 

plate to measure absorbance and fluorescence. 

2.4.3 Data analysis 

Raw fluorescence (arbitrary units) data and optical density (OD600 arbitrary units) measurements 

for each culture were imported to Microsoft Office 2016 Excel. Wells filled with 1X PBS or culture 

media were used to subtract background optical density and fluorescence. Normalized 

fluorescence was calculated by dividing the fluorescence by the optical density. Normalized 

fluorescence for each combination of amber initiator and reporter plasmid in each strain was 

calculated by averaging the normalized fluorescence measurements from three biological 

replicates. Fold change due to dynamic induction by IPTG was calculated by dividing the 

normalized fluorescence at each time point by the normalized fluorescence at the start of 

induction (time point 0). 

2.4.4 Flow cytometry 

Bacterial cultures were transferred to a 96-well plate and measured on Cytoflex S (Beckman 

Coulter) using FITC fluorescence channel (488 nm excitation laser with a 525/40 nm emission 

band-pass filter). Measured events were triggered on a side scattering threshold and 10,000 
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events were measured from E. coli strain C321.ΔA.exp cultures containing the inducible amber 

initiation plasmid system (pULTRA-tac-metYCUA). Flow cytometry data was processed using 

FlowJo v10 (FlowJo, LLC). 

2.5 Proteomic analysis 

2.5.1 Cell growth and harvesting 

Three individual colonies of each E. coliC321.∆A.exp strain was used to inoculate 2mL of LBL broth 

containing appropriate antibiotics: zeocin, spectinomycin (amber initiation plasmid) and 

carbenicillin (reporter plasmids) in 15 mL tubes. Tubes were sealed and grown overnight at 37° C 

(250 rpm). After overnight growth, 300 µL of each culture was inoculated in 30mL of fresh media 

with appropriate antibiotics in 250 mL flasks and grown at 37° C (250 rpm). After 1 hour of growth, 

cultures were induced for metY(CUA) expression by addition of 300µL of 100mM IPTG and grown 

for further 5 hours at 37° C (250 rpm). Cells were harvested at late-log growth phase by pelleting 

the culture at 3,500g at 4° C for 10 minutes via centrifugation. The supernatant was discarded and 

the pellets were stored at -20° C overnight to aid in cell lysis.  

Each bacterial cell culture pellet was lysed using the CelLytic™ B Cell Lysis kit (Sigma-Aldrich 

#B7310) according to manufacturer specification. A total of 1 mL of CelLytic B 2X solution was 

added to resuspend each pellet followed by addition of lysozyme (3.3µL or 0.2mg/mL), protease 

inhibitor (50µL), and benzonase (0.5 µL or 50 units/mL) to increase efficiency of lysis and decrease 

viscosity of solution. The extraction mixture was incubated at room temperature for 15 minutes 

followed by centrifugation at 16,000g for 10 minutes and the supernatant containing the soluble 

protein fraction from each culture was collected. 

2.5.2 Sample preparation for LC-MS 

LC-MS sample preparation was adapted from previous methods (Hecht et al. 2017). A total of 250 

µL of each sample was reduced and alkylated by incubation with 10mM of dithiothreitol (DTT) at 

60° C for 30 minutes, followed by incubation with 30mM of iodoacetamide (IAA) at room 

temperature, in the dark for 20 minutes. Excess IAA was quenched by incubation with 30mM DTT 

at room temperature for 15 minutes. Proteins were precipitated out by addition of 1mL ice-cold 

acetone and incubated at - 80° C for 2 hours followed by centrifugation at 15,000g at 4° C for 10 

minutes. The supernatant was discarded and the protein pellet was dried under the chemical 

hood. The pellet was resuspended in tris-HCl buffer containing 8M urea. Protein concentration of 

each sample was determined using the bicinchoninic acid assay (BCA) protein assay (PierceTM, cat# 
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23225). Bovine serum albumin protein standards (0-2mg/mL) were used for the generation of 

standard curves to calculate sample protein concentrations. Protein standards, blanks, and 

samples were assayed in duplicates. Protein samples were enzymatically cleaved by addition of 

60ng of trypsin (Sigma-Aldrich #T2600000) to each 30µg of sample (1:50 ratio of enzyme to 

protein) and incubated overnight at 37° C. After overnight incubation, formic acid (100%) was 

added to the samples at a final concentration of 1% to acidify the peptides and stop digestion. The 

acidified digests were C18 stage tip purified using micro-spin columns and dried in a speed vac to 

be finally stored as tryptic peptide samples at – 20° C. 

2.5.3 LC-MS 

The EASY-nLC was coupled on-line to a QExactive with a nanoelectrospray ion source (Proxeon). 

Tryptic peptide samples were reconstituted to 0.1 mg/mL in solvent A (2% acetonitrile, 0.1% 

formic acid) and 3µg (10 µL) of each sample was injected onto a C18 reversed phase analytical 

column (10cm long, 75 µm inner diameter) at a constant flow rate of 300 nL/minute using an auto-

sampler. The peptides would bind to the reversed phase column and elution was achieved with 

increasing concentration of solution B (95% acetonitrile, 0.1% formic acid) over a 120-minute 

runtime along the following gradient: from 1% solvent B to 95% solvent B within 120 min, from 1-

50%% solution B within 110 minutes, 50-85% solution B for the next 2 minutes and 85-95% 

solution B for remaining 8 minutes. Electrospray ionization at a spray voltage of 2,400V was used 

to produce positively charged ions for MS/MS analysis and detection of peptides.  

2.5.4 LC-MS data analysis 

MS/MS data was extracted using MaxQuant v1.6.0.16 and searched against the complete E. coli K-

12 MG1655 proteome from Uniprot (version from July 2017). The MS mass tolerance was set to 20 

ppm, MS/MS fragment ion deviation was set to 0.5 Da and FDR < 0.1 (Cox et al. 2008). For label-

free quantitative shotgun proteomics peptide hits were filtered to proteins with peptides in all 

three replicates. Normalized spectral abundance factor (NSAF) was calculated by the Scrappy 

program to quantify differential expression of filtered proteins (Neilson et al. 2013). For “off-target 

peptide” detection MaxQuant v1.6.0.16 was used to search the MS/MS data against a combined 

off-target and K-12 protein database.  
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2.6 Fitness analysis 

2.6.1 Growth measurements 

Strains were grown overnight as previously described and 1.5µL of each overnight culture (1:100 

dilution) was transferred to a flat-bottom 96-well plate containing 150µL LBL or LBM with 

appropriate antibiotics at 37 °C (300 rpm). Cultures were induced after 1 hour by addition of 1.5 

µL of 100mM IPTG and repressed by addition of 1.5 µL of 20% glucose to the growth medium. 

Culture light scattering (OD600) over time was measured on a SPECTROstar NANO (BMG Labtech) 

plate reader at 5-minute intervals.  

2.6.2 Data analysis 

Analysis method was adapted from previous work (Lajoie et al. 2013) and used to compare ratios 

of doubling time and maximal cell density for individual strains. Doubling time was calculated by 

tdouble =
ln (2)×𝑡

ln (𝑁/𝑁𝑜)
, where N= OD600 at 160 minutes, No= OD600 at 80 minutes, and t= difference 

between time-points of OD600 measurements. Ratios of doubling time and maximal cell densities 

were determined for strains with the amber initiation plasmid versus strains without the amber 

initiation plasmid. 

 

  



23 
 

 

Chapter 3: Results 

3.1 Defining an amber initiation tRNA and modular fluorescent reporter system in E. coli 

I aim to build from the previous discovery of an amber initiation tRNA (Varshney and RajBhandary 

1990) by creating a modular plasmid-based amber initiator tRNA expression and reporter system 

that can measure functional parameters of the system that have been previously inaccessible. The 

reason for creating a new expression system for the amber initiator and fluorescent reporter was 

two-fold: (1) to enable dynamic measurements of amber tRNA tRNACUA
fmet2 expression, and (2) to 

enable measurements of amber initiator tRNACUA
fmet2 population-level and real-time in vivo 

expression. 

3.1.1 Designing plasmids to express an amber translation initiation system 

To initiate translation at a UAG codon instead of AUG, I designed a plasmid that could express a 

tRNA that binds to an amber start codon and was compatible with a second reporter plasmid. The 

two initiator tRNA genes from E. coli K-12 MG1655 (metZ and metY) only differ in sequence by one 

nucleotide at position 46 and encode the tRNA molecules tRNAfmet1 and tRNAfmet2, respectively. I 

have chosen to focus on tRNAfmet2 (metY) because previous work showed that this initiator is not 

essential in E. coli and was capable of being recoded to initiate translation at UAG start codons 

(Varshney and RajBhandary 1990). My amber initiator plasmid design features a recoded metY 

gene (metY(CUA)) that expresses tRNACUA
fmet2 with an altered anticodon loop that is the reverse 

complement of the desired start codon, UAG (Figure 7). 

To identify the ideal system for production of tRNACUA
fmet2 in E. coli, I designed two variants of the 

amber initiation plasmids. One plasmid drives tRNACUA
fmet2 expression from the native K-12 metY 

locus constitutive metYp1p2 promoter (Figure 7A). A second plasmid expresses the 

tRNACUA
fmet2 from an IPTG-inducible tac promoter (Figure 7B). Both amber initiation plasmids 

harbour the cloDF13 (medium copy) origin of replication (Stuitje et al. 1979) and spectinomycin 

resistance gene (Uhlin and Nordstrom 1975).  
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Figure 7: Amber initiator tRNA and reporter plasmid designs.   

(A) Amber initiator plasmid pULTRA::metYp1p2-metY(CUA). The plasmid encodes the 

medium-copy ClodF13 origin, spectinomycin resistance (SpecR) marker, and native E. coli 

K-12 promoters metYp1p2. (B) Amber initiator plasmid pULTRA::tac-metY(CUA). The 

plasmid encodes the medium-copy ClodF13 origin, spectinomycin resistance (SpecR) 

marker, and inducible tac promoter. (C) pQE-60 reporter plasmids. The reporter plasmid 

set has a medium-copy ColE1 origin, T5 promoter and superfolder green fluorescent 

protein gene (sfGFP) with three different start codons (AUG, UAG, and GCC). All 

metY(CUA) and sfGFP gene variants have a Rho-independent terminator after individual 

gene sequences.  

3.1.2 Designing plasmids to express fluorescent reporters compatible with amber initiation plasmids 

I designed a set of three reporter plasmids to measure translation initiation events caused 

by expression of tRNACUA
fmet2 from my amber initiation plasmids (Section 3.1.1). The reporter 

plasmids featured the super-folder green fluorescent protein gene (sfGFP) with three start codon 

variants. I created a reporter with UAG start codon (sfGFP(UAG)) to measure translation initiation 

efficiency from amber (UAG) start codons. As a negative control, I created a sfGFP(GCC) variant to 

measure translation initiation events from a codon that is normally initiated from the wild-type 

tRNAfmet2 at a rate below background (Hecht et al. 2017) and was expected to perform similarly for 

the modified tRNACUA
fmet2. Lastly, I created a reporter plasmid with the canonical start codon, 

sfGFP(AUG) as a positive control for reporter expression. The T5 constitutive promoter controls 

the expression of all reporter gene variants by continuously transcribing mRNA molecules 

containing the sfGFP variants.    

I designed all the reporter plasmid variants to have the ColE1 origin of replication (Chansb et al. 

1985) and ampicillin antibiotic resistance marker so they were compatible (Hashimoto-Gotoht and 

Inselburg 1979) with the amber initiation plasmid features. 
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3.1.3 The amber initiation system translates a sfGFP reporter with an amber start codon 

To measure the functional parameters of the amber initiation system, I built the two plasmid 

variants and three reporter plasmids (Figure 7) using synthetic DNA and in vitro assembly, 

followed by transformation into E. coli. I chose a host strain of E. coli for this work, called 

C321.ΔA.exp, that was engineered to lack all instances of UAG stock codons in the genome (Lajoie 

et al. 2013). I chose this strain of E. coli for these experiments because I reasoned that if the 

modified amber initiator tRNACUA
fmet2 was to have any detrimental effects on the host it would be 

reduced in C321.ΔA.exp. 

I measured translation initiation of the sfGFP reporters under three conditions: (1) 

when tRNACUA
fmet2 was absent from the system, (2) when tRNACUA

fmet2 was expressed by a native 

constitutive promoter, and (3) when tRNACUA
fmet2 was expressed by an inducible promoter. To 

control for the effects of the chemicals used for induction and repression of the tac promoter, I 

used the same repressed (2% glucose) and induced (1mM IPTG) culture conditions for all plasmid 

combinations, regardless of whether they contained a plasmid with a tac promoter or not. 

To measure the effect of tRNACUA
fmet2 expression, I grew cells up containing both the amber 

initiation plasmid with the native metYp1p2 promoter as well as the reporter plasmids. 

Fluorescence from the sfGFP(UAG) reporter increased 7-fold compared to sfGFP(GCC) when 

tRNACUA
fmet2 was expressed from the native promoter (Figure 8, middle). Surprisingly, the 

fluorescence from the sfGFP(AUG) reporter also increased slightly (1-fold) under the same 

conditions. These data seem to indicate that the tRNACUA
fmet2 enables initiation from UAG start 

codons as expected, but that it can also cause initiation from AUG codons. 
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Figure 8: Expression of 𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐 from amber initiator plasmids causes increase 

in reporter fluorescence from both amber UAG and canonical AUG start codons.  

Normalized expression levels from sfGFP reporters under different 

tRNACUA
fmet2 conditions. Condition: measurement performed on cells that had been 

treated with 2% glucose (repressed) or 1 mM IPTG (induced). tRNA: presence or 

absence of tRNACUA
fmet2 expressing amber initiator plasmid. Promoter: identity of 

promoter controlling expression of tRNACUA
fmet2. Each column is the average of three 

biological replicates with the error bars showing one standard deviation. 

 

 To measure the effect of tRNACUA
fmet2 expression from the inducible amber initiator plasmid 

(pULTRA::tac-metY(CUA)), I grew cells up under both repressing (2% glucose) and inducing (1mM 

IPTG) conditions. Under repressing conditions, the sfGFP(UAG) reporter fluorescence was 

indistinguishable from the negative control sfGFP(GCC) fluorescence (Figure 8, right). Under 

inducing conditions, the sfGFP(UAG) fluorescence increased 3-fold over sfGFP(AUG) fluorescence 

in the repressing conditions, indicating that tRNACUA
fmet2 was capable of providing as much initiator 

tRNA to the reporter plasmid transcripts as normal tRNAfmet is providing to sfGFP(AUG) transcripts 

in the absence of initiator tRNA. The tRNACUA
fmet2 expression again caused an increase in the 

sfGFP(AUG) fluorescence, reinforcing the previous result and showing that the amber initiator 

tRNA can initiate from AUG start codons in addition to UAG. I also found that normalized 
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expression level from the sfGFP(GCC) reporter with a non-canonical start codon was equivalent to 

fluorescence levels reported previously for this initiation codon (Hecht et al. 2017). Fluorescence 

levels from cells harbouring the sfGFP(GCC) reporter did not increase when tRNACUA
fmet2 was 

expressed from either the native promoter or the inducible promoter (Figure 8). This result 

indicates that tRNACUA
fmet2 initiates translation at GCC codons at the same low frequency as wild-

type tRNAfmet2. 

 

 

 

 

 

 

 

 

Figure 9: Expression of 𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐 from inducible pULTRA::tac-

metY(CUA) amber initiator plasmid causes significantly greater 

increase in reporter fluorescence from amber UAG start codon versus 

canonical AUG start codons. Fold change in normalized expression of 

sfGFP reporter due to IPTG induction. Promoter: identity of promoter 

controlling expression. tRNA: presence or absence of tRNACUA
fmet2 

expressing amber initiator plasmid. Each column represents average 

of three biological replicates with the error bars showing one standard 

deviation. 

 

I compared fold change between the induced and repressed condition (Figure 9). I found that due 

to expression of tRNACUA
fmet2, the increase in translation from an amber start codon exceeds that of 

a canonical start codon in E. coli strain C321.ΔA.exp by 70-fold. This gave me confidence in using 

the inducible system for further analysis. With the knowledge that the tRNACUA
fmet2 expressed from 

my plasmids initiates translation at amber start codons I next wanted to determine if the observed 

fluorescence was from a small population of highly fluorescence cells or whether the cell 

population was more uniform. 
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3.1.4 Flow cytometry reveals 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

 initiates translation across a uniform population 

Using flow cytometry, I measured the distribution of fluorescence (FITC-H) within the population 

of E. coli strain C321.ΔA.exp cells harbouring the inducible amber initiation plasmid pULTRA::tac-

metY(CUA) and sfGFP reporters. I found that all measured cell populations had unimodally 

distributed fluorescence (Figure 10A). Furthermore, analysis of average fluorescence from the 

populations of repressed and induced cultures (Figure 10B and 10C) matched closely to that from 

previous experiments on bulk culture fluorescence (Figure 8) with similar trends in fluorescence 

fold change due to IPTG induction.  

Figure 10: Flow cytometry analysis shows unimodal fluorescent E. coli C321.∆A.exp population 

expressing 𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐. (A) Representative fluorescence (FITC-H) histogram of gated populations. 

Induced cell population (darker shades) and repressed cell population (lighter shades) shown for 

each reporter. Vertical dashed lines demarcate fluorescent and non-fluorescent populations based 

on the 99th percentile of the control population (fluorescence of E. coli C321.∆A.exp population 

expressing tRNACUA
fmet2 with sfGFP(GCC) reporter). (B) Average fluorescence (FITC-H) for three 

biological replicates. Error bars represent one standard deviation. (C) Fold change in fluorescence 

intensities between repressed and induced cultures. 
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3.1.5 Dynamic induction of 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

 potentially reveals effect of tRNA maturation on start codon 

interaction fidelity 

To determine the dynamic behaviour of the tRNACUA
fmet2 amber initiator, I performed an induction 

time-course using the tac-inducible pULTRA::tac-metY(CUA) plasmid. The results of this 

experiment showed that the tRNACUA
fmet2 seemed to have a different effect on the translation 

initiation from the sfGFP(UAG) compared to the sfGFP(AUG) reporter over time. 

Taking the point of induction as a baseline, I observed a rapid 3-fold expression increase from the 

canonical start codon sfGFP(AUG) reporter by 1.5 hours post-induction (Figure 11). This 3-fold 

increase stayed relatively constant throughout the next 5.5 hours of the time-course. In contrast, 

expression from the amber start codon sfGFP(UAG) reporter stayed approximately unchanged 

until 3-hours post-induction when it began steadily increasing until the end of the 7-hour mark 

when it achieved 7-fold increased expression (Figure 11). 

Figure 11: Fold change in normalized reporter expression shows differential effects on UAG versus 

AUG start codons over time. Each line represents trend line over the mean of fold-changes to 

normalized expression for three biological replicates at each time-point. Error bars represent one 

standard deviation. 

 

These data seem to suggest there is some process that takes approximately ~2-3-hours to occur 

that is necessary for the tRNACUA
fmet2 to initiate translation from the sfGFP(UAG) reporter. In 

contrast, the tRNACUA
fmet2 is able to initiate translation from the canonical sfGFP(AUG) start codon 

reporter very soon after induction, but then this process ceases around the 2-3-hour mark. 
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3.2 Measuring whole-cell proteomic effects from 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

 expression 

To define the full range of cellular effects from expression of the amber initiator tRNACUA
fmet2, I used 

mass spectrometry based whole cell shotgun proteomics to measure protein production from 

chromosomally encoded and amber initiator plasmid-borne sequences in E. coli cells. 

3.2.1 Production of 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

 causes few changes to chromosomal protein expression in E. coli 

C321.∆A.exp 

 Because I consistently observed tRNACUA
fmet2 expression caused an increase in fluorescence 

from the canonical start codon sfGFP(AUG) reporter (Section 3.1), I reasoned that this effect may 

also extend to the chromosomally-encoded E. coli genes with AUG start codons. To measure global 

cellular protein production, I conducted shotgun proteomic measurements on E. coli C321.ΔA.exp 

cells containing the sfGFP(UAG) reporter plasmid and the tRNACUA
fmet2 inducible plasmid. Comparing 

uninduced to induced cells I detected a total of 759 proteins present in all three biological 

replicates with at least 2 unique peptides. Of the 759 proteins, I observed only 23 proteins (3.0%) 

differentially expressed (p-value ≤ 0.05) in cells expressing the tRNACUA
fmet2 compared to the cells 

without the tRNACUA
fmet2 (Figure 12). Of the 23 differentially regulated proteins, only 12 proteins 

(1.6%) were up-regulated, and of those only 10 proteins (1.3%) were encoded in the E. coli 

genome. The most highly up-regulated protein was the LacI (lactose operon repressor) expressed 

from the amber initiator plasmid. The second most highly up-regulated protein was sfGFP with 

UAG as the start codon from the reporter plasmid. Together, these data show that tRNACUA
fmet2 does 

not cause wide-spread global up-regulation of E. coli proteins produced from genes with the 

canonical start codons (AUG, GUG, and UUG).  

 I analysed the remaining up- and down-regulated proteins (Table 2) and interestingly 

observed up-regulation of peptide chain release factor 3 (RF3) which is known to stimulate 

translation termination by interacting with class I release factors RF1 and RF2 (O’Connor 2015). I 

investigated the identified protein using the Gene Ontology annotation database PANTHER – Gene 

List Analysis (GO annotation) to determine evidence of functional or pathway clustering, but could 

find only weak pathway clustering with no apparent correlation in functions.  
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Figure 12: The production of 𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐 in E. coli C321.∆A.exp(pQE60::sfGFP(UAG)) cells results in 22 

differentially expressed proteins. Volcano plot of 759 quantified proteins from E. coli C321.∆A.exp 

cells harbouring the sfGFP(UAG) reporter plasmid and expressing  tRNACUA
fmet2 versus cells 

lacking tRNACUA
fmet2. Green dots represent up-regulated proteins and red dots represent down-

regulated proteins with both statistically significant differential expression (log2 fold change ≤ −0.58 or 

≥ 0.58) and with p-value ≤ 0.05. 
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Table 2: Differentially expressed proteins in E. coli C321.∆A.exp(pQE60::sfGFP(UAG)) cells 

expressing 𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐. Proteins with both a fold change <0.66 (down-regulated) or >1.5 (up-

regulated) and p-value <0.05. 

Gene Protein name 
Fold 

change 
p-value 

Unique 
Peptides 

Up-regulated proteins 

lacI Lactose operon repressor* 15.32 0.000003 8 

sfGFP Superfolder green fluorescent protein* 14.59 0.001385 11 

prfC Peptide chain release factor RF3 3.50 0.003333 25 

htpG Chaperone protein  1.76 0.003835 38 

yfeX Probable deferrochelatase/peroxidase  1.84 0.008759 10 

tolQ Protein TolQ 3.48 0.015211 3 

bioD1 ATP-dependent dethiobiotin synthetase  2.41 0.018149 8 

sdaC Serine transporter 1.71 0.019466 4 

glpK Glycerol kinase 1.56 0.020220 37 

lhgO L-2-hydroxyglutarate oxidase  3.06 0.039808 3 

pal Peptidoglycan-associated lipoprotein 2.44 0.045382 5 

cysQ 3'(2'),5'-bisphosphate nucleotidase  2.73 0.047743 5 

Down-regulated proteins 

degQ Periplasmic pH-dependent serine endoprotease  0.52 0.048357 11 

cheA Chemotaxis protein 0.28 0.044040 8 

rdgC Recombination-associated protein  0.29 0.038790 5 

moeA Molybdopterin molybdenumtransferase 0.65 0.035180 10 

cheW Chemotaxis protein 0.33 0.029896 3 

fliC Flagellin 0.66 0.012223 26 

lolD Lipoprotein-releasing system ATP-binding protein  0.52 0.009247 4 

tar Methyl-accepting chemotaxis protein II 0.25 0.001423 14 

hemN Oxygen-independent coproporphyrinogen III oxidase 0.59 0.001113 3 

nemA N-ethylmaleimide reductase 0.20 0.001109 4 

gltX Glutamate--tRNA ligase 0.65 0.000592 23 

* Genes encoded in the amber initiation and reporter plasmids 

 

3.2.2 Production of 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

 results in no detectable off-target peptides produced from UAG open 

reading frames in E. coli C321.∆A.exp 

I next wanted to determine whether production of tRNACUA
fmet2 was resulting in translation initiation 

from chromosomally-encoded amber UAG codons. Although the E. coli C321.∆A.exp genome has 

had all 321 instances of genes with UAG stop codons changed to UAA (Lajoie et al. 2013), there 

still remains over 10,000 UAG codons within the genome. Expression of the tRNACUA
fmet2 may cause 
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a translation initiation event if a ribosome-binding site (Shine-Dalgarno sequence) were located on 

an mRNA at a suitable distance upstream of one of these UAG codons. 

Figure 13: Method used to create UAG open reading frame off-target peptide database. (A) The 

various possibilities that may result in ORFs with UAG start codon. The top peptides represent 

annotated sequences translated from AUG start codon and bottom peptides represent hypothetical 

off-target peptide sequences translated from a UAG start codon. (B) Algorithmic workflow to create 

an ‘off-target’ peptide database from E. coli C321.∆A.exp genome.  

 

I modelled the four different scenarios that would result in an open reading frame beginning with 

a UAG start codon being present in the C321.∆A.exp genome (Figure 13A). Case #1  is not possible 

in C321.∆A.exp because all 321 UAG stop codons were previously removed (Lajoie et al. 2013). I 

used a script to extract all possible UAG open reading frames ≥ 300 bp from the C321.∆A.exp 

genome sequence (Figure 13B). The resulting ‘off-target’ protein database was merged with the E. 

coli K-12 proteome database to form a resultant ‘combined’ K-12 protein search space to match 

observed peptides (I call this the ‘combined K-12 database’). 

I performed mass spectrometry on E. coli C321.∆A.exp cells both with and without tRNACUA
fmet2 

expression and matched peptides to the combined K-12 database. I detected 257 peptides that 

mapped to 196 proteins in the combined K-12 database. The false discovery rate of my 

measurements was within acceptable limits (less than 5% of the detected peptides were from the 

reverse (false) database). To determine if translation initiation was occurring at UAG start codons, 

I filtered out all peptides matching ORFs with AUG start codons, but not ORFs with UAG start 

codons. I further filtered out peptides identified in only one replicate, which left three proteins 
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produced in E. coli C321.∆A.exp from ORFs initiating from UAG start codons. The remaining 3 

peptides (Table 3) had a peptide level score > 50 and PEP value below 0.01 providing strong 

evidence that these peptides arose from translated proteins. However, all these peptides were 

produced in both the presence and absence of tRNACUA
fmet2 expression, suggesting that the amber 

initiator did not cause the translation initiation events producing these peptides. 

Table 3: Proteins and peptides identified exclusive to the ‘off-target’ database in E. coli C321.∆A.exp.  

Protein ID Protein 

Score 

Unique Peptide 

Sequences 

Peptide level Peptide count 

Length Score PEP 𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐- 𝐭𝐑𝐍𝐀𝐂𝐔𝐀

𝐟𝐦𝐞𝐭𝟐+ 

CP006698.1.2209887-

2210546 
2.3817 LTSSICLAGR# 10 58.917 0.006141 3 2 

CP006698.1.36227-

36982 
3.5928 AIVIVADLR# 9 70.912 0.001556 2 3 

CP006698.1.987948-

987106 
2.8696 DIFTAQAAR# 9 68.422 0.000535 3 3 

# Peptides identified in both presence and absence of tRNACUA
fmet2. 

Protein level Score = Andromeda based score on MS/MS spectrum. 

Peptide level Score = Andromeda score for the best associated MS/MS spectrum. 

PEP = Posterior Error Probability 

 

3.3 Amber initiator efficiency in Generally Recognized as Safe (GRAS) E. coli strains   

3.3.1 Expression of 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

 results in efficient translation initiation from sfGFP(UAG) reporter in 

five common laboratory E. coli strains 

After showing that production of the amber initiator tRNACUA
fmet2 in E. coliC321.∆A.exp was able to 

cause translation initiation from the sfGFP(UAG) reporter, I next wanted to know whether this 

system could be used, without modification, in other common E. coli lineages. I tested the amber 

initiation system in four other Generally Recognized as Safe (GRAS) (Archer et al. 2011) E. coli 

strains namely E. coli BL21 (B-strain), E. coli C122 (C-strain), ATCC  9637 (W-strain) and ATCC 8739 

(Crooks-strain). All five E. coli strains (including E. coli C321.ΔA.exp from the K-12 lineage) are 

designated risk group 1 (Sims and Kim 2011) but arise from distinct lineages (Bauer et al. 2007).  
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Figure 14: Amber initiator 𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐 can initiate translation from UAG start codons in all five GRAS E. coli 

lineages. The normalized expression levels from sfGFP with either one of the three start codons (AUG, UAG, 

or GCC) is shown when tRNACUA
fmet2 is expressed by an inducible promoter in E. coli strain C321.ΔA.exp (K-12 

strain), E. coli strain BL21 (B strain), E. coli strain C122 (C strain), E. coli strain ATCC 8739 (W strain) and E. coli 

strain ATCC 9637 (Crooks strain). Each bar displays the average of three replicates and the error bars 

represent one standard deviation. 

 

After transforming both inducible amber initiator plasmid (pULTRA::tac-metY(CUA)) and reporter 

plasmids into all strains, I measured bulk fluorescence under repressing and inducing conditions. I 

observed a similar trend in all tested E. coli strains:  tRNACUA
fmet2 expression caused strong 

sfGFP(UAG) expression and fluorescence (Figure 14). As before, I also observed increased non-

specific initiation from sfGFP(AUG) reporter when tRNACUA
fmet2 was expressed. I found that the K-12, 

B, and C strains expressed relatively higher amounts of sfGFP(UAG) compared to the W and Crooks 

strains. In contrast, expression from sfGFP(AUG) was quite consistent across all the five strains. 

3.3.2 Strain-specific amber start codon initiation capacity 

To determine if the relative effect of tRNACUA
fmet2 expression on UAG versus AUG start codons was 

similar across the five strains, I compared the expression of sfGFP with amber start codon 

(sfGFP(UAG)) to a canonical start codon (sfGFP(AUG)) in each E. coli species. 
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Figure 15: Expression of 𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐results in higher UAG/AUG start 

codon affinity in E. coli K-12, C and B strains versus W and Crooks 

strains. The data points represent expression level of sfGFP(UAG) 

versus sfGFP(AUG) for each strain from tRNACUA
fmet2 induction. Error 

bars represent one standard deviation from the mean (some error bars 

are too small to visualize). 

 

 These data show that tRNACUA
fmet2 has the highest affinity for translation initiation from 

amber UAG start codons versus canonical AUG start codons in the E. coli C strain (Figure 15). E. coli 

K-12 and B strains are the next best host system for expressing the amber initiator with strains W 

and Crooks initiating low levels of reporter expression from both UAG and AUG start codons 

(Figure 15). After determining the amber plasmid system’s propensity for UAG versus AUG start 

codons in common laboratory E. coli GRAS strains, I next wanted to identify any growth defects 

caused by expression of the tRNACUA
fmet2 in these strains.  

3.3.3   Production of 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

 causes minimal growth defects  

 To determine the fitness effects on E. coli strains from amber initiator expression, I 

measured doubling time and maximal optical density for each strain expressing the tRNACUA
fmet2 

grown in LBL/ LBM with antibiotic (spectinomycin) compared to respective strains without 

pULTRA::tac-metY(CUA) plasmid (plasmid-free strains devoid of  tRNACUA
fmet2) grown in LBL/LBM 

excluding antibiotics. I found that only the E. coli strain K-12 (C321.∆A.exp) showed 18% impaired 
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fitness specifically slower growth upon tRNACUA
fmet2 expression (Figure 16). The C321.ΔA.exp fitness 

defect only affected growth rate as this strain reached the same maximal cell density regardless of 

tRNACUA
fmet2 expression. Surprisingly, I observed no fitness impairment in any of the other E. coli 

strains (C, B, W, and Crooks) and instead observed that Crooks and W strain exhibited faster 

growth due to tRNACUA
fmet2 expression. E. coli B and C strain growth was unaffected by tRNACUA

fmet2 

expression. 

Figure 16: Effect of 𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐 expression on GRAS E. coli strain fitness.  

Ratios of maximal cell densities (X-axis) and doubling time (Y-axis) for strains without tRNACUA
fmet2 versus 

strains expressing tRNACUA
fmet2. Strains exhibiting slower growth expressing tRNACUA

fmet2 are below the 

horizontal grey line and strains exhibiting higher maximal cell density expressing tRNACUA
fmet2 are to the 

right of the vertical grey line. Each data point is the average of three biological replicates with the error 

bars showing one standard deviation.   
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Chapter 4: Discussion 

Reassignment of UAG as a sense codon has enabled a wide variety of application like non-standard 

amino acid incorporation (Liu and Schultz 2010) and novel strategies in biocontainment (Mandell 

et al. 2015). A genetically recoded organism with an altered genetic code serves as a vehicle 

specifically for UAG codon reassignment (Lajoie et al. 2013). Previous studies have identified an 

amber initiation tRNA that can initiate protein synthesis from a UAG start codon (Varshney and 

RajBhandary 1990), but have not studied the effects of the tRNA at the population and organismal 

level.  

In this study, I measure the efficiency of an amber initiator plasmid expressing tRNACUA
fmet2 to 

reassign the UAG as a start codon in five common laboratory E. coli strains from different lineages. 

In doing so, I examine several features of the amber initiation plasmid such as effect of tRNACUA
fmet2 

on the fitness of each strain and duration of time the tRNA requires for complete maturation. 

Additionally, using proteomic analysis, I confirm that tRNACUA
fmet2 expression does not cause adverse 

effects at the host proteome level.  

4.1 Creating plasmids to measure new aspects of the amber initiator 

In this work I created a new plasmid system based on the pULTRA-backbone to inducibly express 

the amber initiator tRNACUA
fmet2 to measure several aspects of this tRNA that had not been studied 

before. I built two amber initiation plasmids, one plasmid expresses tRNACUA
fmet2 constitutively 

similar to their plasmid system under the control metYp1p2 promoter and the other expresses 

tRNACUA
fmet under the control of a tac promoter. Additionally, I designed a fluorescence reporter 

system using sfGFP to enable a wider dynamic range and real-time measurements at the 

population level  (Martin et al. 1996; Lewis et al. 1998)  that were not possible with the previously 

used CAT reporter (Varshney and RajBhandary 1990). 

Bulk fluorescence intensity measurements from cells containing pULTRA::metYp1p2-metY(CUA) 

showed very low levels of sfGFP(UAG) reporter expression when tRNACUA
fmet2 was constitutively 

produced from the metYp1p2 promoter with 7-fold higher expression compared to sfGFP(GCC) 

(negative control). In contrast, sfGFP(AUG) expression was about 129-fold higher than sfGFP(GCC) 

background (Figure 8). This indicates that tRNACUA
fmet2 expressed from the native metYp1p2 

promoter can initiate translation at UAG start codons about 5% as frequently as compared to AUG 
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initiation. This value is also surprisingly low compared to previous estimates of 50-60% expressing 

amber initiator plasmid from the metYp1 promoter.  

My results with the native metYp1p2 promoter (proximal and distal promoters) likely differed 

from previous results because of a CRP binding site which represses tRNACUA
fmet2 production (Krin et 

al. 2003). The CRP binding site is absent in the metYp1 promoter (Varshney and RajBhandary 1990) 

but is present in the distal portion of metYp1p2 promoter in pULTRA::metYp1p2-metY(CUA). 

Therefore, my results indicated low levels of initiation from sfGFP(UAG) (Figure 8) with surprisingly 

low efficiency.  

Expressing tRNACUA
fmet2 from the inducible tac promoter enormously improved sfGFP(UAG) 

expression, generating 240-fold higher fluorescence compared to sfGFP(GCC). Using the inducible 

plasmid enabled UAG translation initiation equivalent to sfGFP(AUG) expression levels without 

tRNACUA
fmet2 expression (Figure 8 and 9). 

Using the fluorescent sfGFP reporter, for the first time, I could determine the population 

distribution of E. coli cells expressing tRNACUA
fmet2 (Figure 10A). I found normally distributed cell 

populations expressing tRNACUA
fmet2, similar in structure to wild-type cells with  tRNACUA

fmet2. 

Furthermore, averages of cell fluorescence from flow cytometry measurements closely matched 

average values determined using bulk culture fluorescence plate reader measurements (Figure 

10B and 10C), lending further support to the validity of those results. 

4.2 Effect of shifting the stoichiometric ratio of 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

to wild type tRNAfmet  

I observed an enormous increase (up to 196-fold) in expression from sfGFP(UAG) in the induced 

stated compared to the repressed state by overexpressing tRNACUA
fmet2 via a strong inducible tac 

promoter (Figure 9). Previous studies highlighted the importance of intracellular competition 

between mutant tRNACUA
fmet2 and the wild type initiator tRNAfmet molecules to the amber initiator 

tRNA access to the P-site of the ribosome (Samhita et al. 2012). To overcome the problem of low 

tRNACUA
fmet2 expression, studies have overexpressed accessory proteins such as aminoacyl-

synthetases or IF2 to increase initiation efficiency from UAG codons (Varshney and RajBhandary 

1990; Thanedar et al. 2000). In contrast, I observed overexpressing tRNACUA
fmet2 can shift the 

stoichiometric ratio of initiator tRNAs in competition for P-site binding to be more favourable for 

tRNACUA
fmet2. This shift resulted in an enormous increase in expression from sfGFP(UAG) but with a 
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minor side-effect of sfGFP(AUG) expression increase of 30-fold (Figure 9) similar to what was 

observed in previous studies (Varshney and RajBhandary 1990). 

4.3 Amber initiator expression dynamics potentially reveals  𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

maturation 

process  

By creating an inducible tRNACUA
fmet expression system I was able to visualize for the first time the 

dynamics of the amber initiator induction. I observed that tRNACUA
fmet2 expression resulted in 

increased sfGFP(UAG) initiation efficiency only after 2-3 hours. Furthermore, the sfGFP(AUG) 

reporter showed an initial spike in expression (up to 3-fold) but then remained constant (2-3 fold) 

over time. However, sfGFP(UAG) expression increased rapidly after the initial 2-3 hour latency, 

overtaking the fold change in sfGFP(AUG) expression by the end of the 7 hours (Figure 11). 

It is known that many tRNAs acquire an isopentenylated adenine modification at base 37 during 

their maturation that is thought to stabilize weak interactions between anticodon-codon A:U base 

pair in the first position (Esberg et al. 1999; Schweizer et al. 2017). In E. coli, the MiaA/B enzymes 

are responsible for the modification of an adenine at position 37 to 2-methylthio-N6-(∆2 -

isopentenyl) adenosine (ms2i6A) (Esberg et al. 1999). The tRNA helical stem-loop containing the 

A36-A37-A38 motif are determinants for MiaA recognition (Zhou et al. 2015). The tRNACUA
fmet2 has 

been shown to acquire the ms2i6A modification in a MiaA-dependent fashion and lack of this 

modification disrupted the ability of the tRNA to initiate translation from UAG start codons 

(Mangroo et al. 1995). 

It is plausible that I observed this MiA/B-dependent maturation process in the fluorescence time-

course (Figure 11) and that the delay in sfGFP(UAG) reporter fluorescence is due to the time 

required for the tRNACUA
fmet2 to mature and be able to productively interact with the ribosome to 

initiate translation. It would be interesting to allow tRNACUA
fmet2 to mature before introducing mRNA 

with a UAG start codon or conversely modulate the expression of tRNACUA
fmet2 so that most of the 

tRNAs can be efficiently modified by MiaA/B. 

The ms2i6A37 base modification (Figure 17) has an added implication towards an orthogonal 

tRNACUA
fmet2 since previously it was proposed that the unmodified A37 is necessary for tRNAfmet to 

recognise the canonical start codons (Dube et al. 1968). Concomitantly, recent structural evidence 

shows that tRNAfmet forms a unique base-triple interaction between the unmodified A37 and the 

G29-C41 pair which stabilises the conformation of the anticodon loop (Barraud et al. 2008), 
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suggesting that the unmodified base directly enables AUG start codon recognition. However, the 

ms2i6 modification is likely to cause A37 in tRNACUA
fmet2 to base pair with U33 (Mangroo et al. 1995) 

instead of the base-triple seen in normal initiator tRNAfmet. In this scenario, when the tRNACUA
fmet2 

acquires the ms2i6A37 base modification after 2-3 hours of latency it loses non-specific activity 

towards the AUG start codon, preventing further off-target expression from the sfGFP(AUG) 

reporter (Figure 11). At the same time, the ms2i6A37 modified tRNACUA
fmet2 now has increased 

affinity towards the sfGFP(UAG) reporter and fluorescence increases at the 2-3 hour mark (Figure 

11). Control of the ms2i6A37 base modification may be a crucial element to engineer a truly 

orthogonal amber initiator in E. coli since seems to be important to increase specificity towards 

UAG while reducing affinity towards AUG. 

 Figure 17: Cloverleaf structure of the 

amber initiator tRNA (𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐) 

denoting functional elements. The 

acceptor stem for IF2 recognition and 3 G:C 

base pair essential for P-site binding is 

conserved in tRNACUA
fmet2. Nucleotide A37 is 

shown with possible modification to 

ms2i6A37 (adapted from Mangroo et al. 

1995). 

 

 

 

4.4 Proteomic analysis 

My proteomic analysis of C321.∆A.exp revealed less than 6% of identified proteins were 

differentially expressed due to tRNACUA
fmet expression. It remains to be seen whether this small 

effect is limited to the C321.∆A.exp strain due to the advantageous lack of UAG stop codons and 

RF1 deletion, but this minimal alteration to the E. coli proteome is an encouraging result for future 

creation of an orthogonal translation system. 

The lack of RF1 in the C321.∆A.exp strain is beneficial for the amber initiation system because RF1 

is a class I release factor that recognises the UAG codon when it is presented in the ribosomal A-

site. I would expect that if RF1 were present it would compete with tRNACUA
fmet2 for UAG start codon 
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binding. This effect would be especially pronounced if the ribosome were using the 70S scanning 

mode because RF1 binding to the UAG start codon would have a dual negative effect on tRNACUA
fmet 

efficiency: firstly by outcompeting tRNACUA
fmet2 and secondly by dismantling the 70S ribosome lower 

70S-scanning mode efficiency (Figure 5). However, I would not expect any difference in reporter 

expression due to deficiency in the 70S-scanning mode since I used a monocistronic reporter 

system (single sfGFP reporter in each plasmid) which is not affected by the 70S-scanning 

mode(Yamamoto et al. 2016).  

The release factor 3 (RF3) protein showed a significant increase in protein abundance (3.5 fold-

change and p-value< 0.005) from tRNACUA
fmet2 expression (Table 2). RF3 is a class II release factor 

with GTPase activity which primarily interacts with class I termination factors RF1 and RF2 

accelerating their dissociation after peptide release in prokaryotes (Freistroffer et al. 1997). 

Overexpression studies of RF3 implicates this protein in reducing frameshifting and increasing 

termination efficiency within cells (Freistroffer et al. 1997). Subsequent work described how RF3 

plays an indirect role since overexpression of the class I release factors would exhibit the same 

effect (Crawford et al. 1999). RF3 is now regarded as a recycling factor which maintains the 

concentration of free class I termination factors in the cell. It is important to note that E. coli 

C321.∆A.exp has a less effective RF2 variant due to a Threonine at position 246 which has been 

shown to be less efficient in translation termination (Dinçbas-Renqvist et al. 2000; O’Connor 

2015). RF2 defects can be compensated for by RF1 (O’Connor 2015) but the C321.∆A.exp strain 

relies solely on the RF2 variant as it has had RF1 deleted from the genome (Lajoie et al. 2013). 

In my proteomics experiments I observed unchanged RF2 protein abundance and an increased RF3 

abundance, indicating that RF3 up-regulation may be a cellular response to translation termination 

deficiencies. Firstly, considering the RF3 recycling factor model, it may be plausible that RF3 

upregulation compensates for the lack of RF1 in C321.∆A.exp by attempting to replenish the pool 

of free RF2 in the cell more rapidly. Secondly, RF3 up-regulation may be caused by the presence of 

large amounts of tRNACUA
fmet which may not be adequately aminoacylated, resulting in a pool of un-

aminoacylated tRNACUA
fmet and increasing 30S ribosomal initiation complex formation. Subsequent 

accumulation of non-functional 70S complexes (including un-aminoacylated tRNA) would require a 

higher abundance of free RF2 molecules, which the cell would compensate for by increasing the 

abundance of the recycling factor RF3.  
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A secondary, and more controversial role, of RF3 is in post-peptidyltransferase quality control 

(post-PT QC) where it is thought to be responsible for selectively terminating polypeptides with 

misincorporated amino acids to maintain translational fidelity (Zaher and Green 2011). 

Contradicting in vivo studies have shown this model is restricted to E. coli K-12 strains with a 

defective RF2 (O’Connor 2015) implying that RF2 instead of RF3 plays a direct role in post-PT QC. 

Nonetheless, all these studies indicate an indirect role of RF3 in post-PT QC because RF3 deletion 

causes an increase in genome-wide recoding and read-through events (Baggett et al. 2017). 

Previous work has reported that tRNACUA
fmet2 is aminoacylated with glutamine, although the precise 

fraction with methionine versus glutamine is not known (Varshney and RajBhandary 1990; 

Varshney et al. 1993). If large numbers of sfGFP(UAG) proteins with N-terminal glutamine are 

produced in cells expressing the reporter and tRNACUA
fmet2 then the increased RF3 expression may 

be from increasing post-PT QC events due to the large number of sfGFP(UAG) proteins with 

glutamine as its first amino acid. However, if RF3 up-regulation was a result of post-PT QC, I would 

have expected to also see other post-PT QC related proteins such as ribosomal release factor or 

elongation factor G increase in abundance, which I did not (Heurgué-Hamard et al. 1998).  

4.5 Amber initiator expression across five common laboratory E. coli strains 

4.5.1 The amber initiator tRNA is functional in all five E. coli GRAS strains 

Using the pULTRA::tac-metY(CUA) plasmid I designed and built, I found that the tRNACUA
fmet2 was 

capable of initiating translation across all five E. coli strains tested (Figure 14). Translation initiation 

from UAG start codons was equally efficient in C321.∆A.exp (K-12 strain) as in the E. coli C and B 

strains (Figure 14 and 15). In contrast, UAG start codon initiation efficiency was 10-fold lower in E. 

coli W and Crooks strains (Figure 14). 

The difference in amber start codon translation initiation efficiency may be due to the different 

tRNAs encoded by each strain. The genome of C321.ΔA.exp contains four copies of the initiator 

tRNA located in two loci: The metZWV-loci contains three identical copies of tRNAfmet1 (Kenri et al. 

1994), while the metY-loci contains one copy of tRNAfmet2 which differs by a single base in the 

variable region (Komine et al. 1990) from the metZWV genes. The major essential tRNAfmet1 has 

methylated guanosine (m7G) at position 46 whereas the non-essential minor tRNAfmet2 species has 

an A at this position (Kenri et al. 1991). In contrast, E. coli BL21 contains only the major tRNAfmet1 

species in the metZWV locus and an extra copy of the major tRNAfmet1 species in the metY locus 

(Figure 18) (Mandal and RajBhandary 1992).   
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To determine the initiator tRNA composition of E. coli W, C, and Crooks I compared 

sequences of currently annotated metZWV and metY genes using BLAST and multiple sequence 

alignments. I found that only the E. coli K-12 (C321.∆A.exp) strain has the minor tRNAfmet2 species 

while all the other strains used in this study have 4 copies of the tRNAfmet1 species (Figure 18) 

similar to E. coli BL21. 

Figure 18: Composition of initiator tRNA species in E. coli strains.  

(A) Occurrence of initiator tRNA genes in the metZWV and metY loci (Ishii et al. 1984). 

(B) Multiple sequence analysis of tRNA gene sequences in the metY loci of each E. coli strain. The schematic 

gene sequence of a tRNA is shown above. Each nucleotide base is represented by a different colour.  

Unexpectedly, the sfGFP expression levels (Figure 8) did not correlate with the tRNAfmet 

composition (Figure 14) since even though E. coli strain C and B do not have the minor tRNAfmet2 

species, they have similar expression from UAG start codon as the E. coli C321.∆A.exp strain. This 

result implies that the base variation at position 46 between tRNAfmet1 and tRNAfmet2 is insignificant 

for translation initiation. Similarly, the low sfGFP(UAG) and sfGFP(AUG) reporter expression levels 

from in E. coli strains W and Crooks may be due to other strain-dependent variables because I 

observed a lower expression for sfGFP(AUG) as well (Figure 14 and 15). In summary, I showed that 

the amber initiator tRNA plasmid expression system I designed can be used without modification 

within five common laboratory strains of E. coli and may prove useful for future applications that 

leverage the unique properties of each strain.  
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4.5.2 C321.∆A.exp is the only strain with growth defect due to 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

 expression 

Growth experiments with all five E. coli strains expressing the tRNACUA
fmet2 showed that E. coli W, C, 

and Crooks had enhanced growth rate and maximum cell density, while C321.∆A.exp showed a 

small (18%) growth defect (Figure 16). Previous studies have shown growth impairment due to 

tRNAfmet2 deletion (Kenri et al. 1991) but to my knowledge there have been no growth 

experiments on strains expressing plasmid-borne copies of an initiator tRNA or any of its mutants.  

This growth defect in C321.∆A.exp was surprising considering that this strain has all UAG stop 

codons removed. I had reasoned that this strain would have been less affected by tRNACUA
fmet2 

expression due to less opportunity for ribosome recycling at UAG start codons from the removal of 

RF1. It may be that ribosome stalling is still occurring in C321.∆A.exp due to incorporation of un-

aminoacylated (uncharged) or misaminoacylated (wrongly charged) tRNACUA
fmet2 instead causing 

perturbed growth. On the contrary, tRNACUA
fmet2 interfering tRNAfmet2 activity (specifically found in 

C321.∆A.exp) could explain minor growth impairment.  

Concomitantly, all the experiments were performed in a rich growth media (LBL and LBM) with a 

good carbon, nitrogen and energy source previously described to encourage rapid growth cells by 

switching off biosynthetic pathways to focus on macromolecular synthesis, prominently protein 

synthesis. Conversely, cells grown in minimal media starve for building blocks like amino acids and 

this burden is overcome by switching on the biosynthetic pathways and elevating expression of 

regulators of cellular processes (Tao et al. 1999). It is probable that the rich LBL and LBM growth 

media negates some of the fitness effects caused by expression of tRNACUA
fmet2, exhibiting minimal 

growth defect  across all five E. coli strains. Analysing fitness of the strains expressing tRNACUA
fmet2 

grown in minimal media could demonstrate more variability among the five E. coli strains.   

However, as proteomic analysis suggests, a compensatory mechanism may control this effect to 

minimize the reduction in growth rate. Another reason for reduced growth rate in E. coli 

C321.∆A.exp compared to the rest of the strains may be implicated by a K-12 specific Thr246 RF2 

variant whereas all the remaining strains have the fully functional Ala246 RF2 protein (O’Connor 

2015; Baggett et al. 2017). The K-12 specific RF2 variant has shown to reduce termination 

efficiency and efficiency was restored when the Thr246 was restored to Ala246 (Dinçbas-Renqvist 

et al. 2000). Together, these disadvantages appear to make it harder for E. coli C321.∆A.exp to 

cope with tRNACUA
fmet2 expression and the concomitant burden to the translation machinery. It will 

be interesting in the future to measure proteome level changes in one of the four strains with a 
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more efficient translation termination machinery expressing tRNACUA
fmet2 to see if RF3 is still 

overexpressed due to tRNACUA
fmet2, implying direct interactions between tRNACUA

fmet2 and RF3.  

4.6 Off-target effects of amber initiator 𝒕𝑹𝑵𝑨𝑪𝑼𝑨
𝒇𝒎𝒆𝒕𝟐

 expression 

Although my experiments showed that tRNACUA
fmet2 expression is capable of directing translation 

initiation from UAG start codons, I also observed an increase in expression from AUG start codons 

(Figure 8). It is known that due to wobble base pairing in the 1st position, the regular tRNAfmet can 

initiate translation from GUG and UUG start codons in some cases. In fact, of annotated genes in 

model bacterial genomes, 13.8% have GUG start codons and 4.3% have UUG start codons (Hecht 

et al. 2017). As a result of the known promiscuity of the regular tRNAfmet (Hecht et al. 2017), I did 

not expect that the amber initiator tRNACUA
fmet2 would only initiate translation at UAG start codons. 

Furthermore, previous results with the amber initiator suggested initiation from a AUG start codon 

was possible, but were inconclusive due to the narrow dynamic range of the CAT assay (Varshney 

and RajBhandary 1990). Despite the increased sfGFP(AUG) expression due to tRNACUA
fmet2 

expression my proteomic results showed only 42 proteins (5.6% of total) changed abundance, 

suggest this effect is not occurring to any great extent within cells. Furthermore, all of the 

detected proteins with differential regulation were from genes beginning with AUG, suggesting 

that the amber initiator tRNACUA
fmet2 may not have the same affinity with GUG or UGG codons as the 

normal tRNAfmet does. I plan to further investigate the precise interactions of the tRNACUA
fmet2 with 

all other codons in the future. 

The minor tRNACUA
fmet2 interaction with AUG start codons in my assays may to be governed by two 

factors. First, the A37 base modification next to the anticodon (Figure 17) is known to occur in 

tRNAs with NNA anticodons and enables interaction with UNN which enhances specificity of 

tRNACUA
fmet2 to recognise UAG instead of AUG. The modified ms2i6A37 base stabilizes codon 

recognition by stacking interactions on the first Watson-Crick base pair (Schweizer et al. 2017). 

Secondly, the underlying AUG initiation activity may be enhanced when the reporter transcript is 

at a high copy number due to the medium-copy (20-40) plasmid with a strong T5 promoter 

(Morelli et al. 2011). Although a previous study using the regular tRNAfmet showed little difference 

in rank order initiation strength from 16 different codons when reporter copy number was varied 

(Hecht et al. 2017), we do not know if this same result would hold true for tRNACUA
fmet2. It has 

already been shown that competition between the amber initiator and the regular tRNAfmet can 

affect accessibility to the ribosome P-site. Shifts in the stoichiometric ratio between amber and 
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native tRNAs has been shown to increase initiation efficiency of the amber tRNACUA
fmet2 (Samhita et 

al. 2012). Similarly, I have shown that overexpressing tRNACUA
fmet2 introduces a shift in the 

stoichiometric ratio increasing tRNACUA
fmet2 efficiency above that seen in other experiments using 

the amber initiator tRNA (Varshney and RajBhandary 1990). In my experiments there was no 

detectable translation initiation from UAG codons in the C321.∆A.exp genome, but I measured the 

proteome in the presence of the sfGFP(UAG) reporter plasmid that provided abundant transcripts 

to ‘soak up’ the available tRNACUA
fmet2. It is possible that in the absence of a large number of 

transcripts with a strong RBS and sfGFP gene with UAG start codon I may have observed peptides 

from genome-encoded UAG open reading frames. In the future, I could assess these predictions by 

using reporter plasmids with lower copy numbers, plasmids with inducible promoters that allow 

the number of transcripts to be more precisely controlled, and comparative proteomics in the 

absence of reporter plasmids. 

4.7 Conclusion and future directions  

In this study I defined several properties of the amber initiator tRNACUA
fmet2 that will enable further 

development of an efficient orthogonal translation initiation system in E. coli. I have demonstrated 

the first experimental evidence that overexpressing tRNACUA
fmet2 does not cause any major 

physiological or proteome level defects in E. coli. Furthermore, for the first time, I showed that 

cells expressing the amber initiator tRNA form a uniform population distribution. Lastly, the 

modular two-plasmid system I have designed and constructed in this work will form a platform 

from which to engineer an improved mutant tRNACUA
fmet2 which can effectively initiate protein 

synthesis from the UAG start codon while reducing non-specific interaction with the canonical 

(AUG) start codon.  
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Supplementary Material 

 

Table S1: Synthesized oligonucleotides 

Synthesized DNA Length 

(bp) 

Template Description/Sequence 

A80-tRNAfmetCUA 1971 - Synthesized gblock containing metY(CUA) gene and 

metYp1p2 promoter  

544-pULTRA_linear-FOR 40 pULTRA-CNF Forward primer for to amplify pULTRA backbone to 

assemble pULTRA::metYp1p2-metY(CUA) 

545-pULTRA_linear-REV 40 pULTRA-CNF Reverse primer to amplify pULTRA backbone to 

assemble pULTRA::metYp1p2-metY(CUA) 

546-metY(CUA)-FOR 40 A80 Forward primer for to amplify metY(CUA) gene to 

assemble pULTRA::metYp1p2-metY(CUA) 

547-metY(CUA)-REV 40 A80 Reverse primer to amplify metY(CUA) gene to assemble 

pULTRA::metYp1p2-metY(CUA) 

548-pULTRA_back-FOR 48 pULTRA-CNF Forward primer for to amplify pULTRA backbone to 

assemble pULTRA::tac-metY(CUA) 

549-pULTRA_back-REV 41 pULTRA-CNF Reverse primer to amplify pULTRA backbone 

to assemble pULTRA::tac-metY(CUA) 

550-metY(CUA)_2-FOR 42 A80 Forward primer for to amplify metY(CUA) gene to 

assemble pULTRA::tac-metY(CUA) 

551-metY(CUA)_2-REV 47 A80 Reverse primer to amplify metY(CUA) gene 

to assemble pULTRA::tac-metY(CUA) 

552-Amber_screen-FOR^ 22 Amber initiator 

plasmids 

Forward primers for screening assembled amber 

initiator plasmids# 

553-Amber_screen-REV^ 18 Amber initiator 

plasmids 

Forward primers for screening and sequencing of 

assembled amber initiator plasmids# 

#PCR with these primers gave a 1.2 kb product for pULTRA::metYp1p2-metY(CUA) and 0.7 kb product for pULTRA::tac-

metY(CUA). 
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Table S2: Normalized fluorescence expression in E. coli C321.∆A.exp 

Condition Amber initiator plasmid Reporter 

Plasmid 

E. coli strain Normalized 

fluorescence 

(Arb.U./OD600) 

Standard 

deviation 

Repressed - sfGFP(GCC) E. coli C321.∆A.exp 50.3 15.2 

Induced - sfGFP(GCC) E. coli C321.∆A.exp 62.7 13.9 

Repressed - sfGFP(UAG) E. coli C321.∆A.exp 42.9 6.5 

Induced - sfGFP(UAG) E. coli C321.∆A.exp 58.2 13.7 

Repressed - sfGFP(AUG) E. coli C321.∆A.exp 7143.0 817.3 

Induced - sfGFP(AUG) E. coli C321.∆A.exp 111793.6 4329.3 

Repressed pULTRA:metYp1p2-

metY(CUA) 

sfGFP(GCC) E. coli C321.∆A.exp 
62.5 17.2 

Induced pULTRA:metYp1p2-

metY(CUA) 

sfGFP(GCC) E. coli C321.∆A.exp 
52.2 11.9 

Repressed pULTRA:metYp1p2-

metY(CUA) 

sfGFP(UAG) E. coli C321.∆A.exp 
429.3 243.3 

Induced pULTRA:metYp1p2-

metY(CUA) 

sfGFP(UAG) E. coli C321.∆A.exp 
240.4 59.6 

Repressed pULTRA:metYp1p2-

metY(CUA) 

sfGFP(AUG) E. coli C321.∆A.exp 
7854.3 247.8 

Induced pULTRA:metYp1p2-

metY(CUA) 

sfGFP(AUG) E. coli C321.∆A.exp 
8083.3 528.8 

Repressed pULTRA:tac-metY(CUA) sfGFP(GCC) E. coli C321.∆A.exp 48.7 17.5 

Induced pULTRA:tac-metY(CUA) sfGFP(GCC) E. coli C321.∆A.exp 43.7 10.3 

Repressed pULTRA:tac-metY(CUA) sfGFP(UAG) E. coli C321.∆A.exp 128.9 22.8 

Induced pULTRA:tac-metY(CUA) sfGFP(UAG) E. coli C321.∆A.exp 10503.4 2518.1 

Repressed pULTRA:tac-metY(CUA) sfGFP(AUG) E. coli C321.∆A.exp 45202.1 3924.9 

Induced pULTRA:tac-metY(CUA) sfGFP(AUG) E. coli C321.∆A.exp 112895.6 7786.1 
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Table S2: Normalized fluorescence expression in E. coli BL21, E. coli C122, E. coli W and E. coli Crooks. 

Condition Amber initiator plasmid Reporter 

Plasmid 

E. coli strain Average 

Normalized 

fluorescence 

(Arb.U./OD600) 

Standard 

deviation 

Repressed pULTRA:tac-metY(CUA) sfGFP(GCC) E. coli BL21 1379.3 100.4 

Induced pULTRA:tac-metY(CUA) sfGFP(GCC) E. coli BL21 79265.4 1138.7 

Repressed pULTRA:tac-metY(CUA) sfGFP(UAG) E. coli BL21 86.9 13.4 

Induced pULTRA:tac-metY(CUA) sfGFP(UAG) E. coli BL21 7544.6 716.5 

Repressed pULTRA:tac-metY(CUA) sfGFP(AUG) E. coli BL21 61.2 12.0 

Induced pULTRA:tac-metY(CUA) sfGFP(AUG) E. coli BL21 44.0 5.5 

Repressed pULTRA:tac-metY(CUA) sfGFP(GCC) E. coli C122 3047.0 273.5 

Induced pULTRA:tac-metY(CUA) sfGFP(GCC) E. coli C122 80276.3 1339.4 

Repressed pULTRA:tac-metY(CUA) sfGFP(UAG) E. coli C122 52.0 7.6 

Induced pULTRA:tac-metY(CUA) sfGFP(UAG) E. coli C122 11322.7 812.6 

Repressed pULTRA:tac-metY(CUA) sfGFP(AUG) E. coli C122 35.2 3.4 

Induced pULTRA:tac-metY(CUA) sfGFP(AUG) E. coli C122 51.9 4.5 

Repressed pULTRA:tac-metY(CUA) sfGFP(GCC) E. coli W 2582.9 638.2 

Induced pULTRA:tac-metY(CUA) sfGFP(GCC) E. coli W 49017.6 3640.7 

Repressed pULTRA:tac-metY(CUA) sfGFP(UAG) E. coli W 46.8 1.5 

Induced pULTRA:tac-metY(CUA) sfGFP(UAG) E. coli W 2928.7 166.6 

Repressed pULTRA:tac-metY(CUA) sfGFP(AUG) E. coli W 36.5 1.5 

Induced pULTRA:tac-metY(CUA) sfGFP(AUG) E. coli W 55.0 10.3 

Repressed pULTRA:tac-metY(CUA) sfGFP(GCC) E. coli Crooks 1728.7 58.1 

Induced pULTRA:tac-metY(CUA) sfGFP(GCC) E. coli Crooks 60601.7 379.8 

Repressed pULTRA:tac-metY(CUA) sfGFP(UAG) E. coli Crooks 44.1 1.7 

Induced pULTRA:tac-metY(CUA) sfGFP(UAG) E. coli Crooks 1700.7 2.7 

Repressed pULTRA:tac-metY(CUA) sfGFP(AUG) E. coli Crooks 44.7 4.2 

Induced pULTRA:tac-metY(CUA) sfGFP(AUG) E. coli Crooks 58.6 3.8 
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Table S3: Average tdouble and maximal OD600 for fitness analysis scatter plot. 

Strain Amber initiator plasmid Average 
tdouble (mins) 

Standard 
deviation 

Average max. 
OD600 (A.U.) 

Standard 
deviation 

E. coli C321.∆A.exp - 51.5 2 0.58 0.02 

E. coli BL21 - 42.4 9 0.46 0.02 

E. coli C122 - 67.4 17 0.54 0.03 

E. coli W - 146.4 11 0.58 0.02 

E. coli Crooks - 159.1 13 0.76 0.07 

E. coli C321.∆A.exp pULTRA::tac-metY(CUA) 60.4 9 0.57 0.02 

E. coli BL21 pULTRA::tac-metY(CUA) 47.7 10 0.55 0.02 

E. coli C122 pULTRA::tac-metY(CUA) 64.1 2 0.73 0.01 

E. coli W pULTRA::tac-metY(CUA) 119.9 3 0.73 0.0 

E. coli Crooks pULTRA::tac-metY(CUA) 103.1 10 1.01 0.06 

  

  

 

Figure S1: Normalized Q-Q plots of proteins with differential abundances in three replicates of E. coli 

C321.∆A.exp (A) control without 𝐭𝐑𝐍𝐀𝐂𝐔𝐀
𝐟𝐦𝐞𝐭𝟐  (B) expressing 𝐭𝐑𝐍𝐀𝐂𝐔𝐀

𝐟𝐦𝐞𝐭𝟐 from pULTRA::tac-metY(CUA) 

plasmids. 
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