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Abstract 

 

The ribosome is a 2.5 MDa molecular machine that converts the information encoded in 

mRNA into protein, following the rules defined by the genetic code. In all organisms 

protein composition is limited to 20 amino acids, with the rare exceptions of pyrrolysine 

and selenocysteine. Although rarely used in the proteome, the incorporation of 

selenocysteine into proteins is essential for life in many organisms, including humans. 

The mRNA encoding a selenoprotein has a stem loop, known as a selenocysteine 

insertion sequence (SECIS) element, following a UGA stop codon that facilitates the 

ribosome to introduce selenocysteine at the stop codon. This requires a unique set of 

factors used only for the synthesis and insertion of selenocysteine including a dedicated 

tRNA, translation factor and enzymes that enable the conversion of serine to 

selenocysteine. The human proteome includes 25 selenoproteins that are mostly 

uncharacterised because of the inability to express them in bacteria. This is due to the 

divergence of RNA and protein factors as well as the inherently low efficiency of 

selenocysteine incorporation in bacteria.  

 

I have developed a reporter gene that provides an efficient life/death selection for 

selenocysteine incorporation. Using directed evolution, a library of random 16S rRNA 

mutants was screened for clones with an altered ability to incorporate selenocysteine. 

Six point mutations were identified in the 16S rRNA which affect selenocysteine 

incorporation efficiency, one conferring a four-fold increase in efficiency without 

affecting canonical translation. This result was validated by measuring the reduction of 

benzyl viologen in an endogenous context with the E. coli selenoprotein formate 

dehydrogenase H. In addition, using both 16S rRNA helix 34 mutants and a tryptophan 

tRNA capable of recognising a UGA codon, I have shown that canonical suppression of 

UGA codons and decoding as selenocysteine are distinct processes. 

 

This study provided the first functional evidence for a direct role of the ribosome in 

recoding the UGA stop codon for selenocysteine incorporation, opening the door for 

high efficiency site-specific incorporation of selenocysteine and the study of 

recombinant human selenoproteins. Furthermore the identification of sequences that 

alter ribosome function provides information on the fundamental biology of protein 

synthesis. 
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Chapter 1 - Introduction 

  

1.1 A ribosomal renaissance 

Although the proposal of the "central dogma" by Francis Crick in 1958 ushered in a 

new era of understanding of the genotype-phenotype relationship
1,2

, this understanding 

has a distinct bias towards transcription and replication. With the publication of the 

Watson-Crick double helix structure, the DNA code and the biochemical reasons behind 

the base pairing were defined. Subsequent studies showed base pairing provided a 

template for replication and an opportunity for "quality control". In comparison, despite 

the seminal work by Niremberg et al. in deciphering the genetic code by demonstrating 

the relationship between various trinucleotides and individual amino acids
3
, the 

fundamental mechanistic and evolutionary aspects of translation remain poorly 

understood. Woese questioned whether scientists of the past 50 years considered 

translation not amenable to fundamental explanation
4
, making the case that great 

molecular biologists of the day turned their attention to other biological questions once 

DNA replication had been "solved". Given the absolute dependence of the genotype-

phenotype relationship on translation, a fundamental understanding of translation is 

essential.  

 

At the core of these unanswered questions about translation is the ribosome; the 2.5-4.3 

MDa molecular machine responsible for protein synthesis as specified by the genetic 

code. After having suffered decades of scientific neglect this picture is starting to 

change, literally, due to recent advances in X-ray crystallography and cryo-electron 

microscopy. Beginning in 2000 with the publication of structures of 50S subunit from 

the archaeon Haloarcula marismortui and the 30S subunit from the bacterium Thermus 

thermophilus there has been renewed interest in a fundamental understanding of 

translation
5,6

. By providing a view of the ribosome at atomic resolution scientists could 

begin the process of unraveling the relationship between ribosome structure and 

function. Today this process continues, aided by dozens of high resolution structures of 

the ribosome encompassing a variety of transitional conformations
7-9

. Although many 

fundamental aspects of ribosome function remain to be elucidated, with increasingly 

precise knowledge of ribosome structure and the refinement of new biochemical and 

genetic tools, we are truly enjoying a renaissance in structural and functional 

characterisation of the ribosome and translation.  
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1.1.1 The bacterial ribosome and canonical translation 

Common to all kingdoms of life, the ribosome is a large ribonucleoprotein machine 

responsible for directing the synthesis of polypeptide chains using aminoacyl-tRNA (aa-

tRNA) substrates in a sequence specified by an RNA template. Despite some 

differences in overall size, in all kingdoms the ribosome is a conserved complex of a 

large and a small subunit. The subunits of the bacterial ribosome are designated the 50S 

and 30S, together forming the 70S ribosome. When assembled, the 70S ribosome is 

approximately two-thirds RNA and one-third protein with the two subunits joined by an 

RNA rich interface containing multiple highly conserved intersubunit bridges
10,11

. The 

tertiary structure of the ribosome is maintained by three main types of interactions; 

RNA-RNA interactions, protein-RNA interactions and Mg
2+

 bridges. RNA only 

interactions include direct base pairing of the rRNA, A-minor motifs involving 

hydrogen bonding of an adenine to 2′ hydroxyl groups of G-C base pairs in helices and 

also the physical packing of helices. Protein-RNA interactions are generally not 

sequence specific and rely on recognition of rRNA structure with arginine and lysine 

rich extensions to pack between RNA helices
10

. Mg
2+

 bridges involve the linkage of 

negatively charged phosphate groups with the neutralizing Mg
2+

 cation
10

. 

 

The large ribosomal subunit comprises two rRNA (23S and 5S) and 34 proteins and 

forms a compact structure with three distinct projections; the  L1 protuberance, the 

central protuberance and the L7/L12 stalk
12,13

. The ribosomal proteins are mainly 

restricted to the surface of the 50S subunit where they serve to maintain correct 

structure of the 23S rRNA which forms six domains
14

. The 23S rRNA alone forms the 

peptidyl-transferase centre (PTC), responsible for catalyzing peptide bond formation. 

This results in polymerisation of amino acids esterified to tRNAs and progressive 

extension of the polypeptide chain. Given the interior catalytic region encompassing the 

PTC lacks protein components the ribosome actually functions as a ribozyme
15

. From 

the PTC a 100 Å long tunnel leads to the exterior of the ribosome through which the 

growing polypeptide passes
15

. 

 

The small ribosomal subunit is made up of the 16S rRNA and 21 proteins which form 

four distinct domains; head, neck, body with a shoulder and spur
6
. The interface with 

the 50S subunit is designated as the front and the surface exposed to the cytoplasm is 

designated as the back. The 30S subunit has multiple functions including forming a 
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channel through which mRNA passes and ensuring correct base pairing between the 

mRNA and the aa-tRNAs
16

. This correct base pairing is required for maintaining 

translational fidelity during decoding of the mRNA with the incoming aa-tRNA. 

Decoding is performed entirely by the 16S rRNA, particularly the upper regions of helix 

44 and bases within the 530 loop
17

.  

  

As a complete process translation can be conceptually viewed as four distinct steps; 

initiation, elongation, termination and the recycling of the ribosome components (Figure 

1.1). To initiate translation the ribosomal subunits are assembled on the translation 

initiation region of the mRNA
18

. During elongation the mRNA and the tRNAs pass 

through three discrete binding sites formed by both ribosomal subunits; the aminoacyl-

tRNA (A), peptidyl-tRNA (P) and exit (E) sites. The A site recognises incoming aa-

tRNAs, the P site contains the tRNA anchored to the nascent polypeptide chain and the 

E site which contains the deacylated tRNA prior to leaving the ribosome
7
. Passage of 

the mRNA and tRNAs continues until the ribosomal A site encounters a stop codon 

which triggers the termination process and release of the newly synthesised polypeptide 

chain. Finally, the ribosome dissociates into the separate subunits and the mRNA is 

released after which the process can repeat. Although the ribosome is the central player 

in translation, additional protein factors, such as various GTPases, are required to 

activate the ribosome and promote the transition between these phases. 

 

1.1.1.1 Initiation of translation 

Starting with the 30S ribosomal subunit, a 70S initiation complex must be formed 

containing the mRNA with the start codon and fMet-initiator tRNA positioned in the P 

site to ensure translation begins in the correct reading frame. This process proceeds 

through several steps which involve the formation of three different ribosomal 

complexes mediated by three initiation factors
19

. Translation begins with the binding of 

initiation factor 3 (IF3) to the 30S ribosomal subunit. Subsequent binding of initiation 

factors 1 and 2 (IF1 and IF2) promotes recruitment of the mRNA and the fMet- 

tRNA
fMet

 to form the 30S preinitiation complex
20

. Docking of the mRNA usually 

proceeds through the formation of a short duplex between the Shine-Dalgarno (SD) 

sequence and the anti-SD sequence near the 3′ end of the 16S rRNA. The binding of the 

various initiation factors serves primarily to ensure translational accuracy with IF1 

blocking access to the A site by aa-tRNAs during initiation
21

. IF3 favours correct  
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Figure 1.1. Cartoon representation of bacterial translation. Translation can be 

conceptually viewed as four distinct steps; initiation, elongation, termination and the 

dissociation and recycling of the ribosome components.  
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positioning of the mRNA and promotes dissociation of the complex if tRNAs other than 

fMet-tRNA
fMet

 are recruited or no start codon is recognised in-frame. This 30S 

preinitiation complex is defined by the presence of the mRNA and the initiator tRNA
fMet

 

but no decoding of the AUG start codon
19

. 

 

 A change of conformation of the 30S preinitiation complex causes unfolding and 

adaption of the mRNA to the 30S channel
20

. Subsequently, IF2 mediates an appropriate 

codon-anticodon interaction between the AUG start codon and fMet-tRNA
fMet

 in the 

30S P site. The presence of a correct codon-anticodon interaction defines the more 

stable 30S initiation complex
22

. GTPase activity of IF2 promotes 50S subunit binding 

and dissociation of IF3. This process locks the chosen translational start site and shifts 

the position of the initiator tRNA to occupy the PTC. After binding of the 50S subunit 

IF1 and IF2 dissociate to form the 70S initiation complex which can begin elongation
23

. 

 

1.1.1.2 Translational elongation 

The elongation phase consists of three steps; decoding of the mRNA with a cognate 

tRNA, peptide bond formation and translocation of the mRNA and tRNAs
7
. As the 

cycle begins, the growing polypeptide chain is anchored to the P site tRNA and the A 

site is unoccupied. Decoding starts with the delivery of a ternary complex composed of 

elongation factor Tu (EF-Tu), GTP and an aa-tRNA. Recognition of the codon by a 

cognate or near-cognate anticodon results in a conformational change of the ribosome 

which stabilizes cognate tRNA binding and induces EF-Tu GTPase activity
24

. Ternary 

complexes bearing a non-cognate anticodon are rejected and displaced from the 

decoding centre. After GTP hydrolysis, proofreading of the codon-anticodon interaction 

by G530 and helix 44 of the 16S rRNA which forms the decoding centre discriminates 

against near-cognate pairings
25,26

. Correct interactions are further stabilized by hydrogen 

bonding with other bases in the 530 loop and with helix 34 of the 16S rRNA allowing 

the aa-tRNA to proceed to the A site
25

. 

 

Unlike most enzymes, the PTC of the 50S ribosomal subunit does not use acid-base or 

nucleophilic catalysis to promote substrate reaction. Instead of stabilizing transitional 

states, it serves only to position the substrates in a productive orientation and to exclude 

solvent molecules ensuring the reaction is thermodynamically favoured
27

. To form 

peptide bonds, the PTC induces attack of the carbonyl carbon of the P site peptidyl 

tRNA by the α-amino group of the aa-tRNA located in the A site. In this manner the 
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PTC confers a 10
7
-fold rate increase in the peptidyl transfer reaction compared to the 

same reaction performed in aqueous solution
28

. This is a somewhat primitive form of 

catalysis, a carryover from the ancestral ribozyme, and is substantially less efficient than 

protein enzymes which often use acid-base or nucleophilic catalysis. This suggests the 

formation of peptide bonds was not under great evolutionary pressure unlike decoding, 

the rate limiting step in translation
27

. The core of the PTC is composed of the conserved 

bases A2451, U2506, U2585, C2452 and A2602 (E. coli numbering)
29

. Mutation of 

these bases changes the structure of the active centre and affects accommodation of the 

3′ ends of the aa-tRNAs and peptide bond formation
30,31

. The growing polypeptide 

chain passes out of the ribosome via the polypeptide exit tunnel. 

 

Following peptide bond formation the deacylated tRNA occupying the P site and the 

peptidyl-tRNA in the A site are translocated to the E and P sites respectively. 

Spontaneous movement of the 3′ CCA termini of the tRNAs which directly interact with 

the 50S ribosomal subunit leads to the formation of a hybrid P/E followed by a hybrid 

A/P state
32

. Once in the hybrid state, the 30S subunit can undergo a large 

conformational change as it rotates relative to the 50S subunit. The 30S subunit 

oscillates between a normal conformation and this 'ratchet like' state until binding of the 

GTPase elongation factor G (EF-G) and GTP hydrolysis most likely overcomes an 

energy barrier and stabilizes the former
33,34

. This 'ratchet like' motion serves to drag the 

mRNA in the productive direction for translocation. Translocation cannot proceed until 

peptide bond formation due to the limited size of the ribosomal E site. The terminal A76 

base of the tRNA moves into a binding pocket of limited size that would sterically clash 

with even a glycine residue
9
. 

 

1.1.1.3 Termination of protein synthesis 

In bacterial translation the stop codons UAG, UAA and UGA signal the termination of 

protein synthesis. Upon reaching the ribosomal A site, stop codons are recognised by 

class I release factors (RF1 and RF2) which structurally resemble tRNAs. Both release 

factors recognise the UAA codon, however UAG is only recognised by RF1 and UGA 

is only recognised by RF2. The process of stop codon recognition is not fully 

understood. Although a conserved tripeptide near the decoding centre is important, and 

exchange of this sequence between RF1 and RF2 has been shown to reverse their codon 

recognition
35

, residues distant from the decoding centre are also involved
36

. 

Additionally, appropriate stop codon recognition is affected by the surrounding context 
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of the codon and prior translocation of near-cognate tRNAs
37,38

. With RF binding, bases 

in the 530 loop and helix 44 of the 16S rRNA which make up the decoding centre adopt 

new conformations, different from those observed with cognate aa-tRNAs
39-41

. The 

stacking of A1493 in the 1490 loop of helix 44 on A1913 of the 23S rRNA connects the 

50S subunit to the decoding site. This linkage may play a role in signaling stop codon 

recognition to the PTC
42

. 

 

Although termination efficiency is dependent upon favourable RF binding, structural 

changes are also required to promote catalysis. Structural rearrangements of RFs 

following stop codon recognition directly distort the PTC and allow solvent access. This 

distortion is mediated via the insertion of a highly conserved GGQ motif into the PTC 

which adopts an unusual glycine dependent conformation
42

. Hydrolysis of the ester 

bond linking the polypeptide chain with the peptidyl-tRNA is the result of nucleophilic 

attack by water molecules, potentially coordinated by the glutamine residue. Following 

peptide release, a class II release factor (RF3) with GTPase activity binds the 

termination complex and triggers dissociation
43

. GTP hydrolysis results in the 

subsequent dissociation of RF3.   

 

1.1.1.4 Ribosome recycling 

Following termination, the ribosome still has a deacylated tRNA located in the P site 

and holds the mRNA. For protein synthesis to restart, the ribosome must be recycled 

back to its subunits, a process mediated by ribosome recycling factor (RRF) and EF-

G
44

. Although no structures exist of the ribosome bound to both RRF and EF-G, the 

dissociation of the subunits is dependent on GTP hydrolysis and may proceed in a 

similar manner to translocation. Subunit separation results in a free 50S subunit and a 

30S subunit in complex with mRNA and the deacylated tRNA. Binding of IF3 may be 

required to remove these components thus coupling the final recycling step to the 

formation of the 30S preinitiation complex
7
. 

 

1.1.2 Non-canonical translation in bacteria 

Across the three domains of life translation is a well conserved process with a common 

goal. Protein is synthesised by ribosomes from an RNA template, using tRNAs to 

decode triplet codons in a common direction. However, due to the 'nearly' universal 

nature of the genetic code there is some variation in how the triplet codons are read, 
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mainly concentrated around unique or stop codons. Although these differences are more 

pronounced in many primitive eukaryotes or subcellular organelles such as 

mitochondria
45

, bacteria also display deviations from canonical translation. 

 

1.1.2.1 Alternate start codons 

The AUG start codon is recognised by all three bases of the fMet-tRNA anticodon 

(CAU) in a process mediated by IF2 and is used by the 30S initiation complex to 

designate the reading frame for subsequent translation
46

. IF2 GTPase activity is 

markedly increased by interaction with the initiator tRNA as another form of quality 

control to prevent initiation with elongation tRNAs. The pairing of only two bases in the 

anticodon of the initiator tRNA can lead to the use of alternate start codons, although 

with reduced translation efficiency. Despite resulting in less efficient initiation, the 

GUG start codon is found in 14% of E. coli genes and the UUG in 3%
47

. The UUG start 

codon is much more common in some Gram-positive bacteria
48

. AUU start codons are 

only found in two E. coli genes; pcnB encoding poly(A) polymerase which is toxic 

when overexpressed and infC encoding IF3. Given IF3 discriminates against 

unfavourable interactions between the initiator tRNA and the start codon this appears to 

form an autoregulatory mechanism
49

.  

 

1.1.2.2 Different codon usage  

In addition to redundancy for the single canonical start codon, many bacteria show 

varying degrees of overlap between the UGA stop codon and the single UGG 

tryptophan codon. This is taken to extreme levels with the genera Mycoplasma
50

, 

Spiroplasma
51

 and Ureaplasma
52

, obligate parasites belonging to the class Mollicutes 

which is defined by a lack of cell walls. These bacteria have entirely repurposed the 

UGA codon for tryptophan insertion with a specific tRNA containing a UCA anticodon 

and loss of RF2. Many other bacteria such as Bacillus subtilis maintain the UGA codon 

as a termination signal but possess promiscuous tryptophan tRNAs which promote 

efficient UGA stop codon readthrough
53

. Readthrough of UGA stop codons in E. coli by 

the native tryptophan tRNA is much rarer. 

 

1.1.2.3 Pyrrolysine and a UAG sense codon 

Across all kingdoms of life protein composition is confined to 20 standard amino acid 

building blocks, with the rare exceptions of pyrrolysine and selenocysteine
54

. 
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Pyrrolysine is synthesised from L-lysine by the addition of a methylated pyrroline 

carboxylate group linked via an amide bond through the ε-amine
55

. This amino acid is a 

fundamental component of all known pathways for methane synthesis from 

methylamines and is restricted to methyltransferases from certain methanogenic archaea 

and bacteria. Unlike canonical amino acids, pyrrolysine is inserted at an in-frame UAG 

codon in competition with RF1 mediated termination. The pyrrolysine 

tRNA/aminoacyl-tRNA synthetase (tRNA-aaRS) pair is orthogonal (interacting with no 

other tRNAs or amino acids) and functions as a simple UAG suppressor requiring no 

additional machinery to recode the UAG stop codon
56

.  

 

Methanogenic archaea which utilise pyrrolysine demonstrate a substantial reduction in 

UAG codon usage while related species which do not incorporate pyrrolysine maintain 

UAG codons at normal levels in the genome
57

. This contrasts with Desulfitobacterium 

hafniense, to date the only bacterium known to incorporate pyrrolysine, which 

terminates more than 22% of its open reading frames (ORFs) with UAG codons. A 

plausible explanation for this discrepancy is the poor energy yield of methanogenesis 

applying an evolutionary pressure to reduce translational waste resulting from an 

ambiguous codon context. While methanogenic archaea are strongly reliant on 

methanogenesis, D. hafniense can perform anaerobic respiration using many different 

electron donors and may experience less of a selective pressure. In other bacteria, such 

as E. coli in which 9% of genes terminate with UAG codons
47

, canonical UAG 

suppressor tRNAs are frequently isolated. Along with the discovery that RF1 deletion is 

tolerated if a UAG suppressor tRNA is provided
58

, this suggests that under most 

contexts large scale UAG suppression has minimal impact on cell growth. 

 

The pyrrolysine biosynthesis pathway and decoding of UAG as pyrrolysine can be 

replicated in E. coli by transformation with the pylTSBCD gene cluster from a 

methanogenic archaeon
59

. The pylT and pylS genes encode the tRNA
Pyl

 and pyrrolysyl-

tRNA synthetase respectively and are sufficient for UAG recoding if an external source 

of pyrrolysine is supplied. The pylB, pylC and pylD genes constitute the pyrrolysine 

biosynthesis pathway. Similar to UAG suppression by tRNA
Pyl

, orthogonal tRNA
Tyr

-

TyrRS pairs containing a CUA anticodon derived from the archaeaon Methanococcus 

jannaschii have been evolved to recognise and incorporate unnatural amino acids in 

response to UAG codons
60

. This was achieved by mutation of the tyrosine binding 

pocket in the tyrosyl-tRNA synthetase enabling the accommodation of larger aromatic 
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side chains. To date more than 50 different unnatural amino acids have been 

incorporated using this approach, providing a path to protein customisation beyond 

what is available in nature
61

.  

 

1.2 Selenocysteine the 'unconventional' amino acid 

While pyrrolysine is restricted to just a handful of organisms and is incorporated in 

response to a UAG stop codon, it bears many features in common with the 20 standard 

amino acids. Following biosynthesis, the tRNA
Pyl

 is charged with pyrrolysine using 

pyrrolysyl-tRNA synthetase and the aa-tRNA is simply used by the ribosome to decode 

a UAG codon as if it were a sense codon; exactly the same way canonical UAG 

suppressor tRNAs function. Although selenocysteine is also incorporated in response to 

a stop codon (UGA), similarities between the two amino acids end there. Selenocysteine 

utilisation is broadly distributed across the kingdoms of life, but the essential nature of 

the UGA stop codon in most organisms presents certain challenges. A substantial 

investment is required by the host to ensure selenocysteine incorporation is a carefully 

regulated process and does not lead to widespread dysfunction of canonical termination. 

As selenocysteine decodes an essential stop codon, lacks a selenocysteinyl-tRNA 

synthetase and requires unique protein and RNA factors to 'hijack' the translational 

machinery, it can truly be considered the unconventional amino acid. 

 

1.2.1 Selenium, toxin to essential trace element (and back again) 

Selenium was discovered by renowned Swedish chemist Jöns Jakob Berzelius in 1817 

after analysis of the residue left behind during the manufacture of sulfuric acid from 

mixed pyrites
62

. Initially, Berzelius thought the substance to be a form of sulfur but later 

revised his opinion to tellurium. Due to the rarity of tellurium he proceeded to purify the 

substance and found it was different and that certain properties of tellurium were 

actually the result of contamination with the new element. To honour its relationship to 

tellurium, named after the Roman earth goddess, Tellus, the new element was named 

selenium after Selene, the Greek moon goddess. Selenium has an atomic number of 34 

and is located in group 16 of the periodic table between sulfur and tellurium with which 

it shares intermediate properties. 

 

Although documented as early as 1295 by Marco Polo, more than 100 years would pass 

before scientists investigated selenium in a biological context. The common 'alkali 



 - 11 - 

disease' in livestock from certain regions of the Western United States was found to be 

the result of selenium toxicity stemming from chronic ingestion of fodder grown in 

seleniferous soils
63

. Similarly, human selenosis was observed in North West China 

where corn and cereals grown in seleniferous coals were staple components of the 

diet
64

. Conversely, in other regions of both the USA and China chronic selenium 

deficiency was also identified as a major health concern. By the 1960s a potentially fatal 

cardiomyopathy resulting from chronic selenium deficiency combined with 

coxsackievirus infection, named Keshan disease (after Keshan province in North 

Eastern China) had reached epidemic proportions. While the mechanistic link between 

deficiency and viral infection is not fully understood, viral mutation towards increased 

cardiovirulence has been suggested
65,66

. Selenium supplementation has been an effective 

public health measure. 

 

The first evidence of a specific biological role for selenium was the discovery that E. 

coli required selenite supplementation to metabolise formate
67

. This was subsequently 

confirmed by the incorporation of radioactive selenium into formate dehydrogenase 

(Fdh)
68

 and in addition to studies demonstrating the essential nature of selenium as a 

trace element in various higher animals prompted reconsideration of whether selenium's 

only role was as a toxin.  By the 1970s several selenium dependent enzymes had been 

identified including the mammalian glutathione peroxidase
69

 and selenocysteine had 

been confirmed as the organoselenium moiety
70

. As sequencing technologies advanced 

selenocysteine was found to be inserted in response to a UGA stop codon and with the 

identification of the selenocysteine specific tRNA (tRNA
Sec

) officially became the 21st 

amino acid
71,72

. Selenocysteine is now recognised as the dominant biological form of 

selenium and the selenocysteine utilisation trait found to be broadly, if sporadically, 

distributed across the three domains of life
73

. 

 

Due to increasing industrialisation and environmental exposure the idea of selenium as 

a toxin is being revisited. Often released through mining, agriculture or the large scale 

combustion of seleniferous coals, selenium has a capacity to bioaccumulate in aquatic 

ecosystems
74

. With no viable methods for remediation and the potential to transmit 

toxicity between generations selenium pollution is likely to become an increasing 

environmental concern of the 21st century, making a fundamental understanding of 

selenium biology a research priority. 
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1.2.2 Properties of selenocysteine 

Structurally selenocysteine resembles cysteine, differing only by the replacement of the 

thiol sulfur atom with a selenium atom forming a selenol group (Figure 1.2a). 

Compared to the thiol group, the selenol provides selenocysteine with two main 

biophysical properties; a lower pKa and superior nucleophilicity. With a pKa of ~ 5.2 

compared with ~ 8.3 for cysteine, selenocysteine forms a highly reactive deprotonated 

selenolate at physiological pH
75

. Cysteine remains as a less reactive thiol unless specific 

elements of the protein microenvironment, such as nearby serine residues, act to lower 

the pKa
76

. With the larger size of the selenium atom compared to sulfur, outer shell 

electrons are less tightly bound. This confers the selenium atom with far greater 

nucleophilicity, a physical property allowing participation in different reactions which 

cannot be duplicated by the thiol sulfur
76

. For these reasons, almost all selenocysteine 

residues are located within the active sites of redox enzymes. While cysteine containing 

homologues exist for most selenoproteins,  the amino acids are not directly 

interchangeable, as replacement of selenocysteine with cysteine residues results in a 

substantial decrease or even complete loss of enzyme activity
77

. 

 

In contrast with conventional amino acids, due to its high reactivity selenocysteine is 

not maintained in the cell as a free amino acid and therefore lacks a selenocysteinyl-

tRNA synthetase
78

. Instead a cellular pool of the less reactive selenide exists which is 

drawn upon for selenocysteine biosynthesis performed directly upon the tRNA
Sec

 (SelC) 

(Figure 1.2b). The biosynthetic pathway begins with the mischarging of tRNA
Sec

 with 

serine by the seryl-tRNA synthetase (SerRS). In bacteria, Ser-tRNA
Sec

 is converted 

directly to Sec-tRNA
Sec

 by selenocysteine synthase (SelA), encoded by the selA gene, 

using selenophosphate  as the selenium donor. Selenophosphate is generated from the 

selenide pool using ATP by selenophosphate synthase (SelD), the selD gene product
78

. 

In archaea and eukaryotes, selenocysteine synthesis proceeds via a phosphorylated 

serine intermediate generated by phosphoseryl tRNA kinase (PSTK). Sep-tRNA
Sec

 is 

converted to Sec-tRNA
Sec

 by O-phosphoseryl-tRNA
Sec

 selenium transferase (SecS) 

using selenophosphate
79

. The phosphorylation step employed by archaea and eukaryotes 

is thought to provide a better leaving group for selenocysteine synthesis and may also 

stabilise the mischarged tRNA. 
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Figure 1.2. Selenocysteine and its biosynthesis. (a) Stick representation of the 

selenocysteine and cysteine at physiological pH. Note the deprotonated selenol group. 

(b) Biosynthesis of selenocysteine on its tRNA in bacteria (top) and archaea and 

eukaryotes (bottom). In bacteria the mischarged serine residue is converted directly to 

selenocysteine. In archaea and eukaryotes synthesis proceeds through a phosphoserine 

intermediate generated by the kinase PSTK. 
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1.2.3 The selenoproteome is ancient and diverse 

The wide distribution of selenocysteine utilising organisms across the kingdoms of life, 

has led to the consensus that selenocysteine utilisation is an ancient trait that was 

present in the last common ancestor
80

. This is supported by several elements of 

commonality between the kingdoms such as the decoding of UGA codons, tRNA 

dependent synthesis, some overlap in the incorporation machinery and the presence of 

relic factors in organisms unable to incorporate selenocysteine. While the different 

families of selenoproteins found in each kingdom were assumed to be separate, recent 

screening of marine bacteria identified several selenoproteins previously thought to be 

restricted to eukaryotes, providing a degree of overlap and complicating the 

evolutionary picture
81

. Furthermore, the current mosaic distribution of the trait within 

kingdoms and even within genera makes further conclusions regarding the evolution of 

selenocysteine utilisation highly speculative
82,83

. 

 

1.2.3.1 The bacterial selenoproteome 

Large scale genomic analysis searching for in-frame stop codons and the presence of 

selenocysteine incorporation machinery suggest approximately 21.5% of bacteria are 

capable of decoding UGA stop codons as selenocysteine
83

. Currently 25 selenoprotein 

families have been identified in bacteria, with most restricted to three selenoprotein rich 

classes; the Deltaproteobacteria, Firmicutes/Clostridia and Actinobacteria
83

. Although 

the selenocysteine utilisation is widespread among bacteria, most species have very 

limited selenoproteomes and a high degree of selenoprotein loss and transition to 

cysteine containing homologues is observed among sister species. Almost all bacterial 

selenoproteomes include Fdh suggesting this enzyme is responsible for maintenance of 

the trait
83

. The presence and complexity of bacterial selenoproteomes shows a 

correlation with thermophilic, aquatic and anaerobic lifestyles with Syntrophobacter 

fumaroxidans having the distinction of maintaining the largest bacterial selenoproteome 

(31 selenoproteins)
83

.  

 

1.2.3.2 Archaeal selenoproteins 

Despite complete sequencing of over 50 archaeal genomes from more than 40 genera, 

selenocysteine utilisation appears confined to just three genera of methanogenic 

archaea, Methanococcus
84

,  Methanopyrus
85

 and Methanosarcina
86

. To date there are 
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nine confirmed archaeal selenoproteins, nearly all of which are directly involved in 

methanogenesis
87,88

.  

 

1.2.3.3 The eukaryotic selenoproteome 

Collectively eukaryotes have 24 known families of selenoproteins with evidence of 

diversification occurring shortly after diverging from the last common ancestor
82,89

. 

Despite diversification, selenoproteins have an extremely varied distribution amongst 

eukaryotes ranging from complete absence in fungi and higher plants to being numerous 

and essential in vertebrates. With vertebrates being the exception, aquatic lifestyles 

strongly correlate with large eukaryotic selenoproteomes, although the reason for this is 

unclear
90

. The largest eukaryotic selenoproteomes are found in marine invertebrates 

such as sponges, primitive plants and fish with each group comprising 30-40 

members
89

. While most animals maintain relatively small selenoproteomes, very few 

lack them entirely. Currently only a small number of insects are known to have entirely 

replaced selenoproteins with cysteine containing homologues
91

. 

 

1.3 The human selenoproteome 

The incorporation of selenocysteine into proteins is essential for life in many organisms, 

including humans. This is supported by mouse knockout studies which show the 

absence of certain selenoproteins or deletion of the selenocysteine specific tRNA results 

in early embryolethality
92-95

. The human proteome contains 25 selenoproteins belonging 

to 17 different families, however most are uncharacterised. The few human 

selenoproteins that have been characterized so far play important roles in redox 

homeostasis, thyroid hormone metabolism, removal of heavy metals and hepatic 

glucose metabolism
96

. Despite our incomplete understanding, the human 

selenoproteome provides an archetypal example of the varied molecular and 

physiological roles of selenoproteins. 

 

1.3.1 Glutathione peroxidase 

Humans express eight isoforms of glutathione peroxidase (Gpx), and of these isoforms 

1-4 and 6 contain selenocysteine. Glutathione peroxidases are the best characterised 

human selenoproteins. They are required for antioxidant defence, and use glutathione 

(GSH) as a substrate to reduce dangerous biological peroxides
97

. Although all human 
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Gpx isoforms catalyse similar reactions, they have different cellular, subcellular and 

temporal localisations and different substrate specificity. Gpx1 was the first human 

selenoprotein identified and is abundantly expressed in all tissues. Expression of Gpx2 

is confined to the GI tract and it appears to play a role in protecting the mucosal 

membranes from oxidative stress
98

. Gpx3 is secretory and is believed to regulate platelet 

activity by reducing nitrous oxide levels
99

. Gpx4 is abundant in many tissues, localises 

to the nucleus, cytosol and mitochondria and reduces lipid hydroperoxides
100

. Unlike 

other Gpx isoforms, Gpx4 deletion is embryolethal
94

. Gpx6 is expressed during 

development and in nasal epithelia but its exact role or the reasons for its unusual 

distribution remain to be determined
101

. 

 

1.3.2 Thioredoxin reductase 

Thioredoxin reductases (TrxR) are NADPH dependent oxidoreductases which are 

essential for maintaining a pool of reduced thioredoxin (Trx), a key reducing equivalent 

needed for cellular redox homeostasis. Human TrxRs contain a conserved N-terminal 

disulfide and a conserved C-terminal Gly-Cys-Sec-Gly motif
102

. Although cysteine 

containing homologs exist in insects and various other primitive eukaryotes, 

selenocysteine containing TrxRs have a much broader substrate specificity and pH 

tolerance
75,103

. Humans express three isoforms of TrxR: TrxR1 located in the cytosol, 

TrxR2 localised inside mitochondria and TrxR3 expressed only in testes
104

. TrxR1 and 

TrxR2 are both widely expressed and required for development
92,93

. TrxRs have been 

shown to be overexpressed in several different cancers and efforts have been made to 

design compounds that would selectively target the active site selenocysteine for 

inhibition
105

. 

 

1.3.3 Iodothyronine deiodinase 

Three iodothyronine deiodinases (DIs) are expressed in humans and are important for 

catalysing the activation and inactivation of thyroid hormones and precursors by 

cleaving specific iodine-carbon bonds
106

. All three enzymes are membrane bound and 

are expressed in a variety of tissues at varying stages during development. While many 

human selenoproteins are regulated by dietary selenium levels, DI expression is 

maintained even under conditions of selenium starvation suggesting hormone regulation 

is a critical function
107

. Interestingly, selenocysteine containing DI homologs have 
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recently been isolated from bacteria
108

. The presence of these enzymes in an organism 

lacking thyroid hormones suggests they may have additional as yet unknown functions. 

 

1.3.4 Poorly characterised human selenoproteins 

The remaining 14 human selenoproteins are poorly characterised. Selenoproteins H, M, 

T, V, W and Sep15 all share a Cys-X-X-Sec motif and have similar homology to 

thioredoxins suggesting a redox function
109

. Selenoprotein O is also predicted to have a 

redox function and shares the Cys-X-X-Sec motif but lacks sequence homology to any 

known proteins
97

. Selenoprotein I shares homology with enzymes involved in 

phospholipid synthesis but no functional evidence has been shown in vivo
110

. 

Selenoprotein P contains up to 10 selenocysteines and seems to have multiple functions 

including selenium transport, redox defence, heavy metal binding and Gpx activity
97

. 

Selenoprotein R is a methionine sulfoxide reductase (Msr) isoform responsible for 

reducing oxidised methionine residues
111

. Humans also encode three cysteine 

containing Msr homologs with differing catalytic efficiencies. The human 

selenophosphate synthetase 2 (SPS2) also contains selenocysteine indicating it may 

serve in an autoregulatory capacity
112

. A cysteine containing homolog (SPS1) also 

exists but its role in selenophosphate generation remains unclear. Selenoproteins K, N 

and S have no known function
97

. 

 

1.3.5 Viral glutathione peroxidase and other viral selenoproteins 

Interestingly, selenocysteine containing homologs of several human proteins are 

predicted to be cryptically encoded in viral genomes. These genes are maintained out of 

frame but are often preceded by repetitive slippery sequences and RNA pseudoknots 

which facilitate ribosomal frameshifting. The best studied example is a selenocysteine 

containing Gpx found in the env gene of HIV-1 which shows homology to mammalian 

enzymes despite significant N and C-terminal truncations
113

. The HIV-1 Gpx homolog 

can be expressed in human cells and is fully functional in vitro
114

. While a direct 

pathophysiological role has yet to demonstrated
115

, there are several indirect lines of 

evidence supporting a potential role in viral infectivity. Sequencing of clinical HIV-1 

isolates from patients having progressed to AIDS revealed 53% had accrued mutations 

predicted to inactivate the highly conserved cryptic Gpx. In comparison, only 18% of 

control sequences from patients designated 'long term non-progressors' contained 

mutations predicted to abolish Gpx activity
116

. In addition, both selenium deficiency and 
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increased oxidative stress are symptoms of HIV infection with plasma selenium levels a 

recognised prognostic indicator
115,117

.  

 

In addition to HIV-1, putative viral selenoproteins have been detected in a wide range of 

both human and animal viruses. Selenocysteine containing Gpx homologs have been 

identified in hepatitis C virus
118

, coxsackie B virus
119

, several pox viruses
120

 and 

potentially ebola virus
121

. This is particularly interesting in the case of coxsackie B virus 

given it is a cofactor for Keshan disease along with dietary selenium deficiency. 

Furthermore, the NS4 region of Japanese encephalitis virus is predicted to encode a 

novel ferredoxin homolog containing three UGA codons in place of conserved cysteine 

residues
122

. Until a more systematic search of viral genomes for cryptic selenoproteins 

is conducted and putative selenoproteins functionally characterised, the role of virally 

encoded selenoproteins is likely to remain unclear. 

 

1.3.6 The importance and challenges of studying human selenoproteins 

Given many human selenoproteins are crucial for fundamental cellular processes such 

as antioxidant defence, it is not surprising that they are implicated in a variety of human 

disease states. Many selenoproteins with confirmed or predicted redox activity undergo 

alternate regulation during carcinogenesis or have polymorphisms linked to 

cancer
123,124

. This has been demonstrated functionally with the thioredoxin reductase 

isoforms which may mediate the effects of metal-based anticancer drugs such as 

auranofin and cisplatin
105

. Furthermore, several large correlation studies have shown 

dietary selenium supplementation may reduce incidence of certain cancers
125,126

. 

Beyond cancer, human selenoproteins are linked to plaque formation in 

neurodegenerative conditions, inflammation, muscular dystrophy and cardiovascular 

disease
96

. 

 

Unfortunately, although considerable progress has been made in identifying 

selenoproteins using genomic approaches, functional characterisation has not kept pace. 

This is reflected in the fact that despite their importance in human health, most human 

selenoproteins have no known function. Whilst there are several reasons for this, the 

main bottleneck in the characterisation of human selenoproteins is the difficulty of 

expressing them in the typical hosts for recombinant protein production; yeast and 

bacteria. As fungi, yeast lack endogenous selenoproteins and have no tRNA
Sec

 or 
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associated machinery required to recode UGA stop codons making them unsuitable for 

recombinant selenoprotein production. Alternatively, while many bacteria, including E. 

coli, encode endogenous selenoproteins, the process used to recode the UGA stop codon 

is different from eukaryotes and significantly less efficient. 

 

1.4 Selenocysteine incorporation 

Due to the essential nature of UGA stop codons, which are responsible for termination 

of 29% of genes in E. coli, UGA recoding for selenocysteine incorporation is a highly 

regulated process
47

. Following selenocysteine synthesis on tRNA
Sec

 and the arrival of a 

UGA codon at the ribosomal A site, cis-acting sequences in the mRNA and various 

trans-acting factors are required to direct decoding as selenocysteine and prevent 

premature termination of protein synthesis. During evolution these protein and RNA 

factors have undergone divergence resulting in two separate systems for recoding UGA 

codons
103

. 

 

1.4.1 Eukaryotic selenocysteine incorporation 

Eukaryotic selenocysteine incorporation is mediated by two protein-RNA complexes, 

however the process is complicated and not completely understood. Initially SECp43, a 

43 kDa protein potentially functioning as a tRNA methylase, facilitates interaction 

between selenophosphate synthetase , SecS and Ser-tRNA
Sec

 seemingly to promote 

selenocysteine synthesis
127

. This complex localises to the nucleus where SecS is 

displaced by the selenocysteine specific elongation factor (EFSec) and methylation of the 

Sec-tRNA
Sec

 occurs, likely via SECp43
127

. Also in the nucleus, in the 3′ untranslated 

region (UTR) of the selenoprotein mRNA a stem-loop RNA structure termed the 

selenocysteine insertion sequence (SECIS) element is bound by an adaptor protein 

SECIS binding protein 2 (SBP2) and possibly ribosomal protein L30
127

. The Sec-

tRNA
Sec

 complex associates with SBP2 and collectively the mRNA and bound protein-

RNA complexes exits the nucleus to waiting ribosomes where SECp43 and 

selenophosphate synthetase dissociate. As translation proceeds and ribosomes reach in-

frame UGA codons SBP2 and L30 associate with the ribosome
128,129

 (Figure 1.3). This 

is believed to mediate positioning of the Sec-tRNA
Sec

 complex to ensure a productive 

orientation for entry into the ribosomal A site and subsequent UGA decoding. Upon 

incorporation of selenocysteine and resumption of canonical translation the trans-acting 

factors are believed to be recycled. 
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Figure 1.3. UGA decoding for selenocysteine incorporation in eukaryotes. The Sec-

tRNA
Sec

-EFSec complex is positioned in the ribosomal A site by SBP2 and L30. SBP2 

and L30 make contact with both the SECIS element located in the 3′ UTR and the 23S 

rRNA. This system is capable of efficient selenocysteine incorporation at multiple UGA 

codons. Archaea also incorporate selenocysteine using a SECIS element located in the 

3′ UTR, however the SECIS binding proteins are yet to be identified. 
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In vivo this process is thought to be highly efficient, however, expression in vitro 

generally suffers from low efficiency (1-10%) suggesting an incomplete understanding 

of the factors involved or the regulatory pathways
129

. In addition, it is unclear how the 

single SECIS element located in the 3′ UTR directs selenocysteine incorporation at 

multiple UGA codons. This is of particular interest in the characterisation of 

selenoprotein P which can contain up to 10 selenocysteine residues and up to 17 in 

fish
130

. It is also unclear how mRNAs encoding selenoproteins avoid nonsense-mediated 

degradation, although the nuclear SECp43 complex may play a role. 

 

1.4.2 Bacterial selenocysteine incorporation 

In contrast to the eukaryotic process, bacterial UGA recoding for selenocysteine 

incorporation requires fewer factors and is relatively well characterised (Figure 1.4). In 

bacteria, the selenoprotein mRNAs include an in-frame UGA codon immediately 

followed by the stem-loop RNA SECIS element which forms part of the coding 

sequence
131

. Although similar in structure, bacterial and eukaryotic SECIS elements 

differ in both positioning and sequence and do not function interchangeably (Figure 

1.5). The bacterial SECIS element functions by directly recruiting the selenocysteine 

specific elongation factor (SelB)-Sec-tRNA
Sec

 complex without the need for adaptor 

proteins or any other trans-acting factors. SelB shares significant homology with the 

canonical elongation factor EF-Tu but contains an additional C-terminal domain 

responsible for SECIS binding
132

. To prevent general suppression of UGA codons 

throughout the genome Sec-tRNA
Sec

 is not recognised by EF-Tu. While the bacterial 

system is far less complicated, it suffers from very poor efficiency due to direct 

competition for the UGA codon by RF2 which mediates the termination of protein 

synthesis
133

. Estimates of selenocysteine incorporation efficiency during synthesis of 

the endogenous E. coli selenoprotein FdhF are ~ 4%, providing a significant problem 

for recombinant selenoprotein production
134

. 

 

1.5 Progress towards efficient recombinant expression 

While there are chemical methods for synthesising selenoproteins, these are generally 

limited to small peptides or require a suitable protein microenvironment generating 

uniquely reactive residues for in situ modification
135

. Alternatively, human 

selenoproteins can be purified from cultured cells at great expense
136

 or from blood  
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Figure 1.4. Bacterial selenocysteine incorporation. The selenocysteine specific 

elongation factor in complex with Sec-tRNA
Sec

 directly binds the SECIS element which 

follows the UGA codon and forms part of the coding sequence. SECIS binding is 

required for efficient GTPase activity and acts to prevent promiscuous suppression of 

UGA stop codons. UGA decoding for selenocysteine incorporation is inefficient due to 

competition at the ribosomal A site with RF2 which mediates the termination of protein 

synthesis.  

 

 

 

 

 

 

 

 

 



 - 23 - 

 

Figure 1.5. Comparison of bacterial, archaeal and eukaryotic SECIS elements. 

Conserved structural features are coloured. The bacterial SECIS element shows the in-

frame UGA codon and forms part of the coding sequence. Both the archaeal and 

eukaryotic SECIS elements are located in the 3′ UTR. 
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plasma (SelP and Gpx3 only)
137

. Given the significant limitations of other techniques, 

this leaves recombinant expression of selenoproteins as the best option, despite the 

intrinsic incompatibility between the eukaryotic and the bacterial systems. 

 

Initial studies of E. coli as a potential host for recombinant selenoprotein production 

were promising. In addition to demonstrating a significant reserve capacity for 

selenoprotein overexpression, SelC was identified as a limiting factor
138

. Using FdhH as 

a model selenoprotein, XL1-Blue cells were transformed with a multicopy expression  

plasmid containing the fdhF gene under the control of its native promoter. Following 

anaerobic culture in a medium supplemented with 5 µM Na2SeO3 and PAGE of cell 

lysates, an 80 kDa band corresponding to FdhH was clearly visible after staining with 

Coomassie-Blue. Co-expression of selC (tRNA
Sec

) from a strong constitutively active 

promoter resulted in a 2.5 fold increase in the amount of full length FdhH reaching ~ 

12% of total cell protein
138

. Although this represented a significant improvement, the 

major fdhF gene product was a 15 kDa truncation resulting from premature termination 

at the UGA codon.  

 

Although the bacterial SECIS element required for selenocysteine incorporation in E. 

coli must immediately follow the UGA codon and forms part of the coding region, some 

variation in the nucleotide sequence is tolerated. Since selenocysteine residues often 

occur close to the C-terminus in mammalian selenoproteins, this variation was exploited 

to enable expression in bacteria without disrupting the ORF. Mutations immediately 3′ 

of the UGA codon and formation of an in-frame UAA codon allow a functional SECIS 

element to fold and direct UGA recoding while preserving the C-terminal amino acid 

sequence. Using an engineered E. coli SECIS element and overexpression of the selA, 

selB and selC genes several mammalian TrxR isoforms have been expressed in E. 

coli
139

. Initial work with the TrxR isoforms demonstrated the reserve capacity of E. coli 

for selenoprotein production extends to aerobic conditions and also confirmed that 

while bacterial SECIS elements form part of the coding sequence, their translation is not 

a requirement for selenocysteine incorporation. In agreement with FdhH overexpression 

studies though, the dominant product formed is a truncation resulting from premature 

termination at the UGA codon.  

 

To overcome the requirement for C-terminal UGA codons in mammalian 

selenoproteins, Su et al. demonstrated selenocysteine incorporation could be achieved 
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in E. coli using a bacterial SECIS element located in the 3′ UTR providing additional 

cis-acting elements localised the SECIS to the UGA codon
140

. By including a 36 nt 

sequence in the 3′ UTR complementary to that immediately 3′ of the UGA codon, base 

pairing was expected to bring the SECIS into close proximity to the UGA codon. 

Although overall selenocysteine incorporation efficiency was low (~ 3%), labeling with 

75
Se showed significantly higher incorporation than controls with mutant non-functional 

SECIS elements. The low incorporation efficiency may in part be explained by the 

coupling of transcription and translation in bacteria whereby bacterial ribosomes begin 

translating mRNA before its transcription is completed
141

. Potentially, ribosomes could 

reach a UGA codon prior to synthesis of the SECIS element in the 3′ UTR resulting in 

termination. While the efficiency achieved with this approach is unsuitable for practical 

applications, future improvements may allow recombinant expression of mammalian 

selenoproteins with internal selenocysteine residues. 

 

Further advances in recombinant selenoprotein expression have come from studies on 

RF2 mediated termination by Rengby and Arnér
142

. Using mammalian TrxR isoforms, 

titratable knockdown of the prfB gene encoding RF2 was shown to directly correlate 

with increasing enzyme activity which is a function of selenocysteine incorporation. At 

complete knockdown, selenocysteine incorporation efficiency approached 100%, an 

indication that all premature termination is mediated by RF2. Unfortunately, 

knockdown of the essential prfB gene was accompanied by growth arrest and 

dramatically lowered protein yields, and is not a viable expression strategy. Based on 

this information, expression strategies have been developed to coincide with growth 

phases characterised by reduced RF2 expression and increased activity of the 

endogenous promoters driving expressing of the selA, selB and selC genes. Induction of 

TrxR expression during late exponential phase (OD600=2.4) and prolonged culture at 

lower temperatures during stationary phase results in the highest selenocysteine 

incorporation efficiency
143

. While this represents a dramatic improvement, it still poses 

problems for mammalian selenoproteins with C-terminal selenocysteine residues. Given 

the full length and truncated form differ by only a few amino acids, separating the two 

for the purpose of crystallography or kinetic assays is a challenge. Standard techniques 

such as size exclusion chromatography do not have the required resolution and C-

terminal purification tags generally abolish catalytic activity due to their proximity to 

the active site. While phenylarsine sepharose has great affinity for selenol groups and is 

a potential method of purification
144

, it cannot be purchased commercially and both the 
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synthesis and coupling reactions are difficult. Improving selenocysteine incorporation 

efficiency remains a key challenge for the future of recombinant selenoprotein 

production in E. coli. 

 

1.6 A potential role for the ribosome in selenocysteine incorporation 

Since the process of bacterial selenocysteine incorporation was elucidated nearly 20 

years ago, research has focused on characterising the accessory protein and RNA 

factors. While their functions are now well understood, a potential role of the ribosome 

in UGA decoding for selenocysteine incorporation has not been considered. Recent 

advances in our knowledge of the processes involved in translating proteins have shown 

that stop codon readthrough is a competitive process
145

. In the case of selenocysteine 

incorporation, when a UGA codon reaches the A site of the ribosome, release factor 2 

can bind the A site and compete with decoding by tRNA
Sec

 resulting in the termination 

of translation
134

. Given the ribosome directly interacts with both RF2 and the 

components of the selenocysteine incorporation machinery there is the potential to 

influence the competing processes. This has already been demonstrated with regard to 

termination efficiency where mutations in the 16S rRNA can confer suppressor or 

hyper-accurate antisuppressor phenotypes
146

. While a direct role of the ribosome in 

altering selenocysteine incorporation efficiency has yet to be shown, 16S rRNA 

mutations affecting binding of EF-Tu which shares ~ 70% homology to SelB are well 

characterised
147

. Ultimately, a combination of mutations may enable the tRNA
Sec

 to 

compete more effectively against RF2 for the ribosomal A site binding, favouring 

selenocysteine incorporation and polypeptide elongation versus termination of protein 

synthesis. 

 

1.6.1 Wild-type ribosomes pose several challenges 

Unfortunately, severe constraints are imposed on ribosome structure in order to 

maintain effective translation of the proteome. Since normal functioning of cellular 

ribosomes is vital for cell viability, mutations are usually lethal. Additionally, E. coli 

contains seven rRNA operons which complicates interpretation of mutant ribosome 

studies due to changes representing the effects of only a subset of the cellular ribosome 

pool
148

. To overcome these challenges, ribosome-mRNA pairs have been engineered to 

work together without interfering with their naturally occurring counterparts in the 

cell
149

. These are termed orthogonal ribosome-mRNA pairs (Figure 1.6).  
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Figure 1.6. Orthogonal ribosomes. (a) Ribosomes containing 30S subunits incorporating 

orthogonal 16S rRNA do not recognise mRNAs with canonical SD sequences. 

Ribosomes with wild-type 30S subunits are incapable of translating mRNAs with 

mutant SD sequences. Orthogonal ribosomes recognise the corresponding orthogonal 

SD sequences in the mRNA and will synthesise protein. Adapted from Chubiz and Rao 

(2008)
150

. (b) Orthogonal ribosomes only translate mRNA with the mutant SD 

sequence. They play no role in translating the proteome and there is no cross-talk with 

the endogenous translation machinery. Orthogonal ribosomes can tolerate mutations 

that would be lethal in the context of wild-type ribosomes and can be used for structure-

function studies. 
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1.6.2 Construction of orthogonal ribosomes 

During the initiation of translation and formation of the 30S preinitiation complex, the 

30S subunit of the bacterial ribosome is directed to mRNAs by the SD sequence or 

ribosome-binding site (RBS). Ribosome and mRNA interaction is mediated by base 

pairing between the anti-SD sequence in the 16S rRNA and the RBS
151

. A strong 

interaction promotes efficient initiation of translation, whereas mutations which weaken  

it reduce initiation efficiency and result in lower protein synthesis. Through a process of 

mutagenesis and selection, mRNAs were isolated containing noncanonical RBSs which 

were not recognised by the endogenous translation machinery
149

. Following further 

rounds of mutagenesis and selection, ribosomes with complementary anti-SD sequences 

were recovered which recognised the mutant mRNA but not native mRNA (Figure 

1.6a). In contrast with cellular ribosomes, orthogonal ribosomes (O-ribosomes) are not 

required to translate essential proteins, and can be altered to perform new functions 

(Figure 1.6b). This makes them excellent for structure-function studies without the 

lethality observed with wild-type ribosomes
11

. 

 

1.6.3 Engineering a ribosome for selenocysteine incorporation 

Recently, O-ribosomes were evolved to recognise a UAG suppressor tRNA in 

preference to RF1, the protein that mediates translation termination in response to the 

UAG stop codon
152

. This was accomplished by saturation mutagenesis of the 530-loop 

region in the 16S rRNA to form a library and selecting for enhanced UAG readthrough 

as a function of antibiotic resistance. O-ribosomes were used as the template for library 

construction due to the lethality of 530-loop mutations in the context of wild-type 

ribosomes. The evolved O-ribosomes capable of enhanced UAG readthrough were 

designated ribo-X. A similar approach could, in principle, be used to develop O-

ribosomes that can use the UGA codon-recognising tRNA
Sec

 in preference to the UGA 

recognising release factor (RF2). Using a combination of rational design and directed 

evolution this project aims to identify regions of the ribosome capable of affecting 

selenocysteine incorporation efficiency.  
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1.7 Purview of thesis 

One of the biggest problems of recombinant selenoprotein production in hosts such as 

E. coli is the inherently low efficiency of bacterial selenocysteine incorporation. 

Previous work has focused on optimising the culture conditions, engineering variant 

bacterial SECIS elements and supplementing the limiting accessory factors required for 

decoding UGA as selenocysteine. Despite significant progress, these approaches have 

reached a ceiling of just 50% incorporation efficiency for the most easily expressed 

selenoproteins. While most components of the bacterial selenocysteine incorporation 

machinery have been well characterised since their discovery over 20 years ago, a role 

for the ribosome has not been considered. In this work I describe the development of a 

new dual life-death selection system for measuring selenocysteine incorporation 

efficiency and identify regions of the 16S rRNA which affect the process. Multiple 

point mutations were isolated which alter selenocysteine incorporation efficiency 

without affecting canonical translation, including one which confers a fourfold increase 

in efficiency. These findings were validated using the endogenous E. coli selenoprotein 

FdhH, revealing a previously unanticipated role of rRNA in modulating the efficiency 

of selenocysteine incorporation. Furthermore, I demonstrate that suppression of UGA 

stop codons with canonical tRNAs is a separate process from decoding UGA as 

selenocysteine.  
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Chapter 2 - Materials and Methods 

 

2.1 Chemicals 

All chemical reagents used in this study were of analytical grade and were used and 

stored according to the manufacturers’ instructions unless otherwise stated. 

 

Chemical Catalog Number Abbreviation 

   

Ajax FineChem Pty Ltd   

Acetic Acid, Glacial 

Ethanol 

A1-2.5L GL 

214-20L 

 

Hydrochloric Acid 1367-2.5L GL HCl 

Isopropanol 

Methanol 

425-2.5L GL 

318-20L 

 

 

AppliChem 

Isopropyl-β-D-Thiogalactopyranoside 

 

Ambion 

GlycoBlue 

 

 

 

A4773 

 

 

AM9515 

 

 

IPTG 

Amresco Inc.   

Agar, Bacteriological J637-500G  

Agarose I 

Calcium Chloride 

0710-500G 

0556 

 

Coomassie Brilliant Blue M128-10G  

Dimethyl Sulfoxide 0231-500ml DMSO 

D-Glucose, Anhydrous 0188-500G  

Ethylenediaminetetraacetic Acid 

Glycerol 

HEPES Free Acid 

0322-500G 

0854-500ml 

0511-250g 

EDTA 

Potassium Chloride 

Potassium Phosphate Dibasic 

Anhydrous 

0395-500G 

0705-500G 
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Potassium Phosphate Monobasic 

Anhydrous 

0781-500g 

Sodium Dodecyl Sulfate 

Sodium hydroxide 

0227-1KG 

0583 

SDS 

Tris 

Triton X-100 

0497-1KG 

0694-1L 

 

Tryptone, Bacteriological J859-500G  

Tween 20 0777  

Yeast Extract, Bacteriological J850-500G  

 

Baxter Healthcare 

Water for Irrigation   

 

BD Biosciences 

Casamino Acids 

 

 

 

60670A 

 

 

228820 

 

Bio-Rad Laboratories   

30% Acrylamide/Bis Solution 161-0158  

Ammonium Persulfate 161-0700  

Goat Anti-Mouse HRP Conjugate 

 

170-6516  

Fermentas Life Sciences 

dNTPs 10 mM   

TopVision Agarose 

 

R0192 

FMTR0491 

 

   

Fluka Analytical   

DL-Dithiothreitol 43815 DTT 

 

Fonterra 

Diploma Skim Milk Powder 

 

Invitrogen 

Zeocin 

 

 

 

 

 

 

 

P/N 46-0509 
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Merck 

BugBuster Master Mix 

 

71456-3 

 

N,N,N',N'-Tetramethyl Ethylenediamine 1.10732.0100 TEMED 

 

Research Reactor Centre 

75
Se (as selenous acid) 

 

Roche Applied Science 

Mouse Anti-GFP Monoclonal  

 

 

 

 

 

 

11814460001 

 

Sigma-Aldrich Pty. Ltd.   

4-Chloro-DL-Phenylalanine 

5-Fluorouracil 

Ampicillin Sodium Salt 

Benzyl Viologen Dichloride 

Bicinchoninic Acid Solution 

Bovine Serum Albumin (fatty acid free) 

C6506-5G 

F6617-1G 

A9518-5G 

271845-1G 

B9643-1L 

A6003-10G 

 

Bromophenol Blue Sodium Salt B8026-5G  

Carbenicillin Disodium Salt C3416-5G  

Chloramphenicol 

Copper Sulfate Pentahydrate 

C0378-5G 

C7631-500G 

 

Ethidium Bromide 

Insulin (human recombinant) 

E7637-1G 

I9278-5ML 

EtBr 

 

Kanamycin Sulfate 

L-(+)-Arabinose 

L-Cysteine 

K1377-5G 

A3256-25G 

168149-25G 

 

Magnesium Sulfate 

Nicotinamide Adenine Dinucleotide 

Phosphate 

M8150-500G 

N1630-100MG 

MgSO4 

NADPH 

Sodium Chloride 

Sodium Formate 

Sodium Molybdate 

Sodium Selenite 

Spectinomycin Dihydrochloride 

Pentahydrate 

S9625-1KG 

71541-250G 

243655-5G 

S5261-10G 

S9007-5G 

NaCl 
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Tetracycline Hydrochloride T7660-5G  

Trizma Base T1503-1KG  

   

 

2.2 Enzymes 

All restriction enzymes were purchased from either Fermentas, Canada or New England 

Biolabs, USA. Other enzymes were purchased from suppliers listed below. 

 

Enzyme Catalog Number Concentration (units.μl
-1

) 

   

Fermentas Life Sciences   

DreamTaq EP0702 5 

FastAP TAP  EF0651 1 

T4 DNA Ligase EL0011 5 

   

Finnzymes   

Phusion DNA Polymerase F-530PL 2 

Phusion Hot Start DNA 

Polymerase 

F-540S 2 

Phusion Hot Start II DNA 

Polymerase 

F-549S 2 

   

New England Biolabs   

Klenow Large Fragment M0210S 5 

T4 DNA Ligase M0202S 400 

T4 PNK M0201S 10 

   

Roche Diagnostics   

Expand High Fidelity PCR 

System 

11 732 650 001 

 

3.5 
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2.3 Bacterial media, stock solutions and buffers 

Bacterial media, stock solutions and buffers were made in sterile glass bottles or sterile 

50 ml polypropylene tubes using ddiH2O and stored at room temperature (RT) unless 

otherwise indicated. 

 

2.3.1 Bacterial media 

 

Medium  Composition Abbreviation 

 

Lysogeny Broth                     

 

 

1% w/v Tryptone, 0.5% 

w/v Yeast Extract and 1% 

w/v NaCl 

LB 

 

 

   

Low Salt Lysogeny Broth 1% w/v Tryptone, 0.5% 

w/v Yeast Extract and 0.5% 

w/v NaCl 

LB-Miller 

   

LB and LB-Miller Agar As for media plus 1.5% w/v 

Agar 

 

   

2 XTY Medium 1.6% w/v Tryptone, 1% 

w/v Yeast Extract and 0.5% 

w/v NaCl 

 

   

Modified M9 Agar 1 x M9 Salts, 1 mM 

MgSO4, 1 mM Thiamine, 

0.1 mM CaCl2, 0.4% w/v 

Glucose, 0.2% w/v 

Casamino Acids and 1.5% 

w/v Agar 

 

   

Negative Selection Agar 0.4% w/v Glycerol, 0.5% 

w/v Yeast Extract, 1%  w/v 

NaCl and 1.5% Agar 
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Super Optimal Broth plus Glucose 

 

 

 

 

 

2% w/v Tryptone, 0.5% 

w/v Yeast Extract, 0.05% 

w/v NaCl, 10 mM MgSO4, 

2.5 mM KCl and 20 mM 

Glucose 

 

SOC 

 

 

 

   

Modified TGYEP 1% w/v Tryptone, 0.5% 

w/v Yeast Extract, 1.2% 

w/v K2HPO4, 0.3% 

KH2PO4, 0.1% w/v Sodium 

Formate, 0.5% w/v Glucose 

and 1 µM Na2MoO4 with 

pH adjusted to 6.5 

 

   

 

2.3.2 Bacterial stock solutions 

All stock solutions were filter sterilised and stored at -20 ºC unless otherwise specified. 

 

Stock  Composition  

 

Ampicillin  100 mg.ml
-1

 Ampicillin   

   

Chloramphenicol  100 mg.ml
-1

 

Chloramphenicol dissolved 

in 100% ethanol  

 

   

Kanamycin  50 mg.ml
-1

 Kanamycin  

   

Spectinomycin  10 mg.ml
-1

 Spectinomycin  

   

Tetracycline  12.5 mg.ml
-1

 Tetracycline 

dissolved in 80% ethanol 
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Sodium Selenite  5 mM Sodium Selenite, 

stored at 4 ºC 

 

   

L-Cysteine  100 mg.ml
-1

 L-Cysteine  

   

IPTG 100 mM IPTG  

   

Glycerol 14% w/v Glycerol  

   

HEPES Glycerol Solution 1 mM HEPES, 10% w/v 

Glycerol, pH 7.4, stored at 

4 ºC 

 

   

CaCl2 Glycerol Solution 100 mM CaCl2, 10% w/v 

Glycerol, stored at 4 ºC 

 

   

 

2.3.3 General solutions and buffers 

 

Buffer  Composition Abbreviation 

 

Resolving Gel Buffer 3 M Tris-HCl, pH 8.8  

   

Stacking Gel Buffer 0.5 M Tris-HCl, pH 6.8  

   

Loading Buffer 100 mM Tris-HCl, pH 6.8, 

4% w/v SDS, 20% w/v 

Glycerol and 0.2% w/v 

Bromophenol Blue 

 

   

SDS PAGE Running Buffer 

 

 

25 mM Tris, 192 mM 

Glycine, 0.1% w/v SDS, pH 

8.3 
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Tris Buffered Saline and Tween 20 

 

10 mM Tris-HCl pH 7.3, 

100 mM NaCl and 0.1% 

v/v Tween 20 

TBST 

 

   

Nitrocellulose Buffer 

 

48 mM Tris, 39 mM 

Glycine, 0.05% w/v SDS 

and 20% v/v Methanol 

 

   

Coomassie Blue Stain 45% v/v Methanol, 9% v/v 

Glacial Acetic Acid and 

0.1% Coomassie Brilliant 

Blue 

 

   

Destain Solution 20% v/v Methanol and 

7.5% v/v Glacial Acetic 

Acid 

 

   

Tris-Acetate-EDTA Buffer 40 mM Tris, 20 mM 

Acetate, 2 mM EDTA and 

0.5 μg ml
-1

 EtBr 

TAE 

   

6x DNA Loading Dye 0.03% Bromophenol Blue, 

60 mM EDTA, 10 mM 

Tris, 60% Glycerol, stored 

at 4 ºC 

 

   

Tris-EDTA Buffer 10 mM Tris, 1mM EDTA, 

pH adjusted as required (7.5 

or 8) 

TE 

   

 

 

 



 - 38 - 

2.4 General molecular biology 

 

2.4.1 High fidelity polymerase chain reaction 

All DNA fragments used for cloning were generated using high fidelity polymerase 

chain reaction (HiFi-PCR). Reactions contained 1x High Fidelity Buffer (supplied as a 

5x stock), 5% v/v DMSO, 200 µM dNTPs, 400 nM forward primer, 400 nM reverse 

primer, 0.5 µl DNA template (typically ~ 100 ng.µl
-1

) and 1 unit of Hot Start Phusion 

DNA Polymerase made up to a final reaction volume of 50 µl using nuclease free water. 

 

Cycling conditions were: (1) 94 C 2 minutes, (2) 80 C 30 seconds, (3) 94 ºC 20 

seconds, (4) annealing temperature 20 seconds, (5) 68 C variable, steps 3-5 repeated 

for 20 cycles, (6) 94 C 20 seconds, (7) 50 ºC 20 seconds, (8) 68 ºC variable, steps 6-8 

repeated for 20 cycles and (9) 4 C hold. Annealing temperatures and extension times 

varied depending on the primer pair and the length of the expected PCR product. All 

reactions were performed on a Mastercycler ep Gradient S thermal cycler (Eppendorf, 

Germany). All primers were obtained from Geneworks, Australia. 

 

2.4.2 Screening PCR 

Recombinant bacterial colonies were identified by PCR.  In this method, single E. coli 

colonies were resuspended in 6 l of LB medium of which a 3 µl aliquot was removed 

and resuspended in 8 µl 0.5% v/v Tween 20 followed by lysis at 100 ºC for 30 seconds. 

PCR reactions contained 1x Fermentas DreamTaq Green Buffer (supplied as a 10x 

stock),  5% v/v DMSO, 200 µM dNTPs, 400 nM forward primer, 400 nM reverse 

primer, 1 µl lysed E. coli and 0.5 units of Fermentas DreamTaq DNA Polymerase made 

up to a final reaction volume of 10 µl using nuclease free water. Cycling conditions 

were the same as used for HiFi-PCR. Clones which generated correctly sized PCR 

products were inoculated into 5-10 ml of LB medium supplemented with the correct 

antibiotics and grown overnight for plasmid DNA isolation. 

   

2.4.3 Isolation of plasmid DNA 

Plasmids were isolated using the Fermentas GeneJet Plasmid Miniprep Kit (K0503) 

following the manufacturer's instructions with minor modifications.  Briefly, a single E. 

coli colony was cultured overnight at 37 ºC with agitation in 5-10 ml of medium in 50 
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ml polypropylene tube to ensure good aeration. For low copy number plasmids 

containing the SC101 origin culture volumes of 20 ml were used and the volumes of 

Fermentas resuspension, lysis and neutralisation buffers were doubled. Following 

isolation, plasmid DNA concentration was determined using a NanoDrop ND-1000 

Spectrophotometer (Thermo Scientific, USA). 

 

2.4.4 PCR purification 

All HiFi-PCR products were purified using the Fermentas GeneJET PCR Purification 

Kit (K0702) according to the manufacturer's instructions. 

 

2.4.5 Restriction enzyme digests 

The volumes and incubation times for restriction enzyme digest varied depending on the 

application. For insert verification of plasmid minipreps a final volume of 10 µl was 

typically used, digests of PCR products or plasmids for subcloning were typically 

performed with final reaction volume of 50 µl. Reactions generally contained 1x 

Fermentas FastDigest Buffer (supplied as a 10x stock), 0.02x total reaction volume of 

each restriction enzyme (e.g. 1 µl for 50 µl digests) and varying amounts of DNA and 

nuclease free water to make up the final volume. 50 µl digests of PCR products also 

contained 40 units of DpnI. For enzymes not compatible with Fermentas FastDigest 

Buffer, digests were performed with the buffers supplied with the enzymes. Digests 

were incubated at appropriate temperatures for two hours and terminated by column 

purification using the Fermentas GeneJET PCR Purification Kit. 

 

2.4.6 Preparation of blunt ended DNA fragments 

Following digestion with the appropriate restriction enzymes, digests were heat 

inactivated and blunt ends generated using the Klenow fragment of DNA polymerase I. 

Reactions generally contained 1x Fermentas FastDigest Buffer, 200 µM of dNTPs and 5 

units of Klenow in a final volume of 52 µl. Reactions were incubated at 37 ºC for 30 

minutes and then column purified using the Fermentas GeneJET PCR Purification Kit. 

 

2.4.7 De-phosphorylation of digested plasmids 

During digestion, plasmids were treated with Fermentas FastAP Thermosensitive 

Alkaline Phosphatase (FastAP) to remove the 5´ terminal phosphate group from the 
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DNA and prevent re-circularisation of the vector in subsequent ligation reactions. 

Reactions contained 1x Fermentas FastDigest Buffer (supplied as a 10x stock), 1 µl of 

each restriction enzyme, 1 µl of FastAP, 1 µg of plasmid DNA and nuclease free water 

to make up a final volume of 20 µl. Reactions were incubated at 37 ºC for two hours, 

heat inactivated at 65 ºC for 15 minutes and then column purified using the Fermentas 

GeneJET PCR Purification Kit. 

 

2.4.8 Ligation 

Ligation reactions were performed with large insert to vector ratios. Ligation reactions 

were usually carried out in a final volume of 20 l with 5 units of T4 DNA ligase in 1x 

T4 Ligase Buffer (supplied as 10x stock). Reactions were incubated overnight at 16 C. 

 

2.4.9 Ethanol precipitation 

100 µl of DNA solutions to be precipitated were mixed with 10 µl of 3 M Sodium 

Acetate (pH 5.2), 2 µl GlycoBlue and 220 µl ice cold 100% ethanol.  Samples were 

mixed by inversion and incubated at RT for 15 minutes followed by centrifugation 

performed at 15870 g for 20 minutes at 4 C. DNA pellets were then washed with ice 

cold 70% (v/v) ethanol and centrifuged at 15870 g for 10 minutes at 4 C. Residual 

ethanol was evaporated and the DNA rehydrated in 5 µl 10 mM Tris-HCl pH 8.5. 

 

2.4.10 Agarose gel electrophoresis 

Agarose gel electrophoresis was carried out using wide mini-sub cell or sub cell gel 

tanks (Bio-Rad Laboratories, USA) containing 1x TAE buffer.  Gels containing 0.8-

1.5% (w/v) agarose were prepared using 1x TAE buffer.  Electrophoresis was 

commonly carried out at 80-110 V. DNA samples were mixed with 1/6
th

 volume of 6X 

DNA loading dye before loading. The Fermentas GeneRuler 1 kb Plus DNA Ladder 

(SM1332) was used as the molecular weight marker. 

 

2.4.11 Gel purification 

Following digestion, vectors and DNA inserts requiring gel purification were separated 

on gels containing 0.8% Fermentas TopVision Agarose. Gel extraction of DNA 

fragments was carried out using gel extraction tips and the Fermentas GeneJet Gel 

Extraction Kit (K0692) according to the manufacturer's instructions. 
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2.4.12 Gel photography 

Following electrophoresis, DNA was visualised and photographed using a ChemiDoc 

XRS Molecular Imager (Bio-Rad Laboratories, USA). Photographs were then processed 

using Adobe Photoshop 6.0. 

 

2.5 DNA sequencing and analysis 

 

2.5.1 Purified DNA sequencing 

All plasmid clones were verified by Sanger sequencing performed by the Australian 

Genome Research Facility (AGRF) Perth Node (Perth, Western Australia). 

 

2.5.2 Sequence analysis and plasmid mapping 

A Plasmid Editor (ApE) (pers. comm. M Wayne Davis) was used to analyse and align 

DNA sequence files, build plasmid maps and perform in silico cloning. Webcutter 2.0
153

 

was used for in silico cloning and unknown DNA sequences were aligned using Basic 

Logical Alignment Search Tool (BLAST)
154

 (National Center for Biotechnology 

Information, National Library of Medicine, USA).   

 

2.6 Protein electrophoresis and analysis 

 

2.6.1 Protein assay 

Protein concentrations were determined by BCA assay based on the method of Smith et 

al. (1985)
155

 using BSA as a standard. Briefly, bicinchoninic acid solution was mixed in 

a 50:1 ratio with 4% CuSO4.5H2O solution and 200 µl added to a 20 µl aliquot of 

sample diluted in 1% Triton X-100. After a 30 minute incubation at 37 ºC absorbance 

was read at 562 nm on a 1420 Victor 3 Multilabel plate reader (PerkinElmer, USA).  

 

2.6.2 Denaturing acrylamide gel electrophoresis 

Cell pellets (typically from 1 ml aliquots of culture) were resuspended in 1x SDS 

loading buffer containing 100 mM DTT and heated at 100 °C for 5 minutes to denature 
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the proteins. Protein samples were briefly centrifuged to remove any insoluble material. 

Cell proteins were resolved on 12.5% denaturing SDS polyacrylamide gels for 60 

minutes at 120 V and visualized by Coomassie Blue staining as described by Hames 

(1998)
156

. 

 

2.6.3 Protein structures 

Protein and ribosome structures were visualised using PyMOL version 1.5.3. Protein 

structure files were obtained from the Research Collaboratory for Structural 

Bioinformatics Protein Data Bank (RCSB PDB). 

 

2.7 Bacterial host strains 

 

2.7.1 DH10B 

 

F
-
 endA1 recA1 galE15 galK16 nupG rpsL ΔlacX74 Φ80lacZΔM15 araD139 

Δ(ara,leu)7697 mcrA Δ(mrr-hsdRMS-mcrBC) λ
- 

 

Strain DH10B was obtained from Invitrogen (18297-010). All cloning was performed in 

DH10B. 

 

2.7.2 GH371 

 

F
-
 mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(araleu)7697 

galU galK rpsL (strR) endA1 nupG fhuA::IS2 (confers phage T1 resistance) upp
-
 

 

The GH371 E. coli strain, containing an open reading frame deletion of genomic upp, 

was a generous gift of J.C. Anderson (Department of Bioengineering, University of 

California, Berkeley, CA, USA). When transformed with a plasmid designed to express 

the cat-upp fusion from a constitutively active promoter, GH371 cells die in the 

presence of 0.5 µg.ml
-1

 5-fluorouracil (5-FU), whereas GH371 transformed with a 

promoterless cat-upp reporter plasmid survive on 5-FU at up to 20 µg.ml
-1 149

. 
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2.7.3 TA531 and TA540 

 

F
-
 ara-600 Δ(rrsH-rrlH)770 Δ(codB-lacI)3 Δ(rrlG-rrsG)772::lacZ Δ(recA-srl)306 

srlR301::Tn10 Δ(rrlD-rrsD)773::cat Δ(rrsC-rrlC)774::cat Δ(rrsA-rrlA)771 Δ(rrsB-

rrlB)769 thiE1 Δ(purD-metA)768 

 

Strain TA531 lacks all seven chromosomal rRNA operons. It contains the plasmids 

pHK-rrnC
+
 and pTRNA66 which provide ribosomal rRNAs and essential tRNAs 

respectively. Strain TA531 was created by Asai et al.
157

 and obtained from the E. coli 

Genetic Stock Centre (New Haven, USA). 

 

Strain TA540 was derived from TA531 by transforming with pSTL102 or derivatives 

containing point mutations within the 16S rRNA and then curing the TA531 cells of 

pHK-rrnC
+
. Cells were cured by successive rounds of growth at 37 °C in LB medium 

supplemented with ampicillin only and periodically streaked on LB plates containing 

either ampicillin or kanamycin. Cells were deemed cured when no kanamycin resistant 

colonies were detected. 

 

2.7.4 JW3564-1 

 

F
-
 Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ

-
 ΔselA775::kan rph-1 Δ(rhaD-rhaB)568 

hsdR514 

 

Strain JW3564-1 was developed as part of the Keio collection
158

 of single gene 

knockouts from strain BW25113. It lacks the selA gene encoding selenocysteine 

synthase. Strain JW3564-1 was obtained from the E. coli Genetic Stock Centre (New 

Haven, USA). 

 

2.7.5 JW3563-1 

 

F
-
 Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ

-
 ΔselB774::kan rph-1 Δ(rhaD-rhaB)568 

hsdR514 
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Strain JW3563-1 was developed as part of the Keio collection
158

 of single gene 

knockouts from strain BW25113. It lacks the selB gene encoding the selenocysteine 

specific elongation factor. Strain JW3563-1 was obtained from the E. coli Genetic Stock 

Centre (New Haven, USA). 

 

2.7.6 FM460 

 

F
-
 [araD139]B/r Δ(argF-lac)169 λ

-
 flhD5301 Δ(fruK-yeiR)725(fruA25) relA1 

rpsL150(strR) ΔselC400::kan rbsR22? Δ(fimB-fimE)632(::IS1) deoC1 

 

Strain FM460 was developed by Sawers et al. (1991)
159

. It lacks the selC gene encoding 

the selenocysteine specific tRNA. Strain FM-460 was obtained from the E. coli Genetic 

Stock Centre (New Haven, USA). 

 

2.7.7 Preparation of chemically competent E. coli cells 

Competent stocks of E. coli strains were prepared by inoculating 10 ml of LB medium 

with a small portion of cells scraped from the surface of a frozen glycerol stock not 

previously exposed to CaCl2. Following incubation overnight at 37 °C with agitation, 

cultures were diluted in 500 ml LB medium and further incubated until reaching an 

OD600 between 0.4 and 0.6. Aliquots of approximately 35 ml were centrifuged at 3400 g 

for 10 minutes at RT (Allegra X-22 Centrifuge, Beckman Coulter) and the combined 

pellets resuspended in 150 ml of ice cold 100 mM CaCl2/10% glycerol solution. Cells 

were centrifuged again at 3400 g for 10 minutes at RT (Allegra X-22 Centrifuge, 

Beckman Coulter) in aliquots of approximately 30 ml and the combined pellets 

resuspended in 20 ml ice cold 100 mM CaCl2/10% glycerol solution. Following 

incubation on ice for 25 minutes 200 µl aliquots of the cells were snap frozen in liquid 

nitrogen and stored at -80 °C. Proportionally smaller volumes were used for steps 

following the overnight incubation when fewer stocks were required.  

 

New batches of competent cells were tested for sensitivity to the antibiotics ampicillin, 

chloramphenicol, kanamycin, spectinomycin, tetracycline and zeocin. Antibiotic 

concentrations used for sensitivity testing were 100 μg.ml
-1

 ampicillin, 33 μg.ml
-1

 

chloramphenicol , 50 μg.ml
-1

 kanamycin, 50 μg.ml
-1

 spectinomycin, 12.5 μg.ml
-1

 

tetracycline and 25 µg.ml
-1

 zeocin. 
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2.7.8 Transformation of chemically competent E. coli 

For transformation of chemically competent E. coli, cells were thawed on ice and a 50 

μl aliquot added to 10 μl of ligation mixture. The solution was mixed by gentle pipetting 

to minimize cell death and incubated on ice for 30 minutes. Following incubation the 

cells were heat shocked in a water bath at 42 °C for 30 seconds and returned to incubate 

on ice for five minutes. 1 ml of SOC medium was added and the cells incubated at 37 

°C for 45 minutes with gentle agitation. Cells were centrifuged at 4500 g for two 

minutes at RT and resuspended in approximately 300 μl of LB prior to plating. Plates 

were incubated overnight at 37 °C. 

 

Transformations with whole plasmids were performed using the same procedure but 

required > 0.5 μl of plasmid and 10 μl of competent cells. Only 300 μl of SOC was used 

for the 45 minute incubation and cells were not harvested prior to plating. Double and 

triple transformations were performed using 100 ng of each plasmid and 10 μl of 

competent cells. 

 

2.7.9 Preparation of electrocompetent E. coli cells 

Electrocompetent stocks of E. coli strains were prepared by inoculating 10 ml of 2 XTY 

medium with a single colony and incubating overnight at 37 °C with agitation. 

Overnight cultures were diluted in 2 x 500 ml of 2 XTY medium in 2 L baffled flasks 

and incubated until reaching an OD600 between 0.4 and 0.6. Cells were centrifuged in 

sterile pre-chilled centrifuge bottles at 3000 g at 4 ºC for 15 minutes. Cell pellets were 

resuspended in 1 L of ice cold HEPES Glycerol Solution centrifuged again at 3000 g at 

4 ºC for 15 minutes. Resuspension and centrifugation were repeated with 500 ml and 

then 20 ml volumes of ice cold HEPES Glycerol Solution. Cells were gently 

resuspended in 2 ml of ice cold HEPES Glycerol Solution and 200 µl aliquots snap 

frozen in liquid nitrogen prior to storage at -80 °C. Proportionally smaller volumes were 

used for the steps following the overnight incubation when fewer stocks were required. 

New batches of competent cells were tested for sensitivity to the antibiotics ampicillin, 

chloramphenicol, kanamycin, spectinomycin, tetracycline and zeocin. 
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2.7.10 Electroporation of E. coli cells 

100 µl of electrocompetent E. coli cells were gently added to 5 µl of library DNA after 

ethanol precipitation in a pre-chilled microfuge tube. This mixture was added to a pre-

chilled electroporation cuvette with a 1 mm gap and any bubbles removed by gentle 

tapping. Cells were electroporated using a GenePulser II Electroporation System (Bio-

Rad Laboratories, USA) without the capacitance extender at 1.8 kV, 200 Ω and 25 µFD. 

Immediately after electroporation 1 ml of SOC was gently added to the cuvette and cells 

were recovered in 2 ml of SOC in a 50 ml polypropylene tube for one hour at 37 ºC 

with agitation. After recovery, 10 µl was removed and serially diluted to estimate 

transformation efficiency. The remaining culture was diluted in 100 ml LB medium 

supplemented with the appropriate antibiotics and 2% w/v glucose to grow overnight at 

37 ºC with agitation. 

 

2.7.11 Bacterial glycerol stocks 

Bacterial glycerol stocks were made by mixing equal volumes of an overnight culture 

with a filter sterilised 14% w/v glycerol solution. The mixture was transferred to 1.7 ml 

microfuge tubes and snap frozen in liquid nitrogen prior to long term storage at -80 C. 

 

2.8 Stock plasmids 

 

2.8.1 pRSFDuet-1 

pRSFDuet-1 was developed by Novagen for the coexpression of two different proteins 

and encodes two MCS, each following a T7 promoter, the lac operator and a ribosome 

binding site. pRSFDuet-1 also contains the RSF1030 origin, lacI gene and neomycin 

phosphotransferase conferring kanamycin resistance. This plasmid was used for all O-

ribosome expression constructs. 

 

2.8.2 pCDFDuet-1 

As with other Duet vectors, pCDFDuet-1 was developed by Novagen for the 

coexpression of two different proteins and shares the same MCS region. pCDFDuet-1 

also contains the CloDF13 origin, lacI gene and the aadA gene conferring 

spectinomycin resistance. This plasmid was used for the expression of the selA, selB 

and selC genes as well as the trpT suppressor tRNA. 
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2.8.3 pSP72 

This plasmid was developed by Promega as a standard cloning vector. It contains a high 

copy number MB1 variant origin, a MCS flanked by T7 and SP6 promoters and confers 

ampicillin resistance. It was used for building the O-16S rRNA and as a shuttle plasmid 

for assembly of the final pRSFDuet-1 rRNA expression plasmid. 

 

2.8.4 pTrcHis2A 

pTrcHis2A was developed by Invitrogen for the high level expression of recombinant 

proteins. It is based on a pBR322 vector and contains an MB1 origin and confers 

ampicillin resistance. pTrcHis2A has a MCS preceded by a synthetic trc promoter
160

 

and encodes the lacI
q
 gene for repression in the absence of IPTG. This plasmid was 

used to provide the trc promoter and nearby anti-termination sequences. 

 

2.8.5 pBAD/Myc-His A 

pBAD/Myc-His A was developed by Invitrogen for controlled dose dependent 

expression of recombinant proteins to achieve maximum solubility. It is based on a 

pBR322 vector and contains an MB1 origin and confers ampicillin resistance. 

pBAD/Myc-His A has a MCS preceded by the araBAD promoter and encodes the 

regulatory araC gene for repression in the absence of L-arabinose. This plasmid was 

used to provide the araBAD promoter and the araC gene. 

 

2.8.6 pTH18kr 

pTH18kr was developed by Hashimoto-Goto et al. (2000)
161

 from pHSG415r
162

. It 

contains the low copy number SC101 origin and a temperature resistant repA gene for 

stable maintenance at 37 ºC. This plasmid confers kanamycin resistance (aphA1 gene 

encoding aminoglycoside 3'-phosphotransferase) and has a small MCS. pTH18kr was 

used to provide an origin and resistance marker for the construction of reporter plasmids 

compatible with E. coli strain TA540. 

 

2.8.7 pSTL102 

pSTL102 was originally derived from pKK3535
163

 and contains the entire E. coli rrnB 

operon with a C1192U mutation in the 16S rRNA conferring spectinomycin resistance 
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and an A2058G mutation in the 23S rRNA
164

. pSTL102, which contains an MB1 origin 

and confers ampicillin resistance, was used as the template for all rRNA genes used in 

this study. 

 

2.8.8 p15A-C-cat-upp 

p15A-C-cat-upp was derived from p21
149

 and was the basis for all reporter plasmids 

used in this study. It contains a p15A origin, the cat-upp fusion gene under the control 

of a constitutive trp promoter with a C variant orthogonal ribosome binding site and a 

tetracycline resistance marker. The cat-upp gene encodes a fusion of chloramphenicol 

acetyltransferase (CAT) and uracil phosphoribosyltransferase (UPRT) which confers 

resistance to chloramphenicol and sensitivity to 5-fluorouracil. 

 

2.8.9 pSU-ABC 

pSU-ABC was developed by Arnér et al. (1999)
139

 and contains the E. coli selA, selB 

and selC genes under the control of their native promoters. It has a p15A origin and 

confers chloramphenicol resistance. 

  

2.8.10 p1202H3H4 

This plasmid carries the mutant A294G pheS gene encoding a promiscuous 

phenylalanine synthetase α subunit
165

 which confers sensitivity to 4-chloro-DL-

phenylalanine. It has an MB1 origin and confers ampicillin resistance. p1202H3H4 was 

used to provide the pheS negative selection marker to replace the upp gene. 

 

2.9 Western blotting 

 

2.9.1 Z-cat and ZZ-cat fusions 

Protein samples resolved by denaturing SDS PAGE were transferred to nitrocellulose 

membranes using a Trans-Blot Semi-Dry Transfer Cell (Bio-Rad Laboratories, USA). 

Blots were Ponceau stained to verify transfer, gently rinsed and then blocked overnight 

at 4 ºC in TBST with 5% w/v skim milk powder. After blocking, blots were incubated 

in 10 ml TBST with 1% w/v skim milk powder and a 1:10 000 dilution of goat anti-

mouse HRP conjugate antibody for two hours at RT. Blots were washed five times with 

5 ml TBST for five minutes after which the proteins were visualised by enhanced 
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chemiluminescence (ECL) using the GE Healthcare ECL Plus Western Blotting 

Detection Kit (RPN2132). 

 

2.9.2 GFP-cat fusion 

Protein samples were resolved, transferred to nitrocellulose and stained as for Z-cat 

fusions. Blots were blocked for one hour at RT in TBST with 5% w/v skim milk 

powder. After blocking, blots were incubated in 5 ml TBST with 1% w/v skim milk 

powder and mouse anti-GFP primary antibody (1:2 000) overnight at 4 ºC. Blots were 

washed five times with 5 ml TBST for five minutes after which they were incubated in 

10 ml TBST with 1% w/v skim milk powder and goat anti-mouse HRP conjugate 

antibody (1:10 000) for one hour at RT. Washing and visualisation were the same as for 

Z-cat fusions. 

 

2.10 Library construction 

 

2.10.1 1490-loop 16S rRNA library 

The 1490 loop 16S rRNA library was generated using enzymatic inverse PCR with 

random nucleotides in the primers corresponding to positions 1409 and 1410 and from 

1490 to 1495 in the 16S rRNA gene. Reactions contained 1x Expand Buffer (supplied 

as a 10x stock), 5% v/v DMSO, 200 µM dNTPs, 400 nM sense primer, 400 nM 

antisense primer, 10 ng of pSP72-O-16S as template and 1.75 units of Expand High 

Fidelity Polymerase made up to a final reaction volume of 50 µl using nuclease free 

water. Cycling conditions were as for HiFi-PCR. PCR products were purified, digested 

overnight with BsaI at 50 ºC and then for eight hours with DpnI at 37 ºC followed by 

column purification. The purified products were ligated overnight, ethanol precipitated 

and transformed by electroporation into electrocompetent DH10B cells. Cells were 

recovered and grown overnight after which plasmid DNA was isolated. 15 µg of 

plasmid DNA was digested with XhoI and XbaI and the 16S fragment was recovered by 

gel purification for ligation into XhoI and XbaI cut pRSF-23S to generate pRSF-O-16S-

lib1490. Ligations were ethanol precipitated and transformed by electroporation into 

electrocompetent DH10B cells carrying plasmids pCDF-ABC and either p15A-C-

catSECIS129-upp or p15A-C-catSECIS129-pheS. 
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2.10.2 Random 16S rRNA library 

The random 16S rRNA library was generated by error prone PCR (Genemorph II 

Random Mutagenesis Kit, Stratagene) using 500 ng of pSP72-O-16S as template DNA 

and incorporated a 5´ XhoI site. Reactions were cycled 30 times to achieve 

approximately 4.5 mutations kb
-1

 according to the manufacturer’s instructions. The 

resulting PCR products were purified, digested with DpnI, XhoI and XbaI, re-purified 

and ligated into XhoI and XbaI cut pRSF-23S to give pRSF-O-16S-libR. Ligations were 

ethanol precipitated and transformed by electroporation into electrocompetent DH10B 

cells carrying plasmids pCDF-ABC and either p15A-C-catSECIS129-upp or p15A-C-

catSECIS129-pheS. 

 

2.11 Chloramphenicol selection 

E. coli DH10B cells transformed with pRSF-O-16S libraries, p15A-C-catSECIS129-

upp and pCDF-ABC were grown overnight at 37 ºC with agitation in LB with 2% w/v 

glucose, 25 µg.ml
-1

 kanamycin, 6.25 µg.ml
-1

 tetracycline and 25 µg.ml
-1

 spectinomycin. 

A 1 ml aliquot of overnight culture was resuspended in 10 ml LB medium lacking 

glucose and incubated for three hours. Following incubation, a further 1/10 dilution was 

performed and the cells induced by repeating the incubation with medium containing 

0.5 mM IPTG. 1 ml aliquots were spread on LB agar plates containing additional yeast 

extract (1% w/v), 12.5 µg.ml
-1

 kanamycin, 3.1 µg.ml
-1

 tetracycline and 12.5 µg.ml
-1

 

spectinomycin, 0.5 mM IPTG, 5 µM Na2SeO3, 100 µg.ml
-1

 L-cysteine and varying 

concentrations of chloramphenicol. Chloramphenicol concentrations ranged from 0-30 

µg.ml
-1

 in 5 µg.ml
-1

 increments. Plates were incubated for 24 and 48 hours at 37 ºC. 

Colonies showing the highest chloramphenicol resistance were rephenotyped 

individually. 

 

2.12 5-Fluorouracil selection 

E. coli GH371 cells transformed with pRSF-O-16S, p15A-C-catSECIS129-upp and 

pCDF-ABC were grown and induced as for chloramphenicol selections. Following 

IPTG induction, the cells were resuspended in 10 ml M9 medium and 5 µl aliquots were 

dotted on modified M9 agar plates containing 12.5 µg.ml
-1

 kanamycin, 3.1 µg.ml
-1

 

tetracycline and 12.5 µg.ml
-1

 spectinomycin, 0.5 mM IPTG, 5 µM Na2SeO3, 100 µg.ml
-

1
 L-cysteine and varying concentrations of 5-FU (0, 0.1, 0.25, 0.5, 0.75, 1.0 or 1.25 
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µg.ml
-1

). Plates were incubated for 24 hours at 37 ºC. p15A-C-cat-upp and p15A-C-

catSECIS129UAA-upp were used as positive and negative controls respectively. 

 

2.13 Chlorophenylalanine selection 

DH10B transformants carrying pRSF-O-16S libraries, p15A-C-catSECIS129-pheS and 

pCDF-ABC were recovered for one hour in SOC medium. Cells were diluted in 100 ml 

of LB with 25 µg.ml
-1

 kanamycin, 6.25 µg.ml
-1

 tetracycline, 25 µg.ml
-1

 spectinomycin 

and 2% w/v glucose and grown overnight at 37 ºC in a baffled flask with agitation. A 2 

ml aliquot was removed and diluted in 30 ml LB with antibiotics but without glucose 

and grown for three hours at 37 ºC in a baffled flask with agitation. Cells were 

harvested and resuspended in 30 ml LB containing antibiotics and 0.5 mM IPTG and 

grown for three hours at 37 ºC in a baffled flask with agitation. Following IPTG 

induction, a 1 ml aliquot was plated on selective medium containing 12.5 µg.ml
-1

 

kanamycin, 3.1 µg.ml
-1

 tetracycline and 12.5 µg.ml
-1

 spectinomycin, 0.5 mM IPTG, 100 

µg.ml
-1

 L-cysteine, 5 µM Na2SeO3 and 0-20 mM 4-chloro-DL-phenylalanine (Cl-Phe) 

in 5 mM increments. Plates were incubated at 37 ºC for three days after which 10 ml LB 

was added to the surface of the 10 mM plates and the colonies were harvested. Plasmid 

DNA was isolated and digested with NheI and AscI to remove p15A-C-catSECIS129-

pheS and pCDF-ABC.  

 

The recovered pRSF-O-16S library DNA was ethanol precipitated and transformed into 

electrocompetent DH10B cells carrying plasmid p15A-C-cat-pheS. After a one hour 

recovery in SOC medium cells were diluted to 100 ml with LB containing 25 µg.ml
-1

 

kanamycin, 6.25 µg.ml
-1

 tetracycline and 2% w/v glucose and incubated overnight. A 2 

ml aliquot was removed and induced as described above. Following induction, a 1 ml 

aliquot was plated on selective medium containing 1% tryptone, 0.5% yeast extract, 1% 

NaCl, 12.5 µg.ml
-1

 kanamycin, 3.1 µg.ml
-1

 tetracycline, 33 µg.ml
-1

 chloramphenicol and 

0.5 mM IPTG. Plates were incubated at 37 ºC for two days after which pRSF-O-16S 

library DNA was isolated, digested with NheI and AscI and ethanol precipitated for the 

next Cl-Phe selection. After three rounds of selection only individual colonies remained 

on the 10 mM Cl-Phe selection plate. These were rephenotyped individually. Plasmid 

DNA was isolated and mutations were identified by Sanger sequencing of the entire 16S 

rRNA gene. 
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2.14 Chloramphenicol resistance assay 

 E. coli DH10B cells transformed with pRSF-O-16S variants, either p15A-C-

catSECIS129-pheS or p15A-C-cat-pheS and pCDF-ABC were grown and induced as 

for chloramphenicol selections. 5 µl aliquots were dotted on LB agar plates containing 

additional yeast extract (1% w/v), 12.5 µg.ml
-1

 kanamycin, 3.1 µg.ml
-1

 tetracycline and 

12.5 µg.ml
-1

 spectinomycin, 0.5 mM IPTG, 5 µM Na2SeO3, 100 µg.ml
-1

 L-cysteine and 

varying concentrations of chloramphenicol. Chloramphenicol concentrations ranged 

from 0-30 µg.ml
-1

 for p15A-C-catSECIS129-pheS and 0-150 µg.ml
-1

 for p15A-C-cat-

pheS.  Plates were incubated for 24 and 48 hours at 37 ºC.  

 

2.15 β-Galactosidase assay 

E. coli DH10B cells transformed with pRSF-O-16S, either p15A-C-catSECIS129-lacZ 

or p15A-C-cat-lacZ and pCDF-ABC were grown and induced as for chloramphenicol 

selections. Following IPTG induction, the OD600 was determined for all cultures. 50 µl 

aliquots were added to a white opaque 96 well plate and β-galactosidase activity 

measured by the cleavage of D-luciferin-o-galactopyranoside in the presence of 

luciferase using the Promega Beta-Glo Assay System (E4720) according to the 

manufacturer's instructions. Luminescence was measured using a Synergy MX 

Microplate Reader (BioTEK, USA) and raw values normalised to the OD600 

measurement. 

  

2.16 Gaussia luciferase assay 

The kan cassette from E. coli JW3564-1 was excised according to Datsenko and 

Wanner
166

. The new strain, designated BW25113ΔselA, was verified by PCR and 

Sanger sequencing and served as a negative control. TA540 and TA540-derivative 

strains were freshly transformed with pSC101-WT-cat-GLuc or pSC101-WT-

catSECIS129-GLuc and either pCDFΔlac-ABC, pCDFΔlac-trpT or pCDFΔlac-trnW. 

Cells were grown overnight from single colonies in 5 ml LB-Miller supplemented with 

12.5 μg.ml
-1

 Zeocin, 25 μg.ml
-1

 Kanamycin and varying amounts of Na2SeO3 (0, 1, 2.5 

and 5 μM) and L-cysteine (0, 20, 50 and 100 µg.ml
-1

). The OD600 was measured for all 

cultures and cells from 1 ml of medium were harvested. Cells were lysed by incubation 

with 300 µl BugBuster Master Mix for one hour at RT with constant inversion followed 

by three snap freeze and thaw cycles. Luciferase activity was measured using the Biolux 

Gaussia Luciferase Flex assay kit (New England Biolabs, USA) with 20 µl of cell 
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lysate. Luminescence was measured using a Synergy MX Microplate Reader (BioTEK, 

USA) and raw values normalised to the OD600 measurement. 

 

2.17 Benzyl viologen assay 

BW25113selA cells transformed with pSTL102 were used as a negative control. 

BW25113selA harbouring pSTL102, TA540 and TA540-derivative strains were grown 

for 24 hours at 37 ºC on solid media. Plates were scraped and the cells collected in 2 ml 

of LB-Miller. The resulting cultures were normalized to OD600=1.0 and 5 µl aliquots 

were dotted on LB-Miller agar plates containing 100 μg.ml
-1

 ampicillin, 5 mM sodium 

formate, 0.1 % glucose with 20 µg.ml
-1

 L-cysteine and 1 μM Na2SeO3 or 50 µg.ml
-1

 L-

cysteine and 2.5 μM Na2SeO3 or 100 µg.ml
-1

 L-cysteine and 5 μM Na2SeO3 or in the 

absence of L-cysteine and Na2SeO3. Plates were incubated at 37 ºC for 3 hours under 

aerobic conditions, then transferred to anaerobic conditions at 37 ºC for 60 hours and 

then immediately overlaid with agar containing 1 mg.ml
-1

 benzyl viologen, 250 mM 

sodium formate and 25 mM KH2PO4 at pH 7.0. Plates were photographed after a 1 hour 

incubation. The presence of active formate dehydrogenase was indicated by the 

development of a purple colour. 

 

2.18 Growth curves 

To measure the effects of rRNA mutations on the growth of cells, TA540 and TA540-

derivative strains were grown in LB-Miller containing 100 μg.ml
-1

 ampicillin, diluted to 

OD600=0.1 and incubated at 37 ºC until saturation. OD600 measurements were taken 

every 100 minutes. 
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Chapter 3 - Design of rRNA expression plasmids and reporters for 

measuring selenocysteine incorporation  

  

3.1 rRNA cloning and expression plasmids 

To overcome the redundancy of E. coli rRNA operons and low tolerance of endogenous 

ribosomes for mutation, O-ribosomes were used to investigate the role of ribosomes in 

selenocysteine incorporation. Use of O-ribosomes required the construction of plasmids 

containing the 16S rRNA gene to function as mutagenesis templates as well as plasmids 

for expression of the O-16S rRNA. 

 

3.1.1 pSP72-O-16S 

pSP72-O-16S contained the O-16S rRNA gene and was designed as a small template to 

facilitate PCR based mutagenesis. The E. coli rrnB 16S rRNA gene and the first 11 

nucleotides of the rrnB tRNA-Glu gene were amplified from pSTL102 and ligated into 

linearised pSP72 to produce pSP72-16S. The message binding site and 720 loop were 

modified by enzymatic inverse PCR to produce plasmid pSP72-O-16S containing an 

orthogonal type 9 variant 16S rRNA gene
149

.  

 

3.1.2 pRSF-O-16S 

To optimise expression of O-16S rRNA, a series of expression plasmids was developed 

with different copy numbers and promoter architecture. Three different origins of 

replication were used; the RSF1030 origin from pRSFDuet-1 maintained at ~ 150 

copies per cell, the SC101 origin and repA gene from pTH18kr maintained at 2-5 copies 

per cell and the single copy mini-F origin from pHR277
167

. Each origin was used in 

conjunction with two different promoters; a trc promoter-lacI
q
 fragment from 

pTrcHis2A and the constitutive P1P2 promoter from the rrnB operon. Plasmids also 

contained the E. coli rrnB tRNA-Glu, rrnB 23S rRNA and rrnB 5S rRNA genes 

amplified from pSTL102 to maintain an even ratio of rRNA. Wild-type and orthogonal 

16S rRNA genes were subcloned from pSP72-O-16S. Only variants containing the trc 

promoter and either the RSF1030 or SC101 origin proved functional and were 

successfully maintained in DH10B cells. pRSF-O-16S was ultimately chosen due to its 

higher copy number (Figure 3.1a). pRSF-O-16S and pRSF-WT-16S were validated by  
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Figure 3.1. Plasmid pRSF-O-16S for the expression of O-16S rRNA. (a) Map 

representation of pRSF-O-16S. The location of the message binding site and 720-loop 

region responsible for the orthogonal nature of the O-16S rRNA are shown in red. (b) 

Orthogonality of the O-16S rRNA was verified by chloramphenicol assay using 

reporters with different ribosome binding sites. Chloramphenicol concentrations were 0, 

10, 25, 50, 75, 100, 125 and 150 µg.ml
-1

. 
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chloramphenicol assay with reporter plasmid p15A-C-cat-upp (Figure 3.1b). A reporter 

with a canonical RBS confers maximal chloramphenicol resistance and expression of O-

16S rRNA has no effect on cell growth (rows 1-2). The minimum translation control 

lacking the entire promoter is incapable of conferring chloramphenicol resistance (rows 

3-4). Expression of O-16S rRNA confers chloramphenicol resistance in combination 

with the orthogonal reporter (row 6) confirming O-ribosomes are fully functional. 

Failure of the wild-type ribosome to confer chloramphenicol resistance (row 5) 

demonstrates all CAT expression from the reporter system is a function of orthogonal 

translation. 

 

3.2 Plasmids for SelA, SelB and SelC expression 

While E. coli has been shown to have significant reserve capacity to produce 

selenoproteins, even under aerobic conditions, supplementation with the accessory 

protein and RNA factors required for selenocysteine incorporation is a well established 

method of increasing incorporation efficiency. Overexpression of the selA, selB and 

selC genes ensures availability of the protein and RNA accessory factors does not limit 

selenocysteine incorporation. Any changes in the readout from the reporter system will 

represent changes in efficiency mediated by the ribosome during UGA decoding. 

Additionally, increasing selenocysteine incorporation efficiency broadens the dynamic 

range of selections improving detection of subtle changes. 

 

3.2.1 pCDF-ABC 

Although pSU-ABC is a well characterised plasmid for overexpression of the selA, selB 

and selC genes
139

, it contains the p15A origin and chloramphenicol resistance marker 

making it incompatible with the selenocysteine specific reporter systems developed 

during the course of this work. A compatible plasmid, pCDF-ABC (Figure 3.2a), was 

derived from pSU-ABC by subcloning a 6 kb fragment containing the selA, selB and 

selC genes with their native promoters into pCDFDuet-1.  

 

3.2.2 pTZ-ABC 

In an attempt to produce an ultra-high copy number plasmid for the expression of the 

selenocysteine incorporation machinery, the fragment containing the selA, selB and selC 

genes was subcloned into pTZ19r (Fermentas). Plasmid pTZ19r has a modified MB1  
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Figure 3.2. Plasmid pCDF-ABC for the expression of the selA, B and C genes. (a) Map 

representation of pCDF-ABC. (b) Complementation of selA and selB deletion mutants 

in strain BW25113 verified by benzyl viologen assay. Formation of reduced benzyl 

viologen (purple) requires selenocysteine containing formate dehydrogenase. (c) 

Complementation of selC deletion mutant (strain FM460) verified by benzyl viologen 

assay. Three related selC containing plasmids restore function in a copy number 

dependent manner. 
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origin and is maintained at over 1000 copies per cell. Transformation of DH10B cells 

with pTZ-ABC resulted in very small colonies which failed to grow in liquid media. 

This suggested extremely high expression of the selenocysteine incorporation 

machinery was toxic in E. coli. 

 

3.2.3 pCDFΔlac-ABC 

Plasmid pTRNA66 in E. coli strain TA540 confers spectinomycin resistance and carries 

six essential tRNAs lost during deletion of the chromosomal rRNA operons under the 

control of the LacI sensitive tac promoter
157

. Removal of the lacI gene is required for 

use of this plasmid in TA540 cells to ensure sufficient tRNA expression. A plasmid 

compatible with E. coli strain TA540 was constructed from pCDFDuet1 by removing 

the aadA gene and replacing it with a codon-optimised Sh ble gene (EZeo, synthesised 

by GeneArt, conferring resistance to zeocin) preceded by an EM7 promoter. The lacI 

gene was removed to produce pCDFΔlac. pCDFΔlac-ABC (Figure 3.2a) was generated 

from pCDFΔlac by subcloning the fragment containing the selA, selB and selC genes 

from pCDF-ABC. 

 

3.2.4 Validation of plasmids for selA, selB and selC overexpression 

To ensure the selA, selB and selC genes located in the unsequenced 6 kb genomic 

fragment of pCDFΔlac-ABC were functional, they were used to complement E. coli 

strains deleted for the genes. Strains BW25113 (wild-type), JW3564-1 (ΔselA), 

JW3563-1 (ΔselB) and FM460 (ΔselC) were transformed with either pCDFΔlac-ABC 

or pCDFΔlac and complementation was measured by benzyl viologen assay. The 

benzyl viologen assay measures activity of the endogenous E. coli selenoprotein FdhH 

which contains an essential active site selenocysteine residue and is a standard method 

of confirming selenocysteine incorporation. While pCDFΔlac-ABC was able to 

complement the selA and selB deletion strains (Figure 3.2b), the plasmid failed to be 

maintained in FM460 which was found to be zeocin resistant. To confirm selC 

complementation, strain FM460 was transformed with pSU-ABC and either pCDFDuet-

1 or pCDF-ABC. pCDFDuet-1 did not complement selC deletion, while both plasmids 

containing the selA, selB and selC fragment complemented deletion of selC (Figure 

3.2c). FM460 cells were also transformed with pTrcHis2A and pTrcHis-selC which 

contained only the selC gene amplified from pSU-ABC with its native promoter and 

terminator sequences. The selC only expression plasmid was also able to restore 
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formate dehydrogenase activity (Figure 3.2c). This confirmed that all the selA, selB and 

selC gene fragments were effectively expressed from the new plasmids. 

 

3.2.5 pCDFΔlac-trpT and pCDFΔlac-trnW 

For pCDFΔlac-trpT, a tryptophan suppressor tRNA (trpT) with a UCA anticodon 

flanked by the selC promoter and terminator was constructed by PCR and cloned into 

pCDFΔlac. An equivalent plasmid expressing a wild-type tryptophan tRNA (trnW) was 

made using the same approach and designated pCDFΔlac-trnW. These plasmids provide 

useful controls to examine the effects of altered ribosomes on canonical UGA 

suppression. 

 

3.3 Reporter plasmids 

Most existing reporters for measuring selenocysteine incorporation share similar 

architecture; an N-terminal fusion partner (often glutathione S-transferase), a UGA 

codon and the E. coli fdhF SECIS element fused to the lacZ gene
134,168

. By measuring 

selenocysteine incorporation efficiency as a function of β-galactosidase activity, these 

legacy reporter systems do not provide a life-death selection and cannot be used to 

screen large libraries. To develop a reporter system suitable for library screening I used 

chloramphenicol acetyl transferase (CAT) which confers resistance to the antibiotic 

chloramphenicol as the positive selection marker. CAT is well characterised and is 

considered a model resistance marker, it is known to tolerate both N- and C-terminal 

fusions and high resolution crystal structures are available
149,169,170

. 

 

Several different reporter plasmids were generated to measure the efficiency of 

selenocysteine incorporation and many of the plasmids share common elements. To 

simplify comparing different reporters a standard nomenclature has been adopted. 

Plasmids are named origin-RBS or promoter-reporter. All p15A plasmids have a trp 

promoter and although all are named by the orthogonal C variant RBS, variants with 

wild-type RBSs were also constructed. 

 

3.3.1 p15A-C-ZfdhF-cat and p15A-C-ZfdnG-cat  

Several reporters were designed to express a fusion of the promiscuous antibody 

binding Z domain
171

 derived from staphylococcal protein A with CAT. The fusion 
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protein was separated by a UGA stop codon followed by an E. coli SECIS element to 

mediate selenocysteine dependent chloramphenicol resistance. In the event of 

termination at the UGA stop codon, only the Z domain would be produced. Use of the Z 

domain served the dual function of providing an easy method of determining the ratio of 

full length to truncated products using chemiluminescent immunodetection and acting 

as a purification tag. 

 

The p15A origin, tetracycline resistance gene and trp promoter were amplified from 

p15A-C-cat-upp. The cat gene was also derived from p15A-C-cat-upp, but included a 

UGA stop codon and an E. coli fdhF SECIS element 5´ of the cat ORF and a TAA stop 

codon immediately 3´. The Z domain of Staphylococcus aureus protein A was amplified 

with either a wild-type or orthogonal ribosome binding site from a pET28-MHL derived 

plasmid expressing a Z-EYFP fusion. Ligation of these fragments yielded p15A-C-

ZfdhF-cat (Figure 3.3a). p15A-C-ZfdnG-cat (Figure 3.3a) was constructed similarly 

except the UGA stop codon and fdnG SECIS were added as a 3´ extension of the Z 

domain. Control reporters were constructed which either lacked the stop codon and 

SECIS element entirely or where the UGA stop codon was replaced with a serine 

encoding UCA triplet. 

 

Western blotting to monitor expression of the fusion protein (predicted to be 36.8 kDa) 

revealed two problems: full length products from orthogonal reporter plasmids in the 

absence of O-ribosomes (Figure 3.3b lane 5) and an absence of the Z domain (9.4 kDa) 

resulting from truncated fusions (Figure 3.3b lanes 2 and 7). To provide more 

information on the mechanism by which the orthogonal ribosome binding site had been 

bypassed, reporter plasmids were tested for chloramphenicol resistance in the absence 

of O-ribosomes (Figure 3.4). In addition to strong chloramphenicol resistance mediated 

by p15A-C-ZfdhFUCA-cat in the absence of O-ribosomes, p15A-C-ZfdhF-cat also 

conferred a high level of resistance (200 µg.ml
-1

). This was unexpected given no full 

length fusion protein was detected by western blotting.  

 

3.3.1.1 p15A-WT-ZZfdnG-cat 

Given p15A-WT-ZfdnG-cat did not confer significant chloramphenicol resistance 

(Figure 3.4 row 8), it was hypothesised that the fdhF SECIS element may be 

independently driving CAT production, although it contains no in-frame ATG triplets. 

Analysis of the Z domain sequence however, did reveal an in-frame ATG codon 24  
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Figure 3.3. Reporter plasmids p15A-C-ZfdhF-cat and p15A-C-ZfdnG-cat. (a) Map 

representation of p15A-C-ZfdhF-cat and p15A-C-ZfdnG-cat. (b) Western blot of 

several related Z-cat fusion reporters. Variants contain fdhF or fdnG SECIS elements, 

UGA or UCA codons and wild-type or orthogonal ribosome binding sites. Products 

containing the Z domain were detected using goat anti-mouse HRP conjugate antibody. 

The Z domain alone has a predicted size of 9.4 kDa while Z-CAT fusions have a 

predicted size of 36.8 kDa. 
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Figure 3.4. Chloramphenicol assay for validation of several Z-cat reporter plasmids. 

Variants contain fdhF or fdnG SECIS elements, UGA or UCA codons and wild-type or 

orthogonal ribosome binding sites. All assays were performed with wild-type 

ribosomes. Chloramphenicol concentrations were 0, 13, 33, 66, 100, 133, 166 and 200 

µg.ml
-1

. 
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nucleotides 3´ of the correct start codon which may have been responsible for the "full" 

length product visible in Figure 3.3b lane 5. 

 

To overcome the problems observed with the existing Z-cat fusions a new reporter was 

developed. A second Z domain (with no additional start codon) along with p15A-WT-

ZfdnG-cat were amplified by PCR with matching overhangs corresponding to the 

location of the second in-frame start codon. Ligation of the two fragments resulted in 

plasmid p15A-WT-ZZfdnG-cat containing fused Z domains with a predicted size of 18 

kDa and no in-frame start codons. The increased size of the ZZ fusion was expected to 

improve visualisation of truncated reporter products. Unfortunately p15A-WT-

ZZfdnGUCA-cat failed to confer chloramphenicol resistance. The absence of the Z 

domain as a truncated reporter product (Figure 3.3b) suggested it may be unstable on its 

own and given a ZZ fusion abolished CAT activity alternative fusion partners were 

investigated. 

 

3.3.2 p15A-C-YFPfdnG-cat 

This reporter was designed to express a fusion of enhanced yellow fluorescent protein 

(EYFP) with CAT. The fusion protein was separated by a UGA stop codon followed by 

an E. coli fdnG SECIS element to mediate selenocysteine dependent chloramphenicol 

resistance. In the event of termination at the UGA stop codon, only EYFP would be 

produced. Fluorescent proteins are reliably detected during western blotting providing a 

method of determining the ratio of full length to truncated products using 

chemiluminescent immunodetection. 

 

The p15A origin, tetracycline resistance gene and cat gene were amplified as for p15A-

C-ZfdnG-cat. EYFP, a derivative of green fluorescent protein with a shifted emission 

wavelength due to a T203Y substitution
172

, was amplified with either a wild-type or 

orthogonal ribosome binding site from the same pET28-MHL derived plasmid as the Z 

domain. Ligation of these fragments yielded p15A-C-YFPfdnG-cat (Figure 3.5a). 

Control reporters were constructed where the UGA stop codon was replaced with a 

serine encoding UCA triplet. 

 

Western blotting with an anti-GFP antibody failed to show the presence of any full 

length EYFP-CAT which has a predicted product size of 54.3 kDa (Figure 3.5b). 

Instead, several smaller bands were present between 25 and 35 kDa. The 27 kDa and 25  
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Figure 3.5. Reporter plasmid p15A-C-YFPfdnG-cat. (a) Map representation of p15A-C-

YFPfdnG-cat. (b) Western blot of YFP-CAT fusion reporters. Fusions contain either a 

UGA codon or a UCA codon prior to the SECIS element and cells only contained wild-

type ribosomes. Products containing YFP were detected using mouse anti-GFP 

antibody. YFP alone has a predicted size of 26.9 kDa while YFP-CAT fusions have a 

predicted size of 54.3 kDa. (c) Individual chloramphenicol assay to test p15A-WT-

YFPfdnG-cat and p15A-C-YFPfdnG-cat. The assay was performed with 50 µg.ml
-1

 

chloramphenicol and wild-type ribosomes. 

 



 - 65 - 

kDa bands observed for p15A-WT-YFPfdnGUCA-cat (lanes 3 and 4) were thought to 

represent separated EYFP and CAT proteins which have predicted sizes of 26.9 and 

25.7 kDa respectively. This suggested cleavage of the full length EYFP-CAT fusion and 

was supported by the presence of only the 27 kDa band for p15A-WT-YFPfdnG-cat 

(lanes 1 and 2). Additionally, the presence of bands for p15A-C-YFPfdnG-cat and 

p15A-C-YFPfdnGUCA-cat suggested continued problems with bypass of the 

orthogonal ribosome binding site. Analysis of the EYFP coding sequence revealed five  

in-frame ATG codons, two which would initiate the synthesis of products of similar 

sizes to those observed. 

 

Both p15A-WT-YFPfdnGUCA-cat and p15A-C-YFPfdnGUCA-cat conferred 

chloramphenicol resistance (Figure 3.5c) which supports the idea that in-frame start 

codons were responsible for the expression of various N terminally truncated EYFP-

CAT fusions. Rather than remove multiple in-frame ATG codons, alternative reporter 

designs were investigated. 

 

3.3.3 p15A-C-catSECIS129-upp and p15A-C-catSECIS211-upp 

To avoid further problems with in-frame ATG codons a reporter template was chosen 

which was known to be compatible with O-ribosomes
149

. Following examination of the 

CAT trimer crystal structure (PDB ID:1PD5)
170

 two sites were chosen within the cat 

gene for the insertion of a UGA stop codon and the fdnG SECIS element (Figure 3.6a). 

The first site was between residues 210 and 211 and was selected based upon research 

showing that while the presence of amino acids after position 210 was essential for 

catalytic activity, the exact number (as long as it was more than a couple) or identity 

had minimal impact
173

. The second site chosen was between residues 128 and 129 in an 

exposed surface loop distal to the active site, in an attempt to minimise any structural 

distortions. The UGA stop codon and fdnG SECIS element were synthesised in halves 

as oligonucleotide primers and were added to p15A-C-cat-upp by enzymatic inverse 

PCR. Self-ligation resulted in p15A-C-catSECIS211-upp and p15A-C-catSECIS129-

upp (Figure 3.6b). 

 

p15A-WT-catSECIS211-upp and p15A-WT-catSECIS129-upp (along with UCA 

variant controls) were tested for chloramphenicol resistance to ensure the insertions did 

not abolish catalytic activity (Figure 3.7a). The insertion at position 211 significantly 

impaired enzyme activity and dramatically reduced chloramphenicol resistance  
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Figure 3.6. Reporter plasmids p15A-C-catSECIS129-upp and p15A-C-catSECIS211-

upp. (a) Crystal structure of the CAT trimer showing locations of the UGA and SECIS 

insertions (PDB ID: 1PD5)
170

. The active site residue His 193 is shown in yellow. (b) 

Map representation of p15A-C-catSECIS129-upp. 
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Figure 3.7. Validation of CAT-UPRT fusion reporters. (a) Chloramphenicol assays for 

p15A-C-catSECIS211-upp and p15A-WT-catSECIS129-upp. Variants contain UCA or 

UGA codons followed by fdnG SECIS elements at position 211 or position 129. 

Chloramphenicol concentrations were 0, 10, 25, 50, 75 and 100 µg.ml
-1

. (b) 5-FU assay 

to validate p15A-C-catSECIS129-upp for negative selections. p15A-C-

catSECIS129UAA-upp was included as a resistant control. 5-FU concentrations were 0, 

0.1, 0.25, 0.4, 0.6, 0.8 and 1 µg.ml
-1

.  
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(panel 1). In comparison, the CAT with an insertion at position 129 retained a high level 

of activity and chloramphenicol resistance (panel 2). Based on this, p15A-C-

catSECIS129-upp was used for all library selections with chloramphenicol for gain of 

function mutants. 

 

Prior to selection for loss of function mutants p15A-C-catSECIS129-upp was validated 

by 5-FU screening (Figure 3.7b). This was to ensure UPRT was unaffected by the 

insertion at position 129 within CAT and to establish the dynamic range between p15A-

C-cat-upp and p15A-C-catSECIS129-upp. Unfortunately only minimal differences 

were observed between p15A-C-cat-upp and p15A-C-catSECIS129-upp, most likely 

due to the extreme toxicity of 5-FU metabolites. The p15A-C-catSECIS129UAA-upp 

variant containing a UAA stop codon in place of the UGA codon was only slightly more 

resistant to 5-FU, and significantly more susceptible than p15A-C-cat-upp cultured in 

the absence of O-ribosomes. After several attempts to optimise the 5-FU assay, p15A-

C-catSECIS129-upp was deemed unsuitable for negative selections due to a consistent 

lack of dynamic range. 

 

3.3.4 p15A-C-catSECIS129-pheS 

To produce a reporter capable of efficient negative selections, several different negative 

selection markers were considered to replace UPRT, however the three most widely 

used markers were deemed unsuitable. The extreme toxicity of the well characterised 

bacterial ribonuclease (barnase) from Bacillus amyloliquefaciens and the codA gene 

encoding a mutant E. coli cytosine deaminase, which confers increased sensitivity to 5-

fluorocystosine, makes them unsuitable for selecting clones retaining partial 

activity
174,175

. The sacB gene from Bacillus subtilis encodes levansucrase and confers 

sensitivity to sucrose, but requires concentrations in excess of 5% w/v imposing severe 

osmotic stress on the cells
176

. Ultimately, a mutant phenylalanine synthetase α subunit 

with an A294G mutation encoded by the pheS gene was chosen. The A294G mutation 

results in a larger phenylalanine binding pocket and relaxes substrate specificity, 

especially towards larger phenylalanine analogues halogenated in the para-position of 

the aromatic ring
177

. Expression of the mutant synthetase subunit confers sensitivity to 

4-chloro-DL-phenylalanine (Cl-Phe). 

 

The p15A origin, tetracycline resistance gene and the cat gene containing the fdnG 

SECIS at codon 129 were amplified from p15A-C-catSECIS129-upp with a six amino 
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acid (GAPGPG) linker added at the 3´ end of the cat gene. The pheS gene was 

amplified from p1202H3H4 and ligated to the p15A-C-catSECIS129-upp PCR 

fragment to produce p15A-C-catSECIS129-pheS (Figure 3.8a). Control reporters were 

constructed which either lacked the stop codon and SECIS element entirely or contained 

only the UGA stop codon. 

 

p15A-C-cat-pheS and p15A-C-catSECIS129-pheS were tested for chloramphenicol 

resistance to ensure the fusion did not abolish CAT activity (Figure 3.8b). p15A-C-cat-

pheS conferred a high level of chloramphenicol resistance, comparable to p15A-C-cat-

upp. As expected, p15A-C-catSECIS129-pheS was sensitive to chloramphenicol. 

Activity of the promiscuous PheRS complex was measured by growth on plates 

supplemented with varying concentrations of Cl-Phe (Figure 3.8c). p15A-C-cat-pheS 

showed poor growth at 10 mM Cl-Phe, while p15A-C-catSECIS129-pheS and  

p15A-C-catUGA129-pheS were progressively more resistant. p15A-C-catSECIS129-

pheS was subsequently used for all library selections for loss of function mutants. 

 

3.3.5 p15A-C-catSECIS129-lacZ 

To remove any bias resulting from a survival assay, where mutations in the 16S rRNA 

may enhance fitness independently of any effects they have on selenocysteine 

incorporation, and to more accurately quantify selenocysteine mediated UGA 

suppression, a lacZ fusion reporter was developed. β-galactosidase was considered an 

ideal fusion partner due to the ease of measuring its activity and its widely established 

tolerance of fusions
178

. p15A-C-catSECIS129-lacZ was constructed as for p15A-C-

catSECIS129-pheS (Figure 3.9a). The lacZ template was a pTrcHis2A plasmid carrying 

the entire β-galactosidase coding sequence. Control p15A-C-cat-lacZ reporters were 

constructed which lacked the stop codon and the SECIS element.  

 

Reporters were tested for CAT activity by plating on LB agar plates supplemented with 

33 µg.ml
-1

 chloramphenicol (data not shown). As expected the cat-lacZ reporter 

displayed chloramphenicol resistance while the SECIS containing variant failed to 

grow. Measurement of β-galactosidase activity demonstrated extremely high 

luminescence for all samples, possibly exceeding the detection limit of the luminometer. 

Given the near identical luminescence readings, differences between samples (Figure 

3.9b) are most likely due to normalisation with different optical densities. Experimental 

repeats and longer incubations (to 24 hours) also resulted in maximum 
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Figure 3.8. Reporter plasmid p15A-C-catSECIS129-pheS. (a) Map representation of 

p15A-C-catSECIS129-pheS. (b) Chloramphenicol assay for p15A-C-catSECIS129-

pheS. Chloramphenicol concentrations were 0, 25, 50, 75 and 100 µg.ml
-1

. (c) Activity 

of PheS was confirmed by chlorophenylalanine assay. Cl-Phe concentrations were 0, 5, 

10, 15 and 20 mM. p15A-C-catUGA129-pheS was included as a resistant control. 
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Figure 3.9. Reporter plasmid p15A-C-catSECIS129-lacZ. (a) Map representation of 

p15A-C-catSECIS129-lacZ. (b) Activity of β-galactosidase was measured as a function 

of luminescence using the β-Glo assay kit and normalised to OD600. p15A-C-cat-pheS 

was included as a negative control. Note, raw absorbance values were identical and may 

represent the detection limit of the luminometer. 
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luminescence. Although sequencing identified no in-frame ATG codons in the first few 

hundred base pairs of the lacZ gene, there are five between the SECIS element and the 

end of the cat gene. However, if these were acting as cryptic translation initiation  

codons, then p15A-C-catSECIS129-pheS and p15A-C-catUGA129-pheS shown in 

Figure 3.8c would be expected to be far more sensitive to chlorophenylalanine. DH10B 

cells transformed with p15A-C-catSECIS129-pheS demonstrated only background 

luminescence confirming the Φ80lacZΔM15 genotype is correct. In the absence of an 

obvious error in reporter design, development of a lacZ fused reporter was discontinued. 

 

3.3.6 pSC101-WT-catSECIS129-GLuc 

As an alternative to lacZ, a reporter based on the Gaussia princeps luciferase (GLuc) 

was developed. This luciferase oxidises the substrate coelentrazine in an ATP 

independent manner and was chosen over the more widely used Photinus and Renilla 

luciferases due to its higher signal intensity and prolonged stability
179,180

. In addition it 

is known to tolerate N-terminal fusions
181

. 

 

Initially the reporter was constructed in a p15A vector for use in E. coli strain DH10B. 

The p15A origin, tetracycline resistance gene and the cat gene containing the fdnG 

SECIS at codon 129 were amplified as for p15A-C-catSECIS129-pheS with the 

addition of the six amino acid linker. The GLuc gene was amplified from pMK carrying 

a GLuc variant (mito-GLuc, synthesised by GeneArt) lacking the 15 amino acids 

comprising the N-terminal secretory signal. Ligation of the PCR fragments yielded 

p15A-C-catSECIS129-GLuc. To make GLuc reporters that were compatible with the E. 

coli TA540 strain, the SC101 origin, repA gene and kanamycin resistance marker were 

amplified by PCR from pTH18kr. Ligation of this product to a fragment containing the 

trp promoter and catSECIS129-GLuc fusion amplified from p15A-WT-catSECIS129-

GLuc resulted in pSC101-WT- catSECIS129-GLuc (Figure 3.10a). Control reporters 

were constructed which lacked the stop codon and the SECIS element. 

 

p15A-C-catSECIS129-GLuc and p15A-C-cat-GLuc were tested for chloramphenicol 

resistance (Figure 3.10b). p15A-C-cat-GLuc conferred strong chloramphenicol 

resistance while p15A-C-catSECIS129-GLuc was sensitive to chloramphenicol. 

Validation of the luciferase was performed using pSC101-WT- catSECIS129-GLuc and 

pSC101-WT- cat-GLuc and strains TA540 and BW25113ΔselA (Figure 3.11).  
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Figure 3.10. Reporter plasmid pSC101-WT-catSECIS129-GLuc. (a) Map representation 

of pSC101-WT-catSECIS129-GLuc. (b) CAT functionality of  the CAT-GLuc fusion 

was measured by chloramphenicol assay. Chloramphenicol concentrations were 0, 33, 

50, 75, 100 and 150 µg.ml
-1

.  
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Figure 3.11. Luciferase activity of the CAT-GLuc fusion was dependent on 

selenocysteine incorporation. No activity was detected in the ΔSelA strain 

(BW25113ΔselA). Luciferase activity was increased by supplementing with SelA, SelB 

and SelC. 
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BW25113ΔselA cells only recorded luciferase activity with pSC101-WT- 

catSECIS129-GLuc in combination with pCDFΔlac-ABC (columns 1-2). TA540 cells 

containing wild-type ribosomes recorded strong luminescence with pSC101-WT- cat-

GLuc (column 3) indicating the luciferase fusion is fully active. TA540 cells 

transformed with  pSC101-WT- catSECIS129-GLuc/pCDFΔlac-ABC demonstrated 

significantly more luminescence than cells transformed with pSC101-WT- 

catSECIS129-GLuc/pCDFΔlac (columns 5 and 4 respectively). This indicated correct 

functioning of the UGA codon and SECIS element. Reporter pSC101-WT- 

catSECIS129-GLuc was used for validation of the 16S rRNA point mutations isolated 

from the library selections. 

 

In an attempt to increase the luciferase signal from pSC101-WT- catSECIS129-GLuc, 

variants were developed with an increased copy number. Replication from the SC101 

origin is initiated by the binding of the regulatory protein RepA in its monomeric form. 

RepA however, autoregulates its own expression by binding as a dimer to the repA 

promoter and blocking access by the transcriptional machinery. Reporters with E93K 

and E93R substitutions in RepA, resulting in progressively impaired dimerisation
182

, 

were constructed by enzymatic inverse PCR. RepAE93K and RepAE93R maintain the 

reporters at 30 and 230 copies per cell respectively
182

, compared with five copies per 

cell for wild-type RepA
161

. Luciferase activity from these reporters in TA540 cells 

containing wild-type ribosomes and pCDFΔlac-ABC was either no different or inferior 

to that from pSC101-WT- catSECIS129-GLuc. Therefore, the pSC101-WT- 

catSECIS129-GLuc reporter with wild-type RepA was used in all further work.  

 

3.4 Summary of plasmid construction 

pRSF-O-16S and pRSF-WT-16S     

- Express orthogonal and wild-type rRNA, respectively, from an inducible lac promoter. 

Used for selection of ribosomes with an altered ability to incorporate selenocysteine. 

 

pCDF-ABC and pCDFΔlac-ABC 

- Express the selA, selB and selC genes encoding the various protein and RNA factors 

which facilitate selenocysteine incorporation. The Δlac variant is compatible with E. 

coli strain TA540. 
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p15A-C-catSECIS129-pheS  

- A reporter for dual positive-negative selections. Expresses a fusion between CAT and 

a promiscuous phenylalanine synthetase α subunit with an A294G mutation. The fusion 

protein contains an internal UGA codon and E. coli SECIS element.  

 

pSC101-WT- catSECIS129-GLuc  

- A quantitative reporter for measuring selenocysteine incorporation which is 

compatible with E. coli strain TA540. Expresses a fusion between CAT and the Gaussia 

princeps luciferase. The fusion protein contains an internal UGA codon and E. coli 

SECIS element. 
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Chapter 4 - Rational design of ribosomes 

 

4.1 16S rRNA UGA suppressor mutations 

Since the discovery and elucidation of the bacterial selenocysteine incorporation 

pathway in bacteria over 20 years ago, detailed investigation of selenoproteins has been 

limited by the lack of a robust method for recombinant production. The efficient 

expression of recombinant selenoproteins in model organisms such as E. coli is the first 

step to unraveling the function and true diversity of the selenoproteome. This has been 

recognised by recent efforts to adapt mammalian selenoproteins for expression in 

bacteria
139

 and attempts to optimise growth and induction conditions of bacterial 

cultures for selenocysteine incorporation
143

.  

 

One of the main challenges of efficient recombinant selenoprotein expression is the 

premature termination of protein synthesis mediated by the binding of RF2 to the UGA 

codon. Due to the abundance of UGA stop codons in the E. coli genome (~ 29%
183

) it is 

not surprising that deletion of the prfB gene encoding RF2 is lethal. Instead, various 

approaches have been developed to mitigate its effects by lowering the effective 

concentration of RF2 at the ribosomal A site. Induction of recombinant selenoprotein 

expression during late exponential phase (OD600=2.4) when RF2 levels are lower in 

conjunction with expression of the accessory selA, selB and selC genes can increase 

selenocysteine incorporation efficiency to over 20%
143

. Furthermore, by replacing the 

endogenous promoter of the prfB gene with a titratable PBAD promoter, Rengby and 

Arnér were able to increase recoding efficiency of the UGA stop codon in rat 

thioredoxin reductase to nearly 100%
142

. Although this represented a dramatic 

improvement in efficiency, depletion of RF2 resulted in an extreme bacteriostatic effect 

and protein yield was severely reduced. 

 

While several attempts to reduce competition from RF2 have focused on changing the 

ratios of the incorporation machinery and RF2, interactions between the ribosome and 

RF2 have not been considered. Given the UGA codon is naturally leaky depending on 

context
184

 and that the ribosome directly interacts with RF2, I reasoned an alternate 

biological solution may be found by reducing recognition of UGA stop codons by the 

translation machinery. 
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4.1.1 Mutations in helix 34 of the 16S rRNA 

The 30S ribosomal subunit comprising the 16S rRNA and 21 associated proteins forms 

a path for the mRNA and is responsible for its decoding using available aminoacyl-

tRNAs and release factors
7
. Göringer et al. characterised three mutations in helix 34 of 

the 16S rRNAs (C1054A, U1199C and U1202C) which efficiently suppressed UGA 

stop codons and had varying effects on cell growth
185

. In conjunction with a UGA 

containing β-galactosidase reporter, C1054A was found to increase UGA readthrough 

by a factor of nine, while U1199C and U1202C increased readthrough by 2.8 and 2.5 

fold respectively. All three mutants slightly increased cell doubling times and C1054A 

and U1199C dramatically increased the time to transition from lag to log phase growth. 

A U1199C/U1202C double mutant was lethal when expressed from a medium copy 

plasmid under the control of a constitutive promoter and also at trace levels from a 

temperature inducible promoter. 

 

Further work with C1054 substitutions and the U1199C and U1202C mutants indicated 

decreased termination by RF2 at UAA and UGA codons and an antisuppressor effect at 

UAG codons in conjunction with suppressor tRNAs
186

. This led to a model of an 

overlapping interaction domain for both RF1 and RF2 on the 30S ribosomal subunit 

which is influenced by (if not actually comprised of) the helix 34 region of the 16S 

rRNA. This was challenged by Moine and Dahlberg who used a different reporter 

system and an enriched medium to show elevated suppression and frameshifting at all 

three stop codons by substitutions at positions 1054, 1057, 1058, 1199 and 1200
187

. 

Substitutions at position 1202 were reported to have no effect on suppression or 

frameshifting. In addition, 30S subunits containing mutant 16S rRNAs were shown to 

be poorly incorporated into 70S ribosomes and upregulated expression from 

endogenous ribosomal operons. The "enriched medium" effect and the different 

suppression profiles of the various C1054 substitutions were later confirmed during 

large scale screening for stop codon suppressors
188,189

.  

 

The aminocyclitol antibiotic spectinomycin binds G1064, C1066, G1068 , C1192 and 

G1193
190-193

 in helix 34 of the 16S rRNA. Antibiotic binding is thought to stabilise the 

link between helices 34 and 35 preventing conformational changes required for 

elongation factor G binding and translocation of aminoacyl-tRNAs to the ribosome P 

site.  Screening of 16S rRNA mutations which confer spectinomycin resistance revealed 

that base substitutions at position 1192 increased readthrough of UGA stop codons
194

. 
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4.1.2 Additional 16S rRNA mutations 

Although most mutants isolated by Murgola et al. during large scale screening were 

known nonsense suppressors from helix 34, an A1493G mutation in helix 44 was 

identified which also enhanced readthrough of UGA stop codons
188

. Previously known 

to play a role in aminoacyl-tRNA discrimination via proofreading interactions, this was 

the first evidence of helix 44 involvement in a suppressor phenotype. Further selections 

by Gregory and Dahlberg which reported a disruption of Watson-Crick base pairing 

between C1409 and G1491 caused a similar impairment of UGA termination supporting 

the importance of helix 44 in stop codon recognition
146

. A C726G mutation reported by 

Prescott and Göringer was shown to change the binding affinity of the ribosome for the 

Shine-Dalgarno sequence and also to increase UGA stop codon readthrough
195

. UGA 

stop codon readthrough was shown to be the result of reduced RF2 binding, a 

conclusion supported by the lack of suppression of UAG and UAA stop codons. 

 

The high resolution crystal structures of the ribosome and an improved understanding of 

translation has resulted in renewed interest in searching for 16S rRNA mutations 

causing stop codon suppression. Recent large scale screens by McClory et al. to identify 

nonsense suppressor mutations have isolated base substitutions in helices 8, 12, 14, 16, 

21 and 27 with varying UGA readthrough
196

. 

 

4.2 Ribosome construction and validation 

To avoid the deleterious consequences of widespread UGA suppression and the 

resulting accumulation of extended protein products, I used an orthogonal 16S rRNA 

(O-16S rRNA) to explore the effect of known UGA suppressor mutations on 

selenocysteine incorporation. The 16S rRNA is responsible for most of the functionality 

of the 30S ribosomal subunit and since 30S subunits derived from O-16S rRNA are not 

required for synthesis of the E. coli proteome, the O-16S rRNA can be used for 

structure-function studies without lethality
11,149

.  

 

While many mutations within the 16S rRNA have been shown to promote suppression 

of UGA stop codons, I selected a subset from helix 34 consisting of C1054A, U1199C 

and U1202C for incorporation into O-16S rRNA (Figure 4.1a). These base substitutions  
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Figure 4.1. UGA suppressor mutations in helix 34. (a) 2D representation of the 16S 

rRNA expanded to show helix 34
197

. Selected UGA suppressor mutations are 

highlighted in orange circles. (b) 3D representation of the 30S decoding site showing 

the locations of C1054, U1199 and U1202 (PDB ID: 2J00)
198

. 
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were selected because they show a degree of selectivity for UGA stop codons and are 

relatively well characterised in the literature, in particular C1054A which has been 

shown to directly impair RF2 mediated hydrolysis. Although the importance of the 

U1202C mutation is debated, the lethality of the U1199C/U1202C double mutant 

suggests extreme deregulation of protein synthesis, possibly via high level UGA 

suppression making it an ideal candidate for incorporation into O-16S rRNA. The 

orientation of these bases in the context of the ribosomal A site is shown in Figure 4.1b. 

The C1192U mutation in helix 34 which confers spectinomycin resistance and UGA 

suppression was already present in O-16S rRNA having been carried over from the 

pSTL102 rrnB template
164

. 

 

The C726G mutation was excluded because it lies within the 720 loop region of the 16S 

rRNA which is involved in mRNA recognition. This region is mutated to form O-16S 

rRNA and the C726G mutation would likely disrupt binding of O-mRNA
149

. The large 

number of new mutations isolated in recent screening by McClory et al. were also 

eliminated. These were selected using a reporter containing UGA only and no 

information was available regarding suppression of UAG or UAA stop codons
196

. In 

addition to suppressing UGA stop codons, many were also missense suppressors and 

few were contained within regions of the 16S rRNA previously implicated in 

termination.  

 

Mutagenesis was performed by enzymatic inverse PCR using plasmid pSP72-O-16S as 

a template. pSP72-O-16S variants were constructed containing C1054A, U1199C, 

U1202C and U1199C/U1202C substitutions. In addition to the four helix 34 variants, 

the ribo-X mutant containing U531G and U534A substitutions was also constructed. 

While ribo-X is an evolved ribosome capable of increased UAG suppression, its ability 

to suppress UGA codons is unknown
152

. Mutations were confirmed by Sanger 

sequencing and the O-16S rRNA gene was cloned into pRSF-23S as described in the 

methods. 

 

Ribosomes containing orthogonal 30S subunits with helix 34 substitutions were 

validated by chloramphenicol assays using reporter p15A-C-cat-upp to ensure normal 

translation was not impaired (Figure 4.2). Assays were performed as previously 

described but without pCDF-ABC; spectinomycin was omitted from the medium.  
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Figure 4.2. Chloramphenicol assay of helix 34 mutants. pRSF-O-16S variants 

containing point mutations in helix 34 known to suppress UGA stop codons were 

validated with p15A-C-cat-upp to identify any impairment of ribosome function. 

Chloramphenicol concentrations were 0, 10, 25, 50, 75, 100, 125 and 150 µg.ml
-1

. The 

p15A-C-cat-upp + pRSF-WT-16S combination was included as a negative control. 
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Control ribosomes, the ribo-X variant and mutants with individual C1054A, U1199C 

and U1202C substitutions were resistant to 150 µg.ml
-1

 chloramphenicol. The 

U1199C/U1202C double mutant, lethal in trace amounts in the context of wild-type 

ribosomes, did not adversely affect cell growth confirming a minimal interaction 

between O-ribosomes and endogenous mRNA. The double mutant was slightly less 

resistant to chloramphenicol (~ 125 µg.ml
-1

) suggesting minor defects in translation. 

 

4.3 UGA suppression and selenocysteine incorporation 

Chloramphenicol resistance was initially measured using the control reporter p15A-C-

cat-upp (p15A-WT-cat-upp for wild-type ribosomes) and the pCDFDuet-1 empty 

vector (Figure 4.3 panel 1). In contrast to Figure 4.2, in the presence of pCDFDuet-1 

and spectinomycin the U1199C/U1202C double mutant was only resistant to 40 µg.ml
-1

 

chloramphenicol. Control ribosomes and those containing individual C1054A, U1199C 

and U1202C substitutions were not impaired. With the addition of plasmid pCDF-ABC 

expressing the protein and RNA factors required for selenocysteine incorporation, 

chloramphenicol resistance mediated by p15A-C-cat-upp was further reduced (Figure 

4.3 panel 2). C1054A resistance decreased to less than 100 µg.ml
-1

 chloramphenicol, 

U1199C was resistant to ~ 50 µg.ml
-1

 chloramphenicol and the U1199C/U1202C 

double mutant was only resistant to 30 µg.ml
-1

 chloramphenicol. Control ribosomes and 

the U1202C mutant were unaffected and displayed similar resistance to screens shown 

in Figure 4.2. 

 

The ability of helix 34 substitutions to increase the efficiency of selenocysteine 

incorporation was determined using the p15A-C-catSECIS129-upp reporter (Figure 

4.4). All helix 34 substitutions conferred less chloramphenicol resistance than control 

ribosomes in conjunction with pCDF-ABC, indicating lower suppression of the UGA 

stop codon and poor insertion of selenocysteine. Mutants U1199C and 

U1199C/U1202C failed to grow beyond 0 µg.ml
-1

 chloramphenicol. This was not 

surprising given the severely reduced ability of these mutants to translate normally in 

the presence of the SelA, SelB and SelC. Although the ribo-X mutant was capable of 

normal translation in the presence of pCDF-ABC, it failed to confer increased 

chloramphenicol resistance with the p15A-C-catSECIS129-upp reporter (data not 

shown).  
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Figure 4.3. Chloramphenicol assay of pRSF-O-16S helix 34 mutants in conjunction 

with pCDF-duet1 or pCDF-ABC. Some helix 34 mutants challenged with 

spectinomycin and overexpression of the selenocysteine incorporation machinery 

displayed impaired chloramphenicol resistance. Chloramphenicol concentrations were 

0, 10, 20, 30, 40, 50, 100 and 125 µg.ml
-1

. Row 1 is a pRSF-WT-16S + p15A-WT-cat-

upp control. All other reporters were p15A-C-cat-upp. 
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Figure 4.4. Chloramphenicol resistance of pRSF-O-16S helix 34 mutants as a function 

of selenocysteine incorporation efficiency. Rows 1 and 2 are pRSF-WT-16S + p15A-

WT-catSECIS129-upp controls. O-ribosome controls and helix 34 mutants were 

screened with reporter p15A-C-catSECIS129-upp. Chloramphenicol concentrations 

were 0, 10, 20, 30, 40, 50, 100 and 125 µg.ml
-1

. Chloramphenicol resistance is increased 

by supplementation with selA, selB and selC. 
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The large discrepancy in chloramphenicol resistance observed between wild-type 

(pRSF-WT-16S) and orthogonal control ribosomes (pRSF-O-16S) (40 µg.ml
-1

 

compared to 20 µg.ml
-1

 respectively) is potentially due to the relative abundance of the 

different 16S rRNAs combined with the constitutive trp promoter controlling cat-upp 

expression. Although there are only seven endogenous ribosomal operons in E. coli 

strain DH10B compared to ~ 150 in the cellular pool of pRSF-O-16S, the promoter 

contexts of each are very different. Endogenous ribosomal operons are driven by the 

highly active and constitutive P1P2 tandem promoter
199

 compared to the inducible lac 

promoter in pRSF-O-16S. In addition to wild-type controls having a combined 

ribosome pool synthesised from both endogenous and pRSF-WT-16S ribosomal RNA 

operons, they may also contain a significant reservoir of functional CAT fusion protein 

translated prior to induction
200

.  

 

Due to an impaired ability of helix 34 mutants to translate normally in the presence of 

SelA, SelB and SelC and potential inhibition by spectinomycin, no further attempts 

were made to optimise chloramphenicol screening. While the use of helix 34 suppressor 

mutations was abandoned and alternate strategies were pursued to investigate ribosomal 

incorporation of selenocysteine, this experiment revealed interesting information about 

Sec-tRNA
Sec

-RF2 competition at the ribosomal A site. Failure of the helix 34 mutants to 

enhance selenocysteine incorporation suggests that canonical suppression of UGA stop 

codons may be a distinct process from recoding for selenocysteine incorporation. Given 

knockdown of RF2 has been shown to increase selenocysteine incorporation 

efficiency
142

, this was previously unanticipated and implies a process beyond simple 

competition dictates recoding efficiency. 

 

 

 

. 
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Chapter 5 - Directed evolution of 16S rRNA 

 

5.1 Directed evolution and rational design 

For many years, rational design has been a standard technique for engineering improved 

or altered biological function. The ease of directly screening a small number of 

engineered variants for their intended function is a significant advantage, eliminating 

the need to develop complicated biological selections. In addition, modern methods of 

site directed mutagenesis have reduced the cost and technical skill required. However, 

the requirement for extensive sequence, structural and functional information (which is 

often lacking) and an incomplete understanding of how specific changes affect different 

functions (e.g. catalytic activity versus substrate preference) impose significant 

limitations, especially in the context of less well characterised macromolecules
201

. 

Although a number of high resolution crystal structures of the bacterial ribosome are 

now available
40,198,202

, there are no structures of the ribosome in complex with the 

selenocysteine incorporation machinery. Furthermore, the role of the ribosome in 

facilitating selenocysteine incorporation beyond canonical translation is entirely 

unknown. To overcome this lack of information which hinders attempts to rationally 

engineer the bacterial ribosome for enhanced selenocysteine incorporation, an alternate 

strategy was adopted; selecting for improved biological function by directed evolution. 

 

Directed evolution seeks to recapitulate natural selection, whereby gene duplication, 

followed the gradual accumulation of mutations leads to improved or specialised 

function. While in nature this process takes very long periods of time, in a laboratory 

environment a dramatically increased rate of mutation coupled with a strong selective 

pressure can produce similar results much faster. The key advantage of directed 

evolution over rational design is that it doesn't require detailed knowledge of the 

interplay between sequence, structure and function in the target molecule, instead the 

result depends on efficient selection. Although this technique is not new, having been 

first demonstrated in the 1960s
203

, it is recent advances in recombinant DNA 

manipulation and high-throughput screening and selection technologies that have 

enabled molecular biologists to use it efficiently. 
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5.1.1 Strategies for generating diversity 

A directed evolution approach of screening or selecting mutants with beneficial 

properties requires a degree of functional diversity to be present. In turn, this depends 

on diversity at the genetic level within the host population, the result of point mutations, 

insertions/deletions or recombination. Although the recent popularity of directed 

evolution and its adoption as a standard technique for biological engineering are partly 

due to the development of new methods for generating this genetic diversity, not all are 

suited to mutagenesis of the 16S rRNA.  

 

One strategy for generating a large genetic diversity is DNA shuffling and related 

recombination techniques
204

. Briefly, a family of related genes sharing significant 

homology are subjected to DNase digestion, the fragments allowed to hybridise and the 

overhangs filled by PCR. Recombination occurs when fragments from different genes 

anneal forming chimeras. Variations of this technique have been developed which 

include using a single stranded homologue as a scaffold during annealing (random 

chimeragenesis on transient templates or RACHITT)
205

 or replacing the DNase 

digestion with very short annealing and extension cycles of PCR to generate fragments 

with partial homology (staggered extension process or stEP)
206

. Unfortunately, although 

methods for generating libraries by recombination have seen substantial advances 

recently and have more potential to dramatically alter function, the gross nature of the 

changes may be incompatible with the low level of sequence and structural perturbation 

tolerated by the 16S rRNA. These techniques are better suited to protein engineering 

where there is the chance of exchanging or reordering discrete functional domains. 

 

An alternate strategy for library construction, much more suited to the 16S rRNA is 

error-prone PCR (epPCR). Although DNA polymerases have been honed by nature to 

replicate DNA with high fidelity, conditions conducive to error-prone polymerisation 

can be provided in vitro. Typically this is achieved by using some combination of 

higher cation concentration, substitution of Mg
2+

 with Mn
2+

, unequal concentrations of 

dNTPs or using polymerases engineered for decreased fidelity
207

. Although mutations 

generated by epPCR are randomly distributed throughout the amplified region at a final 

frequency determined by the number of cycles, there is a tendency for mutational 

bias
208

. This can be overcome by further manipulation of dNTP levels or more simply 

by using a mixture of different polymerases with different mutational biases. Compared 

with mutagenesis of genes encoding proteins where the redundancy of the genetic code 
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and the presence of wobble bases can reduce the impact of single base substitutions, 

single base changes in the 16S rRNA have the advantage of directly affecting the 

functional sequence. 

 

Although the introduction of random mutations across the entire 16S rRNA is an 

efficient method of generating diversity, the sheer number of possible combinations 

makes complete coverage impossible. Given that significant structural and functional 

information exists for the 16S rRNA regarding canonical translation, there is the option 

to perform directed evolution from a rational starting point. This information can be 

exploited to generate a 'rationally random' library where mutations are clustered around 

regions of potentially relevant function. This approach takes advantage of the benefits 

of both rational design and directed evolution, which should be viewed as 

complementary techniques. 

 

5.1.2 p15A-C-catSECIS129-upp as a selection system  

In simple terms, the success of directed evolution is dependent on two factors; how 

much diversity is generated and how efficiently it is screened. Similar to nature, a larger 

number of diverse sequences increases the chances of finding one molecule which 

confers a desired trait. In nature this would represent host survival or reproductive 

advantage while in the laboratory it is tailored to a specific outcome. The main 

challenge is to design efficient high-throughput screens or selections capable of 

identifying mutants in large libraries with altered functions which may not influence 

host survival. While the utilisation of selenocysteine by E. coli is not an essential 

process under normal aerobic growth conditions, use of the p15A-C-catSECIS129-upp 

reporter confers chloramphenicol resistance as a function of selenocysteine 

incorporation. By linking cell survival over a range of chloramphenicol concentrations 

to selenocysteine incorporation efficiency (Figure 3.7a panel 2) the p15A-C-

catSECIS129-upp reporter meets the requirements for high-throughput selection of 

libraries for directed evolution. 

 

5.2 Library construction  

To increase the chances of isolating mutants with altered ribosomal function two 

libraries were generated using different mutagenesis strategies. The first library was 

generated by epPCR of the whole 16S rRNA gene and the second by targeted saturation 
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mutagenesis. The random library was generated to include roughly 4.5 mutations kb
-1

, a 

compromise between generating enough variation and not severely disrupting structure. 

Mutational bias is controlled by the polymerase mix present in the Genemorph II 

Random Mutagenesis Kit. Please refer to chapter 2 for detailed information regarding 

library construction. 

 

5.2.1 Helix 44 and the 1490 loop 

The 30S ribosomal subunit decodes the mRNA by recognising the presence of 

canonical Watson-Crick base pairing between codons in the mRNA and positions 34, 35 

and 36 in the anticodon stem loop (forming the anticodon ) of the incoming tRNA
25

. 

Recent crystal structures of the 30S ribosomal subunit have shown that decoding is 

performed by a region encompassing the ribosomal A site including parts of helices 34 

and 44 and the 530 loop region
16

. Although all three of these regions have been 

implicated in stop codon recognition and the termination of translation, the 1490 loop 

region of helix 44 was considered the best starting point for library construction. Helix 

34 was rejected because previous attempts using several point mutations in the region 

known to facilitate UGA stop codon suppression failed to increase selenocysteine 

incorporation efficiency. The 530 loop was discounted because it has been the subject of 

previous library studies and is highly conserved
152

. 

 

The 1490 loop of helix 44 lies within the decoding centre of the 30S subunit and is 

characterised by the presence of two unpaired adenine bases (Figure 5.1a), both of 

which are important for recognition of the codon-anticodon helix
209,210

. The 1490 loop 

is also the binding site for the aminoglycoside antibiotic paromomycin (Figure 

5.1b)
211,212

. Binding of paromomycin induces a conformational shift by 'flipping' the 

unpaired adenines at positions 1492 and 1493 out from the centre of loop. The 

conformational change lowers the energy barrier needed to be overcome during binding 

of the cognate tRNA
25

. This facilitates GTP hydrolysis and accommodation of near-

cognate tRNAs and reduces the translational pause upon encountering stop codons
213

. 

This shorter translational pause reduces the access of release factors to stop codons in 

the ribosomal A site and is in agreement with the isolation of the UGA suppressor 

mutants (A1493G and disruptions of the Watson-Crick base pair C1409 and G1491) 

from the 1490 loop
188,214

. Additionally, mutations of the key bases within the 1490 loop 

have minimal impact on the assembly of 30S subunits indicating a non-structural 

function
215

. Based on this information, the 1490 loop region spanning bases 1490-1495  
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Figure 5.1. 3D and 2D representations of the 1490 loop which forms part of the 30S 

decoding site. (a) The 30S decoding site showing the native conformation of helices 34 

and 44, the 530 loop and ribosomal protein S12. Adapted from Ogle et al. (2001)
25

. (b) 

The binding of paromomycin to the 1490 loop induces 'flipping' of the unpaired bases 

A1492 and A1493. (c) Recognition of cognate tRNAs by the decoding site induces a 

similar conformational change in bases A1492 and A1493. By paying some of the 

energy cost of the conformational changes induced by cognate tRNA recognition 

paromomycin promotes the acceptance of near cognate tRNAs and accelerates GTPase 

activity. This reduces the translational pause at stop codons promoting readthrough. (d) 

2D representation of helix 44 showing the 1490 loop. Bases 1490-1495 and 1409-1410 

(coloured red) were randomized for library construction. 
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and the paired bases 1409-1410 was considered the best location for library construction 

(Figure 5.1d). 

 

5.3 Positive selections and rephenotyping 

E. coli DH10B cells harbouring p15A-C-catSECIS129-upp and pCDF-ABC were 

transformed with either the random O-16S rRNA library generated by epPCR (pRSF-O-

16S-libR) or the 1490-loop saturation mutagenesis O-16S rRNA library (pRSF-O-16S-

lib1490), reaching a diversity of 8.2 million and 2.3 million respectively. Diversity was 

determined by dilution plating and in the case of the 1490-loop library always 

oversampled by at least a factor of ten. Positive selections were performed using the 

chloramphenicol assay as previously described. After 48 hours single colonies (51 from 

pRSF-O-16S-libR and 13 from pRSF-O-16S-lib1490) were clearly visible on plates 

containing 5 µg.ml
-1

 chloramphenicol. The low chloramphenicol resistance observed 

during library selections was expected due to the isolation of single bacterial colonies. 

The much larger disks formed by aliquotting liquid cultures (cf. Figure 4.4) generated 

higher chloramphenicol resistance. 

 

A subset containing eight clones (four from each library) was isolated and plasmid 

DNA recovered. These clones were rephenotyped by the chloramphenicol assay using 

reporters p15A-C-cat-upp, p15A-C-catSECIS129-upp and p15A-C-catUGA129-upp. In 

conjunction with the SECIS containing reporter, three clones from pRSF-O-16S-libR 

were mildly resistant to chloramphenicol (15 to 25 µg.ml
-1

) (Figure 5.2), the remaining 

five clones failed to demonstrate any chloramphenicol resistance (data not shown). 

Control cells carrying O-ribosomes demonstrated poor growth at 10 µg.ml
-1

 

chloramphenicol. No increase in chloramphenicol resistance was observed in 

conjunction with the p15A-C-catUGA129-upp reporter lacking the SECIS element. 

Canonical translation measured by p15A-C-cat-upp was unaffected. 

 

Sanger sequencing of clones 4, 5 and 6 identified no mutations in recovered pRSF-O-

16S-libR plasmids indicating some of the O-ribosomes used as the template for 

mutagenesis had survived the chloramphenicol selection. Extended rephenotyping of 

other clones isolated during the library selections failed to identify any capable of 

conferring increased chloramphenicol resistance. 
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Figure 5.2. Chloramphenicol resistance of clones from the random library. Of eight 

clones initially rephenotyped, only three demonstrated chloramphenicol resistance 

above background levels. No clones from the 1490 loop library which survived the 

selection process displayed chloramphenicol resistance during rephenotyping. p15A-C-

catUGA129-upp was used as a control to determine intrinsic levels of chloramphenicol 

resistance. Chloramphenicol concentrations were 0, 5, 10, 15, 20 and 25 µg.ml
-1

. 
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5.4 Negative selections and rephenotyping 

Failure of the library selections to isolate any 16S rRNA sequences conferring an 

increased ability to incorporate selenocysteine suggested that either enhanced 

selenocysteine incorporation mediated by rRNA may not be possible, or that the regions 

of rRNA responsible for selenocysteine incorporation might not be present in the 1490 

loop nor adequately represented in the epPCR library.  

 

In order to identify bases in rRNA that play a role in the efficiency of selenocysteine 

incorporation, instead of selecting for an enhanced ability to incorporate selenocysteine, 

a negative selection (using the same libraries) for loss of function would potentially link 

the 16S rRNA directly to recoding the UGA stop codon as selenocysteine. Identification 

of regions critical for selenocysteine incorporation may also provide the rational starting 

point for future directed evolution studies. Although reporter p15A-C-catSECIS129-upp 

was used for the positive selections, it had insufficient dynamic range for negative 

selections when validated with pRSF-16S-O (Figure 3.7b). This finding led to the 

development of reporter p15A-C-catSECIS129-pheS as described in chapter 3. 

 

5.4.1 Negative selections with 4-chloro-DL-phenylalanine 

The challenge of negative selections using the 16S rRNA libraries was to ensure the 

measured loss of function was specific for selenocysteine incorporation and did not 

represent a complete loss of ribosomal activity. This required separate negative and 

positive selection steps; due to the design of reporter p15A-C-catSECIS129-pheS the 

two are linked to the same recoding event. As opposed to developing a new reporter 

system with a repositioned UGA codon and SECIS element, a selection scheme was 

developed making use of two existing reporters to uncouple cell survival from 

selenocysteine incorporation (Figure 5.3). Briefly, a negative selection in the presence 

of 4-chloro-DL-phenylalanine (Cl-Phe) would enrich the library for ribosomal rRNAs 

impaired in selenocysteine incorporation or generally defective during translation. After 

harvesting plasmid DNA from surviving clones, the p15A-C-catSECIS129-pheS 

reporter was selectively degraded by restriction digestion and the library DNA 

transformed into cells containing p15A-C-cat-pheS. A positive selection in the presence 

of chloramphenicol retains clones with impaired selenocysteine incorporation that can 

otherwise translate normally. After recovery and digestion of plasmid DNA the 

selection scheme was repeated for a total of three rounds. Complete details for the 

selection are presented in chapter 2. 
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Figure 5.3. Cartoon representation of the negative selection performed to identify loss 

of function mutants. Cl-Phe selections were performed with reporter p15A-C-

catSECIS129-pheS, chloramphenicol selections were performed with reporter p15A-C-

cat-pheS. 
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5.4.2 Rephenotyping for Cl-Phe resistance 

After the final round of negative selection only individual colonies remained on the 10 

mM Cl-Phe plate from pRSF-O-16S-libR, no colonies were present for pRSF-O-16S-

1490. A subset of 15 clones was selected, the plasmid DNA recovered and the reporter 

degraded by restriction digest. pRSF-O-16S-libR plasmids were transformed into 

DH10B cells containing pCDF-ABC and p15A-C-catSECIS129-pheS. Following 

transformation it was noted that several plates had colonies with varied morphology, 

possibly the result of a heterogeneous population of 16S rRNA sequences. This was 

potentially caused by failing to isolate individual colonies from the 10 mM Cl-Phe 

selection plate. To overcome this problem, three individual colonies were selected from 

each plate (of different morphology if present) for rephenotyping by Cl-Phe assay. Cells 

were grown overnight, subcultured and induced as described previously and plated in 

densities similar to those used for the original selection process on 0, 5 and 10 mM Cl-

Phe. At least two replicates of each clone demonstrated growth at 10 mM Cl-Phe, O-

ribosome controls had impaired growth at 5 mM Cl-Phe and failed to grow at 10 mM 

Cl-Phe (Figure 5.4). The variation observed between the different replicates on some 

plates suggests a small carryover of other ribosomal plasmids from the final negative 

selection. 

 

5.4.3 Identification of point mutations that affect selenocysteine incorporation 

Plasmid DNA from each clone was recovered from one replicate growing at 10 mM Cl-

Phe on the rephenotyping plates and mutations were identified by Sanger sequencing of 

the entire 16S rRNA gene. Only three clones (2, 9 and 10) had mutations within the 16S 

rRNA gene of which two were identical (9 and 10). Clone 2 consisted of four point 

mutations; A238U, G849U, G1175U and G1516U while clones 9 and 10 contained two 

point mutations; A873U and C1100U. None of the six point mutations were located in 

helices 34 or 44 or the 530 loop region (Figure 5.5) nor were any reported in any 

databases of ribosomal mutations
216

. Figure 5.6 shows the six point mutations in the 

context of the three dimensional structure of the bacterial ribosome bound to RF2. None 

of the mutations lie at the ribosome-RF2 interface or distal sites which potentially 

influence RF binding
40,217,218

. 

 

The conservation status of the mutated bases was investigated to determine their 

importance in maintaining efficient canonical translation (Table 1). Five of the six 

rRNA bases display a high degree of conservation among all sequenced bacterial 16S  
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Figure 5.4. Clones isolated by library selections are resistant to chlorophenylalanine. 

Resistance is measured as a function of impaired selenocysteine incorporation using 

reporter p15A-C-catSECIS129-pheS. 16 resistant clones were isolated. Note the uneven 

growth between segments at 10 mM.   
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Figure 5.5. Location of selected mutations in the secondary structure of the E. coli 16S 

rRNA. Locations and identities of the selected mutations are shown in orange boxes. 

The 2D representation of the E. coli 16S rRNA was adapted from Cannone et al. 

(2002)
197

. G - C = Canonical base pair (G-C and A-U). G • U = G-U base pair. G ○ A = 

G-A base pair. U ● U = Non-canonical base pair. 
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Figure 5.6. Location of selected mutations in the three dimensional structure of 

ribosome. Image constructed from the 3.5 Å structure of the Thermus thermophilus 70S 

ribosome in complex with mRNA, tRNA and RF2
40

. 

 

 

Table 1. Base frequency in 16S rRNA at position of point mutations. 

Base/Position A G C U - 

238 7.09 92.39 0.16 0.32 0.04 

849 10.93 18.57 31.57 37.64 1.30 

873 99.90 0.02 0.00 0.02 0.06 

1100 1.04 0.36 88.93 9.58 0.09 

1175 0.09 99.24 0.04 0.09 0.54 

1516 8.35 87.43 0.84 3.14 0.23 
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rRNA genes
197

. A873 and G1175 displayed more than 99% sequence conservation 

while G849 was not conserved. Base 238 is a purine in over 98% of sequences but is 

most commonly a G (92%). The conservation status of the point mutations between the 

domains of life varied greatly. In wild-type E. coli 16S rRNA bases 238, 849 and 1175 

form Watson-Crick pairs with bases 123, 837 and 1161 respectively. Although there is 

some variation in the nature of some of the pairs across the bacterial domain, unpaired 

bases are extremely rare at these positions
197

. This suggests preservation of the 16S 

rRNA structure at these positions may be more important than direct sequence 

conservation.  
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Chapter 6 - Validation of individual 16S rRNA point mutations 

 

6.1 The need for an alternative system for studying 16S rRNA mutations 

The isolation of two distinct rRNA clones potentially impaired in selenocysteine 

incorporation but capable of canonical translation provided an opportunity to identify 

regions of the 16S rRNA that modulate recoding of UGA stop codons. Due to the 

presence of multiple widely spaced and previously uncharacterised point mutations, 

individual mutations were investigated to determine their effects on selenocysteine 

incorporation. 

  

6.1.1 E. coli strain TA531 

E. coli strain TA531 was developed prior to the O-ribosome technology as a way to 

overcome the redundancy of bacterial ribosomal RNA operons
219

. The strain is deleted 

for all seven chromosomal rRNA operons. It contains the plasmids pHK-rrnC
+
 and 

pTRNA66 which provide ribosomal rRNAs and essential tRNAs respectively
157

. 

Similar to O-ribosomes, strain TA531 affords the opportunity to work with homogenous 

pools of ribosomes, with the caveat that they are also essential for cell survival. This 

provides a physiologically relevant system to study the roles of 16S rRNA point 

mutations on selenocysteine incorporation. Although wild-type ribosomes have a low 

tolerance for mutations, due to the design of the selection to include a step that 

maintained efficient canonical translation, it was likely individual mutants would be 

viable as the sole rRNA. Additionally, the endogenous promoter context of the 

ribosome pool eliminates any variability observed with inductions and provides the cells 

with an opportunity to correct for assembly defects by upregulating gene expression. 

 

6.1.2 Point mutations in the 16S rRNA do not affect cell growth 

To generate plasmids for the expression of rRNA compatible with strain TA531, 

mutations were incorporated into plasmid pSTL102, which contains the entire E. coli 

rrnB operon, by QuikChange site directed mutagenesis. All individual mutants and 

several combinations were generated including two analogous to the original clones and 

a 238/849/1175 triple mutant. Strain TA531 contains the plasmid pHK-rrnC
+
 which 

provides the rRNAs necessary for survival and confers kanamycin resistance. TA531 

cells were transformed with pSTL102 or mutant derivatives and cured of pHK-rrnC
+
. 

Cells were deemed cured when an ampicillin resistant kanamycin sensitive phenotype 
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was reached indicating complete loss of pHK-rrnC
+
. All individual point mutations and 

combinations except for the double mutant A873U/C1100U analogous to clones 9 and 

10 from the library selection were viable as the sole rRNA. Despite prolonged attempts 

to cure TA531 cells containing pSTL-873/1100, a kanamycin sensitive phenotype could 

not be reached suggesting pSTL-873/1100 was unable to complement loss of pHK-

rrnC
+
. Cells containing pSTL102 and pSTL102 derived plasmids were referred to as 

strains TA540 and TA540 derivatives following the nomenclature of Asai et al.
157

 

 

Initial characterisation of TA540 derived strains focused on the ability of ribosomes 

composed of mutant 16S rRNA to sustain normal cell growth. Although the point 

mutations were viable as the sole rRNA, due to the highly conserved nature of most of 

the original bases, I considered there could be variation in cell doubling times. To 

measure the effects of rRNA mutations on cell growth rate, growth curves were 

performed as described in the methods (Figure 6.1). No differences in cell doubling 

times or final OD were observed for any TA540 derivative strains carrying mutant 

ribosomes. This indicated similar overall levels of translation suggesting negligible 

impairment of canonical translation. 

 

6.1.3 New plasmids for use with strain TA540 

Deletion of several rRNA operons during construction of strain TA531 was performed 

by recombination using the cat gene as a marker, resulting in strong chloramphenicol 

resistance. In addition, strain TA531 also harbours the Tn10 resistance determinant 

conferring tetracycline resistance and pTRNA66 which confers spectinomycin 

resistance. Chloramphenicol and tetracycline are used for readout and maintenance 

respectively of reporter p15A-cat-pheS and spectinomycin is required for maintenance 

of pCDF-ABC. Furthermore, the essential plasmid pTRNA66 contains a 15A origin of 

replication rendering all p15A reporters incompatible with strain TA531. This 

significant incompatibility of both plasmid origins of replication and antibiotic 

resistance necessitated the redesign of both the existing reporter system and plasmids 

for the overexpression of the selA, selB and selC genes. 

 

Given the original rRNA expression plasmid in strain TA531 (pHK-rrnC
+
) contained an 

SC101 origin and conferred kanamycin resistance, this was considered a good starting 

point for the development of a new reporter system. Several options were considered to  
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Figure 6.1. Growth curve of E. coli strains TA540 and TA540 derivatives. No 

differences were observed between the TA540 control harbouring wild-type ribosomes 

and any of the TA540 derivatives with 16S rRNA point mutations. The TA540 

derivative 238/849/1175/1516 is analogous to clone 2 from the random 16S rRNA 

library. The 16S rRNA with mutations corresponding to clones 9 and 10 was not viable 

as the sole rRNA. 
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replace the CAT gene or the C-terminal fusion partner. Given the proven record of the 

existing reporter architecture the final choice was to replace the pheS gene with a highly 

stable luciferase (GLuc) from the marine copepod Gaussia princeps in a plasmid with 

an SC101 origin and kanamycin resistance marker. Refer to chapter 3 for a detailed 

description of the construction and validation of reporter pSC101-WT- catSECIS129-

GLuc.  

 

In developing a plasmid for overexpression of the selA, selB and selC genes compatible 

with the TA540 strain several challenges were encountered. Initially, TA540 cells were 

transformed with pRSF-ABC, a plasmid identical to pCDF-ABC but with the RSF1030 

origin and kanamycin resistance cassette from pRSFDuet-1. Despite repeated attempts, 

this plasmid failed to transform. This could have been the result of failure of the 

RSF1030 origin to propagate in the TA540 strain or because the large genomic 

fragment containing the selA, selB and selC genes may be toxic in TA540 cells. This 

was tested by the development of a pSC101-WT- catSECIS129-GLuc reporter 

including the 6 kb EcoRI/HindIII fragment containing the selA, selB and selC genes. 

Although this reporter was not used for characterising the TA540 derivative strains, it 

demonstrated that the selA, selB and selC genes were not the cause of transformation 

failure. 

 

Subsequently, several attempts to transform TA540 with pRSFDuet-1 also failed, 

raising the possibility that the RSF1030 origin was inherently incompatible with the 

strain. In an attempt to boost the luciferase signal from reporter pSC101-WT- 

catSECIS129-GLuc a number of variants were developed including a kanamycin 

resistant variant with a CloDF13 origin. Although it ultimately proved ineffective in 

increasing luciferase activity, the plasmid demonstrated the CloDF13 origin was 

compatible with strain TA540, prompting its use in subsequent experiments. 

 

To make pCDF-ABC compatible with strain TA540 the aadA gene conferring 

spectinomycin resistance was replaced with a codon-optimised Sh ble gene (EZeo) 

conferring resistance to zeocin preceded by an EM7 promoter. Transformation of strain 

TA540 with this plasmid (pCDF-ABC-EZeo) also failed. Given that neither the 

CloDF13 origin or insert containing the selA, selB and selC genes were responsible for 

transformation failure and strain TA540 had been confirmed to be zeocin sensitive, poor 

expression of the Sh ble gene from the EM7 promoter was considered a possible 
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explanation. As this plasmid conferred zeocin resistance in other E. coli strains (e.g. 

DH10B) this was considered unlikely, but loss or disruption of necessary transcription 

factors as part of the 'collateral damage' that occurred during deletion of the rRNA 

operons was possible. The EM7 promoter was replaced with the neomycin 

phosphotransferase promoter known to function in strain TA540, but this plasmid also 

failed to be maintained in TA540 cells.  

 

Having eliminated all other potential causes of plasmid incompatibility, attention was 

turned to the one remaining difference between pCDF-WT-catSECIS129-GLuc and 

pCDF-ABC-EZeo. Unlike pCDF-ABC-EZeo, pCDF-WT-catSECIS129-GLuc, which 

had been constructed by simply replacing the SC101 origin and adjoining repA gene 

with the CloDF13 origin from pCDFDuet-1, lacked the lacI gene encoding the lac 

repressor. However, nothing in the genotype or strain description from the E. coli 

Genetic Stock Centre suggested the lac repressor would affect cell viability. Detailed 

investigation into the construction of strain TA531 revealed the lac repressor was 

lethally downregulating expression of the essential tRNAs from plasmid pTRNA66 

which are controlled by the tac promoter
157

. To overcome this problem, I developed 

plasmid pCDFΔlac-ABC for overexpression of the selA, selB and selC genes in strain 

TA540. 

 

6.2 Mutations in the 16S rRNA affect luciferase activity in a SECIS 

containing reporter 

After demonstrating mutant 16S rRNAs could sustain cell growth as the sole rRNA in 

strain TA540 and did not affect the generation time or overall cell density, the ability of 

ribosomes containing mutant 30S subunits to incorporate selenocysteine was 

investigated. Reporter pSC101-WT- catSECIS129-GLuc provided a quantitative 

method to measure selenocysteine incorporation in TA540 cells and derivatives 

expressing mutant rRNAs. 

 

6.2.1 Measuring luciferase activity from a SECIS containing reporter 

To measure the efficiency of selenocysteine incorporation, TA540 cells and derivatives 

were transformed with pCDFΔlac-ABC and pSC101-WT- catSECIS129-GLuc. Strain 

BW25113ΔselA (referred to as ΔSelA) deleted for the selenocysteine synthetase which 

is unable to incorporate selenocysteine and TA540 (WT) cells transformed with 
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pCDFΔlac and pSC101-WT- catSECIS129-GLuc were included as negative controls. 

TA540 (WT) cells transformed with pCDFΔlac-ABC and pSC101-WT-cat-GLuc were 

included as a positive control. Growth and measurement of luciferase activity was 

performed as described in chapter 2, initially supplemented with 1 µM Na2SeO3 and 20 

µg.ml
-1

 L-cysteine. All individual mutants except for C1100U and all combinations 

except the 1100/1516 double mutant demonstrated significantly reduced luciferase 

activity compared to wild-type ribosomes (Figure 6.2a). Unexpectedly, luciferase 

activity of the C1100U mutant had greater activity compared to the wild-type controls. 

For practical reasons, a subset of the mutants in Figure 6.2a which covered a range of 

activities was used for all subsequent experiments. 

 

To ensure the results from reporter pSC101-WT- catSECIS129-GLuc shown in Figure 

6.2a were not due to poor processivity and reduced canonical translation of ribosomes 

with mutant 30S subunits (or in the case of the C1100U mutant, ribosomes with 

enhanced processivity), luciferase activity was measured as a function of canonical 

translation only using reporter pSC101-WT-cat-GLuc which lacks the UGA stop codon 

and the SECIS element (Figure 6.2b). The luciferase activity recorded for the subset of 

mutants was similar to that of wild-type ribosomes. This is in agreement with data in 

Figure 6.1 showing cell doubling times are not affected by mutant rRNAs, an indirect 

measure of canonical translation efficiency. Raw values from Figure 6.2a were 

normalised for levels of canonical translation (Figure 6.2c). This indicated a more than 

fourfold increase in luciferase activity from the SECIS containing reporter with the 

C1100U mutant compared to wild-type ribosomes. 

 

Although initial characterisation of selenocysteine incorporation efficiency was 

performed using cultures supplemented with 1 µM Na2SeO3 and 20 µg.ml
-1

 L-cysteine, 

concentrations of selenite used for the expression of recombinant human selenoproteins 

range up to 5 µM. Testing the effects of higher selenite concentrations on luciferase 

activity was considered an important assessment of the potential of mutant rRNAs as 

tools for improved production of recombinant human selenoproteins. Luciferase activity 

from reporter pSC101-WT- catSECIS129-GLuc was measured after supplementation 

with 0, 2.5 and 5 µM Na2SeO3 and 0, 50 and 100 µg.ml
-1

 L-cysteine respectively 

(Figure 6.3). In Figure 6.3a, at 2.5 µM Na2SeO3, although a threefold increase in 

luciferase activity is observed for wild-type ribosomes, activity of the C1100U mutant  
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Figure 6.2. Mutations in the 16S rRNA affect luciferase activity in a SECIS containing 

reporter at 1 µM Na2SeO3. (a) All TA540 derivatives except the C1100U and 

C1100U/G1516U mutants demonstrate reduced luciferase activity with a SECIS 

containing reporter (pSC101-WT- catSECIS129-GLuc) compared to the wild-type 

control. (b) The overall level of canonical translation in a subset of TA540 derivatives 

was measured using a reporter lacking a UGA codon and SECIS element (pSC101-WT-

cat-GLuc). None of the TA540 derivatives demonstrated increased canonical 

translation. (c) Luciferase activity from the SECIS containing reporter was normalised 

to the overall level of canonical translation. The C1100U mutant demonstrates fourfold 

greater activity than the wild-type control. 
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Figure 6.3. The C1100U and C1100U/G1516U mutants enhance luciferase activity from 

a SECIS containing reporter at higher concentrations of Na2SeO3. (a) Normalised 

luciferase activity of TA540 derivatives at 2.5 µM Na2SeO3. Luciferase activity from 

the SECIS containing reporter was normalised to the overall level of canonical 

translation. (b) Normalised luciferase activity of TA540 derivatives at 5 µM Na2SeO3. 
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and 1100/1516 double mutant is substantially higher. Activity of the G849U and 

G1516U mutants shows little or no improvement compared to Figure 6.2c. Although 

increasing the selenite concentration to 5 µM resulted in some toxicity, evidenced by 

increased variation in cell growth (Figure 6.3b), both the C1100U mutant and 

1100/1516 double mutant retain significantly higher luciferase activity compared to 

wild-type controls. 

 

6.2.2 Mutations are selective for the selenocysteine tRNA 

The C1100U mutant and the 1100/1516 double mutant display increased luciferase 

activity with the SECIS containing reporter pSC101-WT- catSECIS129-GLuc, however 

luciferase activity might not be strictly a function of selenocysteine incorporation 

efficiency. Alternatively, these point mutations could enhance suppression of the UGA 

stop codon with canonical tRNAs. To confirm the increased luciferase activity observed 

with the C1100U mutant and the 1100/1516 double mutant in conjunction with the 

SECIS containing reporter was mediated through interactions with the selenocysteine 

tRNA, the luciferase assay was modified to include a canonical suppressor tRNA (trpT). 

The trpT suppressor tRNA is a mutant tryptophan tRNA with a UCA anticodon which 

instead of recognising the UGG codon recognises the UGA triplet. If the 16S rRNA 

point mutations do not promote suppression of the UGA stop codon with canonical 

tRNAs, luciferase activity from the SECIS containing reporter would be expected to 

mirror that in Figure 6.2b.  

 

Luciferase assays were performed as previously described using TA540 cells and 

derivatives transformed with pCDFΔlac-trpT and pSC101-WT- catSECIS129-GLuc 

(Figure 6.4a). TA540 cells transformed with pCDFΔlac-trnW (expressing a wild-type 

tryptophan tRNA) were used as a negative control. Luciferase activity of TA540 cells 

containing wild-type ribosomes and the canonical suppressor tRNA was significantly 

higher than the negative control overexpressing the wild-type tryptophan tRNA (Figure 

6.4a columns 1 and 2) indicating the suppressor tRNA was functional in the context of 

the SECIS containing reporter. TA540 derivatives displayed similar relative activity to 

Figure 6.2b confirming the increased luciferase activity observed in Figures 6.2 and 6.3 

is specifically a function of increased selenocysteine incorporation efficiency.  
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Figure 6.4. Mutations in the 16S rRNA do not promote UGA suppression with 

canonical tRNAs. (a) Luciferase activity was measured with a SECIS containing 

reporter and the canonical trpT UGA suppressor tRNA (columns 2-6). Wild-type 

tryptophan tRNA recognising the UGG codon was used as a control (column 1) (b) 

Luciferase activity from the SECIS containing reporter was normalised to the overall 

level of canonical translation. None of the TA540 derivatives demonstrated increased 

UGA suppression with the canonical suppressor tRNA compared to the wild-type 

control. 
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6.3 Validation with endogenous E. coli selenoproteins 

E. coli encodes three endogenous selenoproteins, FdhN, FdhH and FdhO which are all 

isoforms of formate dehydrogenase and possess an active site selenocysteine residue. 

These enzymes catalyze the oxidation of formate and transfer electrons to either 

proteins for the reduction of various anaerobic respiratory substrates or electron 

acceptor species such as quinones. The use of these alternative electron transport 

pathways allows energy conservation and ATP generation under anaerobic growth 

conditions
220

. The FdhN and FdhH isoforms are only expressed under anaerobic 

conditions while FdhO is expressed constitutively at very low levels
159

. Characterisation 

of TA540 derivative strains containing mutant rRNAs with reporter pSC101-WT- 

catSECIS129-GLuc identified the potential of the C1100U mutant and the 1100/1516 

double mutant to enhance selenocysteine incorporation efficiency. To further 

understand the role of these mutants in promoting recoding of the UGA stop codon for 

selenocysteine insertion it was decided to investigate the effects of the point mutations 

in the context of endogenous selenoprotein synthesis. With the lack of reporters or 

overexpression of the selenocysteine incorporation machinery, validation in an 

endogenous context with the TA540 derivative strains is highly relevant for defining the 

role of the 16S rRNA in selenocysteine incorporation. 

 

6.3.1 Benzyl viologen assay 

The bipyridinium dye, benzyl viologen, undergoes formate dependent reduction by 

FdhH resulting in a purple colour change. After growth under anaerobic conditions, E. 

coli colonies can be overlaid with agar containing benzyl viologen and active formate 

dehydrogenase identified semi-quantitatively by the development and intensity of the 

purple colour. Formate dehydrogenase lacking selenocysteine is inactive and unable to 

reduce benzyl viologen
221

. The benzyl viologen assay was performed as described in 

chapter 2 using the subset of TA540 derivatives (Figure 6.5). In agreement with the 

SECIS dependent luciferase activity, the C1100U mutant and the 1100/1516 double 

mutant demonstrate increased selenocysteine incorporation as evidenced by 

development of a more intense purple colour at all concentrations of Na2SeO3. 

Interestingly, at all Na2SeO3 concentrations tested, the G1516U individual mutant also 

developed a very intense purple colour indicating the presence of increased active 

formate dehydrogenase. This was consistently observed across numerous replicates of 

the assay and may be a feature of slow anaerobic growth rate. The increased FdhH  
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Figure 6.5. Point mutations in the 16S rRNA enhance selenocysteine incorporation in 

the endogenous E. coli selenoprotein FdhH. Selenocysteine incorporation efficiency 

was measured as a function of FdhH activity. The formation of purple reduced benzyl 

viologen requires active, selenocysteine containing FdhH. 
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activity observed in the benzyl viologen assays confirms previous results in a 

physiological context, demonstrating that 16S rRNA point mutations directly affect 

selenocysteine incorporation efficiency. 
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Chapter 7 - Discussion 

 

7.1 New reporter systems to measure selenocysteine incorporation 

While a variety of legacy reporter systems exist for measuring selenocysteine 

incorporation efficiency, most lack a life-death selection which has limited their broader 

application. Two new modular reporters, p15A-C-catSECIS129-pheS and pSC101-WT-

catSECIS129-GLuc, capable of performing life-death selections and quantitative 

measurement of selenocysteine incorporation respectively were developed during this 

project. Both have proven to be valuable for exploration of the selenocysteine 

incorporation pathway. 

 

7.1.1 Use of CAT and a new E. coli fdnG SECIS element 

The only legacy reporter for measuring selenocysteine incorporation potentially capable 

of life-death selections contained a 126 bp fragment of the fdhF gene encompassing the 

UGA codon and SECIS element fused 5′ of the cat gene (pWCat)
134

. However, this 

reporter was only used for in vitro measurement of CAT activity by kinetic assays and 

only demonstrated 2% readthrough of the UGA codon. No control data for readthrough 

independent of selenocysteine were presented
134

. Reporter p15A-C-ZfdhF-cat shared 

similar architecture but included only a 42 bp fragment containing the UGA codon and 

fdhF SECIS element and a 5′ fusion of the Z domain. In contrast to pWCat which 

demonstrated very low CAT activity as a result of UGA readthrough, p15A-WT-ZfdhF-

cat displayed wild-type CAT activity (Figure 3.4 row 4). Given no ZfdhF-CAT fusion 

protein was detected by Western blotting (Figure 3.3 lane 2), CAT activity was not the 

result of readthrough of the UGA codon and production of the full-length fusion. This 

suggests translation initiated 3′ of the UGA codon, however the first in-frame ATG 

codon is 234 bp downstream. Initiation from this position would result in a severe N-

terminal truncation (66 amino acids) of CAT, with the loss of conserved residues Arg18 

and Cys31 in additional to gross structural deficiencies expected to completely abolish 

activity
222,223

. Although no ATG codons are present in the fdhF SECIS element (Figure 

7.1), replacement with the 48 bp UGA codon and fdnG SECIS fragment prevented 

translation initiation 3′ of the UGA codon (Figure 3.4 row 8), confirming the fdhF 

SECIS was directly responsible. Why this problem was not observed with pWCat or 

any fdhF-lacZ reporters is unknown. Although use of the fdnG SECIS element in the 

context of reporter systems has not previously been published, it appears to offer  
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Figure 7.1. Comparison of the fdhF SECIS element and fdnG SECIS elements with 

surrounding sequence in p15A-C-ZfdhF-cat and p15A-C-ZfdnG-cat respectively. The 

PacI site is coloured orange, the UGA codon and essential bases in the SECIS elements 

are coloured red and the first codon of the cat gene is coloured cyan. No in-frame AUG 

codons are present in either SECIS element. 
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significant advantages, such as correct functioning independent of sequence context, 

over the more widely used fdhF SECIS element. 

 

7.1.2 Evidence that in-frame AUG codons may bypass orthogonal translation 

Detection of ZfdhFUCA-CAT and YFPfdnGUCA-CAT from orthogonal reporters by 

Western blotting (Figure 3.3b lane 5 and Figure 3.5b lanes 7-8) and chloramphenicol 

resistance mediated by p15A-C-YFPfdnGUCA-cat (Figure 3.5c) in the absence of O-

ribosomes was most likely the result of cryptic translation from internal AUG codons. 

While not conclusive, these results suggest that in-frame AUG codons and the 

surrounding sequence context may play a more substantial role in bypassing orthogonal 

translation than previously believed. To address this problem the catSECIS129 module 

incorporating a UGA codon and the fdnG SECIS element was developed and shown to 

function with negligible cryptic translation. Lacking in-frame AUG codons near the N-

terminus, functional CAT can only result from translation initiated from the correct 

AUG codon. The catSECIS129 module was used to generate a variety of robust, yet 

flexible reporter systems for measuring selenocysteine incorporation efficiency, 

combining selection with a range of additional reporter outputs. For the design of future 

orthogonal reporter systems reduction or elimination of in-frame start codons should be 

a consideration. 

 

7.1.3 PheS, a new negative selection marker 

The use of pheS-A294G in combination with Cl-Phe provides a number of advantages 

for negative selections in E. coli. The stringency of the selection can be tuned by 

varying the concentration of Cl-Phe, it can be used without altering the genetic 

background of the strain of interest and there is greatly reduced stochastic cell death 

compared to other genes used in negative selections such as that for uracil 

phosphoribosyltransferase (upp)
149,224

. During selections with p15A-C-catSECIS129-

pheS the dynamic range was typically 2-3 fold, with high expressors dying at 5 mM and 

low expressors dying at 15 mM Cl-Phe (Figure 3.8c). This is less than the dynamic 

ranges seen for robust positive selection systems such as CAT-mediated 

chloramphenicol resistance but it is superior to almost all available negative selection 

systems, which are essentially “all-or-nothing” with no effective dynamic range
225

. 

Interestingly, despite CAT and PheS forming different quaternary structures (CAT 

homotrimer versus α2β2 tetrameric phenylalanine synthetase), fusion of the two 
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proteins does not result in impaired activity. With the ability to perform both positive 

and negative selenocysteine dependent selections, p15A-C-catSECIS129-pheS is a 

powerful new tool for directed evolution of the selenocysteine incorporation pathway. 

 

7.1.4 A quantitative CAT-GLuc fusion reporter 

Compared to existing reporters based on lacZ,  use of GLuc genetic fusions for 

quantitative measurement of selenocysteine incorporation efficiency provides a number 

of advantages in E. coli. GLuc can be used in any E. coli strain as opposed to only those 

deleted for lacZ and is compatible with commercial plasmids encoding the LacZ-α 

fragment. The substantially smaller size of the GLuc coding sequence (~ 0.5 kb) 

compared to the lacZ gene (~ 3 kb) allows for the development of smaller reporter 

plasmids with higher transformation efficiency, less metabolic burden and fewer 

overlapping restriction sites. Additionally, GLuc fusions can be used in conjunction 

with firefly luciferase while popular systems for the luminescent quantitation of β-

galactosidase activity are incompatible. With UGA readthrough of ~ 3% (Figure 3.11 

column 4 versus column 3), selenocysteine incorporation efficiency in reporter pSC101-

WT-catSECIS129-GLuc is comparable to that of endogenous E. coli selenoproteins 

providing an accurate physiological baseline. Furthermore, by coupling cell survival 

and luciferase activity, the catSECIS129-GLuc fusion reporter provides the unique 

opportunity to select and quantify in a single step.  

 

7.2 Helix 34 mutants do not enhance selenocysteine incorporation 

efficiency 

O-16S rRNA containing point mutations in helix 34 known to suppress UGA codons 

with canonical tRNAs failed to confer increased chloramphenicol resistance in 

conjunction with a SECIS containing reporter and overexpression of the selenocysteine 

incorporation machinery (Figure 4.4). This suggests that suppression of UGA codons by 

canonical tRNAs and recoding for selenocysteine incorporation are separate events. In 

this scenario, it is likely that mutations in helix 34 stabilise near-cognate aa-tRNAs in 

the A site, bias decoding of certain aa-tRNAs or reduce the energetic cost of 

conformational change in the presence of near-cognate aa-tRNA
196

. While not mutually 

exclusive, the alternative mechanism involving impaired binding of RF2, which would 

promote suppression by both canonical tRNAs and Sec-tRNA
Sec

, was not supported by 

the data. Interestingly, helix 34 mutants displayed significantly impaired canonical 
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translation in conjunction with a reporter lacking a UGA codon and SECIS element, 

beyond what has previously been reported. 

 

7.2.1 Helix 34 mutants may display increased sensitivity to spectinomycin 

Ribosomes with 30S subunits composed of O-16S rRNA containing mutations in helix 

34 demonstrated either no or minimal (U1199C/U1202C) defects in canonical 

translation with reporter p15A-C-cat-upp (Figure 4.2) as measured by chloramphenicol 

resistance. Upon co-transformation with pCDFDuet-1 and the inclusion of 12.5 µg.ml
-1

 

spectinomycin for plasmid maintenance, a threefold decrease in chloramphenicol 

resistance (to 30 µg.ml
-1

) was observed for the U1199C/U1202C double mutant (Figure 

4.3 panel 1 row 6). Helix 34 single mutants were unaffected. No decrease in bacterial 

growth following induction (measured by OD600) was observed for the 

U1199C/U1202C double mutant compared to helix 34 single mutants and growth in the 

absence of chloramphenicol was unimpaired. This indicates a specific defect in 

orthogonal translation which is required for chloramphenicol resistance.  

 

Helix 34 forms the binding pocket for spectinomycin and direct interactions occur with 

bases G1064, C1066, G1068 , C1192 and G1193
190-193

. Spectinomycin binding is 

believed to increase rigidity of the upper region of helix 34 and sterically block 

movement of helix 34 relative to the adjoining helices 35 and 38
193

. Although the rrnB 

template used to generate O-16S rRNA contains the C1192U point mutation which 

confers high-level resistance to spectinomycin
164

, additional mutations within helix 34 

may cause reversion to a spectinomycin sensitive/hypersensitive phenotype. The 

U1199C mutation results in the formation of a G-C Watson-Crick base pair with the 

guanosine at position 1058, adjacent to the unpaired bases 1200-1202 (Figure 4.1a). 

This may increase the angle of the bend in helix 34 caused by the unpaired region and in 

conjunction with a U1202C change reduce helix mobility. This is plausible because 

even in the presence of the pCDFDuet-1 aadA gene encoding the 

streptomycin/spectinomycin adenylyltransferase growth depression is observed, 

implying incomplete modification of the antibiotic. Co-transformation with the newer 

pCDFΔlac/pCDFΔlac-ABC plasmids which are maintained by zeocin supplementation 

would overcome this problem. 
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7.2.2 A possible interaction between helix 34 and the selenocysteine incorporation 

machinery may impair canonical translation 

With the exception of the U1199C/U1202C double mutant, ribosomes with 30S 

subunits composed of O-16S rRNA containing mutations in helix 34 demonstrated no 

defects in canonical translation with reporter p15A-C-cat-upp and pCDFDuet-1 (Figure 

4.3 panel 1). Overexpression of the selA, selB and selC genes encoding the 

selenocysteine incorporation machinery however, significantly impaired canonical 

translation by the U1199C mutant and moderately impaired the C1054A mutant (Figure 

4.3 panel 2 rows 4 and 3 respectively). Bacterial cell density following induction 

(measured by OD600) and growth in the absence of chloramphenicol for both mutant and 

control ribosomes was unaffected by overexpression of selenocysteine incorporation 

machinery. This suggests defective canonical translation was the result of interplay 

between point mutations in helix 34 of the 16S rRNA and the protein and RNA factors 

necessary for selenocysteine incorporation. 

 

No interactions between SelB and the 16S rRNA has previously been reported using 

traditional biochemical methods and there is a lack of structural information regarding 

the location of the selenocysteine incorporation machinery on the ribosome. Potential 

interactions between SelB and the 16S rRNA, predicted from the significant structural 

homology between SelB and EF-Tu, localise to helices 5 and 16 which are distant to 

helix 34
196,226,227

. It is possible that stabilisation of a near-cognate SelB/Sec-tRNA
Sec

 

complex in the A site may promote frameshifting, stall translation without an 

appropriately located SECIS element conferring GTPase activity on SelB or even result 

in indiscriminate selenocysteine incorporation. This is plausible given mutations at 

positions 1054 and 1199 in helix 34 are known to significantly reduce translational 

accuracy and increase ribosomal frameshifting
187

.  This hypothesis is supported by the 

observation that the U1202C mutant, shown to have no effect on accuracy or 

frameshifting
187

, suffered no impairment of canonical translation and retained wild-type 

chloramphenicol resistance (Figure 4.3 panel 2 row 5) when the selenocysteine 

incorporation machinery was overexpressed.  

 

7.3 rRNA affects selenocysteine incorporation efficiency in bacteria 

Using multiple rounds of negative selection with 10 mM Cl-Phe I recovered two distinct 

clones with strongly impaired selenocysteine incorporation. In general, the impact of 
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each mutation individually was less than the combinations and this may explain why 

only the more severe combinations in the original selection were recovered. It could be 

that the mutations interfere with a molecular interaction between the ribosome and the 

selenocysteine incorporation machinery, such that individual point mutations cannot 

completely block the interaction. Nevertheless, with the exception of the interesting 

C1100U mutation, most individual mutations significantly reduce the incorporation of 

selenocysteine (Figure 6.2a). When 16S rRNA mutants were expressed as the sole 16S 

rRNA in cells deleted for all seven rRNA operons, no defects in growth or cell doubling 

times were observed (Figure 6.1). Additionally, no defects were observed in canonical 

translation measured using a reporter lacking a UGA codon and SECIS element (Figure 

6.2b).The results using a UGA suppressor tRNA (Figure 6.4) confirm that the recovered 

point mutations are specific for tRNA
Sec

 and emphasize that selenocysteine 

incorporation is a distinct process from canonical nonsense suppression. This study 

provides the first functional evidence for a role of rRNA in controlling the efficiency of 

selenocysteine incorporation in bacteria. Furthermore, specific residues have been 

identified in the 16S rRNA which are important for efficient selenocysteine 

incorporation in E. coli. 

 

It is interesting to note that the C1100U mutation which significantly enhances 

selenocysteine incorporation was isolated after three rounds of negative selection, 

although always in conjunction with the A873U mutation. This combination likely 

survived the negative selection due to synergistic impairment of selenocysteine 

incorporation. While neither the A873U mutation nor the C1100U mutation impair 

canonical translation, and function together in an orthogonal context, (Fig 6.1) the 

double mutant was non-viable as the sole 16S rRNA. This is due to differences in the 

degree of functionality required to translate a single reporter protein compared to the 

cell’s need to regulate global translation. 

 

Although a direct role for eukaryotic rRNA in selenocysteine incorporation has not been 

determined, it was recently found that the chemical reactivity of the 28S rRNA of the 

large subunit of rabbit ribosomes was altered upon binding of the eukaryotic SECIS-

binding protein 2 (SBP2)
228

. Furthermore, rat ribosomal protein L30 can compete with 

SBP2 for SECIS binding
128

, indicating that the ability of the ribosome to control the 

efficiency of selenocysteine incorporation may represent a universal feature of the 

translational insertion of the 21
st
 amino acid. My data indicates that rRNA contributes to 
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the process of selenocysteine incorporation such that the ribosome may have played a 

role in facilitating selenocysteine’s “late” introduction to the genetic code
54

, while 

balancing the need for a high fidelity of canonical amino acid incorporation and 

translation termination. 

 

7.4 A potential link to ribosomal protein S1 

In this study I have provided the first functional evidence of a role for rRNA in 

controlling the efficiency of selenocysteine incorporation in E. coli. The exact 

mechanisms involved in the effect of each individual mutation on selenocysteine 

incorporation cannot be resolved without structural data for the locations of the SECIS, 

tRNA
Sec

 and SelB on the ribosome. Nevertheless, this study has identified specific 

residues in the 16S rRNA that are important for efficient selenocysteine incorporation. 

The identified C1100U mutation lies at the intersection of helices 35 and 37 of the 16S 

rRNA, mutation G1175U lies in the middle of helix 40, mutation A873U is at the end of 

helix 25 adjacent to helix 26, mutation G849U is in helix 26 and mutation G1516U is 

immediately adjacent to the terminal base pair of helix 45 (Figure 5.5). Interestingly, all 

of these helices make up the binding pocket for ribosomal protein S1
229

. S1 is important 

for mRNA recognition and translation initiation
230

 but has also been shown to be 

involved in proof reading during translation elongation
231

, providing possible clues to 

the roles of the identified mutations in selenocysteine incorporation. Indeed helix 45 and 

nucleotides 846-851 of helix 26 are known to cross-link directly to S1
229,232,233

. 

Therefore five of the six identified mutations make up or are in close proximity to the 

S1-binding site. It is interesting to note that S1 is not conserved in all bacteria and is in 

fact not essential in the model Gram-positive bacterium Bacillus subtilis. However, the 

proteome of B. subtilis does not contain any selenoproteins and it lacks components of 

the selenocysteine incorporation machinery, indirectly supporting the hypothesis that S1 

may have a functional commonality that links the identified rRNA mutations. 

 

7.5 Further applications of the new genetic reporter system and high 

efficiency site specific insertion of selenocysteine 
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7.5.1 Investigating selenocysteine incorporation efficiency in bacteria with large 

selenoproteomes 

E. coli strain TA540 has previously been shown to tolerate foreign rRNA operons from 

the closely related Salmonella typhimurium and the more distantly related Proteus 

vulgaris as the sole source of rRNA
157

. Although rRNA operons from Pseudomonas 

aeruginosa (more distantly related again) failed to complement deletion of the 

endogenous rRNA genes, native expressing and processing regions were used which 

may have been incompatible with E. coli. Expression of foreign 16S rRNA in E. coli 

from bacteria with large selenoproteomes may provide a means to identify more 

residues that play a functional role in selenocysteine incorporation. Alternatively, large 

scale sequence alignment of 16S rRNA genes from organisms with large 

selenoproteomes may identify critical residues for subsequent mutation in E. coli. This 

would be an interesting application of the TA540 strain/CAT-GLuc fusion reporter 

combination which has proven to be a robust system for measuring the effects of 16S 

rRNA point mutations on selenocysteine incorporation. 

 

7.5.2 Investigation and directed evolution of the selenocysteine incorporation 

machinery 

The new genetic selection system effectively couples cell viability in E. coli with the 

efficiency of selenocysteine incorporation in a tunable manner. As well as discovering 

mutations in the 16S rRNA which modulate selenocysteine incorporation, this system 

could be applied to examine the relative contribution of each component of the 

selenocysteine incorporation machinery and to engineer these components to further 

enhance selenocysteine incorporation. Additionally, this system could be used for re-

engineering the interactions between components such as SelB and the SECIS element. 

This would enable the development of orthogonal selenocysteine incorporation circuits 

in living cells. By enabling selenocysteine to be selectively incorporated into different 

sets of selenoproteins depending on distinct stimuli, logic gates or environmental 

sensors could be constructed based on selenoproteins. 

 

7.5.3 Applications of engineered ribosomes and high efficiency site specific 

incorporation of selenocysteine 

Engineered ribosomes with an increased capacity to incorporate selenocysteine could be 

useful for expanding the genetic code with unnatural amino acids
234-236

 and other 
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synthetic biology applications such as the development of RNA circuits in living 

cells
237-239

. Highly efficient site specific incorporation of selenocysteine also has a range 

of biotechnology applications
103

 such as the development of novel structural motifs 

including diselenide bonds. Diselenides are more tolerant of reducing conditions, such 

as those found within the bacterial cytoplasm, and can be used to replace disulfide 

bonds. This tolerance of reducing conditions can be used to set the order in which bonds 

form to ensure proteins adopt the correct tertiary structure, or purposely adopt unnatural 

conformations
240

. A variety of small environmental peptides such as α-conotoxins 

stabilised by diselenide bonds are of great pharmaceutical interest
241

. Other examples of 

biotechnological importance include residue specific radiolabeling with the high energy 

gamma emitter 
75

Se, facilitating phasing in x-ray crystallography
103

 and determining 

disulfide bond connectivity by NMR
242

.  

 

Additionally, improving selenocysteine incorporation efficiency in E. coli is a crucial 

step towards the recombinant production of selenoproteins. This includes model 

bacterial selenoproteins such as FdhH, key microbial drug targets in human pathogens 

such as Plasmodium falciparum
243

 and medically relevant human proteins like 

thioredoxin reductase. Beyond the characterisation of existing selenoproteins, the 

replacement of active site cysteine residues in enzymes with selenocysteine may yield 

new activity and substrate preferences and will help explore the fundamental biology of 

enzymatic catalysis. Despite spanning all three domains of life and containing great 

diversity, the true extent and finer details of the selenoproteome remain unknown. The 

development of new tools for the study of selenoproteins is the first step and forms the 

foundation upon which future knowledge will be built. 
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