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.

"The kind of control you’re attempting simply is... it’s not possible. If there’s

one thing the history of evolution has taught us, it’s that life will not be contained.

Life breaks free, it expands to new territories, and crashes through barriers,

painfully, maybe even dangerously [...]25

I’m simply saying that life [pause] finds a way."

-– Dr. Ian Malcolm (played by Jeff Goldblum)

Jurassic Park, 1993

"Just because someone stumbles and loses their path, doesn’t mean they’re lost

forever. Sometimes, we all need a little help."30

-– Charles Xavier (played by James McAvoy) and

Professor X (played by Sir Patrick Stewart)

X-Men: Days of Future Past, 2014

"Two steps forward, one step back, is still one step forward."

-– Detective Rosalita "Rosa" Diaz (played by Stephanie Beatriz)35

"He Said, She Said" (S6E8), Brooklyn Nine-Nine, 2019

.
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Abstract

The natural genetic code, bar some exceptions, is universal. It dictates a specific

and unambiguous set of rules regarding the assignment between RNA triplet (ge-40

netic information) and amino acid (protein product), which is enforced by trans-

fer RNAs (tRNAs) and aminoacyl-tRNA synthetases (aaRSs). The latter ensures

that amino acids are specifically charged to their cognate tRNAs, whilst the former

establishes the physical bridge between amino acid and the associated messenger

RNA (mRNA) triplet. However, these links can be rewritten by engineering the45

identity elements of tRNAs and/or by altering the substrate specificity of aaRSs to

produce a modified genetic code. Alternative viable genetic codes, with reassigned

codons, could be used to create enhanced biocontainment systems that are unable

to contaminate the environment with engineered traits.

Leucine-to-histidine reassignment (using the mRNA sequence as the frame of50

reference) can be accomplished by altering the anticodon region of E. coli histidyl-

tRNA (EcotRNAHis) such that it base-pairs with leucine codons, whilst maintain-

ing compatibility with its cognate histidyl-tRNA synthetase (EcoHisRS). Equiva-

lent modifications to E. coli leucyl-tRNA (EcotRNALeu) should generate the com-

plementary histidine-to-leucine reassignment. Such sense-to-sense codon reassign-55

ments are expected to produce a significant degree of toxicity in vivo, making it diffi-

cult to detect reassignments in heterologously-expressed histidine/leucine-recoded

reporters. By incorporating serine recombinase phage integrase PhiC31 (ΦC31)

with these codon-modified reporters, a biological toggle circuit platform was devel-

oped that produces a secondary non-toxic and permanent response to augment any60

initial transient signals of codon reassignment.
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Abstract

I demonstrate that the developed platform is functional, and that leucine-to-

histidine reassignment can be robustly detected. The genetic toggle switch assay,

the first-of-its-kind, can be adapted to other codon reassignments and therefore rep-

resents a feasible route towards testing and characterising alternative sense-to-sense65

codon reassignments. Despite significant optimisation, the counter histidine-to-

leucine reassignment, which would create the first viable orthogonal genetic code

using the native translational machinery, was not successful in the time-frame of the

project.

Can we implement sense-to-sense codon reassignment (SCR) in vivo

to create alternative genetic codes orthogonal to nature?
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Figure 1: Implementing alternative sense-to-sense codon reassignments

In the natural system: histidyl-tRNA synthetase (HisRS) would charge histidyl-tRNA (tRNAHis)
with histidine; the histidylated/aminoacylated tRNAHis

GUG (His-tRNAHis
GUG) would recognise and bind

the histidine codon (e.g. CAU) on an mRNA sequence and incorporate histidine into the nascent
polypeptide chain (i.e. His-to-His assignment).
In the proposed synthetic system: HisRS would charge an anticodon-modified tRNAHis with histi-
dine, but as the anticodon for this tRNAHis has been changed (from GUG) to AAG*, His-tRNAHis

AAG
would bind the leucine codon (i.e. CUU) on an mRNA sequence and instead incorporate histidine
into the nascent polypeptide chain (i.e. Leu-to-His reassignment).
Equivalent modifications to the anticodon for tRNALeu (from GAG to AUG*; tRNALeu

AUG) should
provide the complementary His-to-Leu reassignment at the histidine (wobble-)codon CAU.

*Underlined nucleotides in blue show natural wobble base-pairing; underlined nucleotides in red
show anticodon modification for complete Watson-Crick base-pairing between tRNA anticodon
triplet and mRNA codon.
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Impact Statement70

Being able to investigate the plasticity of the genetic code through sense-to-sense

codon reassignment provides a valuable approach to address fundamental questions

about the process of translation in the central dogma of biology, investigate whether

the universal decoding rules from RNA to protein was a historical “frozen accident”,

and explore if alternate coding systems could have future applications as additional75

biocontainment strategies in genetically modified organisms (GMOs).

For researchers interested in examining some of the key molecules used in

translation, the Orphan Codon Invasion (OCI) system developed in Chapter 3 could

be used to study the interactions between non-natural tRNAs and aaRSs pairings

in vivo. In this research, this was to create anticodon-modified tRNAs that could80

be accepted by endogenous synthetases, and be co-opted into developing genetic

code reassignments. By extension, changing the rule set for decoding the univer-

sal genetic code could shed light on whether the current natural code for all liv-

ing organisms is immutable or, more likely, a result of a local optimum that was

propagated throughout the tree of life. Moreover, the system developed could also85

be used to investigate other changes to the translation components: from analysis

of tRNA structure in relation to function (e.g. through minimal tRNAs truncation

experiments), to uncovering cross-species interactions of tRNA/aaRS sets, or for

conducting co-evolution experiments to discover new aaRSs that can aminoacylate

tRNAs and incorporate non-canonical amino acid analogues (i.e. added functional-90

ities for genetic code expansion).

The effects of shifting from an endogenous/wild-type (WT) pair of tRNA/aaRS

to that of an introduced homologous or mutated set can be further probed using the
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genomic toggle Cre-Lox switch system initially developed in earlier work (data not

shown), in a manner similar to developmental biology studies. The prerequisites95

for this approach, however, are that natural and synthetic tRNA/aaRS sets would

need to be genomically integrated, and that both should be compatible with the host

system. Alternatively, if it is unclear whether the synthetic set would present prob-

lems for the host, the combination of both the OCI system and the Genetic Toggle

Switch (GTS) (a new method for investigating Orphan Codon Invasion in vivo with100

reduced toxicity to the host organism, as described in Chapter 4) – the resulting

OCI-GTS platform as presented at the end of this chapter offers a heterologously-

expressed approach for implementing sense-to-sense codon reassignment (and other

engineered systems) with minimal impact to the host. Coupled with the recently

published approaches for whole genome recoding by the Church and Chin groups105

(Wang et al., 2009a; de la Torre, 2020; Wang et al., 2016), the (Orphan Codon

Invasion)-(Genetic Toggle Switch) (OCI-GTS) system would be a vastly more vi-

able, feasible, and robust method for generating a variety of alternate genetic codes

that have not previously been conceived, nor considered possible.

Together, the Orphan Codon Invasion and Genetic Toggle Switch systems de-110

veloped here provides the initial steps towards enhanced biosafety in the production

of chemicals, materials, and products from biocontained genetically modified or

recoded organisms (GMOs/GROs), without contaminating the natural world.
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Chapter 1

Introduction

1.1 A General Overview

Our growing understanding of biology, together with recent advances in founda-

tional technologies, such as large-scale DNA synthesis, is bringing us ever closer475

to being able to engineer biology: faster and further than we could have ever be-

fore, and without the limitation of working within just a single species at a time.

Because biology has the potential to autonomously replicate and evolve, biological

engineering raises an ethical question regarding the possibility of contaminating the

environment, with obvious parallels to the introduction of invasive species. Thus,480

the idea of biocontainment emerges and there are numerous approaches to imple-

ment it – each with their advantages and limitations.

Minimising the possibility (and ideally eliminating the risk) of engineered or-

ganisms breaking containment is a key aspect of making genetic engineering safer:

not just to us but to our current ecosystem. However, such a simple statement misses485

the complexity of the task. An engineered organism needs to be useful and efficient

(for the task it was designed), and it needs those traits maintained during function.

If escaped, the engineered organism can interact with the environment, it can lose

genetic material, it can acquire genetic material, and its genetic material can evolve.

Therefore, “ideal” biocontainment addresses all those processes (via a number of490

different mechanisms; Torres et al., 2016) without significantly compromising the

value of the organism for its application.
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CHAPTER 1. INTRODUCTION

To date, no single biocontainment strategy has delivered a solution to all the

problems described, and only recently have strategies been proposed to hamper the

exchange of genetic information with the environment. One such approach lies495

on engineering the quasi-universal genetic code to develop an alternative: a viable

genetic code that is efficient, but that remains incompatible with the natural one.

Under those circumstances, the possibility of exchanging genetic material with the

environment is removed, while requiring no changes in the cellular machinery itself

– therefore maintaining the efficiency of the engineered organism. This would be500

referred to as sense-to-sense codon reassignment. To implement such reassignment,

the specific and unambiguous set of rules that dictate the linkage between the ge-

netic information encoded in ribonucleic acid (RNA) triplet codons and the amino

acids of protein products, as enforced by transfer RNAs (tRNAs) and aminoacyl-

tRNA synthetases (aaRSs), must be rewritten.505

In practice, this entails changing the correlation between tRNA anticodon and

charged/aminoacylated-tRNA, while evading natural error-checking processes that

may be in place to monitor that interaction. In principle, this can be achieved by

engineering a tRNA to recognise a non-cognate (sense) codon by modifying their

recognition or “identity” elements, while synthetases can be evolved to pair with510

and aminoacylate these alternate substrates, i.e. engineering the aaRS to recognise

the “new” tRNA elements.

Döring and Marlière (1998) first investigated deviations from the natural ge-

netic code with mutant tRNAs that incorporate cysteine (Cys) in place of isoleucine

(Ile) and methionine (Met) codons in a heterologously-expressed “recoded” gene515

within E. coli. For clarity, in this thesis, the term “recoded” refers to the non-

/synonymous replacement of codons that would produce functionally-expressing

proteins under an alternate coding system, but would be considered missense muta-

tions in the quasi-universal genetic code as recognised by natural organisms.

Whilst successful in demonstrating transient and incomplete isoleucine-to-520

cysteine reassignment in one position of the thymidylate synthase (ThyA) protein in

E. coli, this was only part way towards establishing a functional alternative genetic
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CHAPTER 1. INTRODUCTION

code. The original isoleucine tRNA isoacceptors (tRNAIle
GAU and tRNAIle

C′AU) were

still present alongside the new isoleucine-to-cysteine synthetic tRNACys
NAU variant,

and the complementary cysteine-to-isoleucine (reverse reassignment for a fully or-525

thogonal code) was not implemented. Nonetheless, it was the first – and crucial –

demonstration that such sense-to-sense codon reassignment was viable.

In the absence of cellular regulatory mechanisms to identify mischarged tR-

NAs, incomplete reassignment leads to two populations of amino acids charged

to a single anticodon – in the case of Döring and Marlière (1998), the charging of530

tRNAGAU with Ile or Cys. Whilst sufficient for a functional ThyA to be synthesised,

it was anticipated that Cys would also be incorporated in other cellular proteins in

positions where Ile is expected. Therefore, a potential challenge to implementing

sense-to-sense codon reassignments in vivo would be the degree of toxicity these

reassignments may confer to the host. On a small scale (e.g. with low concentra-535

tion or short expression time of these codon reassignment tRNAs), a reduction in

fitness of the host in this manner may be tolerated as it demonstrates an initial proof-

of-concept. However, as a long-term goal of demonstrating sense-to-sense codon

reassignment as a viable route for orthogonal genetic codes in genetically modified

or recoded organisms (GMOs/GROs) without deleterious effects, all genes within540

the host (and expression of any exogenous DNA) should be recoded according to

this alternative system.

While there are now feasible, yet still non-trivial, approaches to create fully

recoded genomes (Wang et al., 2009a; de la Torre, 2020; Wang et al., 2016), these

were not available at the time my research took place, therefore alternative strategies545

needed to be developed to bypass cellular toxicity, whilst demonstrating bilateral

sense-to-sense codon reassignment in a living organism.

Instead, the approach taken to mitigate toxicity to host (due to gene mis-

expression) was to adopt recombinase enzymes as genetic switches (e.g. St-Pierre

et al., 2013). Briefly, the principle behind the approach was to use a recombinase550

as a reporter for codon reassignment. If codon reassignment leads to host toxic-

ity, limiting the exposure to the altered code minimises toxicity, but also limits the

3
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possibility of detecting reporter activity. By using a recombinase as a (primary)

reporter, even transient activation of the codon reassignment would lead to active

recombinase synthesis and a permanent change in the host genome. The expected555

result was to develop a platform to study codon reassignment without being ham-

pered by the toxicity of those reassignments.

In this introduction, I first discuss the natural genetic code, the key protein

translation machinery (specifically tRNA and aaRS) involved in its implementa-

tion, and certain natural variations found within the quasi-universal code. I then560

discuss how synthetic genetic codes have been developed, predominantly in pursuit

of research into genetic code expansion, and how they could be further developed

(at least in this body of work) for use in recoding and genetic code reassignment.

This is followed by a brief summary of the potential implications of research into

genetic code reassignment, both theoretical (increasing understanding of tRNA and565

aaRS biology) and applied (protein engineering and biocontainment strategies). Fi-

nally, I outline the research that has been carried out during the course of this thesis

in developing a platform of genetic circuits for the robust and efficient detection of

transient sense-to-sense codon reassignment in E. coli.

1.2 What is the Genetic Code?570

It is well-established that every living organism on Earth adheres to rules of the

quasi-universal genetic code. Yet, there have been, and are still, minor differences

in the decoding of the code, and it is not clear whether those initial near-universal

rules reflected a physical constraint or a “frozen accident” early on in evolution.

Like in all living things, the genetic code within is always open to change – as long575

as the change brings sufficient advantages that outweigh the fitness costs necessary

to adapt and maintain the novel variations in the complex environmental and eco-

logical niche with which it finds itself. It is this potential mutability that led us to

investigate just how malleable the genetic code is, and whether we can modify the

code in ways not yet seen before. First, however, we should start with how the code580

is implemented today, before exploring its past and the different aspects in which

the code (and its associated components) have since evolved.
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Implementation of the genetic code, through the translation of an mRNA to

a polypeptide, involves multiple processes (see Figure 1.1). Briefly, the genetic

code is established by aaRSs (also known as synthetases) that catalyse the chemical585

conjugation of amino acids (AAs) and tRNAs. This conjugation is highly specific,

with synthetases capable of recognising cognate amino acids (see Section 1.2.1.1)

and tRNAs (see Section 1.2.1.2).

This figure has been removed for copyright reasons:

• Figure of the process of translation (protein synthesis) in a prokaryotic cell. 

Copyright holder is Carl R Nave, and the original figure can be found at:

http://hyperphysics.phy-astr.gsu.edu/hbase/Organic/translation.html

Figure 1.1: The process of translation (protein synthesis) in a prokaryotic cell

Protein synthesis is carried out within ribosomes, inside the cell. Aminoacylated tRNAs enter the
ribosome, where the tRNA anticodon sequence can base-pair with the codons on the mRNA tran-
script, and transfer its amino acid to the nascent polypeptide chain. Once transferred, the deacylated
tRNA exits the ribosome, where it can be charged again by an amino acid activated aminoacyl-
tRNA synthetase. Figure from http://hyperphysics.phy-astr.gsu.edu/hbase/Organic/
translation.html (last accessed: 06-Jan-2017).

Each tRNA is intrinsically associated to a single amino acid and the result is

that there is a strong correlation between tRNA anticodon and amino acid identity.590

Thus, knowing the mRNA codon sequence, it is possible to predict the anticodon

that will bind the mRNA, and hence which amino acid will be incorporated in that

position by the ribosome – that is the genetic code.

AaRSs charge amino acids to tRNAs (a process known as aminoacylation)

and therefore are the enzymes that establish the genetic code. The code is ancient,595

5
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conserved, and highly specific, which result from aaRSs having specificity towards

their tRNA and amino acid substrates – and this can be species-specific. Theoreti-

cally, 20 synthetases should be necessary and sufficient to translate the genetic code,

given that there are only 20 proteinogenic, canonical amino acids (cAAs). However,

nature is more complex.600

For example, some organisms can survive with less than the full set of aaRSs.

In E. coli, glutamine (Gln) is charged directly to tRNAGln by glutaminyl-tRNA syn-

thetase (GlnRS). However, all archaebacteria, the majority of eubacteria, and most

eukaryotic organelles lack the gene encoding GlnRS (Meng et al., 2022); instead,

glutamine is incorporated into proteins by non-discriminating glutamyl-tRNA syn-605

thetases (GluRS) through a two-step reaction: first GluRS aminoacylates tRNAGln

with glutamate (Glu), before converting Glu-tRNAGln to Gln-tRNAGln via a tRNA-

dependent amido-transferase (Glu-AdT; Hadd and Perona, 2014; Perona, 2013).

The complexity lies not just with the synthetases but also with the mRNA

codons and tRNA anticodons that make up the genetic code itself. While there610

are only 20 cAAs, the nucleotide triplet basis of the code means that there are 64

(= 43) sequence variants for which to accommodate the 20 proteinogenic amino

acids. This additional combinatorial space is filled by the need for stop codons,

by tRNA isoacceptors (groups of tRNA that recognise the same amino acid but a

different codon; Young and Schultz, 2010), and by tRNA wobble base-pairing (non-615

Watson-Crick base-pairing between tRNA anticodon and mRNA codon; Ran and

Higgs, 2010; Allner and Nilsson, 2011).

Despite the high conservation and the complexity of how the genetic code is

established, it is possible to engineer it. A number of groups over the last 20 years

have engineered the genetic code successfully: through identification of species-620

specific tRNA/aaRS combinations (Zeng et al., 2014; Kwon et al., 2003; Mukai

et al., 2015), and by engineering the aaRSs (Ho et al., 2016) or the tRNAs (Döring

and Marlière, 1998; Pezo et al., 2004). The focus in the field has been to primarily

expand the code by introducing new chemical functionality to the 20 cAAs (Liu

et al., 2010; Young and Schultz, 2010) as will be discussed later in Section 1.3.1,625
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but some progress has also been made in altering the core of the genetic code itself

(Biddle et al., 2016) as we will see in Section 1.3.2. Before going further, we should

understand more about the components required for translation of the genetic code.

1.2.1 Key Players in Translation

1.2.1.1 Aminoacyl-tRNA Synthetases630

Synthetases are ancient proteins and thought to be linked to the genetic code from

its emergence. The main function of all aaRSs is to catalyse a two-step reaction for

charging an amino acid to the 3’-terminus of a tRNA. The first step is amino acid

activation by ATP, forming an aaRS-bound aminoacyl-adenylate (aa-AMP) interme-

diate. In the second step, this activated amino acid is transferred to the 3’-terminal635

nucleoside (conventionally, adenosine 76 [A76]) of a tRNA substrate, producing a

charged/aminoacylated tRNA (aa-tRNA) molecule (Figure 1.2, black central path;

Ibba et al., 2005; Ibba and Soll, 2000).

PRE-TRANSFER 
EDITING

POST-TRANSFER 
EDITING

④    + H2O

E + aa + tRNA

tRNA independent

E + aa + AMP

  ①    + H2O

tRNA dependent

  E + aa + AMP + tRNA

 ③    + H2O

②         

E + aa-AMP

              + H2O

E + aa + AMP

E + aa + ATP               E:aa-AMP               E:aa-AMP:tRNA               E:aa-tRNA
- PPi + tRNA - AMP

Figure 1.2: A schematic of the two-step reaction for amino acid activation and aminoa-
cylation of tRNAs, and the aaRS editing pathways associated to correct for
mis-acetylations

The central (black) pathway represents amino acid activation, tRNA binding, and aminoacylation
of (non-)cognate amino acid to tRNA. The other coloured pathways represent the editing mecha-
nisms for non-cognate amino acids. Pre-transfer editing of a non-cognate aminoacyl-adenylate (i.e.
aaRS activated with non-cognate amino acid) includes: pathway 2, enhanced dissociation through
solution hydrolysis; pathways 1 and 3, through enzymatic hydrolysis. Pathways 1 and 2 are tRNA-
independent, whereas pathway 3 is tRNA-dependent. Post-transfer editing is shown in pathway 4,
where a mischarged tRNA can be deacylated. Figure adapted from Dulic et al. (2010).

7



CHAPTER 1. INTRODUCTION

Whilst the two-step mechanism for amino acid activation and tRNA aminoacy-

lation is conserved, the 20 aaRSs (corresponding to the 20 amino acids) are thought640

to have diverged from two ancestral enzymes, prototypical Class I and Class II

synthetases – a division that is observed to this day in aaRSs (Carter and Duax,

2002; Carter and Wolfenden, 2015). Each class, with characteristic structures and

differences in their active site architecture, can be further divided into three sub-

groups, primarily based on synthetase sequence similarity but also with respect to645

the properties of their amino acid substrates (Figure 1.3): (i) mainly aliphatic or

sulphur-containing hydrophobics; (ii) with carboxyl (COOH) side chains or ami-

dated (NH2) derivatives; (iii) aromatics (Schimmel, 2008; Ribas de Pouplana and

Schimmel, 2001).

Class I Class II

Ia

MetRS SerRS

IIa

ValRS ThrRS

LeuRS AlaRS

IleRS GlyRS

CysRS ProRS

ArgRS HisRS

Ib

GluRS AspRS

IIbGlnRS AsnRS

LysRS-I LysRS-II

Ic
TyrRS PheRS

IIc
TrpRS

EcoLeuRS
(Class I)

EcoHisRS
(Class II)

Figure 1.3: Categorisation of Class I and Class II aminoacyl-tRNA synthetases (aaRSs)

Each aaRS class can be further divided into three subdivisions, and the classes are thought to have de-
rived from an ancient single-domain protein, which subsequently diversified into the 20 synthetases
we see today. Leucyl-tRNA synthe50 tase (LeuRS) is an example of a Class I enzyme (left), whereas
histidyl-tRNA synthetase is a Class II (right). Adapted from Ribas de Pouplana and Schimmel
(2001). Crystal structures from E. coli proteins: LeuRS (PDB: 4AQ7) and HisRS (PDB: 2EL9).

For Class I enzymes, such as leucyl-tRNA synthetase (LeuRS), the catalytic650

core consists of a Rossmann fold, with conserved “HIGH” and “KMSKS” sequence

motifs (Figure 1.4, left) that are involved in both steps of the tRNA charging reac-

8
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tion. The KMSKS motif is involved in stabilising the transition state of amino acid

activation, while the HIGH motif establishes hydrogen bonds with ATP for aa-AMP

formation (Schmitt et al., 1995).655

Figure 1.4: Annotated crystal structure domains within E. coli LeuRS and HisRS

The key domains and structural architecture of EcoLeuRS (PDB: 4AQ7) is shown on the left and the
equivalent for EcoHisRS (PDB: 2EL9) are on the right. Residue numbers indicate domain bound-
aries and colours are matched to show comparable domains. Domains include the catalytic (yellow),
zinc (ZN1; dark purple), editing (cyan), leucine-specific (LS, pink) with associated KMSKS motif
(black), anticodon binding (AC; red), C-terminal (orange), insertion (light purple), and various un-
named motifs (M#; light red, cyan, blue). PDB structures annotated by YKH; adapted from Palencia
et al. (2012) for EcoLeuRS (compare also to Figure 1.5), and Arnez et al. (1995) for EcoHisRS.

Conversely, Class II synthetases have a large cavity on one side of a seven-

stranded antiparallel β -structure, with three conserved loop motifs making up a

diffuse active site (Figure 1.4, right). In histidyl-tRNA synthetase (HisRS), motif 1

(M1) assists in aaRS homo-dimerisation interactions, and the orientation of motifs

2 and 3 (M2, M3)‘. The latter two help with contacting the tRNA acceptor arm660

9
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directly and with ATP-binding for amino acid activation, respectively (Ibba et al.,

2005; Smith and Hartman, 2015).

Despite these architectural deviations, there is some commonality in the func-

tions of the different domains within and between both aaRS classes (Figure 1.4).

For example, the catalytic domain in both can recognise and bind with the 3’ accep-665

tor stem of tRNAs for aminoacylation. Similarly, the C-terminal domain, at least

for class I synthetases, is primarily used in tRNA anticodon recognition (Boniecki

and Martinis, 2012; Smirnova et al., 2000). The equivalent domain in class II aaRSs

has a more disordered structure and so their function is less clear, but one proposed

function is to provide additional stabilising structures for tRNA acceptor stem bind-670

ing (Smith and Hartman, 2015). Moreover, some aaRSs in both classes have ac-

quired extra domains to further facilitate differential binding of enzyme to amino

acid or tRNA, and to edit incorrect interactions to their requisite substrates (Ibba

et al., 2005).

Given the importance of its function, the catalytic domain dominates the major-675

ity of the aaRS structure, however mistakes do occur, both in amino acid activation

and tRNA aminoacylation. The average translational error rate in vivo is estimated

at ∼10-4 across bacterial (e.g. Escherichia coli [Eco], Thermus thermophilus [Tth])

to eukaryotic (e.g. Saccharomyces cerevisiae [Sce], humans [Hsa]) systems (Ibba

and Soll, 2000; Reynolds et al., 2010; Jakubowski and Goldman, 1992). The conse-680

quence of misacylation in translation is cellular toxicity since the incorporation of

incorrect amino acids can lead to misfolded and/or truncated proteins, and therefore

non-functional waste products. Reviews by Schimmel and colleagues (2008) fur-

ther highlight the enhanced deleterious effects of misacylating mammalian aaRSs

and the causal association with (in some cases heritable) diseases in autoimmunity,685

angiogenesis, and apoptosis. The premise is that non-lethal mutations in ancillary

(C-/N-terminal or editing) domains, while may reduce correction of misacylation,

usually do not overtly affect aminoacylation functionality overall. As these mu-

tations are not rectified, misfolded protein by-products can accumulate and, over

time, become targets of the autoimmune system and/or for apoptosis (Guo et al.,690
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2010; Schimmel, 2008).

Given the high penalty for misacylation, synthetases are subject to strong se-

lective pressure to recognise both cognate amino acid and cognate tRNA, and to

develop stringent editing strategies to discriminate against, and correct, mischarged

tRNAs. To help mitigate mistranslation, most aaRSs possess additional domains695

with editing mechanisms for correcting mistakes pre- and/or post-transfer of aa-

AMP to tRNA.

Synthetases can initiate pre-transfer editing of misactivated aa-AMP either in a

tRNA-independent or -dependent manner (Figure 1.2, pathways 1 and 2 (blue), or 3

(green) respectively). Pathway 2 differs from 1 and 3 as the synthetase first releases700

the aa-AMP and relies on the relative instability of the adenylate in aqueous solu-

tion for its hydrolysis; cleaving in the latter two depends on the synthetase (pathway

1) and tRNA binding (pathway 3). The location for pre-transfer editing was only

recently demonstrated to be localised to the aminoacylation site, owing to findings

that many aaRS of both classes show weak tRNA-dependent and -independent edit-705

ing (Dulic et al., 2014, 2010; Ling et al., 2012; Hati et al., 2006), even in those that

naturally lack editing domains (e.g. SerRS or ProRS) (Gruic-Sovulj et al., 2007;

Splan et al., 2008). This suggests that editing occurs locally at the site of amino

acid transfer to tRNA and potentially can be implemented soon after aminoacy-

lation. However, much of the pre-transfer editing mechanisms are still not well710

understood (Martinis and Boniecki, 2010).

Post-transfer editing mechanisms clear incorrect amino acids from mischarged

tRNAs (Figure 1.2, purple pathway 4) and synthetases often adopt the use of an

editing domain. Together, the aminoacylation and editing sites make up what is

known as the “double-sieve” model (Figure 1.5). The aminoacylation core acts as a715

coarse sieve to exclude larger, non-cognate amino acids being charged to the tRNA.

Those that pass this initial checkpoint, both correctly charged and unedited mis-

acylated tRNAs, are subsequently transferred to a finer sieve at the editing domain,

which selectively binds and hydrolyses the smaller and/or isosteric near-cognates

that passed the first sieve (Fersht and Kaethner, 1976; Mursinna et al., 2004). Some720
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suggest that the finer editing domain discriminates near-cognates even further: first

by chemistry, before exclusion by size and steric differences (Hussain et al., 2010;

Moras, 2010). For a select group of class I synthetases (LeuRS, IleRS, ValRS), this

hydrolytic editing core is located in a later-acquired connective polypeptide 1 (CP1)

domain, inserted in the aminoacylation catalytic site but which protrudes away from725

this domain (with 25∼35 Å separation distance) (Ling et al., 2009; Dulic et al.,

2010). Although post-transfer editing mechanisms do exist for some class II syn-

thetases, their structure and area of activation is also yet to be determined (Hati

et al., 2006; Dock-Bregeon et al., 2000).

tRNALeu

Leu

EcoLeuRS 

[PDB: 4AQ7]

AC C-termCatalytic

ZN1

CP-1 

Editing 619-KMSKS

225       415 569  629

149   193

1   630       795       860

LS

Leu

  Ile

  Val

Met

Leu-tRNALeu 

Trp

Phe

Leu

       Ile

    Val

Met

“Fine Sieve”
CP1-Editing Active Site

excludes Leu

“Coarse Sieve”
Aminoacylation Catalytic/

Active Site includes Leu

Figure 1.5: Crystal structure (left) and "double-sieve" schematic (right) in EcoLeuRS

The domains are the leucyl-specific domain (purple); Rossmann fold aminoacylation active site
(made up of 7 parallel β -strands) (pink); connective polypeptide 1, CP1 editing domain (blue).
The double-sieve diagram shows the exclusion of larger non-cognate amino acids (Trp, Phe) at the
aminoacylation active site, but admittance of smaller near-cognates (Ile, Val), and the subsequent
acceptance of tRNAs charged with near-cognate amino acids for hydrolysis. Adapted from Mursinna
et al. (2004). Compare also to the EcoLeuRS in Figure 1.4.

As yet, there is no general rule as to whether aaRSs edit via a pre- or post-730

transfer mechanism, or whether the same mechanisms are conserved across differ-

ent species. But more often than not, both proofreading processes can co-exist in

the same enzyme with one pathway predominating over the other. Post-transfer
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editing acts as a fail-safe that may activate if the former is compromised and, in

this way, the redundancy of the error-checking methods maintains fidelity (Martinis735

and Boniecki, 2010). In terms of changing the genetic code, it is therefore ratio-

nal that the catalytic and/or editing domain(s) would be the prospective targets for

engineering in order to subvert the identity and function of aaRSs.

1.2.1.2 Transfer RNAs

Like aaRSs, tRNAs are ancient molecules, yet these short RNA adaptors (typically740

76∼90 nucleotides (nt) in length) are responsible for providing the direct link be-

tween mRNA and the amino acid chain. The secondary structure of tRNAs can

be visualised easiest as a cloverleaf, while an inverted L-shape best represents its

tertiary structure (Figure 1.6). There are five key features of the tRNA: accep-

tor stem, D-arm, anticodon-arm, variable loop, and TΨC-arm (Giegé et al., 2012).745

Of particular interest are the acceptor stem with the necessary N73 discriminator

and the 3’-CCA-OH terminus for tRNA aminoacylation/amino acid attachment, and

the anticodon-arm with its crucial anticodon triplet recognition sequence (positions

N34-N36) that base-pairs with mRNA codons.

The diversity of tRNA genes is not insubstantial: some can fold and be fully750

functional for protein synthesis directly post-transcription (e.g. in vitro transcription

of tRNALeu; Tocchini-Valentini et al., 2000; Giegé et al., 2014). However, most

need to first undergo some form of processing. The processing pathway required

depends not only on the tRNA itself, but also its species of origin. Only the initial

step, transcription of tRNA precursors (pre-tRNAs) by RNA polymerases, appears755

to be conserved (Sweetser et al., 1987). The majority of prokaryotic and eukaryotic

pre-tRNAs will subsequently trim the leading 5’- and trailing 3’-sequences flanking

the pre-tRNA but the order of their removal, and the nucleases required, can vary

depending on species, tRNA, presence or absence of the 3’-CCA motif and any

introns (Figure 1.7; Hopper and Phizicky, 2003; Hartmann et al., 2009).760

Another key processing step, especially for all eukaryotic tRNA genes, is for

tRNA nucleotidyl-transferases to append the 3’-CCA terminus (Chan and Lowe,

2009; Hartmann et al., 2009). In some instances, various bases within these mature
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tRNAs can also have post-transcriptional modifications (PTMs) to give further func-

tions, including providing structural stability and identity elements for recognition765

by aaRSs (Figure 1.6, Figure 1.7; Kirchner and Ignatova, 2015; Chopra and Reader,

2015; Hopper and Phizicky, 2003; Giegé et al., 2014). The addition of dihydrouri-

dine (D17) in the D-loop, thymidine (T54) and pseudouridine (Ψ55) in the T-arm,

and methylation of bases or ribose sugars, are a few examples of PTMs (Machnicka

et al., 2014; Giegé et al., 2014; Björk et al., 1987). Although uncommon, there are770

a few cases in E. coli where tRNA modifications affect identity, all of which are

located at the anticodon positions and/or adjacent nucleotide N37. For example, re-
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_Figs_TD_013_Chpt3_Fig3-5.pdfFigure 1.6: Secondary “cloverleaf” and tertiary “L-shape” (inset) structure of tRNA with
locations of known identity elements recognised by Class I and Class I aaRSs

The conventional numbering system is used for the tRNA: the anticodon is always N34-N-36; dis-
criminator at N73; CCA 3’-terminal group at positions 74-76. Constant nucleotides are explicitly
indicated. Some tRNAs possess a 4-24 nt variable loop region; type I tRNAs have a small loop
(4-5 nt); type II have longer sequences. The * symbol indicates Watson-Crick base-pairing; dotted
green lines indicate other pairings important for L-shaped architecture. Location of identity ele-
ments to each class of synthetases are highlighted. Abbreviations: U, uridine; C, cytosine; A, adeno-
sine; G, guanosine; T, thymidine; Ψ, psudoridine; k2C, lysidine; s2U, 2-thiouridine; mnm5s2U,
5-methylaminomethyl-2-thiouridine; Q, queuosine; I, inosine; m1G, 1-methylguanosine; t6A, N6-
threonylcarbamoyladenosine; yW, wybutosine. Adapted from Giegé et al. (2014).
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Figure 1.7: Schematic of both tRNA precursor (pre-tRNA; left) and mature tRNA (right)

The schematic also decpicts some post-translational modifications highlighted, both before and after
tRNA processing. Each nucleotide is represented by a filled circle: mature tRNA (green); anticodon
(red); 3’-CCA group (white); 5’-leading sequence; RNase Z, E, PH, T, PNPase, II (a mix of exo-
and endo-nucleases) cleaves the 3’-trailing sequence; nucleotidyl-transferases append the 3’-CCA
terinal group if it was not in the original transcript; splicing endonucleases, ligases, and phospho-
transferases are responsible for removing introns. Adapted from Hopper and Phizicky (2003).

placement of C34 in tRNAMet
(CAU) with k2C34 (lysidine), results in isoleucylation

by IleRS and incorporation of isoleucine on codon Ile(AUA), instead of methionine

at Met(AUG) (Giegé et al., 2014).775

For the E. coli tRNAs that do not require PTMs, sequence variation, ter-

tiary folding conformations, and tRNA/aaRS interactions, are critical for correct

tRNA/aaRS specificity. Each tRNA can be defined by a set of identity elements

(usually a group of single or base-paired nucleotides): determinants enable positive

recognition and specific aminoacylation by cognate aaRS, whilst anti-determinants780

represent negative features that correctly hinders interactions between tRNAs and

non-cognate synthetases. The variable loop in tRNASer (where the importance lies

in its length more than sequence), for example, demonstrates both determinant and

anti-determinant properties, as it simultaneously acts as an identity signal to SerRS,

but also obstructs all non-cognate aaRSs, especially closely-related LeuRS, from785

interacting with it (Himeno et al., 1997).
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Certain elements, like the N73 discriminator and 3’-CCA-OH acceptor, can be

crucial to the identity of a tRNA, as synthetases use these sites for aminoacyla-

tion (Chambers, 1971; Crothers et al., 1972). Conservation of these tRNA-defining

features across prokaryotes and eukaryotes, such as A73 in tRNALeu and G3•U70790

in tRNAAla (Giegé et al., 1998; Francklyn and Schimmel, 1990; Naganuma et al.,

2014), can provide an estimate of the identity strength. However, this may not

hold true in all species: G-1 (and to a lesser extent, C73 in prokaryotes, or A73 in

eukaryotes) is both necessary and sufficient for tRNAHis identity, with the excep-

tion of α-proteobacteria Caulobacter crescentus (Nameki et al., 1995; Giegé et al.,795

1998). This species relies instead on the anticodon, A73, and U72 for recognition

and aminoacylation by its native HisRS (Jackman and Phizicky, 2006; Yuan et al.,

2011). Conversely, although the E. coli HisRS (EcoHisRS) C-terminal domain does

contact the EcotRNAHis anticodon, this triplet may not be directly required, or at

least plays only a minor role in identity (Arnez et al., 1995; Jackman and Phizicky,800

2006).

Like the discriminator and acceptor stem, the anticodon is an often-used iden-

tity element as it holds a key role in direct sequence pairing to mRNA codons

(Kisselev, 1985). Only the E. coli tRNAs for histidine, alanine, serine, and leucine

are unusual in that the anticodon is not a (strong) identity element for their respec-805

tive synthetases (Figure 1.8; Giegé et al., 1998; Ho et al., 2016). This is further

supported by the exploitation of these tRNAs as suppressor tRNAs (Figure 1.9;

Yan et al., 1996; Tocchini-Valentini et al., 2000; Tian et al., 2013).

Despite the diversity of identity elements and the stringent requirement for

tRNA/aaRS specificity to maintain a genetic code in vivo, there is a degree of re-810

dundancy at the other end of the code: tRNA to mRNA. This is exemplified in

the degeneracy of the genetic code, whether through tRNA isoacceptors (families

of tRNA that are charged with the same amino acid but target a different codon)

(Young and Schultz, 2010) or through two codons being targeted by the same tRNA

(tRNA wobble base-pairing between the 3’-base of the mRNA codon and the 5’-815

base of the tRNA anticodon).
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This figure has been removed for copyright reasons:

• Figure is of the identity elements in tRNAs aminoacylated by LeuRS, SerRS, 
HisRS, and AlaRS from various species as compiled in Table 1 within paper by 
Richard Giegé, Marie Sissle, and Catherine Florentz. Universal Rules and
Idiosyncratic Features in tRNA Identity. Nucleic Acids Research, pages 5017–
5035, 1998. 

Copyright holder is Richard Giegé, and the original table can be found at: 

https://doi.org/10.1093/nar/26.22.5017

https://pmc.ncbi.nlm.nih.gov/articles/instance/147952/pdf/265017.pdf

_Figs_TD_007_Chpt1_Fig1-8.pdf

Figure 1.8: Identity elements in tRNAs aminoacylated by LeuRS, SerRS, HisRS, and
AlaRS in various species

Identity elements for (1) E. coli, (2) S. cerevisiae, and (3) other organisms, are classified according to
their location in the (a) amino acid accepting stem, (b) anticodon region, or (c) other tRNA domains.
Identity nucleotides identified: in vitro (bold), in vivo (italics), or with both approaches (normal
script). Numbering of residues is according to Sprinzl and Vassilenko (2005). For base pairs, (:)
denotes Watson-Crick (WC) base-pairing, (•) non-WC pairs, and (–) tertiary pairs. R, purine (A or
G); Y, pyrimidine (C or T or U). Leucine, serine, and alanine identities do not rely on anticodon
positions. The role of the histidine anticodon as an identity element is conflicted. Figure from Giegé
et al. (1998).
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This figure has been removed for copyright reasons:

• Figure is of suppressor tRNAs as identified in in vivo and in vitro experiments in 
E. coli and S. cerevisiae as compiled in Table 8 within paper by 
Richard Giegé, Marie Sissle, and Catherine Florentz. Universal Rules and
Idiosyncratic Features in tRNA Identity. Nucleic Acids Research, pages 5017–
5035, 1998. 

Copyright holder is Richard Giegé, and the original table can be found at: 

https://doi.org/10.1093/nar/26.22.5017

https://pmc.ncbi.nlm.nih.gov/articles/instance/147952/pdf/265017.pdf

_Figs_TD_008_Chpt1_Fig1-9.pdf

Figure 1.9: Examples of suppressor tRNAs

These are tRNAs that have either been engineered or are rationally designed in vitro transcribed
chimeric tRNAs, that are capable of acquiring additional identities to their primary assignment, thus
can be aminoacylated by non-cognate synthetases. Figure from Giegé et al. (1998).

In addition, the combinatorial space of identity elements is not fully populated

and additional tRNAs and aaRS can be introduced that do not interact with the nat-

ural sets (i.e. introduced aaRSs cannot charge native tRNAs and introduced tRNAs

cannot be charged by native aaRSs), also described as orthogonal tRNA/aaRS pairs.820

These pairs can, and have, been exploited to change the genetic code with the tRNA

generally targeting a stop codon (akin to suppressor tRNAs; Figure 1.9). The re-

sult has been the very successful expansion (and, to a limited degree, reassignment)

of the genetic code, as described by a number of groups (Krishnakumar and Ling,

2014; Wang and Schultz, 2001; Wang et al., 2001; Chin et al., 2003; Anderson et al.,825

2004; Liu and Schultz, 2010; Biddle et al., 2016).

Although those efforts increased the chemical diversity potentially available to

biology, they fundamentally do not change the topology of the genetic code at its

core, i.e. they expand but do not rewrite the genetic code.

18



CHAPTER 1. INTRODUCTION

1.3 Can the Genetic Code be Changed?830

1.3.1 Genetic Code Expansion

1.3.1.1 Natural Genetic Code Expansion

Genetic code expansion is generally the direction most consider when contemplat-

ing how the genetic code can be modified. Given that there are only 20 canonical

amino acids (cAAs) and (if considering just triplet nucleotides) a sequence space of835

64 codons, there is sufficient room to introduce into proteins a whole host of novel,

non-canonical amino acids (ncAAs) with new chemical, physical, and biological

properties (Wang et al., 2001, 2009c).

Needless to say, nature has already beaten us to the punch with the atypical

– but naturally proteinogenic – supplementary amino acids 21 and 22, selencys-840

teine and pyrrolysine (Osawa et al., 1992; Krzycki, 2005; Lukashenko, 2010). Se-

lenocysteine (Sec/U) is an analogue of cysteine, with a selenol group taking the

place of the usual sulfur-containing thiol group in the sidechain, and it is present

in a number of proteins (particularly those involved in redox activities, like glu-

tathione peroxidases; Johansson et al., 2005) within eukarya and prokarya (both845

bacteria and archaea), but it is not universal in all organisms. In the presence of se-

lenium, selenocysteine can be incorporated into the opal stop codon UGA through

the use of a SECIS element in the mRNA; the selenocysteine insertion sequence is

an RNA sequence of approximately 60 nt that forms a stem-loop structure. In bacte-

ria, the method with which selenocysteine is incorporated differs from the standard850

tRNAs1 in that the tRNASec is initially charged/mis-acetylated with serine by the

seryl-tRNA synthetase (SerRS), before being converted into Sec-tRNASec by se-

lenocysteine synthase (SelA; Itoh et al., 2013). Similarly, whilst EF-Tu (elongation

factor thermo unstable) is the prokaryotic component responsible for delivering a

standard aminoacylated tRNA to the ribosome for incorporation into a polypeptide855

1Although, it draws some parallels with how glutamine (Gln) is charged to tRNAGln in archae-
bacteria (and the majority of eubacteria and in most eukaryotic organelles), as discussed earlier;
that is, through an intermediary step with non-discriminating glutamyl-tRNA synthetases (GluRS).
GluRS first aminoacylates tRNAGln with glutamate (Glu) to give Glu-tRNAGln, before converting
the glutamate to glutamine to produce Gln-tRNAGln (Hadd and Perona, 2014; Perona, 2013).
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chain, SelB, an alternative translational EF is required for selenoproteins.

Pyrrolysine (Pyl/O) is a lysine derivative that is currently only known

to be used in some methanogenic prokaryotes, specifically the archaebacteria

Methanosarcina barkeri (Mb; Srinivasan et al., 2002). Like selenocysteine,

pyrrolysine is also incorporated into a stop codon, albeit the amber stop UAG860

(Ibba and Söll, 2004; Herring et al., 2007), however, unlike selenocysteine, incor-

poration of pyrrolysine during protein synthesis occurs in the same manner as the

standard amino acids. The process requires only the pylT and pylS genes, encoding

the tRNAPyl
(CAU) and the Class II pyrrolysyl-tRNA synthetase (PylRS) respectively.

1.3.1.2 Synthetic Genetic Code Expansion through tRNA/Aminoacyl-865

tRNA Synthetase Engineering

In terms of extending into synthetic genetic code expansion: this requires the target-

ing of a triplet codon not otherwise required by the host cell for canonical transla-

tion/translation of natural proteins, and the development of a mechanism for charg-

ing a tRNA with ncAAs. As the entire palette of 64 codons is typically in use in870

model organisms of interest to bioengineers, sophisticated strategies need to be de-

veloped to wrest control of a target codon; most frequently by using an under-used

stop codon, like UAG.

Orthogonal tRNA/aaRS engineering is the most prominent method to date for

ncAA incorporation. There are a few key domains that can be targeted in enzyme875

engineering: for example, the active sites in aaRSs for amino acid activation, and

for the aminoacylation to tRNAs. For synthetases with editing domains, the relevant

residues could be mutated to provide another level of specificity for discriminatory

binding and cleaving acceptable or unacceptable amino acids and/or aa-tRNAs. De-

pending on the required tRNA/aaRS pairing, directed evolution of the synthetases880

may be required to recognise and bind to alternative/engineered tRNA structures

(discussed later). If an aaRS has the potential for multiple substrates, rational de-

sign or targeted evolution could predispose it towards the required substrates, either

through better fit (e.g. recognition, conformation, binding).

Similarly, whilst aaRSs may need to be modified to accommodate for alternate885
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ncAAs, tRNAs may also require adaptation for higher affinity to its foreign amino

acid cargo. These changes would predominantly centre on the tRNA acceptor stem,

either on the single-stranded (3’) or double-stranded (5’-3’) region of the extended

acceptor arm, as this is the esterification site for the amino acid. Of equal impor-

tance for genetic code modification is the anticodon stem-loop region of the tRNA;890

without both the amino acid acceptor stem and the anticodon, there would be no

direct link between reading the genetic information (mRNA) and production of the

resultant protein (polypeptide chain). Assuming that the ncAA has been correctly

charged to the tRNA, the next significant consideration is the anticodon binding

partner, the codon. Earlier examples of selenocysteine and pyrrolysine incorpora-895

tion saw these aa-tRNAs base-pair with opal UGA and amber UAG stop codons

respectively: unsurprisingly, many synthetic ncAAs have followed this pattern in

being directed by these codons. As mentioned earlier, such tRNAs that target the

amber, opal, and ochre codons are collectively known as stop codon or nonsense

suppressors, as they prevent the incorporation of stop codons into the protein. More900

generally, these are known as tRNA suppressors as they can be used to suppress the

identity of a given tRNA (and tRNA-like molecules, i.e. stop codons and release

factors at a given compatible codon.

The earliest examples of tRNA/aaRS pairs that allow for ncAA incorporation

into E. coli via stop codons were developed from amber (UAG) suppressors (Fig-905

ure 1.9), such as MjtRNATyr
(CUA)/MjTyrRS from Methanocaldococcus jannaschii

(Mj; Chatterjee et al., 2013; Rauch et al., 2016). As it was, since their discovery,

it was also found that the orthogonal MbtRNAPyl/MbPylRS pair (and an equivalent

pair derived from M. mazei) could be evolved to incorporate a range of ncAAs at

the amber stop codon in E. coli (Neumann et al., 2010a; Yanagisawa et al., 2008). A910

later PylRS variant, iodo-phenylalanyl-tRNA synthetase (IFRS), further enhanced

its substrate promiscuity to encompass a chemical library of 313 ncAAs (Guo et al.,

2014), whilst work by the Schultz and Chatterjee groups spread the use of these

synthetase variants beyond E. coli to enable ncAA incorporation in yeast and mam-

malian species as well (Liu and Schultz, 2010; Young and Schultz, 2010; Xiao et al.,915
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2013; Italia et al., 2017). (Zeng et al., 2014)

The use of stop codons for genetic code expansion, however, is challenging:

whilst it was possible to efficiently encode many distinct ncAAs, a key limitation

with nonsense suppression, as noted by the Chin group at the time (particularly

when only amber suppression had been established), was that only a single type920

of ncAA can be incorporated at a time due to the lack of “blank” codons with

which to introduce multiple novel amino acids (Neumann et al., 2010b). Even

if multiple orthogonal tRNA/aaRS nonsense suppressors can be used simultane-

ously to direct ncAAs, only two of the three stop codons can realistically be

used; the third must remain a stop codon. Given that the ochre stop codon UAA925

in E. coli is most frequently used (with 2,765 instances, compared to compared

to 1,232 UGA instances for opal and 321 UAG for amber; Ho et al., 2016), in

the absence of wholesale recoding of the host genome, it makes sense to direct

novel tRNA/aaRS pairs to the two rarer stop codons as a way to minimise transla-

tional read-through and accidental mis-acetylations. Chatterjee et al. (2013), how-930

ever, managed to test these limits and demonstrated ncAA incorporation at both

amber (UAG) and ochre (UAA) in a double-mutant GFP expression plasmid en-

coding GFP-3TAG-151TAA, co-transformed with pUltra (encoding MbPylRSopt

and tRNAPylU25C
(UUA); ochre-suppressing pyrrolysyl system) and pEVOL (encod-

ing a p-azidophenylalanine (pAzF)-specific MjTyrRS and tRNATyr
(CUA); amber-935

suppressing MjTyr system) suppressor plasmids into strain BL21(DE3).

1.3.1.3 Expansion into Rare and Novel Sense Codons

Given that there have been examples of genetic code expansion using novel amino

acids into each of the stop codons, the natural extension would be to explore whether

the sense codons2 could also become potential target sites for incorporating ncAA.940

The challenge with targeting the wider codon space is that sense codons occur far

more frequently than stop codons, hence, there is a significantly greater chance of

causing cellular/host toxicity due to ncAA mis-incorporation, especially if the se-

2Arguably, depending on the types of new amino acids being introduced, this line of research
strays close to genetic code reassignment (discussed later in Section 1.3.2).
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lected codon has not been “freed-up” to allow for a new substrate to be introduced.

Moreover, the task of wholesale genomic recoding to ensure that a codon would be945

fully available for adopting a non-cognate amino acid is non-trivial to say the least.

Mukai et al. (2015) attempted to mitigate the potential problems of producing an ad-

mix population of cognate- and ncAA-incorporation at existing codons by targeting

the rarest sense codon, Arg(AGG) (1,491 instances; Ho et al., 2016) in the E. coli

genome. Another benefit of targeting arginine was that there are five other argi-950

nine codons (with their associated arginyl-tRNAs) that could potentially ameliorate

the deleterious effects of (mis-)incorporating a ncAA (i.e. missense suppression)

at Arg(AGG) positions. By creating an AGG-reading tRNAPyl
(CCU)

3 and engineer-

ing a new variant of the PylRS, known as HarRS, to recognise two new substrates

L-homoarginine and L-N(6)-(1-iminoethyl)lysine (L-NIL) and the new Arg(AGG)955

codon, these ncAAs were expected to be incorporated to a degree. Note that one

advantage of using a versatile pairing like tRNAPyl/PylRS was that the anticodon

does not appear to be a (strong) determinant for PylRS recognition and is malleable

enough to conform to different stop codon variants. As such, it was anticipated

that tRNAPyl would be relatively amenable to anticodon modifications that direct it960

towards the selected sense codon(s) for ncAA incorporation. Furthermore, Mukai

et al. (2015) were able to synonymously replace some or all Arg(AGG) codons in the

essential genes for their assays, but the majority of the Arg(AGG) codons remained in

the genome. Instead, to mitigate the effects of the mis-incorporation, their genetic

code expansion assays were allayed by use of a temperature sensitivity dependency965

that could only be rescued by correctly translating Arg(AGG) to L-homoarginine or

L-NIL.

Ho et al. (2016) achieved a similar result by using the IFRS synthetase variant

to incorporate 3-iodo-l-phenylalanine (3-I-Phe) at a number of more commonly-

used codons in serine (Ser(AGU), Ser(AGC), Ser(UCG)) and leucine (Leu(CUG)) codons970

in a heterologously-expressed sfGFP within wild-type E. coli. Although there were

3It should be noted that earlier attempts had been made by Krishnakumar et al. (2013) and Zeng
et al. (2014) to use PylRS for sense codon reassignment involving the arginine codons AGA, AGG
and CGG, but with no established success.
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varying degrees of success with incorporation of 3-I-Phe at these more frequently-

used sense codon sites, it also demonstrated the possibility that well-established

sense codons could become targets for genetic code expansion.

As opposed to working within the confines of the known genetic code, an al-975

ternative approach taken by the Schultz and Chin groups was to explore a quadru-

plet codon sequence space and engineering a new set of translation machinery for

code expansion. The direction the Schultz group took was to disassociate com-

petition of triplet- and quadruplet-codon recognition by full genome recoding to

remove all relevant instances of competing aaRS, tRNA, and release factors (RF)980

that might prevent quadruplet codon suppression (Magliery et al., 2001; Anderson

et al., 2001). Chin’s group, on the other hand, delved down the route of ribosome en-

gineering. Specifically, they looked to enhance ribosome processing of quadruplet

codon suppressors through the development of orthogonal ribosomes (Rackham and

Chin, 2005b,a; Neumann et al., 2010b). O’Donoghue et al. (2012) later developed985

upon the tRNAPyl
(UCCU) variant to bind to the 4 nt AGGA codon and incorporate

in the ncAA N6-(tert-butoxycarbonyl)-l-lysine (BocK), albeit with limited success:

they were unable to determine the underlying reasons for the low basal level of

frame-shift suppression from endogenous Arg-tRNAArg on BocK-tRNAPyl
(UCCU)

incorporation. It was postulated that the 4 nt anticodon-codon binding (i.e. quadru-990

plet “frame-shift” suppression) was accepted, but that the ribosome likely favoured

catalysing aa-tRNAs with the native tri-nucleotide anticodon conformation over a

tetra-nucleotide anticodon variant, which was why the BocK-tRNAPyl
(CCU) isoac-

ceptor had more success.

That is not to say that tRNAs with tetra-nucleotide anticodons could not be995

preferred, simply that the interacting components, like the ribosome, also need to

be made compatible; after all, quadruplet (and five-, six-, or higher-base) codons

would greatly open up the sequence space for ncAA incorporation at unique po-

sitions (Anderson et al., 2001). For example, the synthetically evolved orthogonal

ribosome (ribo-Q1) that Chin and colleagues developed was able to decode a series1000

of quadruplet codons as well as the amber stop, by accommodating aa-tRNAs with
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tetra-nucleotide anticodons and by using the MjTyrRS/tRNATyr
(CUA) and MbPylRS

and tRNAPyl
(CUA) (Neumann et al., 2010b). The authors produced and screened 11

saturation mutagenesis libraries in the 16S ribosomal RNA of ribo-X (a previously

evolved ribosome that was able to efficiently decode at the amber stop codon), cov-1005

ering 127 nt within 12 Å of a tRNA bound in the decoding centre, and recovered

four ribo-Q1-4 able to restore function to a chloramphenicol acetyl transferase with

an in-frame AAGA 146 quadruplet codon, with EcoSerRS/tRNASer
(UCUU). How-

ever, further incorporation of 35S-cysteine into a protein that contains no cysteine

and into a dual luciferase system found that there is little difference in the decoding1010

translation fidelity between triplet- and quadruplet-decoding, and their evolved, and

wild-type ribosomes.

One potential method to improve on the fidelity and rate of the quadruplet-

decoding orthogonal ribosome would be select such a ribosome by directed evo-

lution for efficient quadruplet decoding activity. In order to achieve effective se-1015

lection, the bipartite ribosomal subunits needed to be physically coupled to avoid

interaction with host subunits. Using a circular permutation approach to find prox-

imal linkages between the 16S and 23S RNAs the groups of Jewett and Mankin

(Orelle et al., 2015) engineered a tethered ribosome (Ribo-T) that maintained func-

tionality without hindering the required subunit movements for translation. Their1020

Ribo-T (only) catalysed at a rate of ∼45% relative to wild-type ribosomes. A fur-

ther development on this (oRibo-T) was developed with the intention of engineering

a ribosome capable of polymerising ncAAs and with any backbone-modified ana-

logues. In recent works, the Chin group automated the design of not only orthogonal

ribosomes, but also orthogonal aaRSs, tRNAs and mRNA operons such that it was1025

possible to create a 68-codon, 24-amino acid genetic code that was able to efficiently

incorporate four unique ncAAs in response to distinct quadruplet codons within a

single recoded green fluorescent protein (GFP) sequence (Dunkelmann et al., 2021).

Schultz and others took a more radical approach for reducing competition be-

tween triplet- and quadruplet-decoding protein synthesis with ncAAs: that of full1030

genome reprogramming. They argued that the low nonsense suppression efficiency
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is a result of competing recognition of the first three bases in the alternate tRNAs by

endogenous tRNAs or RF. Thus, they demonstrated that these competing elements

could be (systematically) eliminated from the host genome to make way/the space

in the current genetic code table for the alternate variants. By using MAGE to re-1035

place all 321 instances of the amber (UAG) stop codon with ochre (UAA) in E. coli,

as well as by deleting RF1, they freed up all amber (UAG) codons to make way for

engineered tRNA(CUA) to use UAG for ncAA coding (Wang et al., 2009b; Lajoie

et al., 2013; Chatterjee et al., 2014; Zheng et al., 2016).

Church and colleagues took this genome-wide/scale recoding a step further1040

and used MAGE to completely abolish 13 rare sense codons in the E. coli genome

and replaced them with 42 highly-expressed essential genes (Lajoie et al., 2013).

This effectively freed up 13 of the 64 codons on the natural code for ncAAs, whilst

still retaining all 20 proteogenic cAAs, in a functional E. coli host.

1.3.2 Genetic Code Reassignment1045

Much of what has been achieved in this field to date has focused on the incorpo-

ration of ncAAs into an extended codon space: either by engineering orthogonal

tRNA/aaRS pairs that are nonsense suppressors, or by engineering orthogonal pairs

that are able to access the larger sequence space that is provided by quadruplet-

decoding. However, a lesser-used approach for expansion is genetic code reassign-1050

ment. Work by Mukai et al. (2015) and Liu et al. (2010) provided the first efforts

towards this by characterising ncAA incorporation at rare sense codon Arg(AGG).

Naturally, the limitation of this approach is that incorporation occurs at already

occupied codon spaces, however, if genome-wide reassignment can free up 13 rare

sense codons (Lajoie et al., 2013), then the only remaining requirement is the devel-1055

opment of orthogonal tRNA/aaRS pairs that can be directed to those blank codons.

While 13 new pairs would not be sufficient to cover the 200+ ncAAs now available

(Liu et al., 2010), no study has yet incorporated more than three distinct ncAAs in

the same protein.

Genetic code modification, however, is not just limited to expansion; given that1060

it is possible to produce sense-to-sense codon reassignments to incorporate unnat-
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ural amino acids in place of rare natural amino acids, it must also be possible to

engineer sense-to-sense codon reassignments between two different natural/canon-

ical amino acids. This poses a different sort of challenge from ncAA incorporation,

since there is no requirement to expand into quadruplet codon territory, or to evolve1065

basic translational components like the ribosome.

Nature itself has already made short forays in this direction: some Candida

species can change the LeuRS/tRNALeu identity to incorporate serine where there

should be leucine, predominantly through a change in the tRNA anticodon se-

quence. Beside this singular natural example, there have not been any other or-1070

ganism that has developed this identity switch. As discussed above, however, some

tRNA/aaRS pair interactions do not depend on the anticodon loop in the tRNA,

making it possible to change the anticodon of these tRNAs to give a sense-to-sense

codon reassignment. Döring and Marlière (1998) were one of the first to perform

such an identity switch study: Ile/Met reassignment to Cys. Specifically, there1075

was no deletion of the endogenous tRNAs, instead the new anticodon-modified

tRNAs were introduced that had perfect Watson-Crick base-pairing with the de-

sired codon. Although it is assumed that there was some competition between

endogenous wobble-pairing and the Watson-Crick base-paring from the anticodon-

modified tRNAs, this simple change seemed sufficient to allow Ile-to-Cys incorpo-1080

ration.

Whilst this system demonstrated that it is possible for a form of codon compe-

tition/invasion to produce sense-to-sense reassignment, it also highlighted that due

to competition, the products will be heterogeneous. Depending on the codon reas-

signment, this could potentially prove fatal to the host. Therefore, in the ideal codon1085

reassignment scenario, the endogenous tRNA would need to be removed from the

host genome, so that the new codon-reassigning tRNA has sole access to its newly

adopted codon.

This strategy could be pushed further. If we use the term “invade” to define an

instance in which an engineered tRNA is used to decode a natural sense codon for1090

a novel target amino acid, the first step above constituted one invasion event, made
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efficicent by the removal of the native tRNA. In a second step, the native tRNA

that had been replaced in the first scenario could instead be used to invade a second

codon, which again may require the removal of another native tRNA, and so on

so forth. Wholesale reassigned genomes, such as those described earlier, would be1095

invaluable for the development of such complex reassignments. We can take this

strategy one step further: the tRNA that was replaced could theoretically be used to

invade another codon either competing through wobble-base-pairing, or by taking

on the identity of the freed rare codons from the E. coli strain produced by Church

and colleagues (Lajoie et al., 2013).1100

1.4 The Original Plan to Rewrite the Genetic Code
The original intention had been to establish the plan that is described as follows.

However, upon reflection, a seemingly more viable approach (as outlined in Sec-

tion 1.5) was devised, and it is with this latter plan that the main research for

this thesis was conducted. Aspects of the plan as laid out below, and the results1105

therein, were incorporated into the design of the rest of the research within this the-

sis. Should there be a future opportunity to revisit this work, the details that follow

within this section, and from the rest of this thesis, may prove useful.

1.4.1 Initial project aims

My initial project aims to establish platforms to test aaRS and tRNA function in1110

E. coli, with a view towards developing a system for the transient reassignment

of sense codons in vivo. Sense codons can gain new assignments through the use

of tRNA/aaRS pairs that have been engineered with new identities. However, if

a codon that was originally specific for leucine were to also code for histidine,

translation would produce a heterogeneous mix of naturally- and alternately-coded1115

proteins (Figure 1.10). Given that these amino acids have contrasting physical and

biochemical properties, the structure and function of a naturally coded protein –

under an altered code – will likely be disrupted. Therefore, in order to study ge-

netic code reassignment, whilst minimising toxicity, we must develop a transient in

vivo system, else be confined to in vitro systems. Once a proof-of-principle plat-1120
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form has been established that can demonstrably reassign sense-to-sense codons in

an in vivo setting, we can use the platform to systematically explore further reas-

signments, be it between other sense codons or for large-scale refactoring in whole

organisms. As such, we will be able to take one step closer to synthesising seman-

tically orthogonal, genetically engineered machines/organisms (GEMs) and, hence,1125

provide containment of genetic information within GEMs for enhanced biosecurity

and biosafety.

… ACC   CTG   GGT …  … ACC   CAC   GGT …  

… ACC   CUG   GGU …  … ACC   CAC   GGU …  

Figure 1.10: Representation of the proposed histidine-leucine alternative genetic code sys-
tem

Representation of the proposed histidine-leucine transient sense codon reassignment system, which
also demonstrates the possibility for toxicity to hosts, i.e. the translation of polysemeous codons
Leu(CUG) (to incorporate a natural leucine, or histidine using the alternate translational machin-
ery) and His(CAC) (naturally assigning histidine; alternate assignment for leucine) resulting in the
production of heterogenous protein populations.

29



CHAPTER 1. INTRODUCTION

1.4.2 Sense codon reassignment strategies

Genetic code reassignment can be achieved using three different strategies: via

codon invasion, through a toggle switch platform, or by engineering synthetases.1130

The focus of codon invasion predominantly results in engineering tRNAs to provide

a transient alternate identity at an already existing sense codon. The toggle switch

system relies first on systematically knocking-out endogenous aaRSs and their as-

sociated tRNA isoacceptors to free up sense codons, before reintroducing (new)

aaRS/tRNA reassignment pairs back into the E. coli host system. A subsequent step1135

to this strategy is to develop an exogenous construct that, when reintroduced into

the host, can flip between pairs of synthetases and/or tRNA(s) sets to investigate

the aaRS/tRNA combinations that could be accepted by E. coli. The consequences

of such a system can not only be useful in sense-to-sense codon reassignment, but

would allow further exploration of tRNA and synthetase biology, as well as provide1140

a platform for engineering orthogonality in these two key components of transla-

tion. Finally, reassignment can also be permitted through engineering synthetases

to accept changes in substrate specificity, specifically towards accepting and charg-

ing alternate amino acids to its cognate tRNA substrates.

The specific approaches to how engineered tRNA/aaRS pairs can target codons1145

for reassignment can depend on whether the target amino acid has degenerate

codons, multiple isoacceptors, or orphan codons. The latter are complemented by

tRNAs only through wobble base-pairing as there are no tRNAs that match orphans

with Watson-Crick-pairing (Figure 1.11).

1.4.2.1 Sense-to-sense codon reassignment by codon invasion1150

Implementing sense-to-sense codon reassignment via codon invasion is funda-

mentally dependent on the ability to alter tRNA anticodons to match their target

codons whilst maintaining the identity elements necessary for correct recognition

and aminoacylation by cognate synthetases. That is, aaRS can still charge its cog-

nate, albeit anticodon-modified, tRNA with its cognate amino acid, but the tRNA1155

is able to base-pair with a different codon to the native set (e.g. LeuRS charg-

ing leucine to an anticodon-modified tRNALeu, which base-pairs with a histidine
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Figure 1.11: The genetic code table for E. coli with its associated tRNA isoacceptors

The genetic code annotated with the 46 decoding tRNA isoacceptors and their codon interactions
(black vertical lines), intracellular tRNA isoacceptor abundances* (percentage next to black vertical
lines), codon usage frequency** (number next to amino acid letter abbreviation), and orphan codons
(red horizontal lines) for E. coli. Of the 64 codon variants: 22 are orphans (representing 17 of
20 amino acids); 3 code for stop codons Amber(UAG), Ochre(UAA), and Opal(UGA) (although the
latter can also be reassigned to selenocysteine [U, Sec] in E. coli); 3 are singular codons (Met(AUG),
Trp(UGG), Opal/Sec(UGA)). Adapted from Ho et al. (2016). *Isoacceptor abundances for each of
the 64 codons were calculated using equation: isoacceptor abundance for a codon = (biochemically
determined isoacceptor abundance) × (codon usage)/(total codon usage of all codons decoded by
isoacceptor) (Ho et al., 2016; Lajoie et al., 2013; Dong et al., 1996).
**Codon usage values are based on NC_000913.2 (National Center for Biotechnology Information,
1 September 2011). N.D. indicates values not determined (Ho et al., 2016; Lajoie et al., 2013; Dong
et al., 1996).
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codon but transfers a leucine to the nascent peptide chain). Similar modifications

will be required for the reverse assignment (e.g. HisRS aminoacylating histidine to

anticodon-modified tRNAHis, which transfers histidine to the growing amino acid1160

chain upon complementing a leucine codon), to complete the full sense-to-sense

codon reassignments.

Orphan codons would be the prime targets for testing reassignment through

codon invasion with anticodon-modified tRNAs. The rationale is that a tRNA that

base-pairs with a codon through wobble pairing could be outcompeted if a new1165

tRNA introduced into the system has perfect Watson-Crick-pairing with the codon;

the latter would provide higher stability and stronger thermodynamic interactions

with three base-pairs rather than two pairs and a weaker interaction (Kwon et al.,

2003; Meroueh and Chow, 1999). As such, a tRNA with anticodon AAG could

better complement orphan Leu(CUU), reducing the likelihood of wobble pairing1170

from native EcotRNALeu
(GAG) (encoded by leuU), whilst simultaneously allowing

sense-to-sense codon reassignment (Figure 1.12, bottom).

Although this strategy would not require knocking-out endogenous genes, the

cell will likely suffer from toxicity as the polysemous Leu(CUU) codon will likely

produce a heterogeneous population of protein products (i.e. naturally assigned1175

proteins from native wobble pairing EcotRNALeu
(GAG), and alternately assigned

products from Watson-Crick-pairing with the engineered tRNA(AAG)). These is-

sues could potentially be ameliorated by increasing the concentration of tRNA(AAG)

to the exclusion of EcotRNALeu
(GAG) at Leu(CUU) and/or only transiently induc-

ing the reassignment to limit accumulation of unrequired products. Moreover, the1180

codon frequency of both Leu(CUU) and Leu(CUC) are low relative to the majority

of the other leucine codons, as such, the chances of misincorporation – and hence

increase in toxicity from miscoded protein production – of reassigned amino acids

into essential proteins should also be low.

The process of invading an orphan His(CAU) follows the same method as1185

with the Leu(CUU) orphan. There are only two histidine codons, His(CAU) and

His(CAC), both of which only base-pair with EcotRNAHis
(GUG) (with wobble- and

32



CHAPTER 1. INTRODUCTION

Figure 1.12: Mapping the codon-anticodon interactions for the translational machinery en-
coding histidine and leucine

Mapping the multiple many-to-many codon-anticodon, and the many-to-one tRNA-aaRS, interac-
tions that are required for histidine (top) and leucine (bottom) assignment, following the decoding
rules under the natural genetic code. Mapping interactions based from Ho et al. (2016).

Watson-Crick-pairing, respectively), which is only encoded by a single gene (hisR)

(Figure 1.12, top). As there is only one isoacceptor for both histidine codons (both

with comparable codon frequency), we assume that hisR is essential and that its1190

tRNA transcript can only be charged by EcoHisRS (encoded solely by hisS). As

with the engineered tRNA for invading the Leu(CUU) orphan codon, the engineered
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tRNA for invading the orphan His(CAU) codon will have modified anticodon AUG

– the perfect Watson-Crick base-pair complement.

In both codon invasion strategies, no particular amino acid was assigned to1195

either tRNA(AAG) (the Watson-Crick match to orphan Leu(CUU)) or tRNA(AUG)

(complement to orphan His(CAU)), because these tRNAs could potentially adopt

any identity, provided their synthetases can aminoacylate them independently of

their anticodon. Given that both native tRNAs possessed anticodon-independent

identity elements for cognate synthetase recognition, we may assume that these1200

engineered tRNAs (that have only been modified in the trinucleotide anticodon se-

quence) will retain this anticodon-independent recognition feature. As such, we

could swap the identities of the two engineered tRNAs, i.e. tRNAHis
(AAG) and

tRNALeu
(AUG) to test reassignment. The former would be charged with histidine

but recognises codon Leu(CUU) (L→H), whilst the latter transfers a leucine to1205

codon His(CAU) (H→L) (Figure 12). We can subsequently measure the efficiency

of H→L and L→H, both independently and simultaneously, in reassigning singular

and multiple codons in a recoded reporter system.

Once the engineered tRNAs have been introduced into the E. coli chassis, ver-

ification of reassignment activity and efficiency in a transient switching system can1210

be assessed: a recoded fluorescent protein construct is the reporter of choice. The re-

porter is designed with an in-built requirement for leucine-histidine reassignment in

order to be functional, which upon induction of the engineered tRNA/aaRS should

incorporate histidine in place of leucine (L→H) and vice versa (H→L), thereby

decoding a correctly expressing protein.1215

Specifically, sfGFP, with its fast maturation rates, clear visual phenotype, and

low cellular burden, is ideal for providing a quick indicator of successful expression

(Chudakov et al., 2010). Of particular interest for testing leucine-histidine reassign-

ment is how mutations to the chromophore (residues 65-67) can affect the colour

of the expressed fluorescence. In (sf)GFP, for example, the chromophore consists1220

of S/T65-Y66-G67. However, a Y66H mutation can produce blue fluorescence (sf-

BFP) instead of green, and a further mutation, Y66L, renders the protein colourless
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(Figure 1.13) (Chudakov et al., 2010). As such, we can recode the reporter to flu-

oresce either the blue (H66) or colourless (L66) variant, and test for a colorimetric

shift upon inducing reassignment using the two sets engineered tRNA/aaRS pairs.1225

Figure 1.13: Representation of the chromophore in fluorescent proteins

Diagrammatic (top) and crystal structure (bottom) illustrating the chromophore (a cyclisation of
residues 65-66) in green fluorescent protein (GFP) (top-left) and its colour-variant mutants, blue
H66 (top-middle), and colourless L66 (top-right). Although this GFP variant shows a S65 residue,
T65 would equally give the same phenotype. Adapted from Chudakov et al. (2010) Crystal structure
of the expected sfBFP and its chromophore (T65-H66-G67) created as an amalgamation of BFP
(PDB: 1BFP) and sfGFP (PDB: 2B3P) in order to show the identified leucine and histidine residues
that could be reassigned using our in vivo transient leucine-histidine codon reassignment system.

1.4.2.2 The original aaRS/tRNA genetic toggle switch system

A parallel strategy for genetic code reassignment originates from the development

of an in vivo aaRS and/or tRNA toggle switch system. In such a system, the aim

was to knock-out genes coding for native synthetases and tRNA isoacceptors for

35
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a given set of codons, reintroduce into E. coli an exogenous source of the native1230

genes as part of a genetic toggle switch construct (to maintain host viability until

a reassignment system is established: on by default, off when induced), before

triggering the switch to test a different aaRS/tRNA set that is also encoded in the

construct (Figure 1.14).

The degeneracy of the genetic code, existence of multiple isoacceptors (each of1235

varying intracellular abundance levels, likely due to gene copy number variation),

and species-dependent codon usage frequency, make it difficult to determine which

codons, and associated tRNA isoacceptors, are essential for protein translation in a

given species, and which could be repurposed (Figure 1.11; Ho et al., 2016).

While knocking-out LeuRS in E. coli (EcoLeuRS) may be straightforward (as1240

it is encoded by only a single variant, leuS), the removal of its cognate isoacceptor,

without compromising host viability, while feasible, may be more complex (Huang

et al., 2012). This complexity is due to the uncertainty in ascertaining the essen-

tial tRNAs, given the mapping of many-to-many possible interactions between the

five different EcotRNALeu isoacceptors (transcribed from eight genes) to the six de-1245

generate leucine codons (Figure 1.12, bottom; Thorbjarnardottir et al., 1985; Chan

and Lowe, 2009). Isoacceptor abundance levels and codon frequency estimates

may also help to clarify the relative importance of the various isoacceptors. For

example, as the highly-abundant EcotRNALeu
(CAG), encoded by four of the eight

EcotRNALeu genes (leuVPQ/T), base-pairs with Leu(CUG) (which is incidentally1250

the most commonly occurring codon in the E. coli genome with 71,864 instances;

Sørensen et al., 2005; Ho et al., 2016), we would assume that this isoacceptor is

essential for assigning leucine. However, the least abundant leucine isoacceptor,

EcotRNALeu
(UAG) can also wobble pair with Leu(CUG) (as well as base-pair, with

full Watson-Crick, to the rarest leucine codon, 5,260 instances), so we must also1255

assume that, in the absence of EcotRNALeu
(CAG), EcotRNALeu

(UAG) may too be

necessary.

In order to free a given codon for reassignment, Leu(CUG) for example, we

would need to knock-out the five genes that encode endogenous EcotRNALeu
(CAG)
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and EcotRNALeu
(UAG) (leuVPQ/T and leuW, respectively). Whilst the removal of1260

these isoacceptors may be sufficient to open up codon Leu(CUG) (and incidentally

Leu(CUA) as well) for engineered tRNAs to pair with, it is not truly feasible for full

codon reassignment as some leucine-encoding tRNAs (from genes leuU,X,Z) still

remain. For this, we will need to continue to systematically and iteratively knock-

out the remaining variants. Likewise, the complementing reassignment system -1265

EcoHisRS (encoded by hisS) and its sole EcotRNAHis (hisR) - will also need to

be deleted. Only then will the necessary environment for direct leucine-histidine

codon reassignment be available.

Moreover, if the deletion of leuVPQ/T,W results in a non-viable host (i.e. in-

sufficient leucine assignment from the remaining leuU,X,Z set), an exogenous sup-1270

ply of the removed EcotRNALeu genes would need to be provided, at least until a

leucine reassignment system is established.

A genetic toggle switch can be used for genetic code reassignment and it allows

more severe interventions than simple codon invasion. A toggle switch would allow

engineered tRNAs to target not only orphan codons but potentially all codons for a1275

given amino acid.

In addition, genetic toggle switches can be used to probe synthetase and tRNA

biology, testing the functional landscape of E. coli elements (whether aaRS or

tRNA), measuring orthogonality of synthetases and tRNAs from other species, or

replacing an E. coli aaRS/tRNA pair with an alternative system (e.g. switching1280

EcoLeuRS for TthLeuRS, with the potential to also introduce, or not introduce,

TthtRNALeu using a second toggle switch).

Engineered aaRS/tRNA (e.g. for L→H) constructs, reintroduced into E. coli

(e.g. with ∆hisS,hisR) will be toxic to the host. As such, a toggle switch sys-

tem could be used to temporarily allay toxicity. The switch could be set-up with1285

a functioning native EcoHisRS/EcotRNAHis on one side to initially allow the host

to survive and grow (i.e. under the natural code), but upon flipping the switch to

investigate an altered genetic code using an engineered aaRS/tRNA set, the cell will

likely mutate ore slowly perish.
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While there are multiple methods to construct a toggle switch, our main design1290

consists of a promoter (constitutive or inducible), flanked by an inverting pair of ser-

ine recombinase sequences (attB and attP), all of which sits between two oppositely-

oriented components, e.g. EcotRNALeu and TthtRNALeu (Figure 14, orange boxes/-

text); the promoter is originally arranged in the same direction as EcotRNALeu.

We can test this switch in an E. coli ∆leuVPQ/T,W,U,X,Z strain, where in its orig-1295

inal state, the endogenous EcoLeuRS can use the exogenous EcotRNALeu source

for translation (phenotype: live E. coli). However, upon flipping the switch, i.e.

inducing Bxb1 integrase activity, the promoter is inverted so that it allows only

TthtRNALeu transcription. As EcoLeuRS is unable to aminoacylate TthtRNALeu

(Soma and Himeno, 1998), translation with leucine will be prevented (phenotype:1300

dead E. coli).

A similar system for testing the ability of EcoLeuRS and TthLeuRS to aminoa-

cylate endogenous EcotRNALeu can also be constructed, again, with a reporter that

provides a live/dead phenotype. However, we expect this system to show viable

E. coli in both orientations of the switch as TthLeuRS is known, at least in vitro,1305

to be able to cross-aminoacylate EcotRNALeu substrates (Kruger and Pinheiro, per-

sonal communication, December 2015; Krüger et al., 2015). In this instance, we

can also incorporate a fluorescent protein fusion to TthLeuRS, such that the live

cells will fluoresce when the promoter is switched to the TthLeuRS-FP direction

(Figure 1.14, right-hand side of purple boxes/text).1310

Furthermore, the in vivo toggle switch system could also allow investigations

into multiple combinations of switchable aaRSs and flippable tRNAs (Figure 1.14,

purple boxes/text), where we can not only assess the engineered aaRS sets and

tRNA pairs for implementing sense-to-sense codon reassignment, but gain more

understanding into synthetase and tRNA biology as well. The latter two can be1315

particularly useful in ascertaining the understudied rules that govern aaRS/tRNA

(intra- and inter-specific) interactions across multiple species (Italia et al., 2017;

Soma and Himeno, 1998; Weygand-Durasević et al., 1993). Subsequently, we may

be able to use this in vivo toggle switch platform to evolve and investigate orthog-
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Figure 1.14: A schematic of the in vivo aaRS/tRNA genetic toggle switch system

Designs for the in vivo aaRS/tRNA genetic toggle switch system and how it can be used to measure
orthogonal aaRS/tRNA systems. In the single toggle switch example (orange boxes/text), all genes
for tRNALeu isoacceptors have been deleted from the E. coli genome (∆leuVPQ/T,W,U,X,Z) (the
native LeuRS, encoded by leuS, has not been removed). We introduce into the cell a single toggle
switch rescue plasmid that has genes for various EcotRNALeu (leuPQW,U) on one side (blue CDS) of
the promoter (which is flanked by two inverted serine recombinase attB, attP sequences), and genes
for TthtRNALeu (leu1-3,5,8) inverted on the other side. The endogenous EcoLeuRS can charge the
exogenously supplied EcotRNALeu genes to allow cells to grow and survive. However, when Bxb1
serine integrase is induced, attB and attP irreversibly switch orientation (forming sites attR and attL),
causing the promoter to be inverted such that it now promotes the transcription of the TthtRNALeu

genes (red CDS; left side of the purple box at the bottom). Native EcoLeuRS cannot aminoacylate
TthtRNALeu, resulting in cell death. A double toggle switch system can be implemented (purple
boxes), which allows the testing of four potential aaRS/tRNA combinations. If, as in this example,
all endogenous genes for EcoLeuRS and EcotRNALeu was replaced with the double toggle switch,
as EcoLeuRS cannot charge TthtRNALeu, the phenotypic response would be cell death.

onal aaRS/tRNA pairs (such as intra-specific mutants) beyond those in the natural1320

genetic code.

1.4.2.3 Synthetase engineering

The third strategy that can be pursued for genetic code reassignment is the engineer-

ing of synthetases to adopt alternate amino acids for aminoacylation. Thus, allowing

an aaRS to charge a non-cognate amino acid to a cognate tRNA that will recognise1325

its native codon, thereby creating an alternate assignment system. Moreover, given

the potential of the previously described toggle switch platform in engineering/e-
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volving orthogonality, if this system is successfully developed, we can use it to

implement this third strategy for genetic code reassignment and direct the evolution

of synthetases towards accepting alternate substrates (Bezerra et al., 2015).1330

1.4.3 A summary of the initial project aims

To summarise, the key aims of my project was to demonstrate that we can establish

platforms capable of transiently reassigning sense codons in vivo by (i) invading

orphan codons, and (ii) developing an aaRS/tRNA toggle switch platform, the latter

of which can be further implemented in studying synthetase and tRNA biology,1335

and in engineering orthogonality through directed evolution. Whilst codon invasion

has been previously studied (Döring and Marlière, 1998; Kwon et al., 2003), this

work would contribute greatly to the development of direct sense-to-sense codon

reassignment in vivo (Döring and Marlière, 1998; Torres et al., 2016). The execution

of reassignment for a colour-switching fluorescent protein is novel, and whilst we1340

have not yet been able to fully demonstrate a histidine-leucine altered code, this

platform has potential to provide further impact in the form of genetic informational

containment. Finally, the toggle switch mechanism we are developing is unique and

could prove to be an indispensable tool for furthering knowledge in the basic science

of the genetic code translational machinery, as well as in providing secure semantic1345

bio-containment of genetically engineered organisms.
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1.5 Overview of this Thesis

This thesis summarises my efforts towards developing a robust and efficient plat-

form of genetic circuits to introduce, detect, and assess the efficiency of sense-to-

sense codon reassignment in E. coli.1350

The materials and methods used during the course of this research are detailed

in Chapter 2. Further description of the oligonucleotides and genetic constructs

created during the course of this work are also listed in Appendix A.

An initial approach for sense-to-sense codon reassignments focused on estab-

lishing a suitable host for codon reassignment research, where a natural tRNA and1355

aaRS are provided in trans and can be easily engineered. Here, I used the lambda

Red recombinase system to knock-out endogenous/genomic LeuRS and leucyl-

tRNA (tRNALeu) genes in E. coli, followed by designs for implementing plasmid

supplementation of rescue constructs. The primary rescue construct was designed

as a bilateral switch, which on one side consisted of the native EcoLeuRS and one1360

of the EcotRNALeu genes to maintain a functioning host (the initial “on” state), and

an engineered tRNA/aaRS pair on the other side (initial “off” state) to test sense-to-

sense codon reassignment. Upon expression of another heterologously-expressed

gene, Cre recombinase (Cre) (and/or Bxb1 serine integrase (Bxb1)), the toggle

switch would shift from expressing the native rescue EcoLeuRS/EcotRNALeu pair1365

to the engineered codon reassignment set.

The initial plans for this approach was summarised earlier in Section 1.4, how-

ever, due to difficulties establishing this initial knock-out/rescue strategy for codon

reassignment, I opted to pursue an alternative route. Instead of fully replacing the

E. coli aaRS and tRNA, I decided to invade a natural codon using an anticodon-1370

modified tRNAs: a strategy referred to as Orphan Codon Invasion (OCI) that mir-

rors the work previously carried out by Döring and Marlière (1998), and that is

the focus of Chapter 3. As codon invasion would still be expected to be toxic to

the host, the development of a reporter system that could minimise toxicity would

be greatly beneficial to the detection of reassignment. The Genetic Toggle Switch1375

(GTS) system devised would convert a transient codon invasion signal into a per-
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manent reporter activation, and this is the focus of Chapter 4.

More specifically, in Chapter 3, anticodon-modified tRNAs and recoded re-

porter constructs were introduced as exogenous (plasmid) DNA into an unmodified

host, allowing engineered tRNAs to compete with the endogenous tRNAs for the1380

native aaRSs – ideally creating a population of alternative tRNAs that can lead to

the synthesis of a stochastic protein, introducing different amino acids at the engi-

neered anticodon. Whilst this approach would not negate cellular toxicity resulting

from (mis-)expression of native genomic and engineered exogenous genes, it served

as a proof-of-concept4 that sense-to-sense codon reassignment was possible with1385

synthetic tRNAs working in parallel with the existing natural translation machinery

of the host. Chapter 3 also describes the design and generation of the first recoded

reporters created to assess the viability of the anticodon-modified tRNAs for codon

reassignment in vivo.

Knowing that codon invasion, due to mis-expression of other E. coli protein,1390

would reduce host fitness and therefore mask successful invasion, I decided to look

into strategies that could minimise that toxicity, primarily by limiting the exposure

of the host to the modified genetic code. In Chapter 4, I adapt the core mechanism

that was being developed in earlier work (data not shown) – the genetic switch to

swap LeuRS/tRNALeu variants. Here, I pursued an approach where the success-1395

ful expression of a functional recombinase reporter (which can only be achieved

through sense-to-sense codon reassignment) triggers a genetic rearrangement to

stop the codon invasion and to stably express a common reporter. Chapter 4 de-

scribes the design and assembly of such functional switches, which I term Genetic

Toggle Switch.1400

The end of Chapter 4, specifically Section 4.2.7, details the incorporation of

OCI and GTS into a viable in vivo platform for genetic code engineering. I demon-

strate that codon reassignment can be achieved from leucine-to-histidine, and ex-

plain a means to which histidine-to-leucine may have been accomplished. The

scripts used to create and analyse the flow cytometry data is documented in Ap-1405

4As well as a replication of prior research (Döring and Marlière, 1998), albeit with an alternative
pair of sense codons/amino acids; histidine-leucine, instead of cysteine-isoleucine/methionine.
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pendix B.

Finally, I make my closing discussions and conclusions in Chapter 5, and sum-

marise both the benefit of the genetic circuit platform developed, and the impact

of being able to use orthogonal genetic code systems in genetically modified and

genetically recoded organisms.1410
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Materials and Methods

2.1 General Reagents and Materials

2.1.1 Bacterial Strains

Table 2.1 (page 45) lists the E. coli K-12 and B-strains used in this work respec-1415

tively. Throughout the text, E. coli strains will be referred to by the strain names as

listed here.

For the most part, an E. coli DH10β derivative was used as the cloning

strain, whilst T7 Express lysY/Iq and BL21(DE3) were used as expression strains.

DH5α_Z1 was used briefly as an expression strain in Chapter 4, and E. coli β13081420

was used to replicate the ThyA reassignment assay by Döring and Marlière (1998).
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Strain (Genotype) Source Application
K-12 strain derivatives
NEB® 5-alpha Competent E. coli
(High Efficiency) – K-12 derivative

(fhuA2∆(argF-lacZ)U169 phoA
glnV44 Φ80∆(lacZ)M15 gyrA96
recA1 relA1 endA1 thi-1 hsdR17)

NEB
#C2987

Used for transforming a
minority of plasmid
constructs created.
Efficient competent cells
for subcloning.

DH5α_Z1 – K-12 derivative

(laciq, PN25-tetR, SpR, deoR,
supE44, ∆(lacZYA-argFV169), Φ80
lacZ∆M15, hsdR17(rK- mK+),
recA1, endA1, gyrA96, thi-1, relA1)

Provided by
T. Folliard
See also
Expressys

Used to ensure minimal
uninduced expression
from pTetR/Apromoters,
due to two genomic
copies of tetR and lacI in
the cellular genome.

NEB® 10-beta Electrocompetent
E. coli 10β – K-12 derivative

(∆(ara-leu) 7697 araD139 fhuA
∆lacX74 galK16 galE15 e14-
Φ80∆lacZ∆M15 recA1 relA1 endA1
nupG rpsL (StrR) rph spoT1
∆(mrr-hsdRMS-mcrBC))

NEB
#C3020

Used for cloning large
plasmids and BACs.

E. coli β1308
MG1655 (F−λ−) derivative:
∆thyA::erm+

Provided by
R. Mutzel;
V. Pezo

To replicate work by
Döring and Marlière
(1998)

B strain derivatives
E. coli T7 Express lysY/Iq (High
Efficiency)
– enhanced BL21 derivative

(MiniF lysY lacIq(CamR) / fhuA2
lacZ::T7 gene1 [lon] ompT gal
sulA11 R(mcr-73::miniTn10--TetS)2
[dcm] R(zgb-210::Tn10--TetS)
endA1 ∆(mcrC-mrr) 114::IS10)

NEB
#C3013

Used for expressing
constructs under pT7
control.

E. coli BL21(DE3)
– protease deficient B strain

(fhuA2 [lon] ompT gal (λ DE3)
[dcm] ∆hsdS
λ DE3 = λ sBamHIo ∆EcoRI-B
int::(lacI::PlacUV5::T7 gene1) i21
∆nin5)

NEB
#C2527

Used for
co-transforming multiple
plasmid constructs with
various antibiotic
resistances, and
expressing constructs
under pT7 control.

E. coli C41(DE3) Used for expressing
constructs under pT7
control.

Table 2.1: List of bacterial K-12 and B strain derivatives used in this body of work
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2.1.2 Parental Plasmids

Table 2.2 (page 46) lists the parental vectors/plasmids in the lab collection that

were used in this work. All genetic constructs created were derived from this set.

For plasmid sequence and maps, refer to Appendix A.1425

Plasmid Ori compatibility
group

Copy
number

Native antibiotic
resistance marker

Promoter

pUC19 ColE1/pMB1/
pBR322/pUC

100~300 AmpR, bla+ pLac

pUC57
[P002]

ColE1/pMB1/
pBR322/pUC

100~300 KanR, kan+ pLac

pET29a(+)
[P003]

ColE1/pMB1/
pBR322/pUC

~20 KanR, kan+ pT7lac

pSB1C3 ColE1/pMB1/
pBR322/pUC

100-300 AmpR, bla+ N/A

pNGAL97
[P005]

ColE1/pMB1/
pBR322/pUC

AmpR, bla+ pTetR/A

pBAD30 p15a 10~15 AmpR, bla+ pBAD
pD881
[P008]

p15a 10~15 KanR, kan+ prhaBAD

pCDF-
Duet

CloDF13 20~40 SpcR, spt+

StrR, stm+
pT7lac

pKD46 pSC101/Rep101 ~5 AmpR, bla+ pBAD

Table 2.2: List of parental plasmids/vectors used in this body of work
Antibiotic resistance: + refers to resistant, - refers to sensitive to the associated antibiotic.

Co-transformation of plasmids was only carried out using plasmids with com-

patible (i.e. different compatibility groups) origins, to ensure plasmid stability.
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2.1.3 Key Genetic Constructs

The key genetic constructs created and used in this body of work is as follows,

with the majority being derived from parental vectors/plasmids from Section 2.1.21430

Parental Plasmids. For completeness, Appendix A.1 (page 253) includes the context

for each of the key constructs.

2.1.3.1 E. coli and T. thermophilus leucyl-tRNA synthetase

DNA and amino acid sequences for EcoLeuRS (leuS; 2,580 bp, 860 AA, 97 kDa)

were obtained from NCBI (E. coli strain K-12 sub-strain MG1655 NC_000913.3,1435

locus tag b0642 [FASTA]). Primers YKH007/YKH008 were used to PCR am-

plify the leuS sequence. The amplified product was purified and subcloned into

[P003] pET29a(+) (4,852 bp) via NdeI/HindIII restriction cloning into the multi-

ple cloning site (MCS), whilst simultaneously removing the upstream thrombin and

S-tag sequences.1440

The gene sequence for TthLeuRS (2,634 bp, 878 AA, 101 kDa) was also

obtained from NCBI (Thermus thermophilus (Tth) NC_006461.1, locus tag

TTH_RS00845 [FASTA]) was similarly obtained by post-doctoral researcher Dr.

Antje Krüger through genomic DNA extraction and subcloning into a modified

pET29a(+) vector.1445

Both EcoLeuRS and TthLeuRS were used in the earlier strategy to implement

a genomic knock-out and subsequent rescue with heterologous expression of the

synthetases and tRNAs from plasmids.

2.1.3.2 E. coli histidyl-tRNA synthetase

DNA and amino acid sequences for EcoHisRS (hisS) were obtained from NCBI1450

(E. coli strain K-12 sub-strain MG1655 NC_000913.3, locus tag b2514 [FASTA]).

Designs were made using this sequence in the earlier knock-out/rescue strategy for

sense-to-sense codon reassignment but this approach was subsequently discontin-

ued in favour of the OCI-GTS system.
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2.1.3.3 E. coli leucyl-tRNA and histidyl-tRNA1455

The engineered tRNALeu and tRNAHis for constructing the codon-reassigning

anticodon-modified tRNAs of the Orphan Codon Invasion (OCI) system were based

on the gene sequences leuU (tRNALeu
GAG) and hisR (tRNAHis

GUG) respectively. For the

former, positions 34 and 35 of the anticodon were changed to tRNALeu
AUG (to have

full Watson-Crick complementarity to histidine codon His(CAT)), and changed to1460

tRNAHis
AAG in the latter (to pair with leucine codon Leu(CTT)). These design se-

quences were concatenated together and ordered as a gBlock® from IDT. Further

details on the design (Section 3.1.3), creation (Section 3.2.1), and implementation

(Section 3.2.5) of these engineered tRNAs are documented in Chapter 3.

2.1.3.4 Cre and lambda Red Recombinase Constructs1465

DNA and amino acid sequences for the Cre recombinase (a tyrosine recombi-

nase1; X03453.1 [EMBL] [FASTA]; P06956) were obtained from the European

Nucleotide Archive and UniProt respectively. Sequences matching the EcoRI and

HindIII within the MCS of the [P007] pBAD30 (4,919 bp) destination vector were

added to each end of the 1,032 bp cre gene, and the resulting 1,128 bp cre construct1470

(YKH036) was commercially synthesised (IDT gBlocks®, Belgium). Primer pairs

YKH059/YKH060 and YKH057/YKH058 were designed to create an equivalent

cre construct in vector [P008] pD881, whilst YKH076/YKH077 were used to insert

a 9 bp (5’-TGAAATTCT-3’) sequence upstream of the ribosome binding site (RBS)

as a means to control leaky expression of the Cre recombinase.1475

To combine Cre with the lambda Red homologous recombination system,

primers YKH093/YKH094 were designed, which would amplify the araC regu-

lator, the araBAD promoter, and its three downstream lambda Red components

(Gam, Beta, Exo) from the [P010] pKD46 plasmid. This could be combined via

Gibson Assembly with an NheI-linearised plasmid containing the rhaB-controlled1480

cre recombinase. The sizeable (8,023 bp) resulting Cre/lambda Red plasmid was

1Alternative recombinases that were considered for use in this system included Bxb1 and the
TP901 integrase. These were kindly provided by Tom Folliard as part of a 6,613 bp “Dual controller
plasmid”, where Bxb1 was under control of a pTetO promoter, TP901 was regulated by the araBAD
promoter, and the plasmid had a ColE1 ori and chloramphenicol (Cam) resistance marker.
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taken forth as the means to create the initial genomic integration/knock-out genetic

switch for codon reassignment – the precursor of the final OCI-GTS system.

2.1.3.5 ΦC31 Recombinase Construct Variants

The DNA sequence for the φc31 serine recombinase (1,866 bp, 621 AA, 69 kDa)1485

was kindly provided in a [P003] pET29a(+) vector (totalling 7,080 bp) by then-

PhD candidate, Hugo Villanueva2. Its gene sequence was taken as the base design

for the φc31 recombinase that was subsequently used in the prototypical Genetic

Toggle Switch (GTS) circuit in Chapter 4. The final 3,269 bp [002] design construct

(Figure 2.1) was commercially synthesised (Twist Biosciences, USA).1490

It should be noted that there were two approaches for recoding ΦC31 into

an inactive variant. For making multi-site histidine-leucine recombinase recod-

ings within the Inversion-sfGFP switch, the new Darwin Assembly method (Sec-

tion 2.2.18) was deployed. Section 4.2.6.1 was dedicated to describing this ap-

proach, and the characterisation of the library of constructs. The second approach1495

uses a more typical site-directed mutagenesis (SDM) approach with inverse poly-

merase chain reaction (iPCR) amplification to create either one or two point mu-

tations at single sites within the recombinase in the Excision-tsPurple switch. The

design rationale and construction of these ΦC31 recodings were detailed in Sec-

tion 4.2.6.2.1500

2.1.3.6 Fluorescent and Chromoprotein Reporter Constructs

Fluorescent Proteins – the sfGFP and EBFP variants:

Fluorescent proteins, particularly superfolder green fluorescent protein (sfGFP),

were used in the development of both OCI recoded reporters for demonstrating

sense-to-sense codon reassignments (Chapter 3), as well as in the creation of a GTS1505

circuit with a naturally-coded secondary/proxy reporter for amplifying the signal of

histidine-leucine reassignment without adversely affecting the viability of the host

organism (Chapter 4). The gene construct was created and kindly provided as plas-

2Hugo also provided Bxb1 (1,566 bp, 521 AA, 58.8 kDa) in pET29a(+) (totalling 6,780 bp).
Whilst he was able to purify Bxb1, he did not have success in using it in vitro; in vivo expression
was not tested. A collaborator, Dr. Andy Osborne, who was provided with the same constructs, was
able to express and use the ΦC31 construct, hence, the GTS system was based on this recombinase.
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SrfI
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Figure 2.1: The design of the prototypical GTS ΦC31 recombinase circuit [002]

Chapter 4 discusses the role of the ΦC31 recombinase (in green) within the wider GTS circuit [002].
ΦC31 forms one half of this 3,269 bp GTS Inversion-kanamycin resistance (KanR) circuit that was
commercially synthesised (Twist Biosciences, USA). The purple notches within the green φc31
represents leucine codon sites that could be recoded, whilst orange notches show histidine sites. The
two red notches identify two asparagines (at positions 200 and 204) that were recoded to ∗Am(TAG)

stop codons. Notches are not positioned to scale. The other half of the circuit comprises of a KanR

(in blue) construct. The only difference this presents from a typical operon is that the promoter is
enclosed within attB/attP site-specific recombination sequences and that the promoter in this initial
state is positioned facing the opposite direction to the rest of the KanR operon. Refer to Figure 4.9
for the full [002] design.

mid [203] (within a modified [P003] pET29a(+) vector; Cozens et al., 2012) by

post-doctoral researcher, Dr. Chris Cozens.1510

In Chapter 3, alternative fluorescent variants of sfGFP – potential OCI codon

reassignment reporters – were created through site-directed mutagenesis with the

introduction of either a Y66H or Y66L substitution into plasmid [203]. For the

two blue fluorescent variants, termed EBFP1.1, a reassign-able Y66H(CAT) variant

was made with iPCR using primers YKH195/YKH201, whilst the synonymous but1515

not reassign-able Y66H(CAC) was made with YKH165/YKH199. Similarly, non-

fluorescent versions, termed noFP1.1, were produced using the full set of leucine

codons. The primers used to make the synonymous leucine codon substitutions at

residue 66 are listed in Table 2.3. After amplification, each product was treated

with DpnI/ExoI (to remove the template plasmid and the single-stranded DNA1520

(ssDNA) primers), phosphorylated with T4 DNA PNK (to enable ligation), and self-

/re-ligated with T4 DNA ligase, before being transformed into both E. coli DH10β

cloning and T7 Express lysY/Iq expression strains. A more detailed description of

the generation of these sfGFP and EBFP1.1 variants, including the characterisation

process is in Section 3.2.2.2.1525

Another set of blue fluorescent protein variants were also created from a known

and established EBFP2 as obtained from FPbase (https://www.fpbase.org).
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Proposed
Point Mutation

SDM Primer ID SDM Primer Sequence
(5’->3’)

Rv
ID

Y66 YKH200 caccctgaccTATggcg 2
Y66His(CAT) YKH195 caccctgaccCATggcgttca 2
Y66His(CAC) YKH165 ccaccctgaccCACggcgttcagtg 1
Y66Leu(CTT) YKH176 caccctgaccCTTggcgttcagtg 2
Y66Leu(CTC) YKH188 ccaccctgaccCTCggcgttcagtg 1
Y66Leu(CTA) YKH189 | YKH190 ccaccctgaccCTAggcgttcagtg 1
Y66Leu(CTG) YKH190_v2 ccaccctgaccCTGggcgttcagt 1
Y66Leu(TTA) YKH196 caccctgaccTTAggcgttcagt 2
Y66Leu(TTG) YKH197 caccctgaccTTGggcgttcagt 2
SDM_Rv1 YKH199_Rv TCACCAGGGTCGGCC -
SDM_Rv2 YKH201_Rv gTCACCAGGGTCGGC -

Table 2.3: Primer designs for introducing point mutations in the sfGFP gene sequence

Paired with primer YKH199, these primers enable polymerase chain reaction (PCR) amplification
to introduce the Y66, Y66H and Y66L mutations into the sfGFP sequence withn the [203] plasmid.

Not only was the sequence design codon-optimised for use in both E. coli and for re-

assignment, additional flanking ends (including pT7 promoter, LacO operator, and

RBS on the 5’-end, and T7 terminator on the 3’-end of the gene sequence) were1530

added to make it suitable for expression and compatible for direct assembly into

pET29a(+). This 1,021 bp [025] construct was synthesised commercially (Twist

Biosciences, USA). A further blue version, EBFP2.1 was made from EBFP2 by

introducing the three mutations F99S, M153T, V163A, to bring it closer to that

of sfGFP. Likewise, a non-fluorescent noFP2.1 followed on from EBFP2.1 with a1535

simple H66L substitution.

A full summary of the green, blue, and non-fluorescent proteins that were syn-

thesised and modified for use as OCI reassignment reporters are listed in Table 3.3

and are discussed in more detail in Section 3.2.2.2.

As for the use of sfGFP in the GTS system in Chapter 4: the sfgfp gene se-1540

quence from plasmid [071] (a replica of [203]) was simply subcloned into the basic

Inversion switch circuit, as described in Section 4.2.4.1 (Figure 2.2).

Chromoproteins – TinselPurple:

TinselPurple is a vibrant non-fluorescent chromoprotein (Liljeruhm et al., 2018),
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Figure 2.2: A schematic of the GTS Inversion-sfGFP circuit design

This design is one of the GTS circuits designed in Chapter 4. The primary reporter is the histidine-
leucine recoded ΦC31 recombinase (in dark green), with the naturally-coded sfGFP (in light green)
as the secondary/proxy reporter for augmenting the signal of ΦC31. The ΦC31 and sfGFP operons
were designed in opposing directions to prevent accidental read-through. Refer to Figure 4.5 for the
full implementation of this circuit.

sourced from the iGEM Parts Registry (BBa_K1033905, a composite part including1545

the consensus RBS). The design of the tsPurple portion of the circuit was broadly

that of a typical operon, except that it had a double-terminator sequence enclosed

within two site-specific recombination sites (attB/attP) that interrupted the operon

between the promoter and the RBS-tsPurple sequence (Figure 2.3).

To facilitate commercial synthesis of the construct, the design was split into1550

two parts: a 415 bp switch fragment (including a 5’-segment of tsPurple) [032] was

synthesised as a linear double-stranded DNA (dsDNA) gBlock® (IDT, Belgium),

whilst the remaining 1,066 bp segment [022] was synthesised by Twist Biosciences

(USA) and arrived in a pTwist_Kan_MC vector. The full construction is shown in

Figure 4.18, and fully detailed in Section 4.2.5.1.
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Figure 2.3: A schematic of the GTS Excision-tsPurple circuit design

This design is one of the GTS circuits designed in Chapter 4. The primary reporter is the histidine-
leucine recoded ΦC31 recombinase (in green), with the naturally-coded TinselPurple (in purple)
as the secondary/proxy reporter for augmenting the signal of ΦC31. The ΦC31 and TinselPurple
operons were designed in opposing directions to prevent accidental read-through. Refer to Figure 4.5
for the full implementation of this circuit.

1555

2.1.3.7 Periplasmic Secretor Constructs

Like the EBFP variants, two periplasmic secretor constructs were designed as re-

coded reporters for use in the OCI system (Chapter 3). This was based on the two
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major pathways used by bacteria to secrete proteins across the cytoplasmic mem-

brane: the general Secretion route (the Sec-pathway) that transports unstructured1560

proteins (i.e. proteins in their unfolded conformation) across the transmembrane,

and the Twin-arginine translocation pathway (the Tat-pathway) that catalyses the

translocation of folded proteins. One of the recoded reporters was formed of the

signal sequences from OmpA (the initial 66 bp from NCBI E. coli NC_000913.3,

locus tag b0957 [FASTA]) of the Sec-pathway, whilst the other was from SufI (the1565

initial 81 bp from NCBI E. coli NC_000913.3, locus tag b3017 [FASTA]) of the Tat-

pathway; both were coupled to the lacZα sequence (225 bp, 75 AA; from 4-228 bp,

residues 2-76 AA from NCBI E. coli NC_000913.3, locus tag b0344 [FASTA]).

Section 3.2.3.2 describes the design and construction of both the OmpA-

LacZα construct [027] (438 bp) and the SufI-LacZα segment YKH388 (205 bp) in1570

more depth, including how the latter could be made from the former once OmpA-

LacZα had replaced the recoded reporter sfGFP (via Gibson Assembly) within the

OCI construct. Construct [027] was commercially synthesised and subcloned into

[P011] pTwist-Kan vector by Twist Biosciences (USA), whilst segment YKH388

(205 bp) was synthesised as a dsDNA gBlock® (IDT, Belgium).1575

2.1.4 Oligonucleotides

Refer to Appendix A.2 (page 253) for a list of oligonucleotides used in this body

of work. Unless stated otherwise, all oligonucleotides were synthesised by IDT.

Some larger genetic construct fragments were synthesised by GeneWiz and Twist

Biosciences.1580
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2.1.5 Enzymes

Unless otherwise stated, all enzymes used in cloning procedures were purchased

from New England Biolabs (NEB), USA. dNTPs were purchased from Bioline,

UK. Table 2.4 (page 54) lists all other enzymes used creating constructs for this

work.

Enzyme Supplier
General Enzymes
Restriction endonucleases (see text) NEB, Roche
Other Nucleases
RNase A Sigma Aldrich
Molecular Cloning Enzymes
Shrimp alkaline phosphatase (SIP) Promega
T4 DNA ligase NEB
T4 polynucleotide kinase (T4 PNK) NEB
Polymerases
Q5 High-Fidelity Hot Start DNA polymerase
(NEB #M0493)

NEB

KOD Xtreme™ Hot Start DNA polymerase
(Novogen #71975)

Novogen

MyTaq DNA Polymerase (Bioline ##BIO-21113) Bioline
OneTaq DNA Polymerase (NEB #M0481) NEB
PCRBio Ultra Polymerase (#PB10.31) PCR Biosystems

Table 2.4: List of enzymes used and their suppliers

1585

54



CHAPTER 2. MATERIALS AND METHODS

2.1.6 Chemicals

General purpose chemicals and reagents were supplied by Fisher Scientific, Invit-

rogen, Sigma Aldrich, and Stratagene, unless otherwise stated. Table 2.5 (page 55)

lists the general reagents provided by the aforementioned companies.

Reagent / Material Supplier
Agarose (Molecular Grade) Bioline
Ammonium persulphate (APS)
Biotin Sigma Aldrich
Bovine serum albumin (BSA) NEB
Deoxyribonucleoside triphosphate set (PCR
Grade; sodium salts, 100 mM each)

Roche Applied Science

1 kb DNA ladder NEB, Invitrogen Life
Technologies

Quickload 1 kb or 100 bp DNA ladders NEB
Dihydrostreptomycin, streptomycin sulphate salt Sigma Aldrich
Dynabeads(R) MyOne(TM) Streptavidin T1 Invitrogen Life

Technologies
Filter paper Munktell
GeneJet PCR purification and gel extraction kits GeneJet
Minisart(R) syringe end filters (0.2 µm and
0.45 µm)

Sartorius, Fisher Scientific

Monarch PCR purification and gel extraction kits NEB
β -Nicotinamide adenine dinucleotide hydrate
(NAD)

Sigma Aldrich (#N7004)

NucAway(TM) spin columns Ambion(R), Life
Technologies

Prestained protein marker, broad range
(11-245 kDa)

NEB

QIAQuick PCR purification and gel extraction
kits

QIAGEN

Quick ligase kit) NEB
Ribonucleoside triphosphate set (lithium salts,
100 mM each

Roche Applied Science

Streptavidin sepharose high performance GE Healthcare
N,N,N’,N’-tetramethylethylenediamine
(TEMED)

Table 2.5: List of chemical reagents used and their suppliers
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2.1.7 Buffer, Solutions, and Media1590

Table 2.6 (page 56) lists the buffers, solutions, and Table 2.6 (page 57) lists media

used in this work.

Name Constituents
General Use Buffers
Annealing buffer (10X)
(molecular cloning)

100 mM Tris-HCl pH 7.5, 1 M sodium chloride,
2.5 mM EDTA

DNA loading buffer (6X) 50% (v/v) glycerol, 100 mM EDTA pH 8.0, 1%
(w/v) SDS, 0.1% (w/v) bromophenol blue, 0.1%
(w/v) xylene cyanol.
VP: 50% glycerol with a pinch of bromophenol
blue works well as 5x.
15% Ficoll 400, 10 mM EDTA, 0.1% (w/v)
orange G or 0.1% (w/v) bromophenol blue.

Laemmli’s buffer (2X) 40% (v/v) glycerol, 4% SDS, 125 mM Tris-Cl pH
6.8, 200 mM DTT, 0.01% (w/v) bromophenol
blue

PAGE running buffer (1X) 50 mM Tris base, 384 mM glycine, 0.1% (v/v)
SDS

Phosphate-buffered saline
(PBS, 1X)

137 mM sodium chloride, 2.7 mM potassium
chloride, 10 mM sodium phosphate dibasic, 1.5
mM monopotassium phosphate (pH 6.7)

PBST PBS with 0.1% (v/v) Tween-20
Tris-Borate-EDTA (TBE)
buffer (10X)

89 mM Tris base, 89 mM orthoboric acid, 5 mM
Disodium EDTA

Solutions
19:1 40% w/v
acrylamide/bisacrylamide
solution

Supplied by AccuGel, National Diagnostics

37.5:1 40% w/v
acrylamide/bisacrylamide
solution

Supplied by AccuGel, National Diagnostics

Coomassie Blue solution 45% (v/v) methanol, 10% (v/v) acetic acid, 0.2%
(w/v) Coomassie Brilliant Blue R-250
(Sigma-Aldrich)

Table 2.6: List of buffers, solutions, and media used in this body of work

.
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Name Constituents
Culture Media
2X TY medium 16 g tryptone, 10 g yeast extract, 5 g sodium

chloride per litre
Lysogeny Broth (LB)
aka. Luria-Bertani
medium

10 g tryptone, 5 g yeast extract, 5 g sodium
chloride per litre;
antibiotics added where required (e.g. ampicillin
at 50 µg/mL or kanamycin at 30 µg/mL

Super Optimal Broth
(SOB)

10 g tryptone, 2.5 g yeast extract, 0.29 g sodium
chloride, 0.093 g potassium chloride per 500 mL

SOC see SOB + additives
Terrific Broth (TB) 12 g tryptone, 24 g yeast extract, 4 mL glycerol,

17 mM potassium dihydrogen phosphate, 72 mM
dipotassium hydrogen phosphate per litre

LB-Miller 10 g tryptone, 5 g yeast extract, 10 g sodium
chloride per litre

M9 Minimal medium 15 g monopotassium phosphate (KH2PO4), 64 g
disodium phosphate (Na2HPO4), 2.5 g sodium
chloride, 5 g ammonium chloride (NH4Cl)

Table 2.6: (Continued) List of buffers, solutions, and media used in this body of work
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2.1.8 Equipment

Table 2.7 (page 58) lists the equipment used in this work.1595

Equipment Company
Analysers and Imagers
FACSCaliburTM BD Biosciences
LI-COR Odyssey Scanner LI-COR
Nanodrop 1000 Spectrophotometer Thermo Scientific
Typhoon TRIO Variable Mode Imager GE Healthcare
Typhoon FLA 9500 scanner GE Life Sciences
FLUOstar OPTIMA BMG
Centrifuges
Eppendorf 5810R Centrifuge Eppendorf
OptimaTM MAX-E Benchtop ultracentrifuge Beckman Coulter
OptimaTM L-90 K Preparative ultracentrifuge Beckman Coulter
Tools
Bio-Rad Powerpac 200 and 300 Bio-Rad
DynaMagTM-Spin Magnet InvitrogenTM, Life

Technologies
Thermocyclers
C1000 Touch Bio-Rad
Peqstar PeqLab

Table 2.7: List of equipment used in this body of work
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2.1.9 Lab Reagent/Equipment Suppliers

Table 2.8 (page 59) and lists the general reagents, materials, and equipment used in

this work, and from which which companies they were supplied.

Company Products
NEB, New England
Biosciences

Enzymes,
Monarch Nucleic Acid Purification kits,
Miniprep kits

Promega Enzymes
GeneJet PCR, Gel Extraction, Miniprep purification kits
IDT, Integrated DNA
Technologies

Oligonucleotide and GBlock dsDNA synthesis

Genewiz dsDNA synthesis, cloned into commercial plasmids
Twist Biosciences dsDNA synthesis, cloned into commercial plasmids
Sigma Aldrich Chemical reagents
Bio-Rad Thermocyclers
Thermo Fisher Scientific ClipTips, falcon tubes
Peqlab Gel electrophoresis kits
VWR Chemical reagents
Merck Millipore Amicon centrifucal filters
Expedeon IstantBlue Coomassie Protein Stain
BMG FLUORstar, Optima, Nanodrop
Alpha Laboratories Agarose gel tanks
Corning Life Sciences Vaccum filter flasks
Applichem PanReac Chemical reagents
Invitrogen DynaMagTM-Spin Magnet, Dynabeads MyOne

Streptavidin C1 beads
Applied Biosystems,
Life Technologies

SYBR Safe DNA Gel Stain

Beckman Coulter Centrifuges
GE Healthcare Typhoon TRIO Variable Mode Imager, Typhoon

FLA 9500 scanner
Eppendorf Eppendorf 5810R Centrifuge, tubes
Li-COR LI-COR Odyssey Scanner
Roche Enzymes
Qiagen Miniprep kits, gel extraction kits, genome

extraction kits
Brady LabelMaker
Bioline Enzymes

Table 2.8: List of companies for general reagents, materials, and equipment
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2.2 Molecular biology techniques1600

2.2.1 Resuspending single/double-stranded oligonucleotides

Single-stranded oligonucleotides/primers and double-stranded gBlock®/DNA frag-

ments that are ordered in a lyophilised state are resuspended in 10 mM Tris-HCl

pH 8.0 before use, to a stock concentration of 100 µM and at least 10 ng/µL re-

spectively (per the recommended guidelines from the suppliers3). Resuspended1605

solutions are stored at -20 ºC for ≤1 year, or at -80 ºC for longer-term storage.

2.2.2 Single-stranded oligonucleotide annealing

To generate dsDNA fragments, complementary single-stranded oligonucleotides

were annealed together either through a process of freeze-thaw and/or heat-cool

(sequentially, if using both methods). Equimolar ratios of the oligo pairs were com-1610

bined to a final concentration of 10 µM in either MilliQ water (H2O) or 10 mM

Tris-HCl pH 8.0 buffer.

With the freeze-thaw method, the oligo mixture is placed at -20 ºC, where the

tube directly contacts ice, and left for 10 min to 1 h. Once frozen, the sample can

be left at room temperature until the solution thaws. For the heat-cool annealing1615

method, the oligo solution is heated to 95 ºC for 1-5 min, then cooled to room

temperature (20 ºC) at a rate of 0.1 ºC per second.

2.2.3 Polymerase chain reaction (PCR)

PCR was used to amplify DNA fragments. For general amplification of DNA frag-

ments (typically ≤3 kb), the Q5 High-Fidelity Hot Start DNA polymerase (NEB1620

#M0493) (Q5 HiFi HS DNAP) was used. PCRBio Ultra Polymerase (PCR Biosys-

tems #PB10.31) and KOD Xtreme™ Hot Start DNA polymerase (Novogen #71975)

(KOD DNAP) were used for products that were not robustly amplified by Q5

HiFi HS or for amplification of DNA fragments >3 kb. For colony PCR (veri-

3IDT guidelines for resuspending oligos (https://www.idtdna.com/pages/education/
decoded/article/tips-for-resuspending-and-diluting-your-oligonucleotides),
gBlock® fragments (https://www.idtdna.com/pages/education/decoded/article/
tips-for-working-with-gblocks-gene-fragments), and from Twist Bioscience for gene
fragments and clonal genes (https://www.twistbioscience.com/sites/default/files/
resources/2021-08/Guidelines_DNA_Resuspension_30AUG21_Rev3.0.pdf.
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fying transformants prior to Sanger sequencing; typically for 0.1-kb DNA frag-1625

ments) or when there is limited initial template, MyTaq (Bioline ##BIO-21113)

(and OneTaq, NEB #M0481) was used. PCRs were run using the C1000 Touch

(BioRad, USA) and Peqstar (Peqlab, Germany) thermocyclers. Primers for each

reaction are listed in section A.2, and annealing temperatures (Ta) were selected

according to DNAP used and melting temperature (Tm) defined when primers1630

were designed using SnapGene software v3.0.3 (from GSL Biotech; available at

https://www.snapgene.com/). Annealing temperatures were also compared to

the values provided by the Melting Temperature Calculator available on the NEB

website (https://tmcalculator.neb.com).

General DNA amplifications using Q5 HiFi HS DNAP were typically carried1635

out in 50 µL reactions with the following reagents (final concentration or amounts):

1X Q5 HiFi HS reaction buffer, 0.2 mM dNTPs, 0.5 µM each primer, ≤1 ng tem-

plate DNA, 0.02 U/µL Q5 HiFi HS DNAP, and the rest made up with MilliQ H2O.

Gradient PCRs were carried out in 10 µL reactions using the same reagents as

described. Reaction conditions were as follows: initial denaturation at 98 ºC for1640

2 minutes; 25-35 cycles of denaturation at 98 ºC for 10 seconds, primer annealing

temperature (Ta) at 50-72 ºC (Ta = Tm + 3) for 30 seconds, primer extension (i.e.

elongation time (Et)) at 72 ºC for 30 seconds to 2 minutes per kilobase (30”/kb if

amiplicon is ≤3 kb, 1’00”/kb for 3-7 kb, 2’00”/kb for >7 kb or overnight reactions);

final extension at 72 ºC for 5 minutes; held at 18 ºC once reaction is completed.1645

Various additives were occasionally added to Q5 HS HiFi DNAP reactions that pro-

vided unexpected products and/or yield, including: formamide, combinatorial PCR

enhancer solution (CES, made as a 5X stock with 2.7 M betaine, 6.7 mM DTT,

6.7% (v/v) DMSO, 55 µg/mL BSA, and used at 1X final concentration; stored at

-20 ºC; Ralser et al., 2006), DMSO, or betaine.1650

Reactions using KOD Xtreme™ contained: 1X Xtreme buffer, 0.4 mM dNTPs,

0.3 µM each primer, ≤10ng template DNA, 0.02 U/µL KOD Xtreme HS DNAP,

and was made up to a total reaction volume of 50 µL. Reaction conditions were

as follows: initial denaturation at 94 ºC for 2 min; 20-25 cycles of denaturation at
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98 ºC for 10 seconds, primer annealing at 50-68 ºC (Ta = lowest primer Tm) for1655

30 seconds, primer extension at 68 ºC for 1 minute per kilobase; final extension at

68 ºC for 5 minutes; held at 18 ºC once reaction is completed.

MyTaq HS DNAP reactions contained: 1X reaction buffer (includes dNTPs),

0.4 µM each primer, ≤1 ng template DNA, 0.1 U/µL MyTaq DNAP, and made

up to a total reaction volume of 10 µL. Reaction conditions were as follows: initial1660

denaturation at 95 ºC for 2 min; 30-40 cycles of denaturation at 95 ºC for 15 seconds,

primer annealing at 50-72 ºC (Ta = Tm – (2 to 5)) for 15 seconds, primer extension

at 72 ºC for 15 seconds; final extension at 72 ºC for 5 min; held at 18 ºC once

reaction is completed.

Where DNA bound to streptavidin-coated paramagnetic beads required ampli-1665

fication, 1 µL of resuspended bead slurry is used instead of purified template DNA.

Once amplified and verified via agarose gel, PCR products were digested with

ExoI (3’→5’ activity) and DpnI to remove primers and methylated template DNA

respectively.

2.2.4 Agarose-TBE/LiOAc for DNA1670

DNA fragments (e.g. PCR and restriction enzyme digest products) were analysed

in (non-denaturing) agarose gels using a horizontal electrophoresis system (Multi-

SUB4, AlphaLabs; Cleaver Scientific). Agarose gels were prepared by dissolving

(ultra-pure) agarose powder (0.5-3.0% (w/v), according to required fragment size

separation) in either (i) 1X TBE buffer or (ii) 10 mM lithium acetate (LiOAc) solu-1675

tion. SYBR™Safe DNA gel stain (Invitrogen #S33102) was added to the gels at a

final concentration of 4 µL/100 mL.

Prior to loading, 1/6 volume of 6X DNA loading buffer (NEB #B7024/5 pur-

ple/blue dyes; or a pre-made mix of 40% (v/v) glycerol, 0.025% (w/v) Bromophe-

nol blue) was added to DNA samples. Depending on expected fragment sizes, the1680

molecular weight (MW) ladders run alongside DNA samples as size markers in-

clude: 2-log/1 kb Plus MW (0.1-10 kb; NEB #N3200), 1 kb MW (0.5-10 kb; NEB

#N3232), 100 bp MW (100-1,517 bp; NEB #N3231), low MW (25-766 bp; NEB

#N3233).
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Agarose-TBE gels were run in 1X TBE buffer at 100-150 V for 0.5-1 hour.1685

Agarose-LiOAc gels were run in 10 mM LiOAc, limited to 260 V for 0.25-

1 hour. On completion of electrophoresis, if staining appeared insufficient, gels

were stained again in their respective buffer solutions with either SYBR™Safe (for

dsDNA) or SYBR™Gold (Invitrogen #S11494; for all nucleic acids) for >10 min,

covered and left on a gentle shaking platform. The DNA was visualised using ei-1690

ther blue light (DR-89X transilluminator, Clare Chemical Research) or UV trans-

illumination.

2.2.5 Gel extraction / DNA purification from agarose-TBE/LiOAc

Gel electrophoresis (on a low percentage agarose gel; typically 0.5% (w/v)) and sub-

sequent gel extraction was used to purify DNA samples from mixed populations, be1695

it from PCRs that produced significant by-products alongside the expected fragment

or from restriction endonuclease digests. If detected, the required DNA fragment

is excised from the gel under blue light illumination, minimising the amount of

agarose carried over. The sample is then purified using the GeneJet Gel Extrac-

tion Purification Kit (Thermo Scientific) or Monarch Nucleic Acid Purification Kit1700

according to manufacturer’s instructions.

2.2.6 Non-denaturing polyacrylamide gel electrophoresis

Non-denaturing, or native polyacrylamide gels are used to visualise nucleic acids

and/or proteins without causing the molecular structures to unfold. Native poly-

acrylamide gels consist of 1X TBE, 10-20% polyacrylamide (40% solution of 19:11705

(w/v) acrylamide:bis-acrylamide), 0.1% (v/v) APS, 0.1% TEMED, made up to

15 mL or 60 mL depending on whether visualising on a small (10×10 cm2) or

large (20×20 cm2) plate respectively.

2.2.7 Urea PAGE (for nucleic acids)

Urea-PAGE was used for visualising 10-200 nt nucleic acid fragments where de-1710

naturation of structure is desired. These gels were typically made to 8-20% poly-

acrylamide (depending on the expected size of nucleic acid) with 8 M urea in 1X

TBE, 0.1% (v/v) APS, 0.1% TEMED, and casted homogenously onto vertical gel
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systems (Peqlab).

An equal volume of urea-PAGE loading solution, consisting of 98% (v/v) for-1715

mamide, 10 nM EDTA, 0.02% (w/v) Orange G dye was added to the samples, before

being incubated at 95 ºC for 5 min, and loaded onto the gel. Gels were run in 1X

TBE buffer, limited to 30 mA for 1.5-2 h.

If the nucleic acids were not fluorescently labelled, the gels were stained with

SYBRTMSafe (for dsDNA) or SYBRTMGold (for all nucleic acids), before being1720

imaged on a Typhoon FLA 9500 scanner (GE Life Sciences).

2.2.8 SDS-PAGE (for protein electrophoresis)

Protein products from heterologous expression of synthetic constructs/DNA

in E. coli were analysed in denaturing SDS-PAGE. Typically, the ratio of

acrylamide:bis-acrylamide used in these gels were at 37.5:1 (w/v) rather than 19:11725

(w/v), as the former permits gel formation with larger pores. The gels consisted

of two layers: a bottom resolving gel made of 8-15% acrylamide:bis-acrylamide,

375 mM Tris-HCl pH 8.8, 0.1% (v/v) SDS, 0.1% (v/v) APS, 0.1% (v/v) TEMED;

a top stacking gel of 4% acrylamide:bis-acrylamide, 125 mM Tris-HCl pH 6.8,

0.1% (v/v) SDS, 0.1% (v/v) APS, 0.1% (v/v) TEMED.1730

The resolving gel was poured first, and then overlaid with 2-butanol to en-

sure a clean horizontal interface with the stacking gel upon polymerisation. Once

the resolving layer has set, the 2-butanol was washed away with dH2O, before the

stacking gel was poured on top and combs placed to cast the wells for the samples.

Samples are mixed with equal volume of 2X Lamaeli SDS-PAGE loading buffer1735

(100 mM Tris-HCl pH 6.8, 4% (w/v) SDS, 0.02% (w/v) Bromophenol Blue,

20% (v/v) glycerol, 20 mM TCEP), before being incubated at 95 ºC for 5 min,

and loaded onto the gel. Gels were run with SDS-PAGE running buffer (25 mM

Tris-HCl, 192 mM glycine, 0.1% (w/v) SDS pH 8.3), limited to 100V for 1.5-2 h.

InstantBlue Coomassie Protein Stain (Expedon) was used to stain the gels for1740

>30 min, then destained with dH2O for >15 min, before imaging on a FLUOstar

OPTIMA (BMG).
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2.2.9 Nucleic acid purification

All other (agarose gel verified) PCR amplicons, and/or enzymatically-treated DNA

fragments were purified using the GeneJet PCR Purification Kit (Thermo Scien-1745

tific) or Monarch Nucleic Acid Purification Kit (NEB) according to manufacturer’s

instructions.

DNA fragments were sometimes additionally purified and/or concentrated

through phenol/chloroform extraction and ethanol(/isopropanol) precipitation. A

phenol:chloroform:isoamyl alcohol (25:24:1) solution was added to the DNA solu-1750

tion in a 1:1 ratio, mixed by vortexing briefly, before being centrifuged at 15,000 g

RCF for 5-10 min at room temperature. The aqueous phase DNA sample (typically

top layer; bottom layer contains organic solvents) was then transferred to a fresh

tube and precipitation was carried out with a final concentration of ≥0.4 M ammo-

nium acetate* (0.1 volume of sample), between 60-80% (v/v) ethanol or isopropanol1755

(2-3 volume of sample), and 10-50 µg glycogen azure (1 µL of 10/20 mg/mL). Am-

monium acetate wass typically used as it sublimates when the DNA pellet dries,

however 0.3 M sodium acetate pH 5.2 is used if T4 PNK is to be used subsequently.

Glycogen azure co-precipitates with DNA so was used to facilitate visual detection

of the pellet. The precipitation solution is mixed by vortexing, then incubated either1760

at -20 ºC for ≥1 h or at -80 ºC for 5 min, and subsequently centrifuged at 15,000 g

RCF for 30 min at room temperature. The supernatant was discarded and the pellet

washed at least once with 250 µL 70% (v/v) ice-cold isopropanol, and centrifuged

at 15,000 g RCF for another 5 min at room temperature. The supernatant was dis-

carded again, and the pellet was either air-dried at room temperature or ≤50 ºC.1765

Once dried, the pellet was resuspended in 5-10 µL 10 mM Tris-HCl pH 8.0.

2.2.10 DNA quantification by spectrophotometry

The concentration of DNA solutions (e.g. from purified plasmids and PCR prod-

ucts) and their purity were quantified by absorbance measurements. Absorbance at

260 nm was used to estimate, whilst protein contamination was observed by evalu-1770

ating the absorbance ratio 260/280, and solvent or guanidine contamination can be

assessed with the 260/230 ratio. Majority of measurements were acquired using the
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BMG Labtech SpectroStar Nano instrument with the LVis Plate accessory, which

allowed for absorbance measurements from 2 µL droplets.

2.2.11 Phosphorylation of nucleic acids (oligos/PCR products)1775

For primers, 0.5-1 nmol of 100 µM oligo was added to 1X T4 DNA ligase buffer

(containing 1 mM ATP), 10 U T4 polynucleotide kinase (T4 PNK), and made up

to 50-100 µL for a final oligo concentration of 10 µM. For 5’-phosphorylation of

PCR products (or pairs of annealed ssDNA, gBlock®, etc.), 500 ng of DNA (or

≤300 pmol of 5’ termini) was added to 1X T4 DNA ligase buffer (containing 1 mM1780

ATP), 10 U T4 PNK, 10 U DpnI (DpnI only for PCR products), and made up to 20-

50 µL. These were incubated at 37 ºC for 40 min to 1 h, heat inactivated at 65 ºC for

20 min, and held at 18 ºC. Typically, phosphorylated primers were not subsequently

purified, but phosphorylated PCR products tended to be purified with the GeneJet

or Monarch PCR Purification Kits before undergoing ligation. Phosphorylation was1785

unnecessary if the DNA fragment had undergone enzymatic restriction digestion.

2.2.12 Restriction endonuclease digestion of DNA

Restriction endonuclease enzymes were used for diagnostic/analytical digests to

confirm that a given plasmid or PCR product had been produced as expected. The

products of restriction were run on agarose gels to verify their identity.1790

For restriction endonuclease cloning, vectors (usually plasmids) and inserts

(usually PCR products) were digested with restriction enzymes to produce com-

patible/complementary overhangs for ligation. Typically, vectors and inserts were

digested in separate 10-20 µL reactions, containing: 1X Cutsmart (or NEBuffer 1.1,

2.1, 3.1 according to enzyme required) buffer, 200 ng to 1 µg DNA, and 10-20 U of1795

enzyme(s). If the DNA fragment to be digested was the product of PCR amplifica-

tion from methylated plasmid templates, these reactions also included 10 U DpnI to

remove the any residual template. Most digestion reactions were incubated at 37 ºC

(exceptions include Nt.BspQI at 50 ºC, and SmaI at 25 ºC) for 30 min to 2 h, before

heat inactivation at 65 ºC or 80 ºC for 20 min. Products from restriction digests1800

could be purified as described in previously, but were always purified if the enzyme
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used could not be heat inactivated (e.g. Nb.BssSI, BamHI-HF, PstI-HF).

2.2.13 Dephosphorylation of nucleic acids (e.g. oligonu-

cleotides/PCR products)

Alkaline phosphatases (e.g. Antarctic Phophatase, AnP; Shrimp Alkaline Phos-1805

phatase, rSAP; Calf Intestinal Phosphatase, CIP) were used to remove phosphates

from 5’- (protruding, recessed, and blunt) and 3’-ends of ss-/ds-DNA/RNA. A 20

µL dephosphorylation reaction typically consisted of 500 ng of DNA (or ≤1 pmol

of 5’-/3’-termini), with 1X AnP reaction buffer (or any NEB restriction enzyme

buffer when supplemented with AnP reaction buffer to provide Zn2+ required for1810

activity), and 5 U AnP. This was incubated at 37 ºC for 30 min, heat inactivated at

80 ºC for 2 min, and held at 18 ºC.

2.2.14 DNA ligation for restriction enzyme (sub-)cloning

Ligation reactions were typically carried out in a total volume of 10-20 µL, con-

taining: 1X T4 DNA ligase buffer (50 mM Tris-HCl, 10 mM MgCl2, 1 mM ATP,1815

10 mM DTT, pH 7.5 at 25 ºC), 200-400 U T4 DNA ligase (T4 DNA ligase), and

a total of 100-200 ng DNA of both vector and insert(s). In classic restriction en-

donuclease cloning with only two parts, DNA was added in a vector:insert molar

ratio of 1:3. The ligation mix was subsequently incubated at 20 ºC for 2 h, 16 ºC

for 16 h, heat inactivated at 65 ºC for 10 min, and held at 18 ºC. For simple lig-1820

ations, the reaction was stopped after 2 h to use directly for transformation; more

complex or blunt-ligations were left overnight to in an attempt to increase ligation

efficiency. A higher concentration of T4 DNA ligase (≤800 U) was typically used

for blunt-ligations or where fragments contained single/2 nt overhangs. Fast (≤10

minute) ligations were achieved using a higher T4 DNA ligase concentration and/or1825

with the addition of 3% PEG8000 (final concentration) crowding agent.

Once ligated, the mixture was stored at 4 ºC until it was ready to be transformed

into E. coli.
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2.2.15 Type IIS and Golden Gate Assembly

The Golden Gate Assembly method was used to combine complex DNA fragments1830

and/or for simultaneous multi-insert assemblies. After verification, purification, and

quantification, PCR amplicons were digested with specific Type IIS (TIIS) restric-

tion endonucleases (e.g. BsaI, SapI, BbvI, BspMI) and either ligated sequentially,

as described previously in Section 2.2.14 , or in a single-one pot reaction. With

BsaI as the TIIS enzyme (recognition and cut site GGTCTC(1/5)), a 20 µL reaction1835

mix typically consists of: 1X T4 DNA ligase buffer (or 1X CutSmart buffer supple-

mented with 1 mM ATP), 20 U BsaI-HF (with 10 U DpnI if an insert was amplified

from a methylated plasmid), 200-400 U T4 DNA ligase, and a total of 100-200 ng

of all the DNA inserts together at equimolar amounts (assuming each are of ap-

proximate lengths). The mix is incubated at 37 ºC for 1-2 h, and heat inactivated at1840

65 ºC (or 80 ºC if incubated also with DpnI) for 20 min. Other TIIS enzymes that

were used, and the respective variations in the reaction formulation, were further

specified within the results.

2.2.16 Gibson Assembly

Gibson assembly was another isothermal method typically used when assembling1845

multiple fragments in a single-pot reaction. The reaction mix contains a 5’ exonu-

clease to generate long overhangs, a DNA polymerase to extend 3’-end of annealed

fragment pairs, and a DNA ligase to seal the nicks in the assembled DNA product.

Like with TIIS cloning, the fragments for the Gibson method need to be synthesised

or amplified with primers that give the overlapping assembly sequences. Once all1850

DNA parts were prepared, they were assembled together with the NEBuilder® HiFi

DNA Assembly Master Mix (NEB #E2621) as per the protocol described by the

manufacturers. In both cloning methods, once ligated, the mixture can be stored at

4 ºC until it is ready to be transformed into E. coli.

2.2.17 Site-directed mutagenesis (SDM): inverse PCR (iPCR)1855

SDM Site-directed mutagenesis (SDM) was typically used to introduce point muta-

tions in plasmids via inverse PCR; an amplification of the entire plasmid sequence
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with a pair of primers that anneal adjacently around the site where a mutation was

required. The mutation was added at the 5’-end of one of the primers and replaces

the wild-type nucleotide(s) as a non-annealing sequence. PCR was performed us-1860

ing NEB Q5 HiFi Hot Start DNA polymerase or KOD Xtreme™, with up to 30

cycles. Once purified, the products were phosphorylated and re-circularised by

blunt-ligation.

2.2.18 Darwin Assembly (DA): one-step multiple SDM incorpo-

ration1865

Darwin Assembly was used as a fast and efficient multi-site mutagenesis method

(Cozens and Pinheiro, 2018). In brief, it consisted of five main steps: generation

of a single-stranded plasmid; annealing of SDM and boundary oligos; isothermal

assembly of the full fragment spanning the mutagenic oligos; recovery and purifi-

cation of assembly for PCR amplification; sub-cloning into a new vector.1870

2.2.19 Sanger/DNA sequencing of plasmids

To verify that plasmids were constructed as designed, aliquots of purified plas-

mid constructs were sent to GATC Biotech AG, Germany for Sanger sequencing,

as per the provider’s instructions. Sequencing results were aligned to the con-

structs designed using SnapGene software v3.0.3 (from GSL Biotech; available at1875

https://www.snapgene.com/) or visualised on 4Peaks to verify correct assem-

bly of the required constructs. If the sequencing results were not as expected, and

compromised downstream experiments, another colony was isolated from the trans-

formants, and submitted for sequencing again.

2.3 Microbiology techniques1880

2.3.1 E. coli culture: preparation and storage

E. coli liquid/inoculation cultures were carried out in a range of media as listed in

Table 2.6. Cultures were typically grown in Luria-Bertani (or lysogeny) broth (LB)

(1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) medium. For pro-
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tein over-expression experiments, strains are grown in richer media such as: 2X TY1885

(1.6% (w/v) tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl); SOC (2% (w/v)

tryptone, 0.5% (w/v) yeast extract, 0.48% (w/v) MgSO4, 0.3603% (w/v) dextrose,

0.05% (w/v) NaCl, 0.0186% (w/v) KCl); TB (1.18% (w/v) tryptone, 2.36% (w/v)

yeast extract, 0.94% (w/v) K2HPO4, 0.22% (w/v) KH2PO4). In all these cases, for

solid medium, 1.5% (w/v) agar is added.1890

Conversely, a simple M9 minimal medium is also used for expression of toxic

proteins, consisting of: 1X M9 salts (4.25% (w/v) Na2HPO4.2H2O, 1.5% (w/v)

KH2PO4, 0.5% (w/v) NH4Cl , 0.25% (w/v) NaCl), 2 mM MgSO4.7H2O, 0.1 mM

CaCl2.2H2O, 0.4% (w/v) glucose or fructose, and optionally 1X (1 mg/mL) BME

vitamins. The M9 media was also supplemented with either 1 mM L-leucine for1895

use with leucine-auxotroph 10β strain, or 1 mM L-arginine hydrochloride for the

DH5α-family strains. To make solid M9 media, 2X M9 salts and 3% (w/v) agar

were first autoclaved separately. Once both have cooled to 50-60 ºC, aseptically

mix together the 2X M9 salts and 3% (w/v) agar, and then add the other reagents

specified above for making the liquid M9 media.1900

Antibiotics were used to ensure selection of expected transformations and in-

oculums, including: ampicillin (Amp), with stock solution made at 100 mg/mL in

50% (v/v) ethanol, and 100 µg/mL working concentration; kanamycin (Kan), with

stock solution at 50 mg/mL in dH2O, and 50 µg/mL working concentration; chlo-

ramphenicol (Cam/Chl), with stock solution at 34 mg/mL in 100% (v/v) ethanol,1905

and 10 or 34 µg/mL working concentrations; spectinomycin (Spc), with stock so-

lution at 20 mg/mL in dH2O, and 20 µg/mL working concentration; streptomycin

(Str), with stock solution at 100 mg/mL in dH2O, and 50 or 100 µg/mL working

concentrations. All antibiotic stocks are filter-sterilised and stored at -20 ºC.

Media and glassware used for cultures were sterilised by autoclaving at 121 ºC1910

for 20 min. All antibiotic-free media were kept at room temperature; antibiotic-

containing media were kept at 4 ºC.

E. coli were generally cultured in plastic-/glass-ware in a 1:4 ratio of media to

air, and grown at 30 ºC or 37 ºC at 250 RPM overnight (~16 h) until stationary phase.
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Permanent stocks of the strains were made from the overnight cultures, resuspended1915

in 15% (v/v) autoclaved glycerol, in a final volume of 1.2 mL, and were stored at

-80 ºC.

2.3.2 Measurement of bacterial growth by spectrophotometry

Cell density of E. coli liquid cultures is estimated by measuring light scattering

in spectrophotometer cuvettes with 1 cm path length, using the SpectroStar Nano1920

(BMG Labtech, UK) instrument. Absorbance measurements are taken at 600

nm, where cell concentration of Luria-Bertani grown E. coli with OD600 of 0.1

is 2×107 cells/ml (https://bionumbers.hms.harvard.edu/bionumber.aspx?

id=100985&ver=14&trm=od600+escherichia+coli&org=). If OD600 > 1, the

sample was diluted ten-fold in its respective medium before being measured again;1925

the resulting value is multiplied by 10 to produce an estimate of the original cell

density of the culture. All measurements were compared against its respective cul-

ture medium blank (i.e. medium with no bacterial growth).

2.3.3 Preparation of electro-competent cells for transformation

A liquid culture (10 mL LB in a 50 mL centrifuge tube ) of the selected E. coli1930

strain was started from its glycerol stock (stored at -80 ºC), typically with no antibi-

otics added, and incubated at 37 ºC, 250 RPM overnight (16 h). Upon saturation,

the culture was used to seed (typically 1-2.5%, approximately equivalent to OD600

= 0.02-0.05) an over-day culture of 200-400 mL LB (with no antibiotics) in a 2

L conical/shake flask, incubated at 30 ºC or 37 ºC, 250 RPM. Once cell density1935

reaches OD600 = 0.4, the culture was transferred to pre-chilled 500 mL centrifuge

tubes and centrifuged at 4 ºC, 4000 RPM (= 3250g RCF), for 30 min. The super-

natant was discard and the pellets are each resuspended/washed in 50 mL ice-cold,

filter-sterilised 1 mM HEPES pH 7.0 buffer. These 50 mL centrifuge tubes were

centrifuged again at 4 ºC, 4000 RPM (= 3250g RCF), for 10 min, supernatant again1940

discarded. This time, the pellets from two 50 mL centrifuge tubes were combined

together and resuspended in a total of 50 mL 1 mM HEPES, before centrifuging

as per the conditions previously. This resuspending, centrifuging/pelleting, pooling
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and resuspending process was repeated until the cell pellet was in a single tube of

50 mL 1 mM HEPES, at which point it was pelleted once more and all supernatant1945

was removed as much as possible. This cell pellet (from an initial 200 mL culture)

was finally resuspended in a total volume of 2 mL 1 mM HEPES mixed with 15%

(v/v) filter-sterilised glycerol. The resulting mixture of electro-competent cells were

divided into 50 µL aliquots, immediately flash-frozen in dry ice, and subsequently

stored at -80 ºC.1950

2.3.4 Transformation of DNA into (electro-)competent cells

Plasmids were transformed into electro-competent E. coli using electroporation as

this has greater transformation efficiency over the use of chemically-competent cells

(BioRad, USA). Up to 100 ng (≤5 µL) of ligated DNA (or 1-10 ng of purified plas-

mid) was mixed with 50 µL of electro-competent cells thawed on ice, and pipetted1955

into pre-chilled electroporation cuvettes with a 0.2 cm gap between its electrodes. If

necessary, phenol/chloroform extraction and ethanol/isopropanol precipitation was

first performed on the DNA solution to minimise salt carry-over during transfor-

mation. Electroporation was implemented using a Gene Pulser II electroporator

(BioRad, USA) at 2.5 kV, 200 Ω and 25 µF ; the DNA-cell solution was optimally1960

pulsed at 4.80-5.20 ms. Directly after electroporation, 450 µL LB (or 2X TY) was

added to the cuvette, and incubated at 37 ºC for 1 h (ideally between 30-90 min) for

recovery. After this incubation period, cells were plated on LB (or 2X TY or M9)

agar containing the required antibiotic for selection of transformants, and incubated

again at 37 ºC overnight (~16 h).1965

2.3.5 DNA plasmid preparation and isolation

From transformation plates, individual colony-forming units (CFUs, colonies) were

isolated and usually (i) transferred to a secondary storage/spotting LB agar plate,

(ii) used to seed an liquid culture overnight for plasmid multiplication, and (iii)

used as DNA template in colony PCRs as an initial means to verify transforma-1970

tion of required construct/plasmid. The remaining culture was centrifuged to pellet

the cells, which is subsequently lysed, and plasmid DNA was purified using the
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GeneJet/Monarch Miniprep Purification Kit. If the original culture was 3 mL, plas-

mid purification was performed as per manufacturer’s recommendations, with the

exception that the sample was eluted with 30 µL 10 mM Tris-HCl pH 8.8. If the1975

starting culture was 10 mL, the buffer volumes were increased as follows: 350 µL

Resuspension buffer, 350 µL Lysis buffer, 450 µL Neutralisation buffer; Wash buffer

remained as recommended, but elution was with 30-50 µL 10 mM Tris-HCl pH 8.8.

The key change in increasing amount of lysis buffer used is an attempt to increase

the amount of plasmid DNA purified from the cell pellet. Once plasmids were pu-1980

rified, the DNA concentration and purity were checked by spectrophotometry as

described previously and/or by visualisation on agarose gel (typically after analyti-

cal digestion). If necessary, plasmids were sent for Sanger sequencing.
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Chapter 3

OCI: Heterologously-Expressed1985

Reassignment

“Developing the Orphan Codon Invasion System to Implement
Heterologous Expression of an Alternate Genetic Code In Vivo”

3.1 Orphan Codon Invasion
In this chapter, I explain the key concepts that form the basic theory behind my1990

Orphan Codon Invasion (OCI) strategy for sense-to-sense codon reassignment. I

first focus on my plan to exploit the wobble base-pair hypothesis to introduce non-

cognate amino acids at what I term “orphan” codons (Section 3.1.1), before mov-

ing on to define “codon invasion” via the exemplary work of Döring and Marlière

(1998) in engineering tRNA sequences for unidirectional in vivo codon reassign-1995

ment (isoleucine-to-cysteine and methionine-to-cysteine; Section 3.1.2). Having

established this, I then introduce how my OCI approach sought to modify tRNA an-

ticodons to invade orphan codons as a means of implementing bi-directional sense-

to-sense codon reassignment (Section 3.1.3).

Analogous to Döring and Marlière (1998), I explore here how to engineer2000

tRNA to create genetic codon ambiguity in vivo (Section 3.2.1). Such an engi-

neering step is the crucial intermediate towards sense-to-sense codon reassignment:

the ambiguity created by the engineered tRNA can be resolved by removal of the
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original assignment – so that the engineered tRNA becomes the only assignment.

Repeating this procedure with another set of engineered tRNA leads to an organ-2005

ism operating under a different genetic code. Codon reassignment of tRNAs also

requires the development of suitable reporter assays (Section 3.2.2, Section 3.2.3,

Section 3.2.4) to monitor and quantify the invasion process (Section 3.2.5).

Briefly, in order to design a viable codon invasion strategy, I first lay out the

rationale for selecting which amino acids (and their associated tRNAs, cognate2010

aaRSs, and complementary orphan codons) could be used for non-synonymous

sense-to-sense codon reassignment. I place particular emphasis on identifying a

tRNA pair whose cognate aaRSs do not recognise the anticodons, thereby reducing

the chances of these endogenous aaRSs rejecting my alternative (orphan codon pair-

ing) tRNAs when their anticodons are engineered. Moreover, of the candidate tRNA2015

pairs selected for anticodon modifications, importance is placed on pairs that, when

swapped to pair with alternative orphan codons, would lead to significant changes

in the resulting proteins’ physico-chemical properties, making it compatible with

fast and robust assays for determining codon reassignment.

With regards to reporter assays for assessing sense-to-sense codon reassign-2020

ment in vivo: I required a heterologously-expressed reporter construct that could

rapidly output a strong, visual phenotype, with a robust and long-lasting signal (Sec-

tion 3.1.4 and Section 3.1.5). The selected reporter(s) must contain the identified

candidate amino acids for sense-to-sense codon reassignment as critical residues,

where “mis”-translation (i.e. correct codon reassignment) would result in a dis-2025

cernible phenotypic response from the natural expression. To create this assay, the

gene sequence of the reporter construct would first need to be recoded to conform to

the proposed orthogonal genetic code assignment by changing the codon of a criti-

cal amino acid to that of a non-synonymous sense codon of an alternate amino acid

(Figure 3.1). In this way, the resulting translated protein is rendered inactive under2030

the natural genetic code system, yet becomes fully functional upon implementation

of the OCI reassignment strategy.

The remaining sections of this chapter document the design and construction of
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…ACC CAU GGC…RNA

Protein Thr Tyr Gly

…ACC UAU GGC…

Thr Tyr Gly

natural-code synthetic-code

CAU Tyr [Recoded]
UAU Tyr [WT]

CAU His [WT]

Non-functional
Toxic (likely)

Functional
Naturally-coded

organism

Functional
Non-functional
Toxic (likely)

Synthetically-coded
organism

Figure 3.1: The basic principle of the sense-to-sense codon reassignment reporter assay.

Under the natural genetic code, codon Tyr(UAU) encodes tyrosine, whilst under the synthetic code the
His(CAU) codon has been recoded to accept tyrosine. In a naturally-coded organism, this change in
the codon assignment will likely lead to the production of a non-functional protein that is toxic to the
natural host. A synthetically-coded organism that recognises this alternate genetic code, however,
will be able to correctly reassign the His(CAU) codon and incorporate tyrosine, thereby producing a
functional protein.

these novel codon-invading anticodon-modified tRNAs, and of the various recoded

reporters necessary to assess reassignment (Section 3.1.6). The results of express-2035

ing these constructs together in E. coli are discussed, including the degree to which

reassignment occurred, and any observable fitness costs to the host (Section 3.2).

Finally, I review whether the OCI strategy, and the chosen reassignment pair, were

sufficient in demonstrating sense-to-sense codon reassignment (Section 3.3), and

what further steps may be necessary to make alternative genetic codes, and geneti-2040

cally recoded organisms, a reality.

The following flow diagram (Figure 3.2) should provide additional guidance to

explain which sections in Chapter 3 were successful in taking the research forward,

and which were abandoned owing to experimental issues.
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CAT
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AUG 

tRNAHis
AAG 

CAT.H193L
tRNAHis

AAG 

tRNALeu
AUG 

Recoded 
Reporter XtRNALeu

AUG 

Recoded 
Reporter Y

tRNAHis
AAG 

tRNALeu
AUG 

Chapter 4:
GTS Strategy

Test for His-to-Leu reassignment 
 at orphan codon His(CAU) 

Test for Leu-to-His (at Leu(CUU)) AND 
His-to-Leu (at His(CAU) reassignment

Test for Leu-to-His reassignment
 at orphan codon Leu(CUU) 

To test / test inconclusive

Not taken 
forward

Taken 
forward

Test 
unsuccessful

Test 
successful

Key

Sections 3.1.3 and 3.2.1

Sections 3.1.3 and 3.2.1

Section 3.1.1

Section 3.2.2

Section 3.2.3

Section 3.2.4

Sections 3.1.4 and 3.1.5
Figure 3.10

Antibiotic Resistance

Fluorescent Proteins

Periplasmic Secretion
 with Blue/White Screening

Section 3.2.5, Figure 3.22

Figure 3.2: A summary flow diagram of the strategies that were successful whilst developing the OCI in Chapter 3

Elements of the OCI strategy that were taken forward are shaded in green, with experiments that were successful in demonstrating sense-to-sense codon reassignment
in blue font. The associated sections relating to the work are shown in grey font below each box. Some elements were taken forward as they were essential to
demonstrating reassignment but there had been no test yet available to assess its viability and/or the results of the initial tests were inconclusive. The faded section at
the bottom of the figure relates to how the OCI strategy builds into the later GTS strategy of Chapter 4; its associated flow diagram is shown in Figure 4.2.
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3.1.1 Genetic code redundancy, the wobble hypothesis, and or-2045

phan codons

The genetic code is filled with redundancies. Just as multiple codons can corre-

spond to the same amino acid, multiple codons can be served by a single tRNA

isoacceptor. This is why it is possible for E. coli to require only 46 tRNA isoaccep-

tors, yet be able to adequately complement all 61(+1) sense codons that encode the2050

20(+1)1 natural amino acids (Figure 3.3; Ho et al., 2016). Moreover, the number

of tRNA isoacceptors and the sets of codons each pairs with can differ from one

organism to the next. A good example of genetic code redundancy can be seen with

serine (Ser/S) where, for E. coli, the EcotRNASer
UGA can pair with codons Ser(UCU),

Ser(UCA), and Ser(UCG) (Figure 3.3, tRNA highlighted in pale green). The tRNAs2055

are able to do so due to “wobble” base-pairing within the triplet codon/anticodon

sequences (Crick, 1996; Roth, 2012); wobble-pairing is herein represented as un-

derlined bases. In fact, 25 of the 46 E. coli tRNA isoacceptors (encompassing 17

of the 20 canonical amino acids; Figure 3.3, triplets highlighted in green) have at

least one wobble partner2, further demonstrating the extent of code redundancy.2060

For certain tRNA/mRNA anticodon/codon pairings, this means that the first base

(5’-end, tRNA nucleotide position 34) of the anticodon triplet has more steric free-

dom with its complementary pair, the third base (3’-end of the codon), to allow

for these non-standard base-pairings (Figure 3.3, codons highlighted in grey or not

at all/white). These wobble mismatches typically manifest as G·U, but the genetic2065

code also includes a handful of other wobble-pairings, such as U·U (in Val/V, Ser/S,

Pro/P, Thr/T, Ala/A), and C·A and A·A (in Arg/A). Furthermore, the non-standard

G·U wobble has almost comparable thermodynamic stability (and nearly isomor-

phic structure) to the standard Watson-Crick pairings, which may explain why it is

1The “(+1)” refers to selenocysteine (Sec/U), a rare but naturally-occurring proteinogenic amino
acid found in E. coli (and some other organisms within archaea, bacteria, and eukarya) that is an
alternative translational recording of the opal stop codon UGA.

2The remaining tRNA isoacceptors (covering 11(+1) of the amino acids; Figure 3.3, highlighted
in purple, blue, yellow) pair with their respective codons with full Watson-Crick complementarity
(Curran, 1998). Note, nine of these isoacceptors are the only partners to their codons, with methion-
ine (Met/M; one instance), tryptophan (Trp/W; one instance), glutamine (Gln/Q; two instances), and
seleoncysteine (Sec/U; one instance) having no isoacceptor redundancy at all (purple highlights).
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(with / without redundancies)

Only Watson-Crick base-pairing
(with / without redundancies 

for amino acids)

Only Wobble(s) base-pairing:
partial- & true-“orphan” codons
(with / without redundancies)

Figure 3.3: A tRNA-centric view of how the genetic code is implemented in E. coli.

Each of the 46 tRNA isoacceptors present in E. coli is involved in implementing the organism’s
genetic code. However, this assignment is not a one-to-one assignment and it operates with redun-
dancies in a number of cases. This figure (adapted from Ho et al., 2016) shows the approximate
number of encodings per cell for each specific codon (based on National Center for Biotechnology
Information (NCBI) NC_000913.2, as referenced by Lajoie et al., 2013) and their respective tRNA
isoacceptor abundances (Dong et al., 1996).
Colours denote whether the tRNA/codon has: only Watson-Crick (WC) one-to-one isoacceptor-to-
codon associations, with (blue) and without (purple) redundancy for the amino acid; both Watson-
Crick one-to-one (yellow) and one-to-many Wobble-pairing (green) associations, both with redun-
dancies; one-to-many associations featuring only Wobble-pairing isoacceptors as partial- (grey; with
redundancies) or true- “orphan” (white; without redundancies) codons.
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the most common substitute for G·C and A·U (Varani and McClain, 2000). This2070

is evident from a series of RNA denaturation experiments (on a 25 nt stem-loop

structure based on EcotRNAAla
GGC) demonstrated by Strazewski et al. (1999), where

they showed that the mid-point melting temperature (Tm) of the Watson-Crick base-

pairs were 4.5-12.4°C higher than that of the G·U wobble: G·C (Tm = 85.4°C),

C·G (Tm = 84.0°C), U·A (Tm = 77.5°C), A·U (Tm = 76.3°C), versus wobble-pairing2075

G·U (Tm = 73.0°C), and U·G (Tm = 70.5°C); standard error of all RNAs was 1.0°C.

The melting temperatures of other aforementioned wobble-pairs were even lower,

including: C·A (Tm = 63.0°C), U·U (Tm = 60.3°C), and A·A (Tm not determined).

Hence it was determined that it could be possible to exploit these energetically

weaker wobble-pairing bonds for the OCI strategy (Section 3.1.2).2080

Not only does wobble-pairing allow a single tRNA isoacceptor to complement

multiple codons, multiple tRNA isoacceptors can serve the same codon – once more

exemplifying the redundancy of the genetic code. In these many-to-one tRNA-

to-codon associations, one isoacceptor pairs with full Watson-Crick complemen-

tarity to the codon, while the other isoacceptors are wobble-pair partners. But,2085

there are also some codons where all their tRNA partners are wobble-pairs, such as

with Pro(CCU) and its complements EcotRNAPro
GGG (wobble G·U) and EcotRNAPro

UGG

(wobble U·U) (Figure 3.3, such codons are highlighted in grey). As they have

no truly dedicated (Watson-Crick pairing) tRNA partner, I refer to these isolated

wobble-pairing codons as “orphan” codons. These orphans can be further defined2090

as partial- or true- orphan codons by the number of wobble-pairing isoacceptors that

serve them. Specifically, codons that are only complemented by a single wobble-

pairing isoacceptor are what I term “true orphans”: such is the case with His(CAU),

where its only partner is EcotRNAHis
GUG (wobble G·U), for example. Even then,

EcotRNAHis
GUG only moonlights as a decoder of the His(CAU) codon; it has a more2095

stable, fully Watson-Crick complementing codon partner in His(CAC). The conse-

quence of having multiple codon partners, where one is a more favourable match,

means that the rate at which the orphan codon could be decoded would theoret-

ically be reduced. I can take advantage of this weaker wobble-pairing property
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CUU                       CAU

CUC                            CAC
tRNALeu

(GAG)     tRNAHis
(GUG) 

UGA       tRNASec
(UCA) 

 UGG       tRNATrp
(CCA) 

Full Watson-Crick pairing between 
codon and tRNA anticodon

Wobble base-pairing between orphan codon (top) and tRNA anticodon, whilst 
full Watson-Crick pairing between codon (bottom) and same tRNA anticodon

CUU                       CAU

CUC                           CAC
tRNA Leu

(GAG)     tRNA His
(GUG) 

UGA     tRNA Sec
(UCA) 

 UGG     tRNA Trp
(CCA) 

Full Watson-Crick pairing between 
codon and tRNA anticodon

Wobble base-pairing between orphan codon (top) and tRNA anticodon, whilst 
full Watson-Crick pairing between codon (bottom) and same tRNA anticodon

Figure 3.4: Examples of Watson-Crick and wobble codon-anticodon base-pairings from
the E. coli genome

Demonstrating that the majority of amino acid codon assignments in E. coli have orphan codons, i.e.
any codon with no tRNA isoacceptor that complements it with full Watson-Crick base-pairing.
Only tRNALeu

GAG base-pairs with leucine codons CUU and CUC, however, this tRNA wobble base-
pairs with orphan Leu(CUU) (blue nucleotides) and fully complements codon Leu(CUC). Similarly,
tRNAHis

GUG wobble-pairs with orphan His(CAU), whereas it has full Watson-Crick pairing with codon
His(CAC). In contrast, only three assignments Met(AUG), Trp(UUG), and stop codon opal/Sec(UGA) do
not have orphan codons as there is only one codon for these amino acids, and each possess their own
dedicated tRNA isoacceptors. Figure adapted from Ho et al. (2016).
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by introducing engineered tRNA isoacceptors that are a better complement to or-2100

phan codons, and thereby allow the implementation of alternate tRNA-codon as-

signments for sense-to-sense codon reassignment.

All in all, there are 17(+1)3 such true orphan codons, accounting for 15 of the

20 natural amino acids (Figure 3.3, codons not highlighted/white) within the E. coli

genome that could potentially be induced to accept new tRNA isoacceptors. De-2105

spite having a range of opportunities for reassignment, orphan codons (i.e. codons

that can only be accessed by tRNAs through wobble-pairing) do not have a signifi-

cant impact in translation, because under cellular conditions, and in the absence of

competing tRNAs, the wobble-pairing still operates efficiently. In addition, a given

organism’s codon frequency has also likely evolved towards a balance point where2110

any loss of incorporation efficiency can be matched by the rarity of orphan codons.

In E. coli, the rarer Arg(CGA) (codon usage per cell: 4,744) may well be an exam-

ple of such evolutionary balance given its tRNAArg
ACG partner has more abundantly-

occurring complements in Arg(CGC) (codon usage per cell: 29,866) and Arg(CGU)

(codon usage per cell: 28,424) (Figure 3.3; Ho et al., 2016).2115

It is the rarity of these orphan codons, and their predisposition for being sup-

planted by an alternate tRNA isoacceptor, that will prove to be critical for my re-

search in creating a genetically recoded organism (GRO): one with a distinctly al-

ternate genetic code assignment to the natural. Specifically, orphan codons present

opportunities to introduce alternate tRNAs with anticodon modifications that fully2120

complement the codon with three Watson-Crick base-pairs and, as such, have the

possibility of contending with the native wobble-pairing tRNAs for the targeted

codons. Furthermore, despite having higher thermodynamic stability than other

non-standard wobble-pairs, the G·U wobble bond is still not as stable as a standard

Watson-Crick pair (Varani and McClain, 2000), which suggests that an anticodon-2125

modified tRNA could theoretically out-compete a native wobble-pairing tRNA and

“invade” an orphan codon.

Whilst not specifically targeting orphan codons, Döring and Marlière (1998)

3This “(+1)” refers to isoleucine codon Ile(AUA), which has a single, but unusual, tRNAIle
C’AU

isoacceptor partner.
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Amino Acid Codon Anticodon (natural; for
tRNAIle

NAU & tRNAMet
NAU)

Anticodon (synth.;
for tRNACys

NAU)

Isoleucine, Ile/I
AUU GAU (wobble) AAU (WC)
AUC (WC) GAU (WC)
AUA C’AU (wobble) UAU (WC)

Methionine, Met/M AUG CAU (WC) CAU (WC)

Cysteine, Cys/C
UGU GCA (wobble) unchanged
UGC (WC)

Table 3.1: Comparison of the natural and anticodon-modified tRNAs used by Döring and
Marlière (1998) for reassigning isoleucine and methionine to cysteine.

In bold and underlined are nucleotides of the codon and anticodon that wobble-pair together. All
codons and anticodons are in the 5’-to-3’ orientation.

did pioneer the research to investigate what I term “codon invasion” for sense codon

reassignment. They proposed introducing four variants of anticodon-modified2130

tRNACys
NAU (where N = A/T/G/C) into E. coli to assess their ability to base-pair, with

full Watson-Crick complementarity, to all AUN codons (Ile(AUU), Ile(AUC), Ile(AUA),

and Met(AUG); Table 3.1), and demonstrate isoleucine-to-cysteine (and methionine-

to-cysteine) sense codon reassignment in a heterologously-expressed recoded re-

porter, ThyA. ThyA is an enzyme that catalyses the conversion of deoxyuridine2135

monophosphate (dUMP) to deoxythymidine monophosphate (dTMP), the latter of

which is an essential precursor for DNA biosynthesis. Critical residue C146 in the

essential thyA gene was mutated to either isoleucine or methionine (thyA.C146I/M4

respectively), rendering a non-functional/missense protein product upon translation

under the natural system. Furthermore, the endogenous thyA copies were deleted2140

from the host genome, producing a thyA-deficient that could be used as a live/dead

selection platform. That is, if the isoleucine-to-cysteine and methionine-to-cysteine

reassignments are successful, the host would be alive, thereby suggesting that the

anticodon-modified EcotRNACys
NAU variants were transcribed and able to reassign the

recoded thyA.C146I/M reporter, ensuring the continued survival of the E. coli host.2145

Their results demonstrated that whilst all non-native anticodon-modified

tRNACys
NAU isoacceptors were able to compete with the natural EcotRNAIle and

4Where a gene has been recoded for reassignment, the mutations will be written like this, i.e.
[gene name].[residue mutated at position # from X1 to X2]. If multiple mutations are incorporated
into the recoded gene, they will be separated by further periods.
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EcotRNAMet for the codons, and correctly reassign a recoded thyA.C146I/M to

recover ThyA activity, the efficiencies of reassignment varied: average thyA-

deficient E. coli growth rates, when expressing each tRNACys
NAU variant, ranged2150

from 0.280 ± 0.019 to 0.533 ± 0.024 (mean ± standard-deviation). Moreover,

using tRNACys
UAU, Döring and Marlière (1998) was able to show the genetic sta-

bility of this codon invasion: the thyA-deficient E. coli were able to maintain the

isoleucine-to-cysteine “mis”-coding for over 530 generations, with no reversion

of the Ile(AUA) codon to Cys(UGU) or Cys(UGC). Consequently, this early research2155

provided the principle foundations on which I built my OCI strategy.

3.1.2 Identifying amino acid pairs for reassignment

Given that Döring and Marlière (1998) had shown a set of tRNACys
NAU that were

able to invade all isoleucine and methionine codons alike (including orphan codons

Ile(AUU) and Ile(AUA)), I hypothesised that it would be possible to design any num-2160

ber of alternative tRNAs with anticodons modified to better-complement the 17(+1)

true orphans previously identified (Figure 3.3, codons not highlighted/white). This

next section details the process for identifying which of these orphan codons would

be more amenable for codon invasion as a means to implement and investigate bidi-

rectional sense-to-sense codon reassignments.2165

As with Döring and Marlière (1998), the anticodon-modified tRNAs for my

OCI strategy need to function in vivo with the host’s endogenous aaRSs. While

the orphan codons are the “destination” of the engineered tRNA, the “source” of

the engineered tRNAs is restricted to aaRSs that do not use (or do not strongly

discriminate against) the tRNA anticodon as an identity (i.e. recognition) element.2170

Of the 20 natural aaRSs, five are known to fit that criteria (further detailed below).

A second issue arises when both natural (but containing wobble-pairing) and

engineered tRNAs are introduced. The two tRNA isoacceptors are expected to com-

pete in translation, creating ambiguity at each incorporation – also known as statis-

tical proteins (Woese, 1965; Berg and Brandl, 2021; Pezo et al., 2004; Barbieri,2175

2019). The more an engineered tRNA can out-compete the natural wobble tRNA,

the closer the system is towards codon reassignment. However, competition for in-
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corporation will not be limited to the reassignment reporter system and, as a result,

multiple host proteins are expected to also be affected. Where the reporter will be

active due to the codon invasion by the anticodon-modified tRNAs, most host pro-2180

teins are expected to be inactivated by the invasion, implying that the invasion is

likely to be toxic. Wholesale genome engineering (as later achieved by the Chin

group; see Wang et al., 2016; Fredens et al., 2019; Robertson et al., 2021) can be

used to remove the orphan codon from the genome, thus removing toxicity, but that

approach is not feasible in the time-frame and resources of a single PhD. Instead, I2185

opted to create a transient reassignment system, using the reporter to convert a tran-

sient signal into a stable output – the Genetic Toggle Switch (GTS), later described

in Chapter 4.

Criterion 1: tRNA anticodon is not a required identity element for aaRS

In fitting with this first requirement, analysis of the literature highlighted a subset2190

of five E. coli tRNA/aaRS pairs where the anticodon was reported to not be a major

determinant for the respective synthetases (Figure 3.5; Giegé et al., 1998; Yan and

Francklyn, 1994; Yan et al., 1996; Giegé et al., 2014; Tocchini-Valentini et al., 2000;

Rosen and Musier-Forsyth, 2004). As modifications to this part of the tRNA should

still allow viable interactions with the native aaRS, these five candidates could po-2195

tentially be engineered for sense-to-sense codon reassignment. The corresponding

amino acids are proline, alanine, serine, leucine, and histidine.

It should be noted that whilst the review by Giegé et al. (2014, adapted in

Figure 3.5) displays many of the proposed key determinants for tRNA/aaRS pairs

within E. coli, the relative significance of each element (which can have species-2200

specific variations also) is still under debate. As such, it was used as a guideline

as to what had previously been explored. For instance, in EcotRNACys, the 1-72

base-pair and U73 discriminator base on the acceptor stem are one of the strongest

recognition elements for EcoCysRS (Ming et al., 2002; Hauenstein et al., 2004; Liu

et al., 2012), in that if a specific motif is missing to insert into the Rossmann fold of2205

this class I bacterial aaRS, these docking-defective synthetases would not be able to

discriminate and pair with the tRNA. The same mechanism of recognition appears
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Figure 3.5: Clover-leaf folding structure of tRNA and its 3D L-shaped organisation

Clover-leaf folding structure of tRNA and its 3D L-shaped organisation, including a compilation of
regions which have known identity determinants, regardless of whether these are major or minor el-
ements for recognition and/or aminoacylation. It is noted that nearly all amino acids (bar alanine and
serine) listed show that the anticodon is an identity determinant, which is logical as each anticodon
represents a clear linkage between tRNA and mRNA, suggesting that the cognate synthetases may
also use this feature for identification. Figure adapted from Giegé et al. (2014).

to be critical also for many other bacterial class I and for three class II synthetases,

as well as the bacterial EF-Tu. Hence as Döring and Marlière (1998) only modified

the anticodon (an alleged discriminator, albeit not critical identity element), and not2210

the acceptor stem, they were still able to charge cysteine to the anticodon-modified

tRNACys
NAU. Moreover, it is possible that the ThyA selection reporter used was such a

necessary component to E. coli viability that even if EcotRNACys
NAU/EcoCysRS was

not highly compatible, it was sufficient for the ones that survived selection. Later

discussions with Marlière (personal communication, 13-July-2019) confirmed also2215
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that if the anticodon-modified EcotRNACys
NAU isoacceptors were sufficiently over-

expressed, native EcoCysRS could aminoacylate them as, by chance, there would

likely be enough “accidental” interactions. After which, between the necessity for

the host to express ThyA, and with the minimal changes to the engineered tRNAs,

there would unlikely be additional major issues with uptake by the ribosome and2220

other translation factors to encode cysteine at recoded isoleucine/methionine AUN

codons in the thyA.C146I/M reporter sequence (Döring and Marlière, 1998).

Regardless, whilst these additional factors could be considered when optimis-

ing my proposed OCI strategy for sense-to-sense codon reassignment, the initial

approach remained: modify the tRNA with weak anticodon determinants of the five2225

aforementioned amino acids.

Criterion 2: sufficient physico-biochemical differences between amino acid re-

assignment pair to enable selection

Having narrowed down the potential amino acids that could be compatible with the

proposed anticodon-modified tRNA method for Orphan Codon Invasion (to proline,2230

alanine, serine, leucine, and histidine), the next step was to select which pairing(s)

from the five would be most pragmatic for characterising sense-to-sense codon re-

assignment in vivo.

In nature, it is well-documented that some reassignments between related

amino acids may be tolerated (i.e. still produce functioning proteins despite being2235

non-synonymous substitutions) in what is known as statistical proteins as this form

of redundancy confers a degree of adaptive or selective advantage (Woese, 1965;

Berg and Brandl, 2021). A key example of such natural occurrences is the Leu/Ser

ambiguity as seen in Candida albicans and certain other CTG-clade fungi (Santos

et al., 1993, 1996; Ji et al., 2016; Butler et al., 2009; Bezerra et al., 2015). In these2240

organisms, the otherwise universal Leu(CUG) codon can be naturally translated as

serine. Such ambiguity in protein translation arose initially from random mutations

in the anticodon loop of a native CaltRNASer, producing an atypical CaltRNASer
(CAG)

(further reviewed in Barbieri, 2019; Pezo et al., 2004). Subsequent co-evolution be-

tween this anticodon-modified tRNA variant and both its cognate seryl- (CalSerRS)2245
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and non-cognate leucyl- (CalLeuRS) synthetases resulted in CaltRNASer
(CAG) being

recognised and naturally aminoacylated with approximately 97% bias towards ser-

ine and 3% to leucine (Rocha et al., 2011; Bezerra et al., 2013; Mateus et al., 2013;

Simões et al., 2016). C. albicans has even been engineered to accept what should

be more intolerable ambiguity, with up to 28% leucine mis-incorporation (albeit2250

with significant impact in cell morphology, though seemingly not on growth rate;

Gomes et al., 2007). Despite the leucine-to-serine mis-incorporation afflicting 4168

(~67%) Leu(CUG)-encoded proteins in C. albicans, this species has been able to sur-

vive the natural ambiguity with minimal impact on growth rate and fitness as it has,

over time, synonymously replaced the once 98% prevalence of Leu(CUG) with other2255

leucine codons (namely, Leu(UAA) and Leu(UAG)). Moreover, remaining instances

of Leu(CUG) (or any new introduction of this codon) tend to be localised in non-

conserved positions or where serine residues would be expected, thus anticipating

serine (mis-)incorporation. This natural occurrence of large-scale genome recod-

ing, in tandem with the emergence of the unusual CaltRNASer
(CAG)/(CalSerRS and2260

CalLeuRS) pairing, is the reason behind the Leu/Ser ambiguity in C. albicans.

Whilst this could be considered codon reassignment (albeit not necessarily by

design), performing such substitutions between amino acids with similar properties

would make it difficult to determine whether my proposed OCI system is working as

expected. As such, I needed reassignment pairs to have as great a difference as pos-2265

sible in terms of physico-biochemical properties, so that any reporter protein would

be able to provide two distinct and detectable states of expression: one under the

natural system, the other under the synthetic reassignment code. Specifically, the

selection assay planned for verifying reassignment uses a heterologously-expressed

reporter that has been engineered with missense or nonsense point mutations (i.e.2270

“recoded”) with a seemingly loss-of-function phenotype when decoded under the

natural genetic code, but “regains” its function under the reassignment system. Hav-

ing a distinct pattern of expression for the two states provides an easily measurable

output that can be used as proxy for codon reassignment.

A basic approach for identifying pairs of amino acids that have significant2275
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physico-chemical differences was to look at amino acid substitution tables like the

BLOcks SUbstitution Matrices (BLOSUM). These statistical measures for estimat-

ing the protein similarity and/or divergence use log-odds score tables to estimate the

chances of observing biologically meaningful amino acid replacements within a se-

quence (Henikoff and Henikoff, 1992). Briefly, scores range from -4 to +3 for amino2280

acid substitutions, where: a score of zero indicates that the likelihood of substitu-

tion between a given pair of amino acids is as expected by chance; positive values

suggests that a given amino acid is more likely to be used as a replacement; negative

values implies unlikely substitutions. Typically, more positive scores correlate with

greater physico-chemical similarities between amino acids that, even as a substitute,2285

should not greatly affect protein function. Hence, to meet the second criteria, and

find pairs of amino acids with significantly different side chain properties that, when

swapped around, are more likely to impact the structure, interactions, and function

of a reporter protein, I focused on pairs with the most negative BLOSUM scores.

As an initial reference point, BLOSUM62 (the standard alignment database2290

matrix for comparing mid-range related protein sequences) was used to identify

highly contrasting substitutions between the five prospective amino acids that fitted

the first criteria for reassignment (Figure 3.6). BLOSUM62 scores of -2 or less were

taken as the arbitrary cut-off threshold for defining disruptive pairwise substitutions

for the reassignment selection assays. This gave the following five substitutions2295

(scores): histidine-leucine (-3), leucine-proline (-3), leucine-serine (-2), histidine-

alanine (-2), and histidine-proline (-2). In most of these pairs, one tends towards low

reactivity (alanine, leucine, proline), whilst the other is typically involved in catal-

ysis (histidine, serine). Replacing hydrophobic, non-polar residues with neutral-

hydrophilic, polar residues (or vice versa) seemed most likely to be disruptive to a2300

protein, hence the decision to design reassignment between one of the former three

aliphatic amino acids with one of the latter two.

Being small, serine can be found both on the protein surface or buried within

its interior. As a surface residue, its size enables it to assist in tight turns, much

like proline. Serine’s slightly polar nature means that it often resides in the func-2305
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tional centres of enzymes as its hydroxyl group enables it to hydrogen-bond with

other (usually polar) residues (Betts and Russell, 2003). Specifically, serine is gen-

erally involved in the active, catalytic site of hydrolases (e.g. protease, lipase,

phosphatase) or transferases (e.g. protein kinase), as the nucleophilic element of

the classic DHS (acid-base-nucleophile) catalytic triad motif (Warshel et al., 1989;2310

Ekici et al., 2008). Histidine’s involvement in these kind of covalent catalysis re-

Blosum62 Pro Ala Ser Leu His

Pro 7 -1 -1 -3 -2

Ala -1 4 1 -1 -2

Ser -1 1 4 -2 -1

Leu -3 -1 -2 4 -3

His -2 -2 -1 -3 8
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Figure 3.6: Blosum62 matrix and physico-chemical properties of potential amino acids
suitable for reassignment

The five potential amino acids that have associated tRNAs that do not use the anticodon region as
identity/recognition elements by their cognate aaRSs include: proline (Pro), alanine (Ala), serine
(Ser), leucine (Leu), and histidine (His). Note that the values are mirrored along the diagonal line
from top-left to bottom-right, therefore only the values below the diagonal in the table are shown.
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actions is typically as the base, but sometimes as a weak acid when its imidazole

side chain is unprotonated. Because of these biochemical properties, a replacement

of either of these catalytic residues by alanine, leucine, or proline (and vice versa)

would likely be significantly detrimental to protein function. However, leucine-2315

serine was discounted for reassignment as this substitution pair had already been

previously demonstrated, both synthetically (in vitro in human and in vivo in E. coli

respectively; Breitschopf et al., 1995; Ho et al., 2016) and naturally (as previously

described above in C. albicans; Santos et al., 1993). Moreover, given that nature

had already provided an elegant demonstration of leucine-to-serine reassignment2320

in vivo, as well as having achieved whole genome recoding to further consolidate

this alternative assignment, demonstrating an different reassignment pair would be

a more compelling demonstration of orthogonal coding systems.

With regards to the aliphatic amino acids, proline seemed a good candidate. It

has a distinctive physical property in that its pyrrolidine side chain connects with2325

the protein backbone twice to form a five-membered ring (as an imino acid) in a

rigid conformation. Correspondingly, proline is often located at very tight turns and

kinks on the protein surface and is generally unable to adopt more main-chain con-

figurations as seen in most other amino acids. As such, it is not usually substituted

for other amino acids, nor can others easily take its place, as exemplified by the neg-2330

ative substitution scores seen in the BLOSUM62 matrix compared with the other

reassignment amino acid candidates (e.g. leucine-proline at -3 and histidine-proline

at -2; Figure 3.6). Furthermore, despite its unique physical structure, its relatively

inert biochemical properties means that it is very rarely involved in the active or

binding sites of a protein (Betts and Russell, 2003). Hence, for the purposes of2335

reassignment, the histidine-proline pair would likely be the more striking study as

their differences span both physical and chemical features (unlike the biochemical

similarities of the leucine-proline pair).

In contrast to proline, histidine has many distinctive physico-chemical prop-

erties that could be useful in the reassignment selection assay. Having a pKa2340

(6.04~6.5) near to the physiological pH of E. coli means that it can act as both a
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proton donor and acceptor to change the aromatic imidazole side chain from neu-

tral(/basic) to positively-charged (more acidic) respectively. Its amphoteric nature

also allows histidine to be buried deep in protein cores, or be solvent-exposed on

protein surfaces. In addition, the aromatic ring can participate in stacking interac-2345

tions; as a result, histidine is frequently found in the active catalytic triad motifs

(like the DHS/SHH/etc. as described previously; Warshel et al., 1989; Ekici et al.,

2008) and binding sites of proteins (Betts and Russell, 2003).

Hence, to reassign histidine would appear to be relatively straightforward: the

amino acid is naturally incorporated by the same tRNAHis
GUG isoacceptor at only2350

two codons, His(CAU) (an orphan, via wobble-pairing) and His(CAC) (with Watson-

Crick complementarity), and a new prolyl-tRNA could be designed with its anti-

codon modified to AUG (i.e. tRNAPro
AUG) to fully complement the histidine orphan

and achieve histidine-to-proline reassignment. However, one slight reservation in

designating proline as the other reassignment candidate was that it has multiple2355

redundancies for codon complementation: the four proline codons (Pro(CCN)) are

each served by at least one of the three different tRNAPro isoacceptors. Crucially,

the only orphan codon Pro(CCU) is wobble-paired with two different tRNA variants,

tRNAPro
GGG and tRNAPro

UGG , which means that even if a newly introduced anticodon-

modified tRNA (tRNAXaa
AGG with full Watson-Crick complementarity to the codon) is2360

able to be aminoacylated by the native aaRS to a sufficient degree, it would be com-

peting with two other natural (albeit wobble-pairing) tRNA variants for the same

orphan Pro(CCU) codon. That is, its chances of implementing codon reassignment

would be much reduced compared to an fully-compatible anticodon-modified tRNA

that is competing for a true orphan codon, which in turn is naturally only partially-2365

complemented by one other tRNA variant.

This leaves two remaining candidates that could be coupled with histidine to

demonstrate the sense-to-sense codon reassignment selection assays: alanine and

leucine. Both have aliphatic side chains, are hydrophobic, neutrally-charged, and

non-polar. Alanine, in contrast with the physical and biochemical properties of the2370

other aliphatic candidate proline described earlier, is one of the most chemically
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inert amino acids, and hence is hardly ever directly involved in protein function.

Instead, it is highly-enriched/over-represented in low complexity regions (LCRs)

within protein sequences in bacteria, phages, and eukaryotes. These LCRs are gen-

erally very low in amino acid diversity and were once considered “junk” or neutral2375

linker regions between protein domains (Ntountoumi et al., 2019). In addition, its

short methyl side chain contributes to its tiny size, and allows it to mimic the sec-

ondary structure preferences of many of the other amino acids if used as a replace-

ment. As a result, alanine is often used in “scanning mutagenesis” (alanine scan-

ning), a site-directed mutagenesis technique to determine the bioactivity of a given2380

residue in the function or structure of a protein in question by randomly replacing

residues with alanine. In this respect, alanine could be a good candidate to pair

with histidine to assess our proposed reassignment system. With regards to leucine:

unlike alanine, it tends to be under-represented in these LCRs due to its increased

hydrophobicity and bulkier branched-chain form, but its other similar biochemical2385

properties sometimes results in its use as an alternative in scanning mutagenesis if

a larger amino acid is needed to conserve the size of mutated residues. Hence, like

alanine, leucine would also contrast well with histidine for codon reassignment.

As such, the final consideration was based on the associated orphan codons that

would be used for invasion with anticodon-modified tRNAs, and the relative impact2390

their reassignment may have on the host. Alanine has two orphan codons, Ala(GCU)

and Ala(GCG), which are only served by tRNAAla
(UGG) through wobble base-pairing.

This tRNA in itself also has its own dedicated Watson-Crick target, Ala(GCA):

stretching it across three highly used codons in the E. coli genome. On the one

hand, introducing an engineered tRNA that is dedicated only to either of these or-2395

phan codons should make it easier to implement codon reassignment, especially

compared with the tRNAAla
(UGG) that has a three codon targets. However, alanine

codons have very high representation across the E. coli genome such that ambigu-

ous translation under both natural and synthetic codes at an alanine orphan may also

be excessively detrimental to host fitness. Similarly, whilst leucine codons have the2400

highest usage overall for E. coli, this amino acid is represented by six codons and
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five tRNA isoacceptors, arguably providing it higher tolerance/acceptance for intro-

duced perturbations from anticodon-modified tRNAs. Though of its three wobble-

pairing codons, only one is a true orphan; the only complement to orphan Leu(CUU)

is tRNALeu
GAG, which itself has one other (Watson-Crick) target Leu(CUC). Given that2405

this Leu(CUU) orphan is less commonly used in E. coli than the alanine codons (so

may incur less fitness penalties to the host), and has less complex interactions to

contend with than with the proline codons, the histidine-leucine reassignment pair

was considered to be the most suitable compromise for validating sense-to-sense

codon reassignment.2410

3.1.3 Designing anticodon-modified tRNAs, compatible with en-

dogenous E. coli aaRSs, to implement reassignment with

the Orphan Codon Invasion system

Having established histidine and leucine as the amino acids to test the OCI reassign-

ment system in vivo, and the respective orphan codons (His(CAU) and Leu(CUU)) to2415

invade, the next step was to design the anticodon-modified tRNAs to implement

the reassignments. The requirements of these anticodon-modified tRNAs were as

follows: to engineer the anticodon triplet (and adjacent bases, if necessary) to have

Watson-Crick complementarity with a non-cognate orphan codon reassignment tar-

get, yet be able to be recognised and aminoacylated by its otherwise cognate aaRS.2420

Specifically, for a leucine-to-histidine reassignment using orphan codon Leu(CUU),

we would introduce anticodon-modified tRNAHis
AAG, and for a histidine-to-leucine re-

assignment at orphan His(CAU), a new isoacceptor tRNALeu
AUG would be used. Both

these tRNAs were designed based on pre-existing tRNA sequences so as to reduce

the possibility of tRNA/aaRS incompatibility.2425

To minimise the risk of rejection of engineered tRNAHis
AAG by host EcoHisRS

(genomically encoded by the single-copy hisS gene; Chaliotis et al., 2017), the

only native histidyl-tRNA (tRNAHis
GUG, gene hisR; Figure 3.7, top) was used as the

base sequence. Here, the first two bases (positions 34 and 35) of the anticodon

were changed from GUG to AAG, to fully match orphan Leu(CUU) for leucine-2430
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to-histidine reassignment. This alternate match, tRNAHis
AAG, for Leu(CUU) was also

defined as hisR(leu), and as it was to be heterologously expressed within the host,

it would be competing with the endogenous leucyl-tRNA, EcotRNALeu
GAG, for this

orphan codon too.

Deciding on the source sequence for the proposed histidine-to-leucine2435

tRNALeu
AUG engineered variant was a little more complex as there is a larger se-

Organism Amino 
Acid

Acc-stem D-stem D-loop D-stem Ac-stem Ac-loop Ac-stem V-region T-stem T-loop T-stem Acc-stem CCA

-1 1 8 10 14 22 26 27 32 39 44 49 53 61 66 73 74

DNA E.coli K12-MG1655 cysT - GGCGCGT TA ACAA AGC--GGT--T ATGT A GCGGA TTGCAAA TCCGT CT-------------------A-G TCCGG TTCGACT CCGGA ACGCGCC T CCA

RNA Escherichia coli Cys - GGCGCGU 4A ACAA AGC--GGD--D AUGU A GCGGA PUGCA*A PCCGU CU-------------------A-G UCCGG TPCGACU CCGGA ACGCGCC U CCA

DNA E.coli K12-MG1655 ileV/U/T - AGGCTTG TA GCTC AGGT-GGTT-A GAGC G CACCC CTGATAA GGGTG AG-------------------GTC GGTGG TTCAAGT CCACT CAGGCCT A CCA

RNA Escherichia coli Ile - AGGCUUG UA GCUC AGGD-GGDD-A GAGC G CACCC CUGAU6A GGGUG AG-------------------7XC GGUGG TPCAAGU CCACP CAGGCCU A CCA

RNA Escherichia coli Ile - AGGCUUG UA GCUC AGGU-GGDD-A GAGC G CACCC CUGAU6A GGGUG AG-------------------7XC GGUGG TPCAAGU CCACP CAGGCCU A CCA

RNA Escherichia coli for ileX/Y - GGCCCCU 4A GCUC AGU--#GDD-A GAGC A GGCGA CU}AU6A PCGCU UG-------------------7XC GCUGG TPCAAGU CCAGC AGGGGCC A CCA

DNA E.coli K12-MG1655 Met - GGCCCCT TA GCTC AGT--GGTT-A GAGC A GGCGA CTC A TAATCGCT TG-------------------GTC GCTGG TTCAAGT CCAGC AGGGGCC A CCA

DNA E.coli K12-MG1655 Met - GGCCCTT TA GCTC AGT--GGTT-A GAGC A GGCGA CTC A TAATCGCT TG-------------------GTC GCTGG TTCAAGT CCAGC AAGGGCC A CCA

DNA E.coli K12-MG1655 metT - GGCTACG TA GCTC AGTT-GGTT-A GAGC A CATCA CTC A TAATGATG GG-------------------GTC ACAGG TTCGAAT CCCGT CGTAGCC A CCA

RNA Escherichia coli Met - GGCUACG 4A GCUC AGDD-#GDD-A GAGC A CAUCA CUMAU6A PGAUG GG-------------------7XC ACAGG TPCGAAU CCCGU CGUAGCC A CCA

DNA E.coli K12-MG1655 leuX - GCCGAAG TG GCGA AATC-GGTA-G ACGC A GTTGA TTCAAAA TCAAC CGTA------GAAA-----TACGT GCCGG TTCGAGT CCGGC CTTCGGC A CCA

RNA Escherichia coli Leu - GCCGAAG 4G GCGA AADC-#GDA-G ACAC A GUUGA PUBAA*A PCAAC C-GUA----GAAA-----UACG-U GCCGG TPCGAGU CCGGC CUUCGGC A CCA

DNA E.coli K12-MG1655 leuP - GCGAAGG TG GCGG AATT-GGTA-G ACGC G CTAGC TTCAGGT GTTAG TGTTC-----TTAC----GGACGT GGGGG TTCAAGT CCCCC CCCTCGC A CCA

DNA E.coli K12-MG1655 leuVQT - GCGAAGG TG GCGG AATT-GGTA-G ACGC G CTAGC TTCAGGT GTTAG TGTCC-----TTAC----GGACGT GGGGG TTCAAGT CCCCC CCCTCGC A CCA

RNA Escherichia coli Leu - GCGAAGG UG GCGG AADD-#GDA-G ACGC G CUAGC UUCAG;P GPUAG U-GUCC---UUAC----GGACG-U GGGGG TPCAAGU CCCCC CCCUCGC A CCA

DNA E.coli K12-MG1655 leuU - GCCGAGG TG GTGG AATT-GGTA-G ACAC G CTACC TTGAGGT GGTAG TGCCC-----AATA----GGGCTT ACGGG TTCAAGT CCCGT CCTCGGT A CCA

RNA Escherichia coli Leu - GCCGAGG UG GUGG AADD-#GDA-G ACAC G CUACC UUGAG;P GGUAG U-GCCC---AAUA----GGGCU-U ACGGG TPCAAGU CCCGU CCUCGGU A CCA

DNA E.coli K12-MG1655 leuZ - GCCCGGA TG GTGG AATC-GGTA-G ACAC A AGGGA TTTAAAA TCCCT CGGCG-----TTCG----CGCTGT GCGGG TTCAAGT CCCGC TCCGGGT A CCA

RNA Escherichia coli Leu - GCCCGGA 4G GUGG AADC-#GDA-G ACAC A AGGGA PUHAA*A PCCCU C-GGCG---UUCG----CGCUG-U GCGGG TPCAAGU CCCGC UCCGGGU A CCA

DNA E.coli K12-MG1655 leuW - GCGGGAG TG GCGA AATT-GGTA-G ACGC A CCAGA TTTAGGT TCTGG CGCC------GCAA-----GGTGT GCGAG TTCAAGT CTCGC CTCCCGC A CCA

DNA E.coli K12-MG1655 hisR G GTGGCTA TA GCTC AGTT-GGT--A GAGC C CTGGA TTGTGAT TCCAG TT-------------------GTC CTGGG TTCGAAT CCCAT TAGCCAC C CCA

RNA Escherichia coli His G GUGGCUA 4A GCUC AGDD-GGD--A GAGC C CUGGA UUQUG/P PCCAG UU-------------------7UC GUGGG TPCGAAU CCCAU UAGCCAC C CCA

RNA post-translational modifications
Standard nucleoside: U = uridine, C = cytidine, A = adenosine, G = guanosine, T = thymine (base for tRNA gene sequences only), - = empty position. 
Uridine modifications: 4 = s2U = 4-thiouridine, X = acp3U = 3-(3-amino-3-carboxypropyl)uridine, D = dihydrouridine, T = 5-methyluridine, P = psi = pseudouridine. 
Cytidine modifications: B = Cm = 2’-O-methylcytidine, M = ac4C = N4-acetylcytidine, } = k2C = lysidine. 
Adenosine modifications: H = ?A = unknown modified adenosine, / = m2A = 2-methyladenosine, * = ms2i6A = 2-methylthio-N6-isopentenyladenosine, 6 = t6A = N6-threonylcarbamoyladenosine. 
Guanosine modifications: ; = ?G = unknown modified guanosine, # = Gm = 2’-O-methylguanosine, 7 = m7G = 7-methylguanosine, Q = queuosine. 

These are verified sequences as listed on the Transfer RNA Database (tRNAdb) as compiled by Universität Leipzig (http://trnadb.bioinf.uni-Leipzig.de, last accessed May-2021). 
No RNA sequence (i.e. with any associated post-translational modifications) was found for gene sequence leuW; no DNA sequence was found for ileX though an RNA sequence was listed for this. 
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nucleotides always present; circle colours indicate 
related tRNA sequence/structure

nucleotides always present and are conservedN#

# nucleotides between positions 45 and 46 of the variable stem (e11, e12, e13, …; 
e21, e22, e23, …) and variable loop (up to 5 nucleotides: e1 – e5).

e#

# (n) nucleotides not always present (n = variant)

Figure 3.7: Gene and tRNA sequences associated with amino acids: cysteine, isoleucine,
methionine, leucine, and histidine.

The top table is of the tRNA gene/DNA sequences for glsecol K-12 strain and the associated pro-
cessed tRNA sequences for general E. coli, as a compilation of results from the Transfer RNA
database (tRNAdb, http://trna.bioinf.uni-leipzig.de; Jühling et al., 2009; Sprinzl and
Vassilenko, 2005): a curated, experimentally-validated and sequence-verified tRNA database that in-
cludes information on post-translational modifications. The different EcotRNAHis and EcotRNALeu

isoacceptors and their DNA sequences are shown below; adapted from (Fung et al., 2014).
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_Figs_TD_016_Chpt3_Fig3-8.pdfFigure 3.8: Association between the histidine and leucine amino acids with their codons,
tRNAs (and respective anticodons), and cognate aaRSs

The wobble base-pairing between the codons and their respective tRNA anticodons are highlighted
by the red/orange boxes, with the key orphan codons underlined in red within the blue boxes.

lection from which to choose. As mentioned previously, there are five tRNALeu

isoacceptors, encoded by eight gene sequences (six of which are unique), that

complement the six leucine codons (Figure 3.8). Unlike EcoHisRS, which has a

one-to-one interaction with its tRNAHis
GUG, the same EcoLeuRS (from single ge-2440

nomic copy gene, leuS) is able to recognise and aminoacylate all five tRNALeu

isoacceptors despite differences in their sequences (Figure 3.7, Figure 3.8). That

is not to say that there is equal preference for each isoacceptor: in vitro exper-

iments by Fung et al. (2014) shows quite a range in affinity and turnover rate

estimates from the most favoured EcoLeuRS isoacceptor, EcotRNALeu
CAG (genes:2445

leuVPQ,T; Km = 2.0±0.4 µM, kcat = 0.100±0.003 min−1 respectively) to the least,

EcotRNALeu
GAG (gene: leuU; Km = 5.4±3.2 µM, kcat = 0.013±0.002 min−1 respec-

tively). Although possessing lower affinity and slower turnover to EcoLeuRS, at

least in vitro, it still seemed more prudent to use EcotRNALeu
GAG as the foundation
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sequence, and simply make the two base changes from GAG to AUG, to fully2450

match the orphan codon His(CAU) for implementing histidine-to-leucine reassign-

ment. It may be that by changing the tRNA as little as possible, the host may still be

able to transcribe and apply any in vivo modifications to the engineered tRNALeu
AUG

(defined also as leuU(his)) to ensure comparable expression levels as the endoge-

nous EcotRNALeu
GAG (Grosjean et al., 1998). Moreover, even if there is reduced2455

interaction between EcoLeuRS and EcotRNALeu
GAG (and, by extension, expected

further diminished activity with synthetic tRNALeu
AUG), this may serve to buffer the

expected toxicity from mis-translation that is expected to arise from ambiguous

decoding from both native and reassignment tRNAs – EcotRNAHis
GUG and tRNALeu

AUG

respectively– for the same orphan His(CAU) codon.2460

A summary of the two proposed anticodon-modified tRNAs and their interac-

tion with their associated codons – both the natural (in blue) and alternate (in red)

code – is shown in Figure 3.9.

If deemed necessary, the bases around the anticodon-modified tRNAs could be

changed and, similarly, directed evolution to co-evolve the engineered tRNAs to be2465

accepted by the native EcoLeuRS and EcoHisRS was considered (discussed later in

Section 3.3).

3.1.4 Recoding leucine and histidine codons in selection re-

porters to establish robust reassignment assays

In parallel with identifying the target codons and the appropriate tRNAs to engi-2470

neer for Orphan Codon Invasion, a suitable reporter selection system is needed to

complete the histidine-leucine reassignment assay. The heterologously-expressed

reporter needs to have fast expression that leaves a strong and long-lasting signal. It

should remain stable and be continually expressed in E. coli without greatly impact-

ing host fitness, whether grown in liquid or solid media. The signal output should2475

ideally be visual, or have a quantifiable phenotype that could be used as a proxy for

assessing reassignment. It is only when anticodon-modified tRNAs are successfully

transcribed and aminoacylated by the host aaRSs to correctly reassign the recoded

reporter that a functionally-restored protein should be expressed.
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Figure 3.9: Proposed modifications to the anticodon of tRNAHis and tRNALeu for invasion
of orphan codons Leu(CUU) and His(CAU) respectively

Native/natural anticodon sequences and their base-pairing interactions are shown in blue, whereas
the proposed anticodon-modified tRNAs are in red. Those highlighted in the dotted red boxes are the
anticodon-modified tRNAs that should enable leucine-to-histidine(EcotRNAHis

AAG) and histidine-to-
leucine (EcotRNALeu

AUG) codon reassignment. The tRNAs and codons that relate to leucine are shown
in purple, and those relating to histidine are in orange.

To test a leucine-to-histidine reassignment, for example, the ideal reporter2480

would need to have at least one critical histidine that would result in an inactive
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protein (i.e. not displaying the desired phenotype; “negative phenotype”) when re-

coded to another sequence, specifically to orphan Leu(CTT). However, when the

engineered leucine-to-histidine reassigning EcotRNAHis
AAG is transcribed alongside

this inactive reporter, reassignment under the alternative code should take place,2485

resulting in a “regain-of-function” of the recoded reporter (i.e. presenting the de-

sired “positive phenotype”; Figure 3.10c). The same principle applies for testing

histidine-to-leucine reassignment, except that essential leucine codons are recoded

to orphan His(CAT), which are expected to be rescued with synthetic EcotRNALeu
AUG.
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_Figs_TD_017_Chpt3_Fig3-10.pdfFigure 3.10: A summary of the proposed anticodon-modified tRNAs OCI system for es-
tablishing the histidine-leucine codon reassignments

(a) Highlights the target tRNAs that will be the basis for creating the anticodon-modified tRNAs
for histidine-leucine codon reassignments; (b) shows the proposed changes to the anticodons, and
the likely admix incorporation of leucine and histidine at the orphan Leu(CUU) and His(CAU) codon
sites; (c) is a schematic of the OCI system, which includes both the anticodon-modified tRNAs and a
recoded reporter; (d) is a table showing that the recoded reporter should have all sites where histidine
should be incorporated to be recoded to His(CAC), whilst where leucine should be Incorporated to
be recoded to Leu(CTC) or Leu(CTG). The sites (both specific sites selected for reassignment in
the recoded reporter, but also all other instances within the unmodified host genome) where there
are codons His(CAT) and Leu(CTT) will likely have a mixture of histidine or leucine, depending on
whether the mRNA is decoded by the natural or synthetic tRNAs. WT = wild-type/natural decoding;
SCR = sense-to-sense codon reassignment (i.e. histidine-leucine reassignment).

99



CHAPTER 3. OCI: HETEROLOGOUSLY-EXPRESSED REASSIGNMENT

Whilst recoding essential leucines and histidines is necessary for the regain-2490

of-function assay of the reporter protein, it was equally important to recode the

“non-essential” Leu(CTT) and His(CAT) codons that have not been designated for re-

assignment, and which should remain leucine and histidine respectively. Recoding

these other residues to synonymous codons ensures that there are no inadvertent re-

assignments that may confound the results, and the expected recovery of the inactive2495

reporters. At best, ambiguous decoding of these other leucines and histidines still

recovers reporter function, but its apparent activity may be reduced, which could

be misconstrued as additional toxicity from ambiguous tRNA translation. At worst,

it could result in the reporter remaining inactive despite successfully reassigning

the designated, essential codon(s), i.e. a false negative phenotype. Hence, histi-2500

dine residues that should not be reassigned were recoded to the only other histidine

codon, His(CAC), and the non-critical leucine residues were recoded to E. coli’s most

preferred synonymous codon, Leu(CTG) (Figure 3.10d)5. Once the engineered tR-

NAs are introduced in vivo, the His(CAC) codon, being a perfect Watson-Crick match

to the tRNAHis
GUG will remain translated as histidine, whilst orphan codon His(CAU)2505

will be statistically translated as histidine (naturally) or leucine (reassignment), de-

pending on the efficiency of invasion by the engineered tRNALeu
AUG (Figure 3.10b).

Note that these ambiguities affect not only the heterologous reporter, but also

that of all the proteins expressed by the host genome. This invariably infers a signifi-

cant fitness cost to the host, and likely will reduce the signal of correct reassignment2510

from the recoded reporter system. As such, the resulting population of proteins pro-

duced would likely have a mix of both functional and non-functional activity.

Given the challenge in vivo sense-to-sense codon reassignment already poses,

reassignment was planned only at essential reporter residues, however, if histidine-

leucine reassignment can be achieved in the small-scale OCI system, it would imply2515

that alternate genetic codes could be implemented upon wholesale recoding of an

5It would probably have been equally sufficient to recode the non-essential leucines to any of
the other four synonymous codons, such as Leu(CTC), but as the leucine-to-histidine tRNAHis

AAG was
based off the same sequence as the natural complement, tRNAHis

GUG, it seemed safer to use a different
leucine codon altogether to avoid any unexpected reassignments, i.e. should tRNAHis

AAG be able to
also reassign Leu(CTC), as well as the Leu(CTT) partner it was designed for.
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organism’s genome – therein begins another strategy for semantic biocontainment

of genetically modified organisms.

3.1.5 Selecting reporters for the reassignment assays

Several sets of reporter systems were examined concurrently to explore a strategy2520

that would be most accurate in detecting reassignment. In general, it seemed more

practical to attempt detection from inactive-to-active protein expression (i.e. regain-

of-function) as natural variation in in vivo expression rates and initiation may make

it harder to determine when loss of signal will occur if using the reverse, active-to-

inactive, detection method.2525

With this in mind, fluorescent reporters (and other markers that express

coloured pigments) seemed an ideal first approach. Such proteins tend to produce

visually robust phenotypes that can be quickly and directly observed in E. coli,

without the need for downstream purification for quantification. An adaptation

upon this would be to measure the efficiency of periplasmic secretors that have2530

been coupled to an efficient colorimetric system (such as, split fluorescent proteins

or α-complementation of β -galactosidase (lacZ for blue-white screening).

Whilst colorimetric outputs are an easy detection system, without some form

of selection pressure, there was the possibility that the host would expel the newly

introduced (not yet genomically-incorporated) anticodon-modified tRNAs, as they2535

would likely pose too much of a fitness cost to the host. To that end, an alternative

plan was to direct our search towards catalytic enzymes conferring antibiotic resis-

tance as an appropriate reassignment reporter. It would be easy to apply a selection

pressure (i.e. antibiotics) and use a live/dead screening of the E. coli to observe

whether reassignment has occurred.2540

Figure 3.11 summarises the reporters that were explored as potential systems

for the OCI reassignment assays. Although it was possible to investigate the ability

of each for implementing leucine-to-histidine or histidine-to-leucine reassignments,

the nature of the reporters’ characteristics, and in the interest of gaining definitive

signals of sense-to-sense codon reassignment, predisposed the assays to be used for2545

assessing leucine-to-histidine rather than the alternative. Exploring an assay for the
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histidine-to-leucine reassignment will be addressed in greater depth in Chapter 4.

3.1.6 Implementing the Orphan Codon Invasion system

Thus far, we have discussed the key elements involved in setting up sense-to-sense

codon reassignment in an in vivo system. We have identified a pair of amino acids,2550

leucine and histidine, with orphan codons (i.e. is only complemented by natural

tRNAs through wobble base-pairing) open to invasion from novel tRNAs with anti-

codons modified to have full Watson-Crick complementarity to the codon sequences

(Leu(CUU) and His(CAU)). We have also identified the parameters for designing the

recoded reporters to characterise histidine-leucine reassignment. The reassign-able2555

codons have been defined (Leu(CTT) and His(CAT)), as have the codons that should

not be reassigned (i.e. synonymous recoding of all non-critical residues to His(CAC)

and Leu(CTG)). Finally, we have focused the search for reporter function towards en-

zymes that produce fluorescence, coloured pigments, or have measurable catalytic

activity in the host.2560

Figure 3.11: Proposed reporters to be recoded for the reassignment assays

To be explored in Section 3.2.2 (fluorescent proteins), Section 3.2.3 (secretion tags coupled to
LacZα), and Section 3.2.4 (chloramphenicol acetyl-transferase). Note, these assays would only
be able to demonstrate leucine-to-histidine reassignment.
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Together, the anticodon-modified tRNA and the recoded reporters make up the

Orphan Codon Invasion system with which I will endeavour to demonstrate the

feasibility of implementing histidine-leucine reassignment in vivo.

3.2 Results and Discussion to OCI
To validate viable sense-to-sense codon reassignment with the Orphan Codon In-2565

vasion system, it was necessarily to assemble multiple components, which include

demonstrating that the engineered tRNA genes can be heterologously expressed in

the host, as well as creating inactive recoded reporters that exhibit a measureable

signal of selection upon successful reassignment.

Here, I begin by discussing the construction of the anticodon-modified tR-2570

NAs, before moving to the assembly of the recoded reporters. For each recoded

reporter, the expected positive and negative phenotypes will first be verified and,

once confirmed that the two states are sufficiently different, they will be expressed

alongside the engineered tRNAs to test the reassignment assay. Successful reassign-

ment should result in the inactivated reporter (i.e. negative phenotype) regaining its2575

function, and once again displaying the desired positive phenotype.

3.2.1 Constructing anticodon-modified tRNAs for the Orphan

Codon Invasion system

In Section 3.1.3, I reasoned that the probability of the proposed anticodon-modified

tRNAs being accepted by host aaRSs may be increased if the synthetic sequences2580

were based on pre-existing tRNA isoacceptors within the E. coli genome. To recap,

the native E. coli tRNA gene hisR (EcotRNAHis
GUG) became the foundation sequence

for the proposed tRNAHis
AAGfor the leucine-to-histidine reassignment invading or-

phan codon Leu(CUU), whilst the histidine-to-leucine tRNALeu
AUGvariant was mod-

elled from leuU (EcotRNALeu
GAG) to target orphan codon His(CAU). Table 3.2 (and2585

Figure 3.9) summarises these tRNAs and the codon-anticodon triplets, as they ap-

pear in the tRNA naturally, and the proposed anticodon change for the synthetic

variants (LH, HL) in order to achieve sense-to-sense codon reassignment.
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Foundational
EcotRNA gene

Natural
(codon-anticodon)

Synthetic, recoding
(codon-anticodon)

hisR hisR
EcotRNAHis

GUG (CAU-GUG)
hisR::leuAAG
tRNAHis

AAG (CUU-AAG)
leuU leuU

EcotRNALeu
GAG (CUU-GAG)

leuU::hisAUG
tRNALeu

AUG (CAU-AUG)

Table 3.2: E. coli tRNA genes (codon-anticodon) in the natural system and in the proposed
synthetic sense-to-sense codon reassignment system

Native E. coli tRNA gene hisR (EcotRNAHis
GUG) became the foundation sequence for the leucine-to-

histidine reassigning tRNAHis
AAG, whilst the histidine-to-leucine tRNALeu

AUGvariant was modelled on
leuU (EcotRNALeu

GAG). Note both codon and anticodon triplets are shown in the 5’-to-3’ direction.

The gene sequences for hisR and leuU were initially acquired from the

tRNAscan-SE Genomic tRNA Database (GtRNAdb; http://gtrnadb.ucsc.2590

edu/; Chan and Lowe, 2016), under the tRNA gene predictions using the “Es-

cherichia coli str. K-12 substr. MG1655” genome6. Although the GtRNAdb

has more extensive records, it consists only of DNA prediction sequences, hence

the necessary sequences were cross-referenced with those from tRNAdb (http:

//trna.bioinf.uni-leipzig.de; Jühling et al., 2009; Sprinzl and Vassilenko,2595

2005). tRNAdb compiles a more curated, experimentally-validated and sequence-

verified tRNA gene subset, including in vivo7 expression data of the mature, post-

modification tRNA sequences. From these sequences, only minor modifications

were made to the first two bases of the anticodons (Table 3.2, from blue to red) to

6Note that the GtRNAdb has four versions for E. coli strain K-12, substrain MG1655; the genome
used was http://gtrnadb.ucsc.edu/genomes/bacteria/Esch_coli_K_12_MG1655/, which
is from the “ASM584v2” assembly that was submitted by Univ. Wisconsin, 26-September-
2013, https://www.ncbi.nlm.nih.gov/assembly/GCA_000005845.2 (GenBank sequence
U00096.3, https://www.ncbi.nlm.nih.gov/nuccore/U00096; Blattner et al., 1997). The
relevant sequences were also cross-referenced with those from the “Escherichia coli BL21DE3”
genome (of which there were two versions; Jeong et al., 2009), to compare whether the tRNA gene
sequences differed between the K-12 and B-strains; no differences were found.
Sequences acquired at the time were from GtRNAdb Data Release 16 (September-2015), contain-
ing tRNA predictions using the beta version of tRNAscan-SE 2.0. Later work used in this thesis
also referred to the subsequent Release 17 (December 2017) (archive: http://gtrnadb.ucsc.
edu/archives.html; change log: http://gtrnadb.ucsc.edu/change_log.txt; Chan and
Lowe, 2009, 2016). Whilst tRNA gene sequences were consistent across all versions of both strains,
their genomic positions and tRNAscan-SE IDs differed between versions: any tRNA ID numbers
mentioned refer to GtRNAdb Release 16 of the genomic sequence with GenBank ID U00096.3.

7Note that whilst there were gene sequences for the K-12 substrain, the post-modification tRNA
sequences were specific to E. coli as a whole (Figure 3.7).
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make the sequences, tRNAHis
AAG (hisR::leuAAG) and tRNALeu

AUG (leuU::hisAUG). To2600

form the full sense-to-sense codon reassignment system, the two sequences were

constructed together as construct [201] (Figure 3.12).

As it was yet unclear whether the two engineered tRNA sequences would be

able to be expressed in vivo as just the gene sequences alone, additional features

were added to the final tRNA reassignment construct design [201] to mirror the2605

E. coli genomic context and facilitate the natural tRNA processing as closely as

possible. Firstly, each anticodon-modified tRNA was designed to include flanking

10~11 bp of the E. coli genomic context directly upstream and downstream of their

source tRNA gene sequence, which I hypothesised should be sufficient to permit

tRNA processing and maturation by ribozymes RNase P, E and T (or PH) (Mohanty2610

and Kushner, 2019). For a similar reason, additional DNA sequences were included

within the 395 bp tRNA construct, resulting in the following schema (Figure 3.12).

Lastly, to incorporate this construct design into a heterologously-expressed plas-

mid, compatible homologous arms were added to the full sequence termini. At the

5’-end, the homologous sequence arm contained restriction sites BsaI=SpeI and2615

BamHI, whilst at the 3’-end the sequence included SapI, the t-lpp lipoprotein hair-

pin terminator, HindIII, and BsaI=EcoRI. The final 395 bp anticodon-modified

tRNA construct ([201], oligo YKH159) was ordered as a linear dsDNA from IDT.
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Figure 3.12: A schematic of the two anticodon-modified tRNAs sequences in construct [201] (395 bp)
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The plasmid to which the engineered tRNAs construct [201] was designed to

be cloned under pTetR/A control in a high-copy pNGAL97 vector [P005], with the2620

intention that the associated recoded reassignment reporter construct would also

be included within the same plasmid to complete the full OCI design (Figure 3.13).

This would be achieved through a three-part BsaI-digestion/ligation assembly strat-

egy. When assembled, the PTetR/A promoter would be present upstream of the whole

engineered tRNAs reassignment construct [201], which would facilitate inducible2625

transcriptional control (by anhydrotetracycline, aTc) of the reassignment system.

Various restriction sites were also built into the construct design to facilitate any

troubleshooting issues. For example, BamHI and EcoRV could be used to remove

the tRNAHis
AAG (hisR::leuAAG) sequence, whilst EcoRV and SapI could remove the

tRNALeu
AUG (leuU::hisAUG) portion. If necessary, both engineered tRNAs sequences2630

could be removed using BamHI and SapI.

Further downstream in the same plasmid would be the recoded reporter con-

struct, which was planned with sfGFP in the first instance, but could be replaced

with alternative reporters (using a combination of the following restriction enzymes:

SapI, HindIII, or EcoRI with XbaI or HindIII). Like the synthetic tRNA operon,2635

the recoded reporter would also be under inducible transcriptional control: this time

with the PT 7 promoter and lacO operator, and regulated by the strong consensus

RBS sequence (AAGGAG). The design and construction of the recoded reporters is

discussed further in Section 3.2.2, Section 3.2.3, and Section 3.2.4.

One other consideration was with regards to potential read-through transcrip-2640

tion of either engineered reassignment tRNAs or recoded reporter from the other

constructs’ promoter. To mitigate this, and enable a degree of control over each

portion of the OCI system built into this [202] plasmid design, the two operons

were positioned in opposite orientation to one another (with the tRNA construct

[201] placed in the same direction as other operons within the plasmid). Finally,2645

should pNGAL97 [P005] prove to be an unsuitable vector (e.g. copy number too

high causing significant toxicity to the host; pTetR/A not stringent enough) for this

reassignment assay, there were additional design features in place to replace vari-
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Figure 3.13: A schematic of the two anticodon-modified tRNAs sequences with the re-
coded sfGFP reporter, construct [202] (4,461 bp)

ous parts of the vector, else both engineered tRNAs and the recoded reporter could

be excised together with BamHI and XbaI to be subcloned into an alternate vector2650

background.

3.2.2 Assessing the feasibility of blue fluorescent protein for

leucine-to-histidine reassignment

3.2.2.1 Fluorescent proteins display spectral diversity depending on

chromophore structure2655

Since the discovery of GFP from the jellyfish Aequorea victoria in 1962, avGFP

has become a well-characterised and much enhanced tool; one that has been used to

develop a full spectrum of fluorescent proteins (FPs) that are now invaluable across

many biological fields. The structure of avGFP (PDB: 1EMA), and most of its

derivatives, is of a β -barrel formed of 11 anti-parallel β -sheets (with an approxi-2660

mate length of 40 Å, diameter of 30 Å; Figure 3.14), and with an α-helix threaded

through the centre of the cylinder. Of particular importance, however, is a tripeptide
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core, situated at positions 65-67 along this central axial α-helix, known as the chro-

mophore. The chromophore is a molecule that absorbs light at a particular wave-

length and emits the unabsorbed light at another wavelength, which can be detected2665

as a specific colour output if emitted within the visible light range. In avGFP, the

chromophore is made up of the three covalently-bonded residues S65-Y66-G67,

which must follow a series of maturation steps before it produces the green fluo-

rescence characteristic of it and its derivatives (i.e. within the 500-530 nm range8).

The biosynthesis of the chromophore begins with a number of torsional adjustments2670

(folding), where the carboxyl carbon of the amino acid at position 65 is positioned

in close proximity to the amino nitrogen of the typically invariant G67. Nucle-

ophilic attack from the former to the latter, followed by a dehydration step, forms

an imidazoline heterocyclic ring system (cyclisation). Upon aerial oxidation of the

other typically invariant residue Y66, the electron conjugation of the imidazoline2675

ring system is extended to also include this aromatic substituent, resulting in the

subsequent production of fluorescence (Figure 3.15 Tsien, 1998; Reid and Flynn,

1997; Prasher et al., 1992; Heim et al., 1994).

Whilst seemingly invariant for the GFPs, mutagenesis studies on the three

residues involved in the chromophore (and its intramolecular interactions with2680

nearby residues) has been shown to modify the excitation/emission maxima of

protein fluorescence, resulting in the development of FPs that display a diverse

spectral range (Figure 3.16). For example, introducing the Y66W and Y66H aro-

matic substitutions into avGFP shifts both excitation and emission towards shorter

wavelengths, producing cyan (CFP, 436/485 nm) and blue (BFP, known as P4,2685

382/448 nm) fluorescent proteins respectively. This change is likely a result of

the differences in electron availability between the azole and phenolic side chains

(Heim et al., 1994; Tsien, 1998; Cubitt et al., 1998). As expected, mutations that

do not contribute an aromatic group to the chromophore, such as Y66L, leads to

non-fluorescent proteins. Though such deficiencies could be recovered with the2690

8Specifically, avGFP has a bimodal absorption band with excitation/emission maxima
(λEx/λEm) at 395/508 nm (major peak) and at 475/503 nm (minor peak) (as reviewed by Pédelacq
et al., 2006; Day and Davidson, 2009; Chudakov et al., 2010; Cubitt et al., 1998; Campbell and
Davidson, 2010).
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Figure 3.14: A schematic and crystal structure of sfGFP

(a) A topology map of sfGFP, adapted from Pédelacq et al. (2006); (b) the generalised structure of
GFP (PDB: 1EMA), including (c) a view of the chromophore.

provision of an alternate aromatic compound, such as in the case of enhanced yel-

low fluorescent protein (EYFP), with the support of the phenol side chain from

Y203 to the G65-Y66-G67 chromophore. In Section 3.2.2.2, I discuss both BFPs

and non-fluorescent variants in greater depth as the critical Y66H/L changes within

the chromophore makes these possible candidates for use as a recoded reassignment2695

reporter in the OCI system.

In addition to establishing a wide palette of FPs, these mutagenic changes

also affect protein folding and maturation efficiency of the chromophore. Key at-

tributes that may be altered by these modifications include: protein (re-)folding

rates, photostability, how well the molecule emits light in terms of the propor-2700

tion of photons emitted to absorbed (i.e. its quantum yield, QY or φ ), the quan-

tity of light absorbed at a given wavelength by a fluorophore or chromophore of a

given concentration (i.e. its molar extinction coefficient, EC or ε), and ultimately

the molecular brightness of fluorescent expression as this is a product of QY and

EC (Cubitt et al., 1998; Wall et al., 2014; Tsien, 1998). For example, the ma-2705

jor peak for avGFP has ε = 25,000~30,000 M−1 cm−1 and φ = 0.79, whereas its
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Figure 3.15: Intramolecular biosynthesis of GFP chromophore

Intramolecular biosynthesis of GFP chromophore as determined by Tsien (1998) and Reid and Flynn
(1997), and as first isolated by Prasher et al. (1992), and characterised by Heim and colleagues (Heim
et al., 1994; Heim and Tsien, 1996).

blue-fluorescing derivative (P4, i.e. avGFP.Y66H, has ε = 13,500 M−1 cm−1 and

φ = 0.21, resulting in a seven-to-eight-fold reduction in brightness from just a sin-

gle residue substitution (Patterson et al., 1997; Tsien, 1998; Heim and Tsien, 1996;

Lambert, 2019, https://www.fpbase.org/, last accessed 01-Nov-2023). Conse-2710

quently, commonly-used FPs will often have undergone various iterations of point

mutagenesis before the desired characteristics are achieved.

The following work, however, focuses more on two specific FP variants: sfGFP

and the EBFP family (Table 3.3). sfGFP is one of the brightest and most robust

GFP derivatives. It was screened from a DNA shuffling library of folding reporter2715

GFP (frGFP), which combines the F64L/S65T substitutions found in enhanced GFP

(EGFP) (Cormack et al., 1996), the “cycle-3” (F99S/M153T/V163A) triple muta-

tions from αGFP (Crameri et al., 1996), along with six further substitutions (S30R,
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Figure 3.16: Spectral images of various fluorescent proteins with their excitation and emis-
sion peaks

Fluorescent proteins and their excitation/emission spectral images as acquired from https://www.
fpbase.org/ (Lambert, 2019). From top to bottom: avGFP (395/509 nm), sfGFP (488/510 nm),
P4 (avGFP.Y66H; 382/448 nm), EBFP2 (383/448 nm), CFP (456/480 nm), EYFP (513/527 nm).

Y39N, N105T, Y145F, I171V, and A206V; Waldo et al., 1999; Pédelacq et al.,

2006). The result of these modifications enables sfGFP to mature extremely quickly2720

(with a refolding initial rate of 5.0E-1 s−1, and maturation time of 13.6 min), have
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increased thermo- and photo-stability (with a half-life of t1/2 = 208.26 s; Cran-

fill et al., 1996), potentially reduce protein aggregation at high concentrations, as

well as raise its EC (83,300 M−1 cm−1) and overall brightness (54.15 ×103, i.e.

two-to-three fold brighter than avGFP; Pédelacq et al., 2006). All these proper-2725

ties combined make sfGFP an extremely effective reporter for developing a viable

sense-to-sense codon reassignment detection system.
Reassignment: Colour by Letters
 - chromophore structure determines spectral diversity in GFP derivatives  

PDB: 2B3P, superfolder Green Fluorescent Protein.

EBFP1.1 = sfGFP-Y66H OR GFP-(F64L/S65T)/(Y66H/Y145F)/(S30R/Y39N/N105T/I171V/A206V). 
EBFP1.2 = EBFP1.1-T65S/S72A/N198S. 
EBFP2    = EBFP1.2-(F145H/H148N/M153A)/(I128V/V150I/D155V/V224R) 
[bold=reduces photobleaching].
 

Thr65

BFP

Tyr66

Thr65

Gly67

GFP

Leu66

Thr65

Gly67
Colourless

BFP  key residue:  H66         (blue). 
Recode to:   H66L(CTT) (white). 
To test:   L H reassignment.

Using:   His-tRNAHisR
(AAG)

Signal:   White        Blue. 

☐
☐ Fast
☐ Robust
☐ Stable

His66

Gly67

WT Recoding SCR

His
His

CAC
CAC        CAT

His
Leu

Leu
Leu
Leu

CTG
CTG        CTC
CTG        CTT

Leu
Leu
His

* +X  values indicate His codons in His-tag.

(20)

(8+4*)

(2+2*)

Figure 3.17: Proposals for adapting sfGFP as a recoded reporter for assaying leucine-to-
histidine reassignment

Crystal structure of sfGFP with the chromophore highlighted (blue box). The chromophore
molecules on the left show the residue changes in order to present as green, blue, and colourless.
The key and summary table on the right explains the reassignment characterisation assay and the
necessary histidine/leucine codons that were needed to be recoded in order to create the reporter for
characterisation.
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FP
[PDB ID]

Mutations λEx/λEm,
nm

EC,
M−1 cm−1

QY Brightness
×103

(wrt sfGFP)

Ref

avGFP
[1EMA]

(Chromophore: S65 / Y66 / G67) 395/508 (major)
475/503 (minor)

25,000~30,000 0.79 19.75~23.70
(0.36~0.44)

sfGFP
[2B3P]

avGFP + M1_S2insV / (F64L / S65T) / (Y66 / Y145F) /
(F99S / M153T / V163A) / (S30R / Y39N / N105T /
I171V / A206V)

485/510 83,300 0.65 54.15 (1.00)

P4 avGFP + Y66H 382/448 2,100 0.24 0.50 (0.01)
BFP
[1BFP]

avGFP + (Y66H / Y145F) 381/445 14,000 0.38 5.32 (0.10)

EBFP avGFP + M1_S2insV / (F64L / S65T) / (Y66H / Y145F) 380/440 31,500 0.20 6.30 (0.12)
EBFP1.1* EBFP + (F99S / M153T / V163A) / (S30R / Y39N /

N105T / I171V / A206V) OR sfGFP + *Y66H
NR NR NR NR (NR)

EBFP1.2 EBFP + (T65S / S72A / N198S) / (S30R / Y39N /
N105T / I171V / A206V)

379/446 41,000 0.45 18.45 (0.34)

EBFP2 EBFP1.2 + (I128V / V150I / D155V / V224R) 383/448 32,000 0.56 17.92 (0.33)
EBFP2.1* EBFP2 + *(F99S / M153T / V163A) NR NR NR NR (NR)
noFP1.1* sfGFP + *Y66L NR NR NR NR (NR)
noFP2.1* EBFP2.1* + *Y66L NR NR NR NR (NR)

Table 3.3: GFP derivatives and the point mutations required for GFP, sfGFP, EBFP, EBFP1.1, EBFP1.2; EBFP2.

The entries highlighted in green, blue, and grey were used or created (*) for use in this research, reflecting the colours emitted by the fluorescent proteins respectively
(with the exception of grey, which represents no fluorescence). The residue/mutation within the chromophore that is responsible for the change in the colour
fluorescence is also represented in their respective font colour. All other modified residues are listed, with key residues in italic, and those associated with reducing
photobleaching are in bold (https://www.fpbase.org/, last accessed 01-Nov-2023; Lambert, 2019). NR = not reported.
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By comparison, BFP reporters are a little less robust. The most modified, mod-

erated9 variant in Table 3.3, EBFP2, is only a third as bright as sfGFP. It takes about

twice the time as sfGFP to mature (25.0 min), and photobleaches approximately2730

four times faster (photo-stability half-life of t1/2 = 55.0 s; Subach et al., 2008).

Moreover, it requires ultraviolet (UV, approximately 380 nm) excitation, yet emits

within the visible spectrum range (440~470 nm). The advantage of a BFP reporter

for the OCI system, however, is in the critical histidine residue at position 66 in the

chromophore. The significant change in properties that arise from single point mu-2735

tations – that is, Y66H is the only necessary mutation to shift a GFP towards blue

fluorescence, and the substitution of a non-aromatic residue, like leucine, into this

position should result in noFP. This, therefore, makes sfGFP a suitable reporter for

codon invasion (Figure 3.17). Hence, to investigate the potential of the Y66H/L re-

porter system, I decided to generate a series of BFP and noFP constructs to explore2740

the limits and stability of this detection system.

3.2.2.2 Recoding fluorescent reporters: from green to blue to

colourless

The first necessary step for ascertaining a BFP variant as a possible recoded re-

porter for the OCI system was to characterise the positive and negative controls2745

for reassignment. The sfgfp gene within plasmid [203] (an in-lab/house plasmid,

made from the [P003] pET29a(+) vector by post-doctoral researcher, Dr. Chris

Cozens; Table 3.3) was used as the foundational sequence with which to introduce

the Y66H and Y66L mutations, and make ebfp1.1 (positive) and nofp1.1 (negative)

respectively. Inverse PCR with Q5 HiFi HS DNAP, using the site-directed mutage-2750

nesis (SDM) primers listed in Table 2.3, was used to generate all possible histidine

and leucine codon substitutions at position 66 in sfgfp. Though no significant dif-

ferences were expected between the synonymous substitutions, it seemed prudent

to generate all variants in case of substantial codon usage preferences by the host.

As the sfgfp variants were each under control of a pT7, the T7 Ex-2755

9As published on FPbase (https://www.fpbase.org/, last accessed 01-Nov-2023; Lambert,
2019), the free and open-source, community-editable database for fluorescent proteins and their
properties.
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[D1] 
1b: H(CAC)
(BFP)

[A1] 
A4b: L(TTA)
(noFP)

[B1]
3b: L(CTA)
(noFP)

[C1] 
A2b: Y(TAT)
(GFP)

[D1]
2b: L(CTC)
(noFP)

[D1]
A3b: L(CTT)
(noFP)

[C1] 
A1b: H(CAT)
(BFP)

[A1]
A5b: L(TTG)
(noFP)

[B1]
4b: L(CTG)
(noFP)

sfGFP point mutation transformants were plated on LB/Kan 50 µg/mL, with 0.05 mM IPTG

sfGFP.Y66L(CTC)               sfGFP.Y66L(CTA)            sfGFP.Y66L(CTG)    

sfGFP.Y66(TAT)               sfGFP.Y66H(CAT)            sfGFP.Y66H(CAC)    

sfGFP.Y66L(TTA)               sfGFP.Y66L(TTG)            sfGFP.Y66L(CTT)    

(g)                (h)             (i)    

(a)                (b)             (c)    

(d)                (e)             (f)    

Figure 3.18: E. coli transformants of sfGFP point mutations that were used to create Y66H
(EBFP1.1) and Y66L (noFP) variants

The complete set of recoded histidine (Y66H) and leucine (Y66L) codon variants for sfGFP were
created and the transformants plated onto 50 µg/mL kanamycin in LB media plates that were sup-
plemented with 0.05 mM IPTG in an attempt to screen for fluorescence/lack of fluorescence. The
transformants into T7 Express lysY/Iq were visualised under UV light.
Plate (a) had the original unmodified sfGFP variant, which was visibly expressed green fluo-
rescence (albeit not as clearly visualised here). Of note were plates (c) sfGFP.Y66His(CAC)
(Watson-Crick complement, as opposed to the histidine wobble variant in (b)), (f) wobble variant
sfGFP.Y66Leu(CTT), and (g) Watson-Crick sfGFP.Y66Leu(CTC) variant (that is charged by the same
tRNA isoacceptor as the one to Leu(CTT) in (f)), which produced the lowest number of CFUs and
also required an extra 24 h in order for any colonies to form; these plates were imaged a day after
all other plates. No fluorescence in the recoded variants could be observed that were significantly
different from one another; additional explanation in main text.
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press lysY/Iq transformants were plated on 50 µg/mL kanamycin in LB media

(LB Kan 50 µg/mL) agar plates, with and without 0.05 mM isopropyl-b β -D-

thiogalactopyanoside (0.05 mM IPTG). The former were used as an initial check

for fluorescence (Figure 3.18) , however, it was not possible to detect a discernible

difference between blue and no fluorescence expression unaided (data not shown).2760

It should be noted, however, that the plates may not have been excited at the

optimal wavelength (nor for long enough), even accounting for the fact that the two

ebfp1.1 variants have not previously been characterised before as BFPs. While the

Bio-Rad GelDoc machine had a trans-UV excitation source, it was later understood

that the plates were likely excited at 302 nm (default UV illumination provided as2765

standard), and did not have the optional 365 nm UV lamp installed, which would

have been closer to the expected ~380/440 nm peaks; excitation at ~300 nm would

be at the tail-end of the expected range for a BFP (Figure 3.16). Although un-

likely to be significant, an additional comment should be added that three variants

(sfGFP.Y66His(CAC), sfGFP.Y66Leu(CTT), sfGFP.Y66Leu(CTC); Figure 3.18c,f,g)2770

displayed slower growth, with fewer colony forming units (CFUs), and were imaged

the following day. Otherwise, there did not seem to be any other noticeable dif-

ferences. Hence, for the experiments moving forward, variant sfGFP.Y66His(CAT)

(construct [204]) became known as EBFP1.1, whilst Y66Leu(CTG) (construct [205])

was termed noFP1.1.2775

As the initial visual inspection between heterologously-expressed EBFP1.1

and noFP1.1 proved to be inconclusive, a small-scale culture expression experi-

ment was carried out on the different sfGFP recoded variants that were transformed

into T7 Express lysY/Iq. In a 96-well plate, a 5% seed of each sample was grown

in 200 µL 2xTY Kan 50 µg/mL media, and were induced with 0.5 mM IPTG2780

(10x from prior plate-based assays) at 37 ºC for up to 5.5 h. Fluorescence (using the

BMG LabTech FLUOstar OPTIMA microplate reader with filter sets at 470/520 nm

for green and 380/460 nm for blue) and OD600nm readings were taken every hour

from induction. Final fluorescent measurements were background subtracted (to

take into account any auto-fluorescence) and normalised by OD600nm (to account2785
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for any differences in experimental growth; Figure 3.19d). There seemed to be weak

blue fluorescence detected in EBFP1.1 (2,041.2 a.u.), but it was only marginally

higher than that of noFP1.1 (1,542.3 a.u.) and sfGFP (1,372.8 a.u.). As for green flu-

orescence, the sfGFP was the only one that showed observable expression (visually

and by plate reader quantification) (996.8 a.u., compared to 5.5 a.u. for EBFP1.1).2790

Fluorescence from the sfGFP sample was also confirmed using a GE Healthcare

Life Sciences Typhoon FLA9500 biomolecular imager (filter set 473/510LP nm,

excited with a blue LD laser, with an LPB emission filter; Figure 3.19c); no filter

sets were available for detecting blue fluorescence.

A last attempt to visualise these variants in vivo, using fluorescence microscopy2795

as kindly undertaken by Dr. Andrew Osborne, also failed to demonstrate any blue

fluorescence (data not shown).

(e)                 

(f)    

(g)

Reassignment: Colour by Letters
 - sfGFP variants with Y66H (BFP) or Y66L (noFP) are poor SCR reporters
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Y66L(CTT) and Y66H(CAC) displayed similar expression patterns as their respective synonymous substitutions (data not shown). 
Negative Ex/Em values are due to subtraction of raw values from the fluorescence of the blank (2*TY media). 
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Thr65
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Expected sizes: 
 sfGFP (247 AA) ≈ 27.8 kDa. 

  BFP1.1 (247 AA) ≈ 27.8 kDa. 

Thr65

Gly67
BFP

His66

Leu66

Thr65

Gly67
Colourless

10% SDS-PAGE, 02-Feb-201810% SDS-PAGE, 17-Apr-2017

Figure 3.19: Protein expression of sfGFP point mutations, Y66H (EBFP1.1) and Y66L
(noFP1.1), and EBFP2.1.

Selected Y66H and Y66L recoded variants were cultured and the proteins expressed before being
visualised on SDS-polyacrylamide gel electrophoresis (SDS-PAGE). This appeared to produce more
tangible differences, both in terms of slight shifts in sizes of the proteins expressed (b,e), and that
seen when excited at 470 nm under both the Typhoon FLA 9500 scanner (c,f), and from end-point
scans with FLUOstar OPTIMA plate reader (d,g).

Despite issues in detecting in vivo visual expression of the fluorescent pro-
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teins, it was possible to observe a shift in soluble protein migration patterns between

the three variants after protein extraction (Figure 3.19b). EBFP1.1 presented as a2800

slightly smaller protein (~30 kDa, lane 3) than sfGFP (~32 kDa, lane 4), while the

noFP1.1 variant was presumed to have migrated around the ~27 kDa mark (lane 2);

though to some degree, the latter’s migration pattern mirrored that of the negative

control (the same pET29a(+) background vector, lane 5). Whilst unexpected, it

should be noted that both EBFP1.1 and sfGFP migrated to a point that was larger2805

than their predicted molecular weight (of ~27.8 kDa, including its 6xHis tag; ob-

served also by Liu et al., 2019). Overall, although this in vitro approach was more

definitive for differentiating between the three phenotypes, it required multiple ad-

ditional steps where errors could be introduced or propagated, and was not a fast

and readily-visual method of detection.2810

Given the lack of discernible fluorescence in both the EBFP1.1 and noFP1.1, it

was unclear whether introducing the single Y66H point mutation in sfgfp to generate

these were new variants would be sufficient in producing viable BFPs. Despite its

less-modified relatives (e.g. EBFP) having, at best, approximately 12% brightness

levels to sfGFP, it had been anticipated that it would at least reach an equivalent2815

degree of brightness given that it had been designed with a set of mutations that had

made sfGFP both a fast-folding and extremely bright protein (Table 3.3). Hence,

I had optimistically made the assumptions that the resulting EBFP1.1 would have

λEx/λEm wavelengths in the same range as the rest of the BFP family, and that

its brightness would be within detectable limits. Figure 3.19b-d suggested that this2820

was not the case.

In an attempt to overcome these unknown variables and make use of this key

Y66H mutational property found in the avGFP/BFP family, it was determined that a

better assessment would be to use an established variant, like EBFP2. This version

has been shown to be at least a third in brightness relative to sfGFP, and with mu-2825

tations (V150I and V224R) that reduced its photobleaching rates (full differences

detailed in Table 3.3; Ai et al., 2007). The subsequent 1,021 bp [025] sequence

that was sent for synthesis by Twist Biosciences was a codon-optimised iteration
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of EBFP2, suitable for use in reassignment (i.e. all leucines recoded to Leu(CTG),

and histidines to His(CAC)), and designed with the same operon elements as the ear-2830

lier [204] EBFP1.1 plasmid (i.e. with pT7, lacO, RBS, T7 terminator, and flanking

termini homologous to a cloning site in pET29a(+)).

In advance of creating the noFP2.1 variant (which would be from a H66L sub-

stitution in EBFP2), the [026] EBFP2 plasmid was simply transformed into T7 Ex-

press lysY/Iq as the test-case for blue fluorescence, and into DH10β as the negative2835

control. This latter strain has no T7 RNA polymerase to induce EBFP2 expression,

so could be treated as the negative (no fluorescence) condition; the lack of blue fluo-

rescence in this control was also confirmed in an earlier small-scale induction assay

(data not shown). When expression was induced for 3 h and measured on a plate

reader, there appeared to be blue (and possibly some green) fluorescence detected in2840

the EBFP2 transformed into T7 Express lysY/Iq, but not in DH10β (Figure 3.19g).

Cross-checking this with a 473/510LP nm laser scan of the soluble fraction of pro-

teins that were run on an SDS-PAGE gel also indicated a shadow of fluorescence

(presumably weak green emission) in the T7 expressed EBFP2 (Figure 3.19e-f,

lanes 3 and 4, technical replicates), and again no detectable fluorescence in the2845

DH10β negative control (lane 5). Whilst this scan had primarily been to reproduce

the same green fluorescence presence/absence experiments as had been carried out

with the earlier EBFP1.1 variant, after seeing expression in the plate reader it had

seemed worth using this approach as additional confirmation for the T7 expressed

EBFP2. It should be noted that this was likely green fluorescence, not blue, as2850

the λEx/λEm spectra for EBFP2 suggests that the blue excitation range does not

exceed 440 nm (Figure 3.16; Lambert, 2019; Ai et al., 2007).

It is probable that this weak green emission from the EBFP2 could still have

been exploited for use as a leucine-to-histidine recoded reporter10. Realistically,

to achieve the level of fluorescence that could be quantified by a plate reader from2855

10If, for example, instead of p15A, the EBFP2 was in a higher-copy colE1 plasmid, producing
greater amounts of protein that could be detected above a no-fluorescence signal, ideally from E. coli
in solid agar media. Had it been deemed more fruitful to continue optimising this reporter system,
subcloning this variant into the colE1-containing pET29a(+) vector context (including the addition
of LacI repression control) would have been one of the next steps; as would have been the creation
of the noFP2.1 variant.
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liquid cultures alone would have taken at least 18 h (data not shown), assuming also

that there remained sufficient isopropyl-b β -D-thiogalactopyanoside (IPTG) induc-

tion to limit the loss of fluorescence from photobleaching. Moreover, the proteins

had been assessed in controlled and optimised conditions thus far; if implemented

with the sense-to-sense codon reassignment reporter assay as planned, which is ex-2860

pected to be toxic to the host, the system would likely fail to provide any indication

of fluorescence and, by extension, reassignment. Given the slow, multi-step ap-

proach for quantifying fluorescence, the uncertainty over the photostability of the

EBFP variants, and the lack of robustness in the assay, this fluorescence reporter

was deemed impractical as a reassignment detection system.2865

3.2.3 Designing periplasmic secretors for histidine-to-leucine re-

assignment

3.2.3.1 Using periplasmic secretor fusions to re-distribute gene

fragment cargoes

Bacterial periplasmic secretors was the next proposed system for establishing a re-2870

coded reporter for sense-to-sense codon reassignment. Signal peptide sequence

OmpA and SufI of the Sec- and Tat- secretion systems respectively (Natale et al.,

2008) are rich in leucine residues, which if recoded to histidine should prevent

translocation of these signal sequences, and any associated cargo, across the trans-

membrane. By coupling the inactive, recoded secretors to the α-peptide fragment2875

(lacZα) of the lacZ gene (β -galactosidase), the blue-white screening system could

be used to detect reassignment.

The coupling of a signal sequence to LacZ was inspired by similar work by

Beckwith and colleagues (Michaelis et al., 1983), where they were characterising

the export of mutant alkaline phosphatase (phoA) signal sequences through phoA-2880

lacZ fusions. The general principle of α-complementation of the lacZ gene is that

the activity of a non-functional deletion mutant of LacZ (the ω-peptide; deletion

of residues 11-41 of the N-terminus) can be rescued by a fragment bearing the

deleted sequence (the α-peptide; formed of 3-90 residues of LacZ) (Ullmann et al.,
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1967; Langley et al., 1975; Langley and Zabin, 1976). Typically for screening, the2885

lacZα sequence (encoding the first 59 residues) is carried on a plasmid (e.g. pUC19

and pBluescript) and this complements the ω-peptide expressed from a lacZ∆M15

E. coli strain (e.g. DH5α , JM109, XL1-Blue). X-gal, a colourless analogue of lac-

tose, is used to detect the α-complementation and subsequent LacZ activity: the

latter cleaves X-gal to form 5-bromo-4-chloro-indoxyl, which dimerises and oxi-2890

dises to form 5,5’-dibromo-4,4’-dichloro-indigo, a bright blue insoluble pigment.

The lac operon (consisting of a Plac promoter, lacO operator, lacZYA genes,

and a terminator) is typically used in E. coli for the transport (lacY, β -galactoside

permease) and metabolism (lacZ, β -galactosidase) of lactose. Whilst glucose is

the preferred carbon source for most bacteria, when it is not available, LacZ cleaves2895

lactose into the preferred glucose energy source and by-product galactose monosac-

charide.

Due to the interacting elements surrounding the lac operon, various consid-

erations need to be accounted for when using the LacZ α-complementation (blue-

white) screening system. Mainly, media for growing the complementation assay2900

strains should not include glucose, but IPTG can be added to enhance LacZ expres-

sion. Additionally, due to light sensitivity, agar plates containing X-gal should be

stored in the dark.

An alternative design may be to use split-GFP (or other split fluorescent pro-

teins) (Knapp et al., 2017; Romei and Boxer, 2019). Like LacZ, when GFP is split2905

into GFP1−10 and GFP11, and one of the fragments is removed, the activity is abol-

ished. However, when the two parts are brought into close proximity again, activity

can be restored. With this system, it would not be essential to use a lacZ∆M15

strain, nor the need to make specific media without glucose.

Like with the BFP/noFP reporters, it should be possible to test both leucine-2910

to-histidine and histidine-to-leucine reassignment using the periplasmic reporters.

However, if using LacZα as the cargo for detection, it may be more practical to

assess the former reassignment, and visualise reassignment by the colour of CFUs

on X-gal-containing agar plates. This assay would mean using the leucine-rich
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(recoded with synonymous Leu(CTT) codons for critical residues) signal sequences2915

as wild-type, which should result in the export of the LacZα fragment out of the

cytoplasm, thus the formation of white CFUs. Upon transcription of the anticodon-

modified EcotRNAHis
AAG, some leucine residues in the signal sequences should be

reassigned to histidine, thus abolishing the ability to transport LacZα out of the

cell. This would allow α-complementation to take place and the formation of some2920

blue-pigmented colonies.

With leucine-to-histidine reassignment, we should see a loss-of-function of the

signal sequences (corresponding white to blue CFUs). The hypothesis is that even if

there were some blue CFUs prior to reassignment, the addition of the EcotRNAHis
AAG

should produce a noticeable increase in blue CFU count. The concern with testing2925

for histidine-to-leucine reassignment is that the rate at which the signal sequence

is rescued (and the resulting export of LacZα from the cytoplasm) may not be fast

enough, so that there would not be a significant increase in white CFUs over the

pre-reassignment blue colonies. However, it is theoretically possible to test both

reassignments with this system.2930

Similarly, if the smaller GFP11 fragment is coupled to the signal sequences,

and the larger GFP1−10 is in the cytoplasm, it is still more prudent to assess leucine-

to-histidine reassignment. The wild-type signal sequence would export GFP11 out

to the periplasm, resulting in little to no GFP-expressing CFUs. Upon leucine-to-

histidine reassignment, some signal sequences should lose activity and retain the2935

smaller GFP fragment in the cytoplasm with the GFP1−10 part, which would give

some GFP-expressing colonies. Determining no fluorescence from a background

of GFP-expressing colonies seems trickier to assess but, if necessary, possible to

attempt.

3.2.3.2 Designing and constructing signal sequences OmpA (Sec)2940

and SufI (Tat) with LacZa

For the OmpA_LacZα reporter, two 438 bp sequences [027] and [027b] were or-

dered from, synthesised, and subcloned into [P011] pTwist-Kan vector by Twist

Biosciences: one had the codon Leu(CTT) at residue position 12 in the OmpA sig-
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nal sequence [028], the other (non-functional variant) had codon His(CAT) [028b]2945

(Figure 3.20).

The design of the SufI_LacZα reporter was similar to OmpA_LacZα , the only

difference being the 81 bp SufI signal sequence replacing the 66 bp OmpA sequence

(Figure 3.21). A 205 bp SufI_LacZα truncated fragment was ordered as a GBlock

from IDT ([206] aka YKH388), which was to be used as is it was.2950

However, problems with the construction and transformation into a suitable E.

coli strain (data not shown) meant that this reporter system was also discontinued.
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Master Plan #1: 

1. Screen for L(CTT) [functional] and 

H(CAT) [non-functional] secretor.

2. Test using the engineered tRNAs.

 - L>H, loss-of-function, blue CFUs; 

 - H>L, gain-of-function, white CFUs.

OCI: Periplasmic Secretor 1 

        OmpA_Sec
Secretion route: translocate proteins in unfolded conformation to transmembrane; 

proteins fold into native structure at the trans-side of the membrane.

OmpA key residue:   L12         (white, functional). 
Recode (syn) to:     L12L(CTT) (white, functional). 
To test:      L H reassignment.
Using:      His-tRNAHisR

(AAG)

Signal:      White        Blue (loss-of-function). 

OmpA key residue: L12         (white, functional). 
Recode to:   L12H(CAT) (blue, non-functional). 
To test:      H L reassignment.
Using:      Leu- tRNALeuU

(ATG)

Signal:       Blue        White (regain-of-function).

Figure 3.20: The OmpA_Sec periplasmic secretor recoded reporter design constructs [027]
and [027b]

Master Plan #2: 

1. Assemble L(CTT) [functional] and 

H(CAT) [non-functional] secretor.

2. Test using the engineered tRNAs.

 - L>H, loss-of-function, blue CFUs; 

 - H>L, gain-of-function, white CFUs.

OCI: Periplasmic Secretor 2 

        SufI_Tat
Twin-arginine translocation pathway: translocate proteins in folded state 

across cytoplasmic membrane.

SufI  key residue:  L12         (white, functional). 
Recode (syn) to:      L12L(CTT) (white, functional). 
To test:       L H reassignment.
Using:       His-tRNAHisR

(AAG)

Signal:       White        Blue (loss-of-function). 

SufI  key residue:  L16         (white, functional). 
Recode to:       L12H(CAT) (blue, non-functional). 
To test:      H L reassignment.
Using:       Leu- tRNALeuU

(ATG)

Signal:       Blue        White (regain-of-function).

Figure 3.21: The SufI_Tat periplasmic secretor recoded reporter design construct [206]
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3.2.4 Constructing and characterising chloramphenicol acetyl-

transferase as an OCI reporter for leucine-to-histidine re-

assignment2955

3.2.4.1 Retaining critical chloramphenicol acetyl-transferase activ-

ity for recoding

CAT was the final OCI reporter that had been identified as a potential candidate for

use in the reassignment assay. It was developed in parallel with the earlier reporter

systems and, given the issues in creating suitable recoded reporters from both the2960

BFP derivatives (Section 3.2.2.2) and the periplasmic secretors (Section 3.2.3.2), it

was essential to proceed with any gains following this approach. Unlike the previ-

ous two heterologous expression systems, selective pressure could be applied to the

host to retain the recoded CAT construct (i.e. with the introduction of chlorampheni-

col). Under such environmental conditions, cat might be considered an essential2965

gene for survival and, as demonstrated by Döring and Marlière (1998) with ThyA,

E. coli could be coerced into non-natural (isoleucine-to-cysteine and methionine-to-

cysteine) codon reassignments given the relevant tools (over-expressed anticodon-

modified tRNAs) and impetus (absence of any other pathway to generate the neces-

sary dTMP precursor for DNA biosynthesis) to do so.2970

One particular key to CAT activity, as identified by Kleanthous et al. (1985),

was residue H193 (Leslie et al., 1988). Through a number of mutagenesis exper-

iments, Lewendon et al. (1994, 1988) demonstrated that H193A/Q/D/Y substitu-

tions completely inhibited CAT. The fact that such a range of substitutions were

able to abolish CAT activity so effectively prompted the hypothesis that recoding2975

the H193 residue to the non-reactive, aliphatic leucine (a substitution pair that has

been predicted to be relatively disruptive; Figure 3.6) should also be equally likely

to suppress its catalytic activity. A cat.H193L would, therefore, provide another

opportunity to create a leucine-to-histidine reassignment reporter.
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3.2.4.2 Designing and constructing an inactive CAT recoded re-2980

porter

Analysis of the cat gene from [P011] pSB1C3 revealed that the sequence had a

total of 12 histidine codons (five His(CAC), seven His(CAT) including H193), and 13

leucines (six Leu(CTG), one Leu(CTT), one Leu(CTC), one Leu(CTA), three Leu(TTA)).

To create a viable reporter for reassignment, the seven non-Leu(CTG) codons would2985

need to be recoded to Leu(CTG), and the His(CAT) codons to His(CAC). As for the

critical H193, that would be recoded to Leu(CTT), to create the initial (theoretically)

loss-of-function mutant – sensitive to chloramphenicol, CamS – for testing leucine-

to-histidine reassignment.

An issue with creating chloramphenicol acetyl-transferases.H193Leu(CTT) in2990

pSB1C3 is that another selection marker (encoding for a different antibiotic resis-

tance) would be needed to recover the inactive chloramphenicol acetyl-transferases

gene. As it was, colleague Dr. Chris Cozens, had previously modified the pSB1C3

to include an additional bla gene (conferring ampicillin- and carbenicillin resis-

tance), resulting with plasmid [207] pSB1C3A2. As a demonstration of the Dar-2995

win Assembly method (Section 2.2.18; Cozens et al., 2012), Chris mutated the

seven non-Leu(CTG) codons in the cat gene to Leu(CTG), creating plasmid [208]

pSB1C3A2_CTG.

To make this [208] compatible for leucine-to-histidine reassignment, however,

I performed a further round of Darwin Assembly, changing six of the seven His(CAT)3000

codons to His(CAC) and either leaving the seventh – the critical H193 residue –

unchanged as His(CAT) to confirm it is still active despite the synonymous codon

changes (plasmid [209]), or recoding it to Leu(CTT) to generate the necessary re-

porter for testing leucine-to-histidine reassignment (plasmid [209b]). To create the

former construct [209], the inner oligos used were YKH269, YKH270, YKH271,3005

YKH272, and YKH273; for the latter [209b], YKH269, YKH270, YKH271,

YKH278, and YKH279 were used.

Modified plasmids were transformed into DH10β strains, and plated on LB

Amp (100 µg/mL) to recover successful transformants. Individual colonies were
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picked and grown in LB Chl (34 µg/mL) or LB Amp (100 µg/mL) to confirm CAT3010

sensitivity of the CAT.H193L(CTT) mutants; the former to verify the loss of CamR,

the latter to again recover the inactive cat-bearing plasmids (Figure 3.22a). The

recovered plasmids were purified and sent for Sanger sequencing (Figure 3.22).

3.2.5 Combining and characterising the CAT.H193L inactive,

recoded reporter with anticodon-modified EcotRNAHis
AAG3015

and EcotRNALeu
AUG to test reassignment and characterise ef-

fect on host

Having verified correct recoding of the CamS sense-to-sense codon reassignment

variant CAT.H193L(CTT) and the CamR positive control CAT.H193L(CTT) in plas-

mid [207] pSB1C3A2, both constructs were each subcloned in place of the sfGFP3020

reporter that was created in Section 3.2.2.2. These plasmids were subsequently

transformed into DH10β strains and plated on LB Chl (34 µg/mL), with and with-

out aTc to induce engineered tRNA transcription. Even without induction of the

tRNAs, there was sufficient basal transcription to allow reassignment and recovery

of the inactive CAT.H193L(CTT) (Figure 3.22).3025

As all the OCI reporters assessed thus far allow only the characterisation of

leucine-to-histidine reassignment, realistically only the EcotRNAHis
AAG anticodon-

modified variant is necessary in the constructions. To demonstrate this is the case,

the gene sequence for EcotRNAHis
AAG and EcotRNALeu

AUG were each independently

deleted from the earlier plasmid constructions. As before, these plasmids were3030

transformed into DH10β strains and plated on LB Chl (34 µg/mL). As shown in

Figure 3.23, with the positive control CAT.H193 variant, the deletion of each tRNA

does not impact the CAT activity, and E. coli growth does not appear impaired. For

the sense-to-sense codon reassignment variant CAT.H193L(CTT), however, deletion

of the essential EcotRNAHis
AAG resulted in no growth, whereas there was CAT activity3035

(albeit with hampered strain growth) with the deletion of the as-yet expendable

EcotRNALeu
AUG (but retention of the necessary EcotRNAHis

AAG).

Whilst it was reassuring to see successful leucine-to-histidine reassignment
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Reassignment: Live and Let Die
 - recoding Chloramphenicol Acetyl-Transferase (CAT), key residue H193

LB/Cam
34µg/mL

LB/Amp
100µg/mL

CAT  key residue:  H193         (CamR; live). 
Recode to:   H193L(CTT) (Cam

S; dead). 
To test:   L H reassignment.
Using:   His-tRNAHisR

(AAG)

Signal:   CamS        CamR. 

☐
 Fast
 Robust
 Stable

WT Recoding SCR

His
His

CAC
CAC        CAT

His
Leu

Leu
Leu
Leu

CTG
CTG        CTC
CTG        CTT

Leu
Leu
His

* C.Cozens previously recoded 7 Leu codons 
(3 TTA, 2 CTT, 1 CTC, 1 CTA) to WT (CTG). 

(6+7*)

(6)

(5)

H193H(CAT)

H193L(CTT)

Figs_OCI_020b – ref slides 49-59

(a) Biological replicates of DH10β carrying plasmids containing either CAT.H193H or CAT.H193L,
with rows 1 and 3 taken from transformants that were originally plated on 100 µg/mL ampicillin
in LB media, and rows 2 and 4 from transformations previously plated on 34 µg/mL chloram-
phenicol in LB media

OCI: Chloramphenicol Acetyl-Transferase (DA)
pSB1C3A2_7CTG:

6 + 7* Leu(CTG)

5        His(CAC)

7        His(CAT) 

Catalytic residue:

H193

Figs_OCI_020 – ref slides 49-59

(b) Sanger sequencing table of selected colonies from Figure 3.22a, with the two columns in topped
with yellow boxes as the correct Darwin Assemblies of the CAT.H193H and CAT.H193L con-
structs respectively

Figure 3.22: Screening for correctly Darwin Assembly recoded CAT.H193 and
CAT.H193L reporters (constructs [209] and [209b] respectively)
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 - testing CAT_H193H(CAT)/L(CTT) (CamR/CamS) reassignment

H L
Codon H(CAT) with tRNALeuU

(AUG)

L H
Codon L(CTT) with tRNAHisR

(AAG)

H193H(CAT)
Non-informative.
Live (WT, CamR). 
If H>L, becomes CamS, 
unlikely to be selected for.

Non-informative.
Live (WT, CamR). 
No L(CTT) codons present;
tRNAHisR

(AAG) unnecessary.

H193L(CTT)
Dead (CamS). 
No H(CAT) codons present;
tRNALeuU

(AUG) unnecessary.

Live (CamR). 
Residue 193L(CTT) reassigned 
back to H by tRNAHisR

(AAG).

CAT  key residue:  H193         (CamR; live). 
Recode to:   H193L(CTT) (CamS; dead). 
To test:   L H reassignment.
Using:   His-tRNAHisR

(AAG)

Signal:   CamS        CamR. 

tRNAHisR
(AAG) tRNALeuU

(AUG) CAT

Non-informative. 
Live (WT, CamR). 
If H>L, becomes CamS, 
unlikely to be selected for.

Non-informative. 
Live (WT, CamR). 
No L(CTT) codons present;  
tRNAHisR

(AAG) unnecessary.

Dead (CamS). 
No H(CAT) codons present;  
tRNALeuU

(AUG) unnecessary.

Live (CamR). 
Residue 193L(CTT) reassigned 
back to H by tRNAHisR

(AAG).

H

CTT
L H         H      L 

☐
 Fast
 Robust
 Stable

LB/Cam
34µg/mL

Figs_OCI_021b – ref slides 57-60 & (file:///G:/.shortcut-targets-by-
id/1gcyzG6TEE5oFpLqnD3F6noXAO8zy-Uex/yan-kay/2019_GRC-Poster-P000_1page_YKH.pdf)

Reassignment: Live and Let Die
 - testing CAT_H193H(CAT)/L(CTT) (CamR/CamS) reassignment

H L
Codon H(CAT) with tRNALeuU

(AUG)

L H
Codon L(CTT) with tRNAHisR

(AAG)

H193H(CAT)
Non-informative.
Live (WT, CamR). 
If H>L, becomes CamS, 
unlikely to be selected for.

Non-informative.
Live (WT, CamR). 
No L(CTT) codons present;
tRNAHisR

(AAG) unnecessary.

H193L(CTT)
Dead (CamS). 
No H(CAT) codons present;
tRNALeuU

(AUG) unnecessary.

Live (CamR). 
Residue 193L(CTT) reassigned 
back to H by tRNAHisR

(AAG).

CAT  key residue:  H193         (CamR; live). 
Recode to:   H193L(CTT) (CamS; dead). 
To test:   L H reassignment.
Using:   His-tRNAHisR

(AAG)

Signal:   CamS        CamR. 

tRNAHisR
(AAG) tRNALeuU

(AUG) CAT

Non-informative. 
Live (WT, CamR). 
If H>L, becomes CamS, 
unlikely to be selected for.

Non-informative. 
Live (WT, CamR). 
No L(CTT) codons present;  
tRNAHisR

(AAG) unnecessary.

Dead (CamS). 
No H(CAT) codons present;  
tRNALeuU

(AUG) unnecessary.

Live (CamR). 
Residue 193L(CTT) reassigned 
back to H by tRNAHisR

(AAG).

H

CTT
L H         H      L 

☐
 Fast
 Robust
 Stable

LB/Cam
34µg/mL

Figs_OCI_021b – ref slides 57-60 & (file:///G:/.shortcut-targets-by-
id/1gcyzG6TEE5oFpLqnD3F6noXAO8zy-Uex/yan-kay/2019_GRC-Poster-P000_1page_YKH.pdf)

(a) A summary table of CAT.H193/L(CTT), with both and each synthetic tRNA

Figs_OCI_021 – ref slides 57-60 & (file:///G:/.shortcut-targets-by-
id/1gcyzG6TEE5oFpLqnD3F6noXAO8zy-Uex/yan-kay/2019_GRC-Poster-P000_1page_YKH.pdf)

(b) Results from deletion of either engineered tRNAHis
AAG (hisR::leuAAG) or tRNALeu

AUG

(leuU::hisAUG) to show that tRNAHis
AAG was both necessary and sufficient for recovery of the

CamR phenotype

Figure 3.23: The full OCI reporter system with the CAT.H193L recoded reporter and the
engineered tRNAs reassignment assay
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by EcotRNAHis
AAG , it was clear that there was some level of toxicity to the host

– endpoint visualisation of colony formation appeared to show less growth from3040

those containing CAT.H193L compared to the wild-type. One hypothesis as to

why CAT activity was recovered in the CAT.H193L(CTT) inactive variant is that

the cat gene was too essential to the host when the selective media included chlo-

ramphenicol. The necessity to maintain the cat gene was such that even though

engineered EcotRNAHis
AAG and EcotRNALeu

AUG were causing mis-translation in other3045

genomic genes in the host, strains that retained these tRNAs (albeit as slow-growing

and unhealthy specimens) would survive.

3.3 Conclusion to OCI

In summary, at this stage, I have explained the rationale for the choice and design of

the anticodon-modified tRNAs, EcotRNAHis
AAG and EcotRNALeu

AUG , to demonstrate3050

leucine-to-histidine and histidine-to-leucine reassignment respectively. These tR-

NAs were designed to target orphan codons that do not have a dedicated tRNA

isoacceptor that forms full Watson-Crick base-pairs between the triplet tRNA an-

ticodon and the mRNA codon; instead orphans are served by tRNAs that have

two nucleotides with Watson-Crick complementarity and one wobble base-pairing.3055

As such, tRNAs with anticodons modified to have the full Watson-Crick comple-

mentarity to the triplet sequence of the orphan codons should be able to com-

pete with the native tRNAs, and allow sense-to-sense codon reassignment. The

anticodon-modified tRNAs were successfully constructed in two different plasmid

backgrounds: pSB1C3 and pNGAL97. The orphan codons selected as targets for3060

reassignment were Leu(CTT) and His(CAC).

Three reporter systems were designed and assessed for viability as robust, de-

tectable reassignment in E. coli: fluorescent proteins, periplasmic secretor signal

peptide sequences fused to a secondary reporter, and chloramphenicol resistance.

To test reassignment activity of the engineered tRNAs in vivo, visually detectable3065

reporters with critical histidine and/or leucine residues were identified. Active and

131



CHAPTER 3. OCI: HETEROLOGOUSLY-EXPRESSED REASSIGNMENT

inactive controls of the reporters were constructed and characterised; inactive con-

trols were created by recoding critical leucine codons to His(CAT) and essential his-

tidine residues to Leu(CTT). The reporters were also optimised for reassignment by

mutating non-essential leucine codons to Leu(CTG) and histidine codons to His(CAC);3070

these codons theoretically would not be targets for reassignment. By mutating non-

critical leucines and histidines to synonymous but non-reassign-able codons, the

engineered tRNAs should only reassign the orphan wobble codons – correspond-

ing to residues vital to reporter activity – that have been specifically marked for

reassignment (His(CAT) and Leu(CTT)).3075

The fluorescent reporters of choice were BFP derivatives, which had a sin-

gle crucial residue at position 66: H66 produced blue fluorescence, whilst L66

abolished fluorescent activity. Theoretically, this reporter would have been ideal

to demonstrate leucine-to-histidine reassignment, however, in practice it had too

weak a signal and was too slow and cumbersome for detection. Fortunately, chlo-3080

ramphenicol acetyl-transferase, with essential residue H193, proved not only to

have clear phenotypic distinction (CamR, live E. coli, as CAT.H193; CamS, dead

E. coli, as CAT.H193L(CTT)), but also fast-acting and long-lasting. The cat vari-

ants were successfully recoded, and subcloned into pSB1C3A2 and tRNAs(LH-

HL)_CAT_pNGAL97; the latter of which was used to successfully demonstrate3085

leucine-to-histidine reassignment.

One clear conclusion presented here is that it is possible to show leucine-to-

histidine reassignment in E. coli. Anticodon-modified EcotRNAHis
AAG was com-

patible with the native EcoHisRS to reassign and restore activity to the recoded

CAT.H193L(CTT) reporter in vivo, which in turn proved robust enough to be easily3090

detected.

In order to demonstrate reversible sense-to-sense reassignment and the possi-

bility for the creation of alternative genetic codes, orthogonal to nature, the next

step is to find a viable reporter for histidine-to-leucine reassignment in vivo.

A final issue that has not yet been addressed here is the effect of the engineered3095

tRNAs on the host. As described in the beginning, there is no knock-out of the host
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tRNAs, which means that native wobble-pairing EcotRNALeu
GAG (gene leuU) would

still correctly assign leucine to orphan codon Leu(CTT), whilst anticodon-modified

EcotRNAHis
AAG will incorporate histidine in the same position. Likewise, native

wobble-pairing EcotRNAHis
GUG , (gene hisR) would correctly assign histidine to or-3100

phan codon His(CAT), whilst anticodon-modified EcotRNALeu
AUG , would add leucine.

This level of mis-translation to genes that have not been recoded to accept alterna-

tive reassignments is detrimental to host health, as shown with the CAT.H193L(CTT)

reporter. Therefore, another objective to address now is to find a way to reduce the

level of toxicity to the host, whilst being able to robustly detect the histidine-leucine3105

reassignments.

The resolution to both the histidine-to-leucine reassignment reporter and mit-

igation of host toxicity are addressed in the following Chapter 4: Genetic Toggle

Switch.
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Chapter 43110

GTS: Exploring Tolerable

Alternative Codes

“The Genetic Toggle Switch System – an Approach to Limit the

Toxicity Incurred to a Host that Possesses both the Natural and
an Alternative Genetic Code”3115

4.1 Introduction to GTS

4.1.1 Potential Strategies to Deal with Reassignment-Related

Toxicity to Host

The previous chapter (Chapter 3) introduced the idea of Orphan Codon Invasion

(OCI), where anticodon-modified tRNAs, tRNAHis
AAG and tRNALeu

AUG, were designed3120

for use in various recoded reporter systems to implement leucine-to-histidine and

histidine-to-leucine reassignment in vivo at orphan codons Leu(CTT) and His(CAT)

respectively. Using a chloramphenicol acetyl-transferase gene that had been in-

activated through recoding (cat.H193L(CTT)), it was possible to reassign residue

H193L(CTT) back to histidine, resulting in the recovery of CAT activity and rescue3125

of the host.The reverse histidine-to-leucine reassignment, however, could not yet be

demonstrated.

This chapter details the development of the Genetic Toggle Switch (GTS), a
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complementary strategy to the OCI system previously described, with the goal of

mitigating the toxicity caused by the co-expression of engineered tRNAs in an oth-3130

erwise natural system. One ideal solution to resolving this host toxicity problem

would be for wholesale recoding of the E. coli genome to accept the new codon

assignments, which includes also the removal of all associated tRNA translators,

whilst incorporating the anticodon-modified tRNAs into the system (likely via ge-

nomic integration, but feasible as heterologously-expressed plasmids). That is, re-3135

coding all Leu(CTT) and Leu(CTC) codons to His(CAT) (as a new leucine-encoding

site, complemented by anticodon-modified tRNALeu
AUG), and all histidine codons

His(CAY) to Leu(CTT) (as the new histidine-encoding codon, with the engineered

tRNAHis
AAG counterpart), as well as deleting all the formerly cognate/wild-type but

now mis-translating tRNAs (i.e. leuU, EcotRNALeu
GAG; hisR, EcotRNAHis

GUG; Fig-3140

ure 4.1). This implementation would not be unlike the natural transitional process

that evolved in C. albicans for accepting leucine-to-serine reassignment, except that

the C. albicans genome had, over time, reduced its reliance on the leucine/serine-

encoding Leu(CUG) codons in order to diminish the adverse effects of ambiguous

codon assignment (Santos et al., 1993, 1996). Nonetheless, for implementing my3145

alternative histidine-leucine code, unless whole genome recoding could be estab-

lished in advance in a second organism, there would still be toxicity problems with

proteins being mis-translated in any intermediate host by the anticodon-modified

tRNAs. However, as recently demonstrated by Chin and colleagues (Fredens et al.,

2019), recoding is possible if executed via specific intermediates: they recoded an3150

E. coli with a reduced genetic code, thus freeing the cell from its need for tRNASer
CGA

(serU) and tRNASer
UGA (serT), and their respective Ser(TCG) and Ser(TCA) codons.

They additionally removed release factor 1 (prfA), thereby freeing stop codon TAG

as well. It was then possible to re-introduce the removed codons with engineered

tRNAs, thus enabling a codon-reassigned organism to be made. At the time that3155

my research was carried out (starting from 2014), these genome-recoded strains

had not yet been created, and the large-scale DNA synthesis and host engineering

tools (Wang et al., 2016; Robertson et al., 2021) were still under development. In
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the absence of such resources for wholesale recoding, an alternative solution – the

transient Genetic Toggle Switch system (this work) – was necessary.3160

Figure 4.1: Proposed wholesale recoding of the E. coli to accept an alternative histidine-
leucine genetic code

From the natural genetic code (far left box), to the alternative genetic code with the proposed
histidine-leucine admix natural-synthetic code (second from left box; this work), to the proposed
steps in the future for a for fully histidine-leucine synthetic genetic code (right two boxes).

As it is not possible to negate the toxicity to host entirely, the alternative strat-

egy is to minimise it. This can be achieved by lowering the copy number of plas-

mids bearing the engineered tRNAs, reducing induction strength and/or limiting

heterogenous transcription activity to a short time-frame, after which the tRNAs

would cease to be transcribed. Lower, or transient, expression levels of anticodon-3165

modified tRNAs risk precluding detection of codon reassignment in a reporter sys-

tem – a system that must tolerate mis-incorporation during normal growth, and

amplify the reassignment signal in a detectable and non-lethal manner. In short,

I needed to develop a circuit that could take a transient burst of synthetic tRNA

activity and output a permanent, non-toxic response, in order to reasonably detect3170

sense-to-sense codon reassignment without incapacitating the host.

The fundamental principle for resolving this problem was inspired by re-

search from the Endy lab in refining biological control through recombinase-based

Boolean logic gates (Bonnet et al., 2013). Essentially, genetic switches made of

site-specific recombinases could be used to turn on (or keep off) a downstream out-3175

put, given the correct combination of input transcription signals. The feasibility

of this approach stems from the efficiency and sensitivity of recombinases in that

expression of only a few copies would be sufficient to activate the one-way switch,

and catalyse a cascade of downstream enzymatic activity designed to produce an in-
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nocuous, but amplified, response. The resulting system, therefore, should be able to3180

convert and enhance analogue signals, like a weakly/variably-expressing synthetic

tRNA, into an easily detectable digital/binary output (such as fluorescence/non-

fluorescence, antibiotic resistance/sensitivity, or a live/dead phenotype). Doing so

minimises the detrimental mis-translation effects on the host (owing from decoding

multiple genetic codes), whilst providing a definitive indicator that reassignment3185

has been realised.

In short, if the anticodon-modified tRNAs signals are able to implement reas-

signment in a histidine-leucine recoded recombinase reporter to a sufficient degree,

this recombinase switch could be used to turn on (or off) a secondary downstream

reporter system and provide another cleaner, augmented response as a proxy for3190

successful codon reassignment.

Besides acting as a layer of signal amplification, the recombinase switch also

presents an additional opportunity to uncover recoded reporters for testing reas-

signment under the OCI system. Finding a loss-of-function recombinase, where

crucial histidine(s) have been recoded to leucine(s), which can subsequently be res-3195

cued upon introduction of the anticodon-modified tRNAs, could be used to further

verify that the previously demonstrated leucine-to-histidine reassignment is replica-

ble. Perhaps more importantly for validating the full system: recovering activity in

a non-functional variant, resulting from recoding critical leucine(s) to histidine(s),

would provide the first evidence that the reverse histidine-to-leucine reassignment3200

is also possible.

The next step in this chapter, therefore, was to identify a suitable recombinase

that is sensitive, precise, and efficient enough to perform the necessary unidirec-

tional DNA rearrangement to act as a genetic on/off toggle switch (GTS) and am-

plify the signal of the anticodon-modified tRNAs in a non-toxic manner in vivo.3205

From there, the compatibility of the recombinase with the OCI approach would be

investigated by creating another recoded reporter for generating the full histidine-

leucine codon reassignment system.

Like the flow diagram summary for Chapter 3 (Figure 3.2), the following figure
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(Figure 4.2) for Chapter 4 should provide additional clarity as to the direction that3210

I took to demonstrate sense-to-sense codon reassignment. Whilst there were addi-

tional routes that I could have explored further, there was not enough time during the

experimental phase of the thesis to investigate these to completeness. Regardless,

the GTS strategy developed a serine recombinase switch platform that was able to

show leucine-to-histidine with yet another recoded reporter, and had the potential to3215

demonstrate alternative reassignment systems in future extensions on this research.
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Figure 4.2: A summary flow diagram of the strategies that were successful whilst developing the GTS and proposed OCI-GTS in Chapter 4

Elements of the GTS strategy that were taken forward are shaded in green, with experiments that were successful in demonstrating sense-to-sense codon reassignment
in blue font. Tests that were unsuccessful are in red font, and those that were not yet tested/inconclusive in grey font. The associated sections relating to the work are
also shown in grey font below each box. Some elements were taken forward for the OCI-GTS system as they were essential to demonstrating reassignment but there
had been no test yet available to assess its viability and/or the results of the initial tests were inconclusive. The faded section to the right of the figure relates to how
the OCI strategy of Chapter 3 built into the GTS strategy of this chapter. The associated flow diagram from OCI can be found in Figure 3.2.
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4.1.2 Recombinases and Site-Specific Recombination

Site-specific recombinases can be broadly separated into either the tyrosine- (Tyr)

or serine- (Ser) recombinase families. This classification is based on amino acid

sequence homologies and respective mechanistic relatedness when implementing3220

DNA recombination. Depending on which amino acid (Tyr or Ser) within the ac-

tive/catalytic sites that carry out the nucleophilic attack to instigate DNA strand ex-

change, determines which family the recombinase is designated. Although tyrosine

and serine recombinases provide the same functional outcomes, they are an exam-

ple of convergent evolution in that the conserved (catalytic and binding) domains3225

between the families display different protein sequences, structures, and reaction

mechanisms (Figure 4.3). A key difference, however, is that recombination with

tyrosine recombinases can be reversed, whereas serine recombinases typically have

a uni-directional mode of activity. As one aim of the GTS is to develop an irre-

versible switch for signal amplification, it was the serine recombinases that became3230

the primary focus for this research. Hereon in, the term “recombinase” refers to

Figure 4.3: A summary of Tyr vs Ser recombinase crossover/reaction mechanisms

A range of reactions that can be implemented with tyrosine and serine recombinases: from inte-
gration (INT) to inversion (INV). Figure by Juergen Bode, CC BY-SA 3.0, https://commons.
wikimedia.org/w/index.php?curid=21206197 (last accessed: 07-Oct-2022).
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those of the serine family, unless otherwise indicated.

As the name implies, site-specific recombinases enable a precise form of ge-

netic recombination, allowing the exchange of DNA segments at specially defined

regions. Recombinase activity typically produces insertions (including transloca-3235

tion and cassette exchange), deletions, and inversions at targeted sites: these sites

tend to be regions that share a degree of sequence homology. More specifically,

in site-specific recombination, target (or recognition) sites consist of two partially

palindromic motifs, ranging from 30-200 nucleotides (nt) in length, to which recom-

binases may bind. Within each motif, there is a dinucleotide cross-over sequence3240

where an active and bound recombinase complex can catalyse the breakage, ex-

change, and re-ligation of the recognition sites, resulting in the rearrangement of

the targeted DNA sequence.

attP Phage genome

attRattL
Phage integration 
into bacterial genome

attB Bacterial genome

ΦC31   integrase

Viral integration into bacterial genome

L R

PB

ΦC31

L

PB

R

ΦC31

GTS: inversionGTS: excision

Figure 4.4: Site-specific recombinases for insertion, excision, and inversion

A generalised example of phage integrase activity (left), and the proposed activity that could be used
as part the GTS strategy using the ΦC31 recombinase.

In nature, site-specific recombinases are widely used by lysogenic phages to

facilitate integration into the host’s genome. Often described as integrases, these3245

enzymes bind to a specific attachment site within phage DNA (attP) and to a homol-

ogous site in the bacterial genome (attB). There, they mediate integration: cleaving

the DNA sequences in the core region of the attB and attP sites to allow the phage

genome to be inserted into the bacterial chromosome. Once integrated, the hybrid

halves of the attB/attP sites (now attL and attR; Figure 4.4, left) are re-ligated, seal-3250

141



CHAPTER 4. GTS: EXPLORING TOLERABLE ALTERNATIVE CODES

ing together the two genomes.

Whilst the natural system has been primarily used for integrating DNA frag-

ments, recombinases have been repurposed as natural “molecular machines/tools”

for genome and genetic editing and engineering: going beyond DNA insertion, into

excision and inversion (Figure 4.4, right). Such precise modification of DNA se-3255

quences relies on the location and orientation of the attB and attP sequences. If

both attachment sites are within the same sequence, and are in cis orientation (fac-

ing the same direction), activation of the recombinase will lead to the removal of

the sequence in between the attB and attP sites. If the co-localised attachment sites

are oriented in trans (facing opposite one another), this would result in an inver-3260

sion of the intervening sequence. By taking advantage of these properties, different

switch designs could be created to enhance an incoming signal following the ex-

pression of engineered tRNAs. For example, if a promoter is placed between attB

and attP sites that are in trans and, in its original state, the promoter faces away

from a downstream reporter, activation of recombinase should invert the enclosed3265

promoter and allow expression of the downstream reporter. Similarly, cis-oriented

attachment sites could be used to drop-out a feature that prevents expression of

a secondary reporter downstream, thereby acting as an off-to-on switch. Both of

these alternate functions form the crux of the proposed GTS designs (Section 4.2.3

and Section 4.2.4 for inversion; Section 4.2.5 for excision), and is the focus of the3270

remainder of this chapter.

4.1.3 A Recombinase-based Solution for Mitigating Host Toxic-

ity during Sense-to-Sense Codon Reassignment

Although the OCI system (with its heterologously-encoded anticodon-modified tR-

NAs and recoded reporter) was able to demonstrate leucine-to-histidine reassign-3275

ment, the long-term expression of this alternative reassignment, alongside the natu-

ral genetic code, was detrimental to the host (Chapter 3). Moreover, it was not clear

if the impact in growth was due to the metabolic burden of continually expressing

extraneous reporters and orthogonal tRNAs, toxicity caused by genetic code ambi-

guity, or a combination of the two. Whilst it may have been possible to assess the3280
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burden of heterologous gene expression in vivo by using a real-time fluorescence-

based “capacity”/metabolic monitoring system, as proposed by Ceroni et al. (2015),

the method required genomic integration of a constitutively-expressed GFP operon.

Given prior difficulties in integrating new constructs into the bacterial genome (data

not shown) and the high likelihood that the GTS system would also be using fluo-3285

rescence (or a similar visual indicator) as a proxy signal of OCI activation, I sought

an alternative design strategy to decouple the effects of anticodon-modified tRNAs

expression from that of cellular burden so as to adequately detect the proposed non-

natural codon reassignments without critically compromising the host.

Given the simplicity of phage integration and the efficiency of recombinases3290

(Groth and Calos, 2004) as well as previous demonstration that they can be used as

part of biological circuits (Bonnet et al., 2013; Roquet et al., 2016), harnessing these

enzymes as reporters for codon reassignment brings significant advantages. I rea-

soned that recombinase expression (under the modified genetic code) could be used

as a transient reporter that, once activated, would lead to a permanent genetic alter-3295

ation, enabling the expression of a non-toxic reporter operating within the natural

genetic code. This would establish a Genetic Toggle Switch (GTS) system.

With a sufficiently responsive recombinase, only a low level – or even a tran-

sient burst – of anticodon-modified tRNA activity would be required to trigger this

one-way genetic switch. By separating expression of the primary recoded reporter3300

from the secondary (naturally-coded) reporter1, the latter would be able to persist

as an indicator of reassignment without accruing additional toxicity from the engi-

neered tRNAs designed for the former. In this way, the OCI-GTS systems together

would be able to demonstrate a transient toxic reassignment signal, whilst delivering

a permanent non-toxic response.3305

The recombinase and the secondary reporters are only two parts of the GTS

system; the remaining key element is the switch itself. From Section 4.1.2 (and

1The main plan was for the secondary reporter to be naturally-coded, but there were designs
for both reporters to function under the alternate histidine-leucine code, had host toxicity been less
problematic. Whilst this runs counter to the rationale for having a non-toxic secondary reporter to
indicate the presence of sense-to-sense codon reassignment, it could have demonstrated multi-target
codon reassignment across more than one recoded reporter.
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specified further in Figure 4.5), we know that the orientation of recombination

recognition sequences, attB and attP, around a segment of DNA can result in the

excision of the internal DNA sequence by site-specific recombinases if the recog-3310

nition sites face the same direction, or inversion if they oppose one another. With

these properties in mind, two general GTS designs were proposed.

The GTS excision design consists of a set of terminators between similarly-

oriented attB and attP sites that block an upstream inducible promoter from initi-

ating transcription of its downstream reporter; in Figure 4.5 these are represented3315

by pTrp and chromoprotein TinselPurple (tsP, tsPurple) respectively. Upon activa-

tion of a recombinase, the terminating sequences would be removed, resulting in

unhindered expression of the chromoprotein.

By contrast, the prototypical GTS inversion constructs consists of a pair of in-

verted attB and attP sequences flanking a (constitutive) promoter2 that is initially3320

facing away from its downstream reporter. Upon expression of a recombinase, the

promoter would be flipped around so that it is oriented in the same direction as its

reporter, allowing transcription to occur. The example in Figure 4.5 uses pAmpR

as the promoter and sfGFP as the reporter, but it was designed so that other se-

quences/markers could be similarly used.3325

In terms of the choice of recombinase, one such site-specific recombinase that

has the irreversible, unidirectional recombination activity necessary for both exci-

sion and inversion GTS designs is ΦC31 (Merrick et al., 2018). This recombinase

doubles as a new recoded reporter target for anticodon-modified tRNAs in the OCI

codon reassignment strategy, as well as the primary reporter in the GTS excision3330

or inversion constructs. Thus, when working in combination with each other, these

two strategies generate the full OCI-GTS system (further explored in Chapter 4).

Having defined the prototypical excision and inversion GTS design circuits,

and selected the necessary recombinase, the remaining chapter sections will dis-

cuss in turn: (i) the designing and recoding of the ΦC31 switch construct (Sec-3335

2Subsequent derivations of the GTS inversion designs saw the introduction of other genetic el-
ements/parts (including RBSs and terminators) within the internal DNA segment between the attB
and attP sites.
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GTS: inversionFigure 4.5: A generalised schematic of the Inversion and the Excision ΦC31 Genetic Tog-
gle Switch circuits

Top: an earlier design of the GTS inversion construct proposed the use of dual secondary reporters:
the promoter would be initially aligned to transcribe one coding sequence (e.g. red fluorescent
protein (RFP); represented by the grey coding sequence (CDS) arrow-box), and upon successful re-
combination that inverts the promoter, the sfGFP could subsequently be expressed. sense-to-sense
codon reassignment success could then be measured by the ratiometric change between the fluo-
rescent proteins. However, as an initial design, this would likely have provided more challenges in
both construction and characterisation/analysis, hence a simplified design, using just one secondary
reporter, was implemented. Bottom: a proposal for the GTS excision construct follows a similar use
of the ΦC31 recombinase, but in this case, the intention is to drop out a set of intervening terminators
to allow expression of the tsP secondary/proxy reporter.

tion 4.2.1), including finding critical leucine residues to demonstrate the histidine-

to-leucine reassignment that could not previously be investigated; (ii) characteris-

ing and troubleshooting of the inversion (Section 4.2.3, Section 4.2.4) and excision

(Section 4.2.5) circuits, including the development of subsequent switch design

variants; (iii) combining the recoded recombinase primary OCI reporter with the3340

secondary GTS excisions or inversion reporter constructs into an improved OCI-

GTS system for assessing reassignment in vivo (Section 4.2.6).
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4.2 Results and Discussion to GTS

4.2.1 Characterising active and inactive ΦC31

As with the previous OCI reporters, it was necessary to first analyse the sequence3345

and structure of ΦC31 to ascertain which leucines and histidines (if any) are cru-

cial to function. Once established, it should be possible to create recoded, non-

functional recombinase reporters that can be used alongside the anticodon-modified

tRNAs (from the OCI system) in rescue/re-gain-of-function assays to characterise

histidine-leucine codon reassignment. In particular, it was imperative to find essen-3350

tial leucines that, when recoded to histidine, would produce inactive ΦC31 vari-

ants suitable for investigating the yet unproven reverse histidine-to-leucine reas-

signment. If no essential leucine or histidine can be found, it could also be possible

to create an inactive ΦC31 reporter by simply recoding all, or at least multiple,

instances of histidine and leucine codons – in effect, wide-scale disruption rather3355

than purposeful targeting of vital residues. This would greatly increase the num-

ber of recoded codons that the engineered tRNAs must correct, thereby increasing

stringency in selection for recovering recombinase functionality and demonstrating

a successful reassignment.

A preliminary literature review of mutagenesis studies revealed several3360

leucines within ΦC31 that are conserved across members of the serine recombinase

family, and in regions that are known to be involved in recombination activity or

that have high DNA binding affinity to the attB/attP recognition sequences (Liu

et al., 2010; Rowley et al., 2008; Rutherford and Van Duyne, 2014; Rutherford

et al., 2013). Most of the studies stemmed from alanine-scanning mutagenesis ex-3365

periments, although leucines were occasionally used when it is necessary to retain

the size of a mutated residue but with a substitution that would still be considered

relatively inert. Liu et al. (2010), for example, demonstrated that L143A3 fully

3There is a discrepancy between the residue numbering from the ΦC31 sequences in the literature
and that of the sequence from the PDB structure (ID: 4BQQ) of the recombinase, where literature
numbering = PDB number + 8. In this thesis, I endeavour to use the literature numbering, however
experimental designs and computational analysis were originally based on the PDB numbering and
this may be reflected in these results. Where relevant, I will note if the results have used the PDB
numbering, if the literature numbering has not been used. For reference, Table 4.1 displays both
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abolished recombination activity in vivo and in vitro, as well as partially reduced

attB binding affinity. Their research also highlighted other point mutations (Ta-3370

ble 4.1c, L350A and L468A among them), which had varying degrees of success in

diminishing DNA binding affinity, however, these substitutions alone did not com-

pletely inhibit ΦC31 functionality. Of the handful of systematic studies that discuss

the effects of a wide range of substitutions at specific critical sites on recombination

activity (like Smith and colleagues who used random site-directed mutagenesis to3375

make a library of 11 E449 variants in order to reveal the mechanism for reversing

the directional control in ΦC31; Rowley et al., 2008), none of the leucines of puta-

tive importance have been experimentally mutated to histidine for characterisation,

nor have any critical histidines been uncovered to have warranted further study.

numbering schemes.
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Structural
Region

Affects function?
(Impact: * = minor, ** = moderate, *** = major)

Ref

(a) N192* N200* β7 *** LOF VP/AK?
N196* N204* β7 *** LOF in DNA binding domain? VP/AK?

(b) H53 H61 β2 ** PyMOL
L75 L83 αB Not reported PyMOL
L109 L117 αD2 Not reported PyMOL
L110 L118 αD2 Not reported PyMOL
L112 L120 αD2 Not reported PyMOL
L132 L140 αE1 * PyMOL
H134 H142 αE1 * PyMOL
L135 L143H αE1 *** PyMOL,

Lit: L143Aa

L139 L147 αE1 Not reported PyMOL
L154 L162 Not reported PyMOL
L159 L167 αE2 Not reported PyMOL
L163 L171 αE2 Not reported PyMOL
L460 L468 * L468a/Pb only partially abolishes activity as a

single point mutation
PyMOL,
Lit: L468Aa/Pb

(c) R18A, L143A, I141A,
E153A, I432A, V571A

*? “great decrease in DNA binding affinity” a

G182A/F183A, C374A,
C376A/G377A, Y393A,
V566A

**? “completely lost their ability to bind to the
specific target DNA attB as compared with
wild-type proteins”

a

Table 4.1: Key candidate residues for recoding and potential reassignment in the ΦC31 recombinase

(a) Mutations that were included in the first ΦC31 construct, alongside the standard OCI codon optimisation (where all leucine and histidine codons in the DNA
sequence of ΦC31 were initially recoded to Leu(CTG) and His(CAC) respectively). (b) Candidate mutations identified from PyMOL analysis of ΦC31 (PDB: 4BQQ)
where point mutation recoding leucine-to-histidine (Leu-to-His) or histidine-to-leucine (His-to-Leu) may render the protein inactive; in preparation for reassignment
to reactivate function. Identified for testing experimentally. (c) Mutations highlighted from literature that were shown to affect and/or abolish ΦC31 function. NR =
not reported. aLiu et al., 2010; bRowley et al., 2008.
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In an attempt to find other leucines and any histidines that, when recoded to3380

histidine and leucine respectively, could produce a functionally-impaired recoded

recombinase, an in silico examination of the ΦC31 crystal structure (PDB: 4BQQ)

was carried out. With PyMOL, it was possible to display how specific point mu-

tations may change the structure and its intramolecular interactions away from the

initial model. Sites where histidine-leucine substitutions were predicted to result3385

in a greater probability of increased physical steric hindrance were, therefore, se-

lected as targets for creating recoded recombinases; the hypothesis being that such

replacements would result in a reduction or full loss of functional activity.

It should be noted that one limitation to this computational approach was the

lack of available structural data on most of the C-terminal domain of ΦC31 (Fig-3390

ure 4.6; presumably truncated during crystallisation). Of the 613 residue-long pro-

tein, the most complete model available in the literature (PDB: 4BQQ) accounts

for only residues 1-379, which encompasses the catalytic resolvase N-terminal do-

main (pfam0239, residues 1-164), the putative “recombinase” (pfam07508, residues

~215-342), and most of the zinc finger domains (residues 366-388) (Figure 4.6a;3395

Smith et al., 2010). This, therefore, precluded the opportunity to model L468H

(as identified by Liu et al., 2010), which resides in a putative coiled-coil domain

(residues 445-480) associated with hyperactive DNA binding mutants, and from in-

vestigating mutations to the conserved ILV-rich motif (residues 542-563). Although

Smith and colleagues also noted that a good portion of ΦC31 binds DNA with high3400

affinity at residues 155-605, and highlighted residues 445-524 as being an area of

high protein interaction activity, these areas could not be fully examined via in silico

methods available at the time.

Additionally, the mutational predictions conducted using PyMOL would only

be able to provide an approximation of the structural effects on local interactions as3405

the model is static. That is, when introducing in potential substitutions, PyMOL is

not able to relax the structure of the protein model, alter the backbone, repack neigh-

bouring side chains out of the way, or provide a difference in Gibbs free energy (as

a means to assess the destabilising effect of the mutation on the structure). In effect,
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Figure 4.6: An overview of the key domains and secondary structures within ΦC31

no further information could be derived regarding local protein dynamics beyond3410

that of putative van der Waals overlaps to imply potential steric clashes in the exist-

ing fixed local structure. Whilst at the time, it may have been possible to use other

protein design and structure prediction software, like FoldX and Rosetta, to deter-
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mine the energetic and alternative conformation effects of various point mutations

on the surrounding side chains and overall protein stability/function, the ultimate3415

aim was to find a recoded recombinase with loss-of-function activity that can be

used to test sense-to-sense codon reassignment. As such, despite the limitations of

using PyMOL predictions, this approach could be sufficient in giving a quick and

visual first impression of whether a given mutation would cause clashes in a critical

region within a protein; after which the model would be experimentally validated to3420

confirm whether the predicted intramolecular clashes truly exist and are capable of

abolishing recombinase function as required.

In total, 10 histidines and 43 leucines within ΦC31 sequence were identified,

though the 4BQQ model only had structural data on five of the histidines and 26

leucines (not including the three leucines identified earlier from literature) from3425

which to model the mutations that could potentially create inactive histidine-leucine

recoded reporters. At the time of review, all previous examples of codon reassign-

ment in synthetic/heterologous genes had been limited to one recoded codon per

gene (Döring and Marlière, 1998). It was surmised that the fewer number of recoded

leucines and histidines required to inactivate ΦC31 (ideally one of each) would help3430

maximise the chances of the anticodon-modified tRNAs in rescuing function upon

successful histidine-leucine reassignment. Hence, the initial search space for the in

silico mutagenesis investigations was primarily focused on the N-terminal catalytic

domain of the recombinase: the hypothesis being that the most essential residues

for recombinase activity would be located in this region, and recoding key leucines3435

and histidines here may abolish function.

Having further refined the search criteria, the five histidine residues (H61,

H142, H151, H208, H234) previously identified and a reduced set of 14 leucines

(L45, L83, L91, L105, L117, L118, L120, L140, L143, L147, L156, L162, L167,

L171) were selected to simulate whether substituting histidine to leucine and vice3440

versa could create an inactive ΦC31 for use as a viable recoded reporter. Note,

underlined residues match key residues previously identified from literature, whilst

those in bold highlight residues that PyMOL Mutagenesis Wizard simulations pre-
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dict would likely clash with their neighbours.

The wild-type structure and the effects of the two most likely-occurring side3445

chain orientations (rotamers) for each recoded residue simulation is further dis-

played in Figure 4.7 and Figure 4.8. The green and red lines/disks in the simula-

tions indicated pairwise overlap of atomic van der Waals radii (i.e. steric clashes):

atoms that were almost in contact or slightly overlapping one another were illus-

trated in green, whereas rotamers that were predicted to result in significant clashes3450

with nearby residues were represented by large red disks and lines. As listed in

Table 4.1b and shown in Figure 4.7, the final shortlist of 13 residues selected for

introduction into ΦC31 were: H61L (in beta sheet 2, β2); L83H (in alpha helix

B, αB); L117H, L118H, L120H (αD2); L140L, H142L, L143H, L147H (αE1);

L162H (unassigned structure), L167H, L171H (αE2); L468H (unassigned struc-3455

ture). Their selection was based on qualitative assessment of mutations that pro-

duced relatively more clashes, the predicted likelihood/frequency of the rotamers

occurring, and the relative proximity of the candidates to one another (which was

expected to simplify the recoding efforts).

Given both the literature and the computational modelling predicted that mutat-3460

ing L143 would be sufficiently disruptive to ΦC31, this became the prime candidate

for recoding to histidine; with the resulting, potentially inactive, φc31.L143H to be

used as the first demonstration of histidine-to-leucine reassignment. Similarly, as

L140 and L147 are positioned on the same side of the αE1 helix as L143, it was pos-

sible that recoding all three leucines to histidines would cause clashes that could be3465

additionally destabilising to the recombinase. Residue H142 also sits close to these

αE1 helical leucines, and a φc31.H142L mutation could be another opportunity to

demonstrate leucine-to-histidine reassignment, however, its in silico simulations did

not suggest any problematic intramolecular interactions with such a recoding. That

is not to say that this would be the case once recoded, but it seemed prudent to also3470

explore recoding another histidine residue, such as H61 in beta sheet β2, to further

validate the reverse reassignment. To this end, oligos YKH297 (for HcAC142LcTT),

YKH296 (for LcTG143HcAT), YKH298 (for a composite of the two, HcAC142LcTT
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4BQQ_L83 L83H_v1 (30.7%) L83_v2 (17.7%)

4BQQ_L117 L117H_v1 (38.6%) L117H_v2 (19.2%)

4BQQ_L118 L118H_v1 (25.8%) L118H_v2 (19.3%)

4BQQ_L120 L120H_v1 (34.0%) L120H_v2 (23.2%)

L149

H142

L143

L147

4BQQ_L140 L140H_v1 (35.1%) L140H_v2 (18.3%)

4BQQ_H142_L143 H142L_v1 (38. 6%) H142L_v2 (19.2%)

L143H_v1 (30.7%) L143H_v2 (17.7%) L143H_v7 (1.9%)

4BQQ_L147 L147H_v1 (30.7%) L147H_v2 (17.7%)

L162

L167

L171

4BQQ_L162 L162H_v1 (36.6%) L162H_v2 (19.4%)

4BQQ_L167 L167H_v1 (35.1%) L167H_v2 (18.3%)

4BQQ_L171 L171H_v1 (47.1%) L171H_v2 (25.0%)
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4BQQ_L45 L45H_v1 (30.7%) L45H_v2 (17.7%)

L91

4BQQ_L91 L91H_v1 (40.8%) L91H_v2 (21.2%)

L105

4BQQ_L105 L105H_v1 (39.8%) L105H_v2 (22.8%)

H151

4BQQ_H151 H151L_v1 (58.5%) H151L_v2 (33.7%)

L156

4BQQ_L156 L156H_v1 (38.6%) L156H_v2 (19.2%)

H208

4BQQ_H208 H208L_v1 (50.6%) H208L_v2 (42.4%)

H234

4BQQ_H234 H234L_v1 (74.4%) H234L_v2 (15. 5%)

Figure 4.7: PyMOL mutagenesis modelling of key histidines and leucines in ΦC31

Histidine residues are in orange, leucines as purple, and grey where mutations have been simulated.
Clashes are seen as red circular disks; percentage values show the likelihood of these side-chain
orientations occurring. Expected key residues are in bold. The rest of the ΦC31 structure has a
blue-to-red gradient colour showing the direction from the N- to the C-terminal.
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Figure 4.8: PyMOL mutagenesis modelling of other histidines and leucines in ΦC31

It is expected that the recoding the residues highlighted in Figure 4.7 should produce a viable non-
functional ΦC31, however, should this fail, the residues shown here would considered. Histidine
residues are in orange, leucines as purple, and grey where mutations have been simulated. Clashes
are seen as red circular disks; percentage values show the likelihood of these side-chain orientations
occurring. Expected key residues are in bold. The rest of the ΦC31 structure has a blue-to-red
gradient colour showing the direction from the N- to the C-terminal.

and LcTG143HcAT), and YKH314 (for recoding all four αE1 helical candidates)

were designed for site-directed mutagenesis (see Table A.2b in Appendix A.3 for3475

Darwin Assembly oligo sequences).

In the event that more residues are needed to be recoded to create an inactive

ΦC31, additional oligos spanning the shortlisted candidates identified in Table 4.1b

were also created (Table A.2c). Moreover, these oligos were designed such that

they could be introduced in a combinatorial manner (singularly or as multiple point3480

mutations) to generate a library of recoded ΦC31 reporters, and thereby increase

the chance of producing a non-functional variant. Section 4.2.6 discusses the im-

154



CHAPTER 4. GTS: EXPLORING TOLERABLE ALTERNATIVE CODES

plementation of this one-pot, multi-site Darwin Assembly mutagenesis method and

presents the ΦC31 mutants generated from this approach.

Another benefit of constructing a library of multi-site recoded recombinases3485

is that it would extend beyond all previous sense-to-sense codon reassignment re-

search, and present the opportunity to assess the extent to which anticodon-modified

tRNAs are able to reassign and rescue function to reporters that have a number of

recoded residues. That is, to investigate whether engineered tRNAs from the OCI

strategy (Chapter 3) can recover not just one recoded codon within the inactivated3490

ΦC31, but whether they could be transcribed at a sufficient level as to demonstrate

bi-directional codon reassignment – in effect, a proto-alternative code – to a dozen

or more differently recoded codons within the same gene, without severely incapac-

itating its naturally-coded host.

With this plan in hand for creating an inactive recoded recombinase, we turn3495

next to the design and construction of the basic Genetic Toggle Switch circuit (Sec-

tion 4.2.2), in which ΦC31 plays a central role in mitigating host toxicity so as

to permit detection of successful codon reassignment. The GTS consists of two

primary designs: the inversion (Section 4.2.3, Section 4.2.4) and excision (Sec-

tion 4.2.5) constructs. Once optimised, the recombinases from these circuits are3500

replaced with the site-directed mutagenesis designs (as detailed in this section) to

create a viable but inactive ΦC31 recoded reporter (Section 4.2.6). Finally, this re-

alised GTS circuits is coupled with the anticodon-modified tRNAs from the OCI

to form the OCI-GTS system (Section 4.2.7), thereby producing a transient in vivo

expression system for implementing alternative genetic codes.3505

4.2.2 Constructing the basic GTS circuit design

The earliest GTS construct was designed by Vitor Pinheiro, with the aim to be

used in both my PhD project and a complementary reassignment project by post-

doctoral researcher, Dr. Antje Krüger. Common to both projects was the use of

a codon-optimised φc31 gene and a simple recombinase-based inversion switch3510

that consisted of a promoter inserted between opposing recombination recognition

sequences attB and attP (the segment between the black and white triangles in Fig-
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ure 4.9; construct Recombinase_circuit_VP.dna [002]). The promoter sequence,

pAmpR (a regulatory element taken from an ampicillin resistance bla operon of the

pNGAL97 [P005] plasmid), was designed to be oriented in the opposite direction3515

to its downstream secondary reporter construct, with the intention that it would be

irreversibly inverted upon activation by ΦC31. The subsequent rearrangement of

the attB/attP switch and its embedded promoter sequence would therefore align

pAmpR in the same direction as the intended reporter, thus allowing transcription of

this operon (Figure 4.9).3520

SrfI

[002]  Recombinase_circuit_VP.dna (3269bp)

HindIII

NdeI

SalI

BsaI x2
BbvCI

SapI=BspQI

XbaI

attPattB
ϕC31

pAmpR

KanR(opt)

RBS

RBSDA site

DA site

attRattL

ϕC31

KanR(opt)

RBS

RBSDA site

DA site

pAmpR

ϕC31(b)

(a)

Figure 4.9: Recombinase circuit v1: [002] Recombinase_circuit_VP.dna (3,269bp)

The initial/prototypical GTS circuit design, featuring ΦC31, the inversion switch, and KanR as the
secondary reporter system. (a) naïve state; (b) activated stated. Note that the tRNA reassignment
constructs are not yet linked to the GTS circuit.

In this prototypical GTS design, the secondary reporter that was coupled to the

switch was a codon-optimised kanR operon (for antibiotic resistance to kanamycin).

The design flanking kanR had been additionally designed so that most of this re-

porter system could be replaced by another reporter of choice (e.g. an sfgfp operon,

as in Figure 4.5), via restriction digest or Gibson assembly, by using the specifically3525

incorporated (NdeI or SrfI)/(BbvCI or SapI=BspQI) restriction sites that flank the

secondary reporter construct in [002] (Figure 4.9).

As with designing the OCI reporters, codon optimisation for both φc31 and

kanR genes consisted of synonymous replacement of all leucine and histidine

codons to Leu(CTG) and His(CAC) respectively (if they had not already been marked3530

to be orphan codons for reassignment). Like before, the rationale was to remove

156



CHAPTER 4. GTS: EXPLORING TOLERABLE ALTERNATIVE CODES

any leucine and histidine wobble codons that could be ambiguously (re)assigned

when using the OCI anticodon-modified tRNAs (i.e. through the heterologously-

expressed alternate genetic code embedded within a naturally-coded organism), and

to check that the gene was still functional despite the optimisation. Once confirmed3535

that the synthesised gene constructs work as designed, Darwin Assembly was used

to create point mutations at candidate inactivating sites in φc31 (i.e. changing cru-

cial histidines and leucines to orphan wobble codons Leu(CTT) and His(CAT) re-

spectively) as identified earlier in Section 4.2.1 and Table 4.1a,b, and subsequently

implemented in Section 4.2.6. As with the other OCI reporters, the recoding should3540

initially render the reporter non-functional under the natural system, but with the ad-

dition of the alternatively coding tRNAHis
AAG (for leucine-to-histidine reassignment

at wobble codon Leu(CUU)) and tRNALeu
AUG (for histidine-to-leucine at wobble codon

His(CAU)), the sense-to-sense codon reassignment system should allow φc31 to be

reassigned back to produce a functioning protein.3545

To facilitate engineering these loss-of-function mutations, the [002] prototyp-

ical GTS construct was designed with two Darwin priming regions that flank the

φc31 sequence, as well as a (Nt/Nb.)BbvCI recognition site that would be neces-

sary in implementing Darwin Assembly (Figure 4.9, Section 4.2.6). Moreover, not

only did the upstream sequence to φc31 include an RBS within the Darwin prim-3550

ing site, this entire segment was designed to match (and be subcloned via Gibson

Assembly or with restriction cloning into) a region within vector pNGAL97 [P005]

downstream of a pTetR/A promoter to help regulate its expression (Figure 4.10).

Unlike the typical OCI reporter designs, the codon-optimised φc31 gene or-

dered for synthesis was already a non-functional variant – not for histidine-leucine3555

reassignment, but with amber/stop codon suppression. The changes that rendered

φc31 inactive were the introduction of TAG amber stop codons (∗Am(TAG)) in place

of asparagine codons at positions 200 and 204 of the protein (represented by the two

red markers within the green φc31 gene sequence in Figure 4.9 and subsequent fig-

ures; listed in Table 4.1a). The term φc31_*Am200_*Am204 (shortened to φc**)3560

is used to distinguish between the stop-inactivated variant and the active φc31 ver-
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Figure 4.10: The prototypical design for all GTS constructs – from synthesis of the recom-
binase circuit [002] to assembly into the characterisation plasmid [005]
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Figure 4.10: The prototypical design for all GTS constructs – from synthesis of the recom-
binase circuit [002] to assembly into the characterisation plasmid [005]

To create construct [003], the full GTS inversion prototype (Recombinase_circuit_VP.dna
[002], 3,269 bp), synthesised by Genewiz, was subcloned into their standard vector pUC57-
Kan [P002] (2,665 bp), between restriction sites EcoRI/HindIII, resulting in the 5,801 bp
pUC57-KanSequence(2665bp)_est-seq_5801bp.dna [003b] plasmid.
For construct [005], then designed [002] inversion construct was further sub-
cloned into the pNGAL97 [P005] plasmid, creating a 6,317 bp plasmid:
20170511_AK_pNGAL_SerineIntegrase_Cassette_sequenced.dna [005].
The initial [002] GTS circuit design, featuring ΦC31 and KanR, and the cloning steps to arrive to
plasmid [005] – the basic design for all subsequent GTS constructs.

sion. Further nomenclature will be introduced in Section 4.2.6 when referring to the

inactive variants caused by various histidine-leucine recoding (summarised in Ta-

ble 4.2). Although useful as an initial negative control, this meant that the in-frame

stop codons needed to be reverted back to asparagines in order to ascertain a base-3565

line activity level for the functional recombinase. After which, the wobble codons

Leu(CTT) and His(CAT) could be introduced at the candidate histidine and leucine

sites respectively to make it again a non-functional – but this time, reassignable –

OCI reporter for testing the sense-to-sense codon reassignment system.

As for the composition of the KanR secondary reporter construct, aside from3570

making synonymous leucine and histidine substitutions to remove wobble-pairing

codons (so that the gene sequence becomes compatible for codon reassignment),

kanR was also put under a synthetic RBS that was designed to moderate its trans-

lation initiation rate (TIR). By specifically lowering the expression rate of the het-

erologous reporter, it may be possible to reduce the burden of translating a po-3575

tentially toxic (alternatively-coded), but essential (antibiotic resistant) product for

host viability. Originally, the aim was to generate an RBS with a TIR output of

30,000 a.u.: 3% of the maximum translation rate that could be predicted using the

Salis lab’s RBS Calculator (https://www.denovodna.com/software/design_

rbs_calculator). However, after including an NdeI cut site into the 3’-end of the3580

synthetic RBS (as a contingency element for separating the RBS from the down-

stream kanR gene), the predicted TIR output was estimated at 6,900 a.u. (i.e. 0.69%

of the maximum translation rate as predicted by the RBS Calculator). In the event

that the proposed RBS was at an unsuitable level for use in a reassignment reporter,
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an SrfI site was incorporated at the other end of the RBS sequence (where it joins3585

to the attB end of the inversion switch sequence), such that the sequence could be

easily replaced using NdeI/SrfI restriction. Finally, to complete the kanR operon,

a lambda t0 terminator was added to the downstream end of the CDS.

Having established the full arrangement of the GTS inversion proto-

type (the primary ΦC** reporter, the secondary KanR reporter, and attB-3590

pAmpR-attP inversion switch; Recombinase_circuit_VP.dna [002], 3,269 bp),

this linear construct was ordered for synthesis by Genewiz and arrived sub-

cloned within their standard 2,665 bp pUC57-Kan [P002] vector. One ad-

ditional feature/bug of note was that this synthesis resulted in a 5,801 bp

pUC57-KanSequence(2665bp)_est-seq_5801bp.dna [003b] plasmid (Fig-3595

ure 4.10, top half), that contained two kanR variants: a codon-optimised version

that was coupled to ΦC** as part of the GTS system circuit, and one from Ge-

newiz’s default [P002] vector. Whilst two copies of the kanR gene sequence would

bias the host into retaining this plasmid (especially when exposed to the selection

pressure of a kanamycin environment), the presence of a KanR that is already under3600

constitutive expression would completely circumvent the GTS inversion switch de-

signed: there would be no need to express and rescue the recoded ΦC** to invert the

pAmpR and, in turn, activate the optimised KanR. Knowing that this issue would

need to be addressed, the final design feature that was built into this basic GTS

recombinase circuit [002], was the presence of two flanking restriction sites: an3605

XbaI upstream of recombinase’s RBS, and a HindIII site downstream of the full

circuit, after the terminator beyond the attP recognition site (Figure 4.10). These

two restriction sites would enable the majority of the [002] inversion construct to

be subcloned into an appropriate vector containing a different selection marker. In

this instance, upon arrival of the Genewiz-synthesised [003b] plasmid, the relevant3610

GTS circuit was inserted into pNGAL97 [P005] (a 4,668 bp in-lab/house plasmid

provided by post-doctoral researcher, Dr. Eszter Csibra), to create a 6,317 bp plas-

mid 20170511_AK_pNGAL_SerineIntegrase_Cassette_sequenced.dna [005]

– the GTS Inversion-KanR circuit (Figure 4.10, bottom half; Figure 4.11).
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In the pNGAL97 [P005] vector, the φc** of the Inversion-KanR circuit was3615

placed under the tight transcriptional control of pTetR/A , and the selection marker

associated with the plasmid was for ampicillin resistance (AmpR, bla), thus should

not be in conflict with the optimised KanR secondary reporter of the GTS construct.

This [005] plasmid subsequently became the basic design for constructing the later

inversion circuit derivations (Section 4.2.3, Figure 4.11; Section 4.2.4, Figure 4.13)3620

and the GTS excision construct (Section 4.2.5, Figure 4.18).

4.2.3 The Inversion-KanR Circuit

With the basic GTS Inversion-KanR [005] construct created (Figure 4.10), the

next step was to restore function to the recombinase to verify that the circuit pro-

totype operates as designed. As described previously, this inactive φc** gene3625

sequence contained two amber stop (∗Am(TAG)) codons at positions 200 and

204 that abolished recombination activity. Oligo YKH308 (refer to Table A.2a)

was designed to revert both these stops back to the wild-type asparagine codons

(∗Am(TAG)200N(AAT) and ∗Am(aTAG)204N(cAAC)) where, once restored, it would

be possible to characterise the baseline recombinase activity, and begin to test the3630

feasibility of the GTS Inversion-KanR switch created in Section 4.2.2.

Prior to reverting the φc** in plasmid [005] back to its wild-type, one other

control experiment was required: to confirm that the Inversion-KanR switch was

truly inactive for both the recombinase (with its nonsense mutations), and the KanR

secondary reporter (which was functional, but its attB/attP switch held the promoter3635

in a trans-orientation to prevent transcription). The plasmid was transformed into

the E. coli cloning strain DH10β , and plated onto solid LB growth media containing

(i) 50 µg/mL or 100 µg/mL ampicillin (selection/positive control), and (ii) both

50 µg/mL ampicillin and 50 µg/mL kanamycin antibiotics (negative control). The

expectation was that there would be no growth on the latter set of plates due to the3640

recombinase being in its inactive state, which should prevent the promoter within

the switch from being inverted and allowing transcription of kanR. This was not

the case. Despite no apparent mechanism for expressing the relevant antibiotic

resistance, the bacteria were able to grow in the presence of kanamycin. To allay
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the possibility that the kanamycin was old or inactive, fresh stocks of the plates3645

were made, but the same conclusion was reached: the strain bearing plasmid [005]

was already kanamycin-resistant (data not shown).

Earlier Sanger sequencing results, performed during the construction of plas-

mid [005], had previously confirmed that the amber stops were in place within the

recombinase and that there had been no indication that the attB/attP switch had3650

been prematurely inverted (data not shown). Further sequencing of the Inversion-

KanR [005] plasmid recovered from bacteria of both the ampicillin, and the double-

antibiotic, plates subsequently showed that the constructs were still as designed:

the recombinase was inactive, and the inversion switch had not yet been irreversibly

flipped to allow kanR transcription.3655

To fully exclude the possibility that the inactive recombinase could have inad-

vertent effects on kanR, the φc** gene was completely removed (using iPCR with

primers YKH213/YKH289. In this way, there could be no possibility of the recom-

binase activating the switch and allowing transcription of the kanR sequence. This

deletion had no effect on reducing or preventing the unexplained KanR expression3660

(data not shown), and after subsequent attempts to troubleshoot the unexplained

KanR signal (see Section 4.2.3.1 for discussions on alternative mitigation methods),

this line of investigation was discontinued.

The remaining potential explanations for the continued KanR expression lay in

the gene itself and the regions surrounding the 5’-end of the operon. For example,3665

there could have been a spontaneous mutation or some underlying leaky expres-

sion, due to the selection pressure of kanamycin and/or a design flaw, that was

exploited by the bacteria to allow expression of the resistance marker regardless of

a viable promoter. Alternatively, despite having designed kanR to face the oppo-

site direction to all other known operons within the [005] plasmid, transcriptional3670

read-through could have occurred via an unknown, cryptic promoter at the start of

the kanR sequence (around the synthetic RBS and the attB-pAmpR-attP switch) that

was driving KanR expression without needing the recombinase to invert the switch.

In an attempt to identify the sequence that was initiating kanR transcription, the
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operon was compared against other plasmids that contain the same resistance gene:3675

i.e. pET29a(+) [P003], pUC57-Kan [P002], and pD881 [P008]. Although there

were differences in the coding sequences, the protein sequence between the KanR

variants were the same, with the exception of [P008] which lacked residues C10

and S11. The more pertinent differences, however, lay in the upstream region of the

CDS: two had promoters (pAmpR for [P002] and pCAT for [P008]) directly before3680

the transcription start site (TSS), suggesting that kanR does require a promoter for

expression. In regards to the upstream portion to kanR in [P003], it was less clear:

there was an RBS site and what could be a non-consensus promoter (consisting of

a putative -10 Pribnow box and -35 region), but this was not clearly annotated. In

spite of the uncertainty around the promoter region in the latter vector, it appears3685

that kanR does not typically contain a promoter within its coding sequence. Hence,

the mostly likely reason for the unexpected KanR expression was due to a cryptic

promoter somewhere upstream of the CDS.

Given the introduction of the attB/attP inversion switch, a synthetic RBS,

and an auxiliary NdeI restriction site directly upstream of kanR, it seemed pru-3690

dent to first interrogate these sequences for a hidden promoter. It is possible

that a promoter-like sequence, sufficient to transcribe kanR, could have been cre-

ated when these disparate elements were combined. Whilst highly unlikely, it

could also be possible that the well-utilised pAmpR, enclosed within the inver-

sion switch, could in fact be a bidirectional promoter. To determine whether3695

there may have been a cryptic transcription initiating element, bacterial promoter

prediction tools, BPROM (http://www.softberry.com/berry.phtml?topic=

bprom&group=programs&subgroup=gfindb; Solovyev and Salamov, 2011) and

bTSSfinder (Shahmuradov et al., 2017) were used for analysing the 5’-sequence to

the kanR CDS. Whilst there may have been possible promoter sequences with a cis3700

orientation to KanR within this engineered region, there was no consensus between

the prediction software on a particular site (data not shown).

As it was still unclear as to whether, and where, there was an upstream cryptic

promoter to the kanR gene within the [005] construct, three parallel strategies were

163

http://www.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb
http://www.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb
http://www.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb


CHAPTER 4. GTS: EXPLORING TOLERABLE ALTERNATIVE CODES

developed to resolve this problem. First, to rule out the possibility of an upstream3705

cryptic/bidirectional promoter to kanR, two alternative sequences were designed as

replacements to the original switch (shown by [002] as simply pAmpR contained

within attB/attP). The two subsequent designs for troubleshooting this problem

were constructs: [007] TP, Terminator Plus a “decoy” RBS just upstream of the

pAmpR, and [010] TP-∆pAmpR as the former TP design minus pAmpR. These vari-3710

ants are shown in the far-right yellow box in Figure 4.11, and are further discussed

in Section 4.2.3.1. In a similar vein, another solution would have been to subclone

the kanR operon (including the synthetic RBS and downstream lambda t0 termina-

tor; 964 bp) into a vector with no known promoters to see if it still expresses. This

approach was not pursued as it was not specifically furthering the inversion switch3715

construct, but it could have indicated whether an isolated seemingly promoter-less

kanR operon would have been expressed, and therefore may have provided further

evidence to suggest that there was a hidden promoter around the switch sequence.

In the event where these alternate sequences still do not abolish the KanR activ-

ity (despite the non-functioning recombinase, φc**), and/or the marker is deemed3720

too essential for the bacteria’s viability, the second strategy was to replace the whole

kanR operon with a less necessary reporter, such as sfGFP (shown as a generalised

example in Figure 4.5, further detailed in Section 4.2.4). Given the nature of this

proposed solution, the design and construction of this new secondary reporter for

the inversion switch was implemented in parallel with troubleshooting the cryptic3725

promoter strategy as described previously. Whichever approach that was first to

give no expression of the proxy reporter would be continued.

Finally, should combinations of the aforementioned two strategies prove to be

non-viable, the whole GTS inversion switch and secondary reporter system would

be replaced by the GTS excision circuit. In this case, the initial design has the proxy3730

reporter as the chromoprotein tsPurple, within an operon that contains a double-

terminator excision switch in between the promoter and the RBS. The expectation

is that the terminators would be sufficient in preventing tsPurple from being tran-

scribed, but it is also possible that there may still be leaky expression, which could
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make it difficult to differentiate the required signal from the background noise. The3735

design of this approach is generalised in Figure 4.5, specified in Figure 4.17, and

discussed in Section 4.2.5.
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Figure 4.11: Variations upon the GTS Inversion constructs and its modular derivations

Plasmid [005] (construction previously shown in Figure 4.10) can be further modified as follows:
in the green box, there are examples of alternative histidine-leucine recodings that are explored in
Section 4.2.6; in the blue box, two secondary/proxy reporters for the Inversion circuits are shown
([002] is discussed in Section 4.2.3, whilst [013] is detailed in Section 4.2.4); in the yellow box,
specific switch designs are shown (as explained in Section 4.2.4.1). Additional variations on this
basic prototypical design were discussed: [019] and [021] are expanded further in Figure 4.13.

Although each of the designs could be systematically tested in the order as de-

scribed, each could also be assessed independently from one another: with the path

to integrating the GTS with the OCI constructs being determined by the strategy3740

that most sufficiently achieves the desired stringent switch control. In reality, all

three troubleshooting strategies were designed and implemented in parallel, but for

ease of clarity, the investigation into each strategy follow as described.
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4.2.3.1 Troubleshooting the attB/attP switch in the GTS Inversion-

KanR construct – the GTS_v2 designs3745

A preliminary strategy for rectifying the unexplained KanR expression in the unin-

duced [005] GTS Inversion-KanR plasmid was to replace the internal sequence in

between attB and attP with sequences that could theoretically terminate errant tran-

scriptional signals directed towards kanR. As explained previously, two sequences

were designed to replace the pAmpR switch: (i) [007] “Terminator Plus” (TP),3750

which consisted of a “decoy” RBS, a terminator, and the original pAmpR sequence,

and (ii) [010] “TP minus pAmpR” (TP-∆pAmpR) was built upon [007] by removing

the promoter. These two alternative switches, [007] and [010], formed a part of the

GTS_v2 designs discussed in this section (Figure 4.11, yellow box).

The [007] TP switch itself was composed of four features that, in theory, should3755

be able to silence any read-through transcription from the hidden promoter. Read-

ing from the direction of attP (towards the kanR sequence), the [007] design had the

antisense sequence of pAmpR, followed by an engineered rho-independent lambda

t0 terminator (Scholtissek and Grosse, 1987) and a poly-T run. Whilst transcrip-

tion terminators are not 100% efficient, the lambda t0 variant is one of the highest3760

efficiency prokaryotic terminators and, in combination with the poly-T tail, there

should be sufficient destabilisation of the transcription complex and cleavage ini-

tiation to disrupt most of the unwanted read-through transcripts coming from the

unknown promoter towards KanR. Following the poly-T run is the “decoy” RBS;

this uses the consensus 5’-AGGAGG-3’ sequence to initiate early translation of any3765

rogue transcripts that bypass the terminator. The reason for allowing premature

translation is due to its association with the final design element where stop codons

were built into each of the six reading frames following the translational decoy.

Theoretically, this should promptly truncate translation of all early, undesired tran-

scripts before any can encounter the true (synthetic) RBS and kanR gene. Hence,3770

translation of kanR should only come from the synthetic RBS, which in turn should

only be expressing transcripts that result from the pAmpR that has been correctly in-

verted by a functioning ΦC31 recombinase. These new modifications resulted in an
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extension of the internal attB/attP switch sequence from the 105 bp of the pAmpR

promoter in [005] to a 272 bp sequence in [007] with redundant features that were3775

expected to greatly reduce, or stop altogether, the KanR expression that was being

produced even in the absence of the GTS Inversion-KanR switch being triggered.
GTS: Recombination Site, attB-attP <- to edit for clarity later

Version 2: Terminator_Plus

Version 1: attB-pAmpR-attP

Figure 4.12: Comparison of [005] pAmpR vs [007] TP sequence that was synthesised

Additional in silico analysis was performed as a means to identify any cryptic promoters. Results
suggest that there may have been multiple promoter possibilities within the synthetic TP sequence
but no specific consensus (data not shown).

In order to replace the switch in plasmid [005] with this new TP sequence,

flanking ends that were homologous to where the switch would be inserted were

placed around the new sequence to form the final 437 bp [007] fragment (Fig-3780

ure 4.12). This was subsequently synthesised as a double-stranded IDT gBlock®.

The design was such that it could be inserted into [005] via Gibson Assembly (after

iPCR to remove the pAmpR switch), or by classic restriction enzyme cloning using

(NdeI or SrfI)/SalI. It was with the latter SrfI/SalI restriction cloning method

that was taken to replace the pAmpR switch with that of TP, giving the resulting3785

[008] 01_CnfKP+TP_6484bp.dna (6,484 bp) plasmid.

Once sequence-verified, the [008] TP plasmid was used to make the construc-
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tion carrying the third alternative switch: [010] TP-∆pAmpR. This latter plasmid

was created by excising the pAmpR from the TP circuit using iPCR with primers

YKH260/YKH248. The intention of this TP-∆pAmpR switch variant was to be the3790

negative control to TP; specifically, to assess whether the undesired transcriptional

read-through was coming from the pAmpR region, which was hypothesised to hold

an unknown bidirectional promoter.

As with the [005] pAmpR switch plasmid before, both [008] TP and [010]

TP-∆pAmpR were transformed into cloning strain DH10β , and plated again onto3795

LB agar plates containing (i) 50 µg/mL or 100 µg/mL ampicillin (selection/positive

control), and (ii) both 50 µg/mL ampicillin and 50 µg/mL kanamycin antibiotics

(negative control). The expectation being that, in plates with kanamycin, the mit-

igating features introduced in [008] would result in minimal-to-no colony growth,

and even less so in [010]. Yet despite such precautions, all strains containing the3800

three GTS Inversion-KanR switch constructs (pAmpR, TP, and TP-∆pAmpR) gen-

erated thus far were still able to grow on media containing kanamycin (data not

shown).

With hindsight, a similar test could have been achieved by simply removing

the pAmpR from the original [005] construct. The inclusion of the extra TP switch3805

elements (and subsequent selective removals in TP-∆pAmpR) arguably obfuscated

the analysis unnecessarily in search of the cryptic promoter. That is, if the excision

of pAmpR from the [005] plasmid still allowed KanR expression, then likely the

transcription signal originated in the remaining switch and/or the kanR upstream

elements, NdeI and synthetic RBS. The product of the potentially useful restriction3810

site and an in silico prediction that had not previously been experimentally vali-

dated, could have very feasibly, although unintentionally, generated a cryptic pro-

moter. Had this been this case, a new RBS and linker to the attB sequence would

have been required.

At which point, combined with the expression problems already encountered3815

with the multiple switches for the KanR proxy reporter, it seemed reasonable to

select an alternative secondary reporter operon for the GTS system. Perhaps the
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synthetic RBS and variant switch designs still harboured (or created anew) tran-

scription initiation sequences that could not be easily eliminated, or that KanR was

simply too essential given the selective environment – regardless, the reasons for its3820

continued expression remain undiscovered. Given that this Inversion-KanR reporter

system was not fit for purpose, I proceeded with the second troubleshooting strat-

egy4: replacing the kanR operon with an alternate, and potentially less essential,

operon. As such, we come to the GTS Inversion-sfGFP circuit (Section 4.2.4 – the

GTS_v3 designs).3825

4.2.4 The Inversion-sfGFP Circuit

The fluorescent protein, sfGFP, was chosen as a suitable alternative reporter for

troubleshooting the leaky KanR expression in the GTS Inversion-KanR circuit, for

much the same reasons as when it was selected to first characterise the OCI strat-

egy (Section 3.2.2.1): it is a stable, fast-expressing visual marker, and (particularly3830

beneficial in this case) non-essential for host viability. Unlike KanR, which could

be necessary for E. coli survival, expression of sfGFP has no such selective pres-

sure (though equally no realistic need for the host to retain this added burden if the

auxiliary antibiotic resistance marker, in this case AmpR, is not required). Theo-

retically, as there would likely be less demand on the system to disproportionately3835

express sfGFP, it should be easier to adhere to the designated circuit design: that is,

to trigger the fluorescent protein only when the recombinase is active (rather than

regardless of ΦC31).

In addition to replacing the KanR reporter, its associated synthetic RBS was

also replaced. By doing so, it potentially bypasses an issue that was briefly raised3840

in Section 4.2.3.1 wherein it was hypothesised that the cryptic promoter may have

been located within the in silico designed RBS, not the pAmpR within the attB/attP

internal switch sequence. Whilst the RBS and surrounding region could have been

the underlying explanation to the leaky KanR expression in the previous circuits,

it still seemed prudent to test the three different switches ([005] pAmpR, [007] TP,3845

4Work on this second strategy had begun alongside developing this first switch replacement strat-
egy. Similarly, the necessary components for implementing the third strategy – from a GTS Inversion
circuit to an Excision one – had been ordered at this point.
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[010] TP-∆pAmpR; as designed in Section 4.2.3.1), with the new GTS_v3 Inversion-

sfGFP design. It may be that with the change in RBS and reporter, the original

promoter-only (pAmpR) switch would in fact be sufficient control for the sfGFP

secondary reporter. Equally, if the pAmpR switch did hide a cryptic/bi-directional

promoter, the new Inversion-sfGFP context may provide another opportunity to as-3850

sess whether the redundant terminating elements in the TP switch would be able to

mitigate any undesirable basal expression, or have it eliminated altogether with the

removal of the promoter using the diagnostic TP-∆pAmpR construct.

[002]  pAmpR (partial)

PB

pAmpR

SalI
SrfI

[007]  Terminator_plus.dna (437bp)

MlyI PB

pAmpR

SalI
SrfI

new TP addition

Decoy

RBS

[010]  TP-pAmpR (partial)

MlyI PB
SalI

SrfI

TP minus pAmpR

Decoy

RBS

[019] TPv2 was made 
with tonBTer_pTrp & 
pCAT-CmR opp sfGFP

[019] CAT_attB-TP-attP_sfGFP_forGA.dna (1061bp)
[021]  

SapI

PB

pTrp

TPv2

EcoRI

BsaI x2

pAmpR

ori AmpR (wt)TetR

XbaI

RBS

DA site

DA site ϕC31
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BsaI x2 C
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R
 (o
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SapI=BspQI XbaI

sfGFP (opt) RBS

[021] with the inclusion 
of the additional CamR 
reporter was a theoretical 
extension to [019]

Figure 4.13: Additional variations on the basic GTS Inversion circuit design with con-
structs [019] and [021]

[019] TPv2 extended the design from Figure 4.11 further, and was used as an alternative switch
design should it be needed.

Given that the three switches had previously failed to prevent KanR expres-

sion in the Inversion-KanR circuits, as a further precaution, I designed yet another3855

switch – [019] TPv2 – that could be used in the Inversion-sfGFP construct as an
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alternative contingency plan. [019] is a 1,061 bp linear fragment (synthesised by

Twist Biosciences) that, when combined with the Inversion-sfGFP, would become

a 7,053 bp plasmid [021] Cnf_sfGFP_attB-TPv2-attP-CamR_7053bp.dna (Fig-

ure 4.13). In the three former designs, transcriptional control was dependent on a3860

(weak) constitutive promoter, TPv2 instead provides another layer of control: by

incorporating an inducible promoter from the tryptophan operon, pTrp (Yanofsky

et al., 1981; Yansura and Henner, 1990; Bass and Yansura, 2000), it may be pos-

sible to further regulate the secondary reporter. However, using pTrp would also

mean adding and optimising for an additional inducer, 3-β -indoleacrylic acid (IAA)3865

in this case, within the bacteria growth media. Learning from the Inversion-KanR

switch designs, an additional rho-independent transcription terminating sequence,

the bi-directional tonB-P14 terminator (which has an estimated in vivo efficiency of

95% in the tonB direction, and 70% for P14; Postle and Good, 1983, 1985) was

also included within [019] as an upstream element to the pTrp promoter. This was3870

in anticipation of any potential cryptic (forward or reverse) read-through expression

that might result from the TPv2 design5. In this instance, a variant of the decoy

RBS was not included.

A final independent design element introduced alongside the construct was a

tertiary reporter for the GTS Inversion-sfGFP circuit, which came in the form of a3875

cat operon minus its pCAT promoter6. This operon was placed outside of the switch

and downstream of the attP sequence (Figure 4.13, orange outlined features; sim-

ilar also to the grey CDS portion within the general inversion circuit design from

Figure 4.5). Once assembled together into plasmid [021], this triple-reporter con-

struct (with its inclusion of the [019] TPv2 and CAT reporter variant of [210]) would3880

become a possible first amalgamation of the GTS and OCI systems. Moreover, it

5The general concept of the TPv2 design was used again, and is further elaborated, in Sec-
tion 4.2.5 with the design of the Excision-tsPurple constructs, albeit in a slightly different format
(construct [022] and subsequent plasmid [033]).

6In the OCI [210] CAT plasmid, which was used to design the [019] TPv2 construct, the 104 bp
pCAT promoter sequence included an RBS at its 3’-end, just before the TSS of the cat gene. In the
[019] variant, 85 bp of the 5’-consensus sequence end of pCAT was removed as the intention was for
transcription to be reliant on the in cis pTrp promoter within the attB/attP switch. The transcriptional
terminator was also changed to that of lambda t0, instead of the T7 terminator in the OCI version.
The RBS and CDS remained unchanged.
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would show the robustness and replicability of the OCI approach that was origi-

nally demonstrated in Section 3.2.4 in a slightly different context as the recoded re-

porter(s) and engineered orphan codon-invading anticodon-modified tRNAs would

be on separate plasmids. Thus, in the event where any of the former alternative3885

switch designs are able to demonstrate that the GTS Inversion-sfGFP circuit is ro-

bust and not leaky, this cat portion of the combined construct could potentially be

used to further challenge the extent of the sense-to-sense codon reassignment plat-

form. Supposing such a circuit can be implemented, this first OCI-GTS system

(Figure 4.13) would proceed as follows: when induced, the pTrp should allow CAT3890

expression under a normal untriggered switch state, whilst providing an opportunity

to fine-tune an approximate range of inducer concentration required to transcribe its

downstream gene (cat in the first instance, but sfgfp when the switch is inverted).

If both CAT and ΦC31 are recoded to their inactive variants (i.e. under the rule

of the alternative histidine-leucine code), and when paired with the rescuing codon3895

reassignment tRNAs, it may be possible to see a change in signal from correctly

translating CAT to producing the necessary ΦC31 for flipping the pTrp switch, and

the expression of sfGFP instead7.

4.2.4.1 Constructing the Inversion-sfGFP switch variants

To make the Inversion-sfGFP switch constructs, a 952 bp sfgfp operon fragment3900

[012] was PCR amplified from [071] 00_sfGFP_pET29a_sequenced_5959bp.dna

(using primers YKH253/YKH223), and subcloned (via BsaI restriction) into the

Inversion-KanR plasmids [005] (pAmpR), [008] (TP), and [010] (TP-∆pAmpR): re-

placing the kanR operon in these three switch constructs with that of the sfgfp

operon [012]. The three resulting Inversion-sfGFP switch circuits – [013a], [013b],3905

[013c] respectively (refer to Figure 4.11 for their modular combinations) – were

subsequently transformed into DH10β and grown on LB agar plates containing

7With hindsight, a better designed experiment here would actually be to not use an antibiotic
resistance marker (given the troubles seen with KanR, and that it would be hard to implement a
change in selection media with/without chloramphenicol), and instead use some other fluorescent or
chromogenic protein, e.g. mCherry or mScarlet. In this manner, it would be easier to measure the
activity of the engineered tRNAs by quantifying the ratio of red-to-green fluorescence over the time
period of when the tRNAs are induced. For this to be implemented, a new reporter would simply
need to be subcloned in place of the cat in the [021] design.
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100 µg/mL ampicillin.

The TPv2 design was not built at the same time as the other Inversion-sfGFP

circuits, partially as its construction was dependent on the former constructs, and3910

partially as it was a contingency design in the event the [013] series also prove to

be leaky. Had it been necessary, the steps to construct the [021] TPv2 plasmid,

first requires kanR to be replaced with sfgfp (i.e. upon creation of any of the [013]

plasmid series) as this would provide the requisite secondary reporter, as well as

remove two of the three SmaI sites within the plasmid that would complicate the3915

downstream step of changing the switch to the [019] TPv2 design. This would

subsequently make it easier to linearise (and excise the existing switch sequence)

with SmaI/HindIII and allow the synthesised [019] fragment to be subcloned in

via Gibson Assembly. At the time, the creation of the TPv2 plasmid was put on hold,

pending the assessment of the leakiness of sfGFP in the uninduced and inactive3920

recombinase [013] plasmid series.

PB PBPB

LB/Amp100

C**_(TP-no-pAmpR_sfGFP)

LB/Amp100

C**_(pAmpR_sfGFP)

LB/Amp100

C**_(TP_sfGFP)

New Salis promoter calc (rev) for each switch

New Salis promoter calc (fwd) for each switch

Inc. sfGFP cds on the LHS of attB These are all 10b strains, early Nov 2017

Figure 4.14: Comparison of the pAmpR, TP, and TP-∆pAmpR switch constructs in the GTS
Inversion-sfGFP circuits (plasmids [013a], [013b], [013c] respectively)

Contrary to expectations, it was the original pAmpR switch design (left plate) that should no fluo-
rescence, whereas the subsequent TP (middle) and TP-∆pAmpR (right) switches designed to reduce
expected basal fluorescent expression showed increasingly leakiness.

As mentioned, the recombinase within the GTS constructs was still non-

functional (φc**) at this stage. Thus, the new set of Inversion-sfGFP plasmids

should theoretically be unable to allow transcription of the sfgfp gene, assuming
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no cryptic promoters and/or other leaky expression within the three switch variants3925

([013a], [013b], [013c]). It was somewhat surprising, therefore, to discover that

the switch that fared the best within these new constructs was the original one con-

taining just pAmpR ([013a]): it did not appear to produce any background sfGFP

expression (0/195 (0%) green CFUs; Figure 4.14, left). By contrast, the [013b] TP

switch construct, which had been designed with both a terminator and decoy RBS to3930

specifically prevent cryptic or reverse transcription from the pAmpR promoter, pro-

duced a fair amount of sfGFP expression (65/155 (~42%) green CFUs; Figure 4.14,

middle). Moreover, the removal of pAmpR (within construct [013c] TP-∆pAmpR)

only served to generate an even greater degree of leakiness (236/384 (~61%) green

CFUs; Figure 4.14, right). It could only be surmised that the designs intended to3935

mitigate leaky transcription were not fit for purpose, and that the pAmpR promoter

may even have helped curb some of the errant transcription signal stemming from

the extra TP elements.

As it was, only the [013a] pAmpR construct was able to satisfy the requisite

condition of producing minimal-to-no detectable level of sfGFP in the inactive3940

(φc**) form of the Inversion-sfGFP circuit. At this point, it may have been pos-

sible to also create and test the potential leakiness of the [019] TPv2 circuit, but

it seemed more time-efficient to proceed with the circuit that works as required.

Plasmid [013a], therefore, became the design that was used in the next stage of the

project: reverting φc** back to wild-type to examine the recombinase portion of3945

the circuit (Section 4.2.4.2).

4.2.4.2 Characterising the GTS Inversion-sfGFP circuit with a re-

stored ΦC31 recombinase

Having identified the GTS Inversion-sfGFP construct with the pAmpR switch [013a]

as a suitable negative control baseline (i.e. with an inactive ΦC** that gave mini-3950

mal downstream sfGFP expression), it was necessary to also establish the level of

activity for the positive control (i.e. one with a functional ΦC31). Specifically,

the primary aim of reverting the recombinase back to its functioning form was to

confirm that ΦC31 was capable of inverting the attB/attP switch and allowing the
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enclosed [013a] to initiate transcription of the sfgfp reporter construct (ideally to a3955

quantifiable level of expression). A secondary objective was to assess how stringent

the pTetR/A control was on the recombinase, and determine how much anhydrote-

tracycline (aTc) inducer would be required to activate ΦC31 and flip the [013a]

switch.

To revert φc** back to its functional φc31 form (a circuit later designated3960

[013ai] ΦC31_pAmpR), [013a] underwent iPCR with phosphorylated primers

YKH215/YKH216 to correct the two nonsense stop codons back to asparagines.

Although different concentrations of the aTc inducer (ranging from 0.0-0.2 µg/µL;

Figure 4.15) was used, it seemed that even in the absence of the inducer, the pTetR/A

control was leaky enough to allow some basal transcription of φc31, which in turn3965

was sufficient enough to flip the pAmpR switch and express sfGFP; approximately

22/69 (32%) of the CFUs showed green fluorescence.

LB/Amp100

C**_(pAmpR_sfGFP)

0.1μg/μL aTc 0.2μg/μL

0μg/μL aTc 0.01μg/μL

18 (24%) Green
56 (76%) Non-Green

25 (29%) Green
61 (71%) Non-Green

19 (20%) Green
77 (80%) Non-Green

22 (32%) Green
47 (68%) Non-Green

Figure 4.15: The active form of ΦC31 within the Inversion-sfGFP circuits appeared to
show expression of the proxy sfGFP reporter even without aTc induction

The success of the recombinase reversion back to its functioning gene sequence
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(φc** to φc31) was further confirmed through Sanger sequencing, wherein plas-

mids from the green fluorescent CFUs showed the expected changes both to the re-3970

combinase and the inverted switch. Unfortunately, the traces across constructs from

a selection of non-fluorescing colonies also revealed that the iPCR approach taken

to correct the recombinase had not been applied consistently. Although the two stop

mutations had been corrected in most cases, some recovered [013ai] plasmid prepa-

rations had additional point mutations in the recombinase, whilst others possessed3975

large deletions (including that of the sfgfp and attB/attP switch sequences). The

high proportion of unforeseen errors within these constructs implied that: (i) most

of the non-fluorescent colonies likely were incorrect re-assemblies; (ii) active re-

combinases were both sensitive and fast-acting, needing little to no induction for

the putatively stringent pTetR/A control sequence to trigger φc31 and the down-3980

stream sfgfp secondary reporter; (iii) fluorescent colonies likely had the corrected

φc31. It was possible that the primers and/or DNA polymerase used for iPCR of

the relatively long 6,290 bp plasmid were inefficient, and as such another approach

would be required in future attempts to correct the recombinase8.

Despite the lack of homogeneous corrections to the recombinase gene and the3985

leakiness of the φc31 operon, this set of experiments clearly demonstrated that a

functioning recombinase would be both active and sensitive (even without induc-

tion). It was, therefore, a good indicator that an inactivated recombinase (such

as one that has been recoded to follow an alternate histidine-leucine code) could

have its function restored if the OCI anticodon-modified tRNAs are successful3990

in implementing sense-to-sense codon reassignments. Equally, the fluorescence

from colonies with the (re-)gain-of-function ΦC31 suggests that proxy sfGFP sec-

ondary reporter would be a sufficient visible signal that codon reassignment has

been achieved.

In summary, the results from developing the GTS_v3 Inversion-sfGFP con-3995

8That said, in the next step of the project – the OCI-GTS stage – the Darwin Assembly method
(further details in Section 4.2.6) would be used to recode the the recombinase (the φc** variant,
to minimise premature switch inversion) for the sense-to-sense codon reassignment mutations. The
different approach to incorporating mutations, along with the awareness of potential cloning issues,
should mitigate future problems.
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structs have demonstrated that: (i) the basic pAmpR inversion switch is a compat-

ible component that does not present leaky expression of sfGFP in its “off” state

(i.e. when the recombinase is inactive, φc**); (ii) an active ΦC31 recombinase is

sensitive enough to trigger the GTS circuit into a permanent “on” state (i.e. to invert

the pAmpR and allow sfGFP expression); (iii) sfGFP is a suitable secondary/proxy4000

reporter for sense-to-sense codon reassignment as it is not reliant on the alternate

codes, and its fast and visual expression pattern shows that reassignment has oc-

curred. Given these attributes, this GTS Inversion-sfGFP design should pose mini-

mal toxicity to the host when its later recoded variant is used to convert a potentially

more toxic signal (ad-mix translation population of naturally- and alternately-coded4005

ΦC31) to a permanent, non-toxic response (naturally-coded sfGFP). Thus, this de-

sign construct (or more accurately the φc** “off” state version [013a]) was taken

forward to be combined with the histidine-leucine inactivating residues as identified

in ΦC31 (from earlier Section 4.2.1) to make the circuit that could be used to detect

sense-to-sense codon reassignment. The process for making and implementing this4010

histidine-leucine inactivated ΦC31 is reviewed in Section 4.2.6. However, before

doing so, it may be useful to complete the investigation into finding a non-leaky

secondary reporter for the GTS system lest the third and final troubleshooting strat-

egy – the GTS Excision-tsPurple circuit (Section 4.2.5) – proves to be an even more

robust design suited for codon reassignment.4015

4.2.5 The Excision-tsPurple Circuit

Although Section 4.2.4 identified a GTS Inversion-sfGFP design [013a] that could

be used to characterise sense-to-sense codon reassignment in vivo it was also worth

considering whether an Excision circuit (Figure 4.16) could be a viable, and com-

plementary, design for characterising reassignment as well. (notwithstanding that4020

both troubleshooting strategies were developed in parallel). An Excision design

could be used in instances where removal of a set of sequences within a circuit could

be more favourable than retaining them via inversion. For example, an Excision cir-

cuit could be designed around the gene sequences of the OCI anticodon-modified

tRNAs as a form of self-eliminating regulatory feedback loop to limit excessive ac-4025
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GTS: inversionFigure 4.16: The prototypical GTS Excision circuit as seen in Figure 4.5

cumulation of mis-translated protein products within a multiple-coded host. That is,

when expression of the engineered tRNAs reaches a sufficient level to activate the

recoded recombinase, this would trigger the irreversible Excision switch (signifying

that reassignment has occurred) to remove the gene sequences and prevent further

production of the anticodon-modified tRNAs. Consequently, this could be a plausi-4030

ble model for demonstrating sense-to-sense codon reassignment in vivo, provide a

self-monitored response to curtail the foreign anticodon-modified tRNA code, and

allow the host to recover from having to endure multiple genetic codes – all with-

out the need for direct external control. However, before contemplating further on

yet another complex design9 involving both the OCI and GTS strategies, it would4035

be reasonable to first characterise an initial simplified model. This section, there-

fore, documents the creation and implementation of the GTS_v4 Excision-tsPurple

design.

While the core recombinase component within the Excision circuit remains the

same as in the [005] prototype plasmid, the switch and (optionally) the secondary4040

reporter operon have a different architecture. Specifically, where the attB and attP

switch sequences within the Inversion circuits oppose one another (in trans), these

recombinase recognition sequences are oriented in the same direction (in cis) in the

9As with the [021] TPv2 OCI-GTS design discussed earlier (in Section 4.2.4 footnote 10), which
also had potential in demonstrating a combination of the two systems, such an excision design would
again require another proxy reporter as the pTetR/A control is insufficient in regulating a functional
recombinase. That is, without an additional marker to signify reassignment has occurred, ΦC31
could feasibly be expressed and successfully excise the anticodon-modified tRNAs before its effects
can be observed and acknowledged.
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Excision design. This enables the portion within these sequences to be removed

upon interaction with an active ΦC31 recombinase.4045

Such a design requires very stringent transcriptional regulation: if this sec-

ondary reporter is expressed in the absence of its recombinase trigger, it would

be no better than the initial Inversion-KanR [005] construct to which this Excision

circuit was designed to ameliorate. One theoretically plausible design that could

provide the necessary tight regulatory control is the [019] TPv2 sequence that was4050

developed during the earlier troubleshooting strategies (Section 4.2.4). The ratio-

nale being that its allegedly robust inducible promoter (pTrp) provides a degree of

control to transcribe the downstream gene only when its inducer (IAA) is added, and

the strong transcriptional terminator (the bi-directional tonB-P14) should truncate

any leaky expression that may escape the control of the promoter10. It seemed rea-4055

sonable, therefore, to co-opt these specific design features for the Excision-tsPurple

construct.

Figure 4.17, displaying a linear 1,290 bp DNA segment [030], is the culmina-

tion of these considerations for the basic secondary reporter operon of the Excision

construct. It consists of: a lead-in stretch of sequence that is homologous to its4060

proposed insertion/replacement point in plamid [005], which also includes restric-

tion sites NheI, SapI, BamHI, XmnI for alternate subcloning approaches; a strong,

inducible promoter pTrp (Yanofsky et al., 1981; Yansura and Henner, 1990; Bass

and Yansura, 2000); the Excision switch (i.e. the dropout fragment), beginning

with attB, followed by the BioBrick BBa_B0015 rrnBT1-T7TE double-terminator4065

composite part (https://parts.igem.org/Part:BBa_B0015), and closing with

attP; the remaining portion of the reporter operon, which comprises of the consen-

sus RBS sequence, a vibrant non-fluorescent chromoprotein TinselPurple (tsPurple,

tsP; http://parts.igem.org/Part:BBa_K1033905; Liljeruhm et al., 2018), and

the lambda t0 transcription terminator. The construct is finished with a t-lpp termi-4070

nating sequence, and one of the Darwin priming sites) to facilitate subcloning into

its final destination plasmid [033].

10For further details on the TPv2 design justification and implementation, refer to the [021] plas-
mid designed (but not constructed) in Section 4.2.4.
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EcoRV

NdeI

SapI=BspQI

NheI
BamHI

BsaI x2
XmaI=SmaI
B P

tsPurple

[029/030] ??? Check this is just general design

SapI=BspQI

DA site

YKH001

YKH002

Figure 4.17: A schematic of the GTS Excision-tsPurple design

Refer to the generalised form of this construct in Figure 4.16, as well as the assembly into the full
circuit in Figure 4.18.

As with the previous GTS circuits, [030] was designed to be modular in or-

der to more easily facilitate any troubleshooting requirements. For example, two

BsaI sites were planned around the pTrp promoter to enable the removal and ex-4075

change of promoters should pTrp prove to be too weak to induce transcription of

its downstream gene or not stringent enough to prevent basal expression when not

induced.

Similarly, the transcription terminators within the attB/attP switch could be

replaced via restriction digest with the built-in EcoRV and XmaI=SmaI sites. This4080

would permit the interchange of the proposed BBa_B0015 rrnBT1-T7TE double-

terminator with the bi-directional tonB-P14 terminator from [019] TPv2 (or other

(double-)terminators from the relatively well-characterised iGEM Parts Reposi-

tory (the Registry of Standard Biological Parts; https://parts.igem.org/Main_

Page) should it be necessary. In the first instance, rrnBT1-T7TE was favoured over4085

the bi-directional terminator as it was expected that the transcriptional signal would

only be coming from one direction (the pTrp promoter side). Moreover, with a

reported forward termination efficiency of at least 97% and a moderate reverse ter-

180

https://parts.igem.org/Main_Page
https://parts.igem.org/Main_Page
https://parts.igem.org/Main_Page


CHAPTER 4. GTS: EXPLORING TOLERABLE ALTERNATIVE CODES

mination efficiency11, it appears as stringent as tonB-P14 and, therefore, should

prove to be a suitable choice for the internal sequence within the attB/attP Excision4090

switch.

TinselPurple (BioBrick BBa_K1033905; http://parts.igem.org/Part:

BBa_K1033905) was chosen as the alternative secondary reporter, primarily as it

exhibits a strong pink-purple colour when expressed and allows for instrument-free

detection. This part originated from the Protein Paint Box collection of chromo-4095

proteins from DNA2.0 Inc. (now ATUM, CA, USA; https://www.atum.bio/

catalog/reagents/protein-paint-box), and was part of a collection of eu-

karyotic chromoproteins that Forster and colleagues (2018) codon-optimised in or-

der to produce a palette of E. coli-compatible BioBrick parts. In contrast to the flu-

orescent proteins used previously (where UV excitation, or fluorometry is needed4100

for quantification), TinselPurple produces a pigment that can be viewed directly.

As the intention of the GTS strategy was to provide a permanent, non-toxic proxy

signal of sense-to-sense codon reassignment (assuming no prior leakiness in the

system), it was not strictly necessary to quantify the strength of expression of the

secondary reporter; merely the digital response (presence/absence) of TinselPurple4105

was required. One minor note also is that the BBa_K1033905 part was technically

a composite of TinselPurple and a non-specified RBS (but which encoded the con-

sensus 5’-AGGAGG-3’ Shine-Dalgarno sequence). Given that this composite part

had previously been demonstrated to produce strong12 and stable pigmentation (on

solid agar and in liquid cultures; Liljeruhm et al., 2018), both parts were taken4110

together for use as is. To finish, the lambda t0 terminator was used, mirroring the

secondary reporter operon in the Inversion-KanR [005] circuit.

11In the online documentation for BBa_B0015, two separate groups have assessed the efficiency
of the double-terminator. One reports a forward efficiency of 98.4% and a reverse efficiency of
29.5%; the other measured it to be 97.0% and 62.0% respectively.

12It may be of relevance that Andreou and Nakayama (2018) reported the strength and speed of
pigment development could be strain-dependant: with earlier/greater expression seen when chromo-
proteins were expressed in TOP10 (pigmentation seen after overnight culturing) rather than E. coli
DH5α strain (NEB #) (DH5α) E. coli strains (after 24 hours). That said, GTS constructs (includ-
ing the Inversion-tsPurple circuit) were typically transformed into DH10β , which have the same
genotype as the TOP10 strain (as both are similar DH10β derivatives), hence should not display
significantly different expression patterns.
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Ultimately, the plan was for the Excision-tsPurple [030] fragment to be in-

serted (via Gibson Assembly) into the GTS prototype plasmid [005], and replace

the original Inversion-KanR construct to make plasmid [033]. In this circuit, the4115

recombinase should still be non-functional (ΦC**), thus would be treated as a neg-

ative control. If this construct expresses TinselPurple in the absence of a functional

recombinase, then it (like the Inversion-KanR design) would be unsuitable for use

in the GTS strategy, and the project would progress using the Inversion-sfGFP con-

struct [013a] (pAmpR switch; Section 4.2.4.2) as previously identified. However, if4120

no expression is detected, it could also be taken to be a viable GTS circuit and the

next step would be to revert the recombinase to its functional form and assess the

extent to which triggering ΦC31 will have on activating the Excision-tsPurple cir-

cuit. This would rely on the use of aTc to activate ΦC31 expression, which should

subsequently enable excision of the double-terminator that is interrupting the tran-4125

scriptional signal driven by an IAA-induced pTrp promoter on the TinselPurple

secondary reporter. If it can be demonstrated that ΦC31 can be used to switch

on a downstream innocuous response in E. coli, it would then be possible to re-

code the recombinase in the manner (histidine-leucine replacements) as proposed

in Section 4.2.1, for both Inversion-sfGFP and Excision-tsPurple designs, and thus4130

implement sense-to-sense codon reassignment with minimal detriment (i.e. limited

mis-translation from simultaneous decoding under the natural and synthetic codes)

to the host organism.

4.2.5.1 Constructing the Excision-tsPurple switch variants

DNA synthesis of the 1,290 bp Excision-tsPurple [030] fragment, however, proved4135

to be quite problematic, and necessitated minor adjustments to the design before

construction could begin. The chief issues that made gene synthesis difficult were

the presence of the three different transcription terminators (partial t-lpp on the 5’-

end of the fragment, rrnBT1-T7TE within the switch, and lambda t0 to terminate

tsPurple), and two near-duplicate repeat regions (on both homologous flanking re-4140

gions of the fragment that were to be used in subcloning).

To address these synthesis issues, the extra 29 bp t-lpp terminator downstream
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Figure 4.18: Construction of the GTS Excision-tsPurple circuit

The final [033] Excision-tsPurple construct resulted from an assembly of [022], [005], and [032].

of the TinselPurple operon was removed, and the Excision switch portion was sep-

arated from the rest of the fragment. The latter became a 415 bp switch fragment

[032] that was ordered as a linear dsDNA gBlock® from IDT and the remainder4145

of the former, a 1,066 bp segment [022], was sent to be synthesised by Twist Bio-

sciences. Fragment [022] arrived in a “pTwist_Kan_MC” vector, becoming con-

struct [023].

Given that the [030] design was separated into two fragments for synthesis,

the final construction plan expanded into a three-part Gibson Assembly, involv-4150

ing the 415 bp gBlock® [032], an 891 bp PCR product of [023] (using primers

YKH289/YKH290), and the original leaky Inversion-KanR [005] plasmid that had

been digested with HindIII/SapI13 (Figure 4.18). The richer 2xTY media was

13After restriction with HindIII/SapI, the digested [005] plasmid underwent gel extraction to
isolate the required ~4,989 bp vector from the ~1,328 bp kanR operon and Inversion switch fragment.
Doing so should have reduced the chances of re-ligation with the former fragments, and enabled
greater success in producing the correct assembly of the new Excision-tsPurple [033] circuit.
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used as pTrp is regulated by the availability of free tryptophan to the cell: high lev-

els of L-tryptophan from the media was intended to help further repress transcrip-4155

tion of the TinselPurple operon by activating the endogenous Trp repressors, and

facilitate binding to the trp promoter/operator sequence, thereby blocking any tran-

scription that may have bypassed the rrnBT1-T7TE double-terminator switch (Bass

and Yansura, 2000). With no addition of the IAA inducer, increased repression of

the pTrp promoter, and the presence of rrnBT1-T7TE interrupting the secondary4160

reporter, the expectation was that this should be enough to prevent any basal tsP

transcription. Moreover, as this Excision-tsPurple [033] plasmid still possessed an

inactive recombinase gene sequence, φc** (which itself was under control of an-

other inducible promoter pTetR/A), no expression of TinselPurple should have been

triggered from this part of the circuit.4165

Correspondingly, Figure 4.19 shows that no pink/purple pigmentation was de-

tected in the CFUs on the agar plates post-transformation, nor in the colonies taken

for culturing. Sanger sequencing of the subsequent plasmid preparations further

showed that construct [033] had successfully incorporated the Excision-tsPurple

fragments, and that the terminators within the attB/attP switch were still present4170

within the recovered plasmid. This suggests that φc** was still non-functional and

unable to excise the switch, making plasmid [033] another suitable GTS circuit for

taking onwards to test sense-to-sense codon reassignment.

4.2.5.2 Characterising the GTS Excision-tsPurple circuit with a re-

stored ΦC31 recombinase4175

Having effectively made a suitable GTS Excision negative control circuit (i.e. con-

taining the correct switch and secondary reporter, but coupled with a non-functional

recombinase) in [033], the follow-up experiment was to create both the functional

ΦC31 test-case and positive control plasmids. This was done in much the same

process as when restoring recombinase function in the Inversion-sfGFP [013] con-4180

structs in Section 4.2.4.2. The φc** recombinase was first reverted back to wild-

type via iPCR with phosphorylated primers YKH215/YKH216, followed by self-

ligation re-circularisation to create plasmid [033b], before being transformed into
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Figure 4.19: Plasmid [033] TinselPurple in DH10β and Sanger sequencing trace to show
that when with φc** is inactive, there is no TinselPurple expression

Left: the circled colony (blue) was selected for Sanger sequencing and to revert the phage integrase
PhiC31, inactive with double amber stop mutations (ΦC**) sequence back to the active wild-type
ΦC31 form. Top-right: overview of the sequencing trace showing that there has been no spontaneous
loss of the double-terminator switch, which corresponds to a lack of TinselPurple expression in the
transformants. Bottom-right: sequencing trace at the DNA level showing the correct sequences
around the switch.

DH10β .

Although the functionally-restored recombinase in the Inversion-sfGFP4185

[013ai] construct had demonstrated that the pTetR/A control was not the most

stringent (as the downstream sfGFP was expressed in the absence of aTc; Sec-

tion 4.2.4.2, Figure 4.15), it was anticipated that the dual inducible promoter con-

trols (pTetR/A, pTrp) together in the Excision-tsPurple approach could negate this.

That is, even though the pTetR/A-controlled φc31 operon was expected to also be4190

leaky in the [033b] plasmid (sufficient to prematurely delete the double-terminator

excision switch within the TinselPurple operon on its own), when coupled with

pTrp, it was expected that the basal expression of the secondary reporter would

be curtailed as this promoter would be without the required IAA inducer and in

a tryptophan-rich (i.e. expression-repressed) environment. The theoretically un-4195

excised and uninduced [033b] plasmid would, therefore, be the test-case variant

(akin to a negative control), which when doubly-induced (i.e. to irreversibly excise

the double-terminators and express the chromoprotein) should become the posi-

tive control construct [033c]. This would give a good indicator as to the level of

TinselPurple expression expected when the GTS Excision-tsPurple is inactive and4200
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active respectively.

Despite appearing to display no detectable pigmentation when the ΦC31-

restored [033b] transformants were plated on 2xTY agar plates (i.e. with no IAA

induction), at least 3 of 8 subsequent overnight cultures of selected CFUs showed

both pink colouration in the 2xTY liquid media, as well as in the cell pellets post-4205

centrifugation (Figure 4.20a). Given that TinselPurple could be seen in samples

#1.4, #3.1, and #3.3 at this point suggests that the dual-inducer promoter system is

not as stringent as envisioned. The likelihood is that there was sufficient transcrip-

tion bypassing the pTetR/A control on the functionally-restored ΦC31 recombinase

– reaffirming the results shown in the Inversion-sfGFP circuits – but in this case4210

resulting in the excision of the double-terminator switch. At the same time, there

seemed to be insufficient repression of the pTrp promoter for tsP, coupled possi-

bly with depletion of tryptophan in the 2xTY media in the cultures, to produce the

premature chromoprotein expression.

As a first-pass screen to determine whether the 180 bp switch had been un-4215

intentionally excised, an EcoRV diagnostic digest was performed on the plasmid

minipreps of the eight recovered [033b] construct samples. An EcoRV restriction

site had been specifically designed within the Excision switch sequence as a fast

diagnostic test (without the need for sequencing) to assess whether recovered plas-

mid constructs had lost the switch. Constructs that had retained the switch should4220

be linearised, with an expected size of 6,190 bp. However, where excision has oc-

curred, the plasmids should no longer have an EcoRV site, thus should remain in a

circular configuration as the restriction digest would have no effect. The migration

pattern for these was expected to run further than that of undigested control sam-

ples; both of which were expected to migrate further than the linearised fragment as4225

they would likely present as coiled or super-coiled DNA structures.

Whilst, the agarose gel electrophoresis of the digested constructs were as ex-

pected (Figure 4.20b, lanes 2-7), there were also quite a number of unexpected

results. The former suggests that samples #1.1, #1.2, and #1.3 were the expected

and required construct [033b], having retained the Excision switch. This conclusion4230
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#1.1 #1.2 #1.3 #1.4 #3.1 #3.2 #3.3 #3.4

#1.1
#1.3
#1.4
#3.1
#3.4

#1.1

#1.4

#3.1

#1.4 has 3 nt deletion 
- single codon frameshift

(a) Chromoprotein expression from overnight liquid cultures of plasmid [033b] TinselPurple in
DH10β

IMG_20180126_100900090_GTS.jpg (pellets) <- IMG_20180124_193031257.jpg (plate: (1) was PCR prep (GeneJet) selflig from 24-Jan-2018, 10b; (3) same but PCR prep (Monarch)

Liquid cultures of colonies taken from two biological replicate plates of 
plasmid [033b] Excision-tsPurple with restored C31 recombinase

#1.1 #1.2 #1.3 #1.4

#3.1 #3.2 #3.3 #3.4

#1.1 #1.2 #1.3 #1.4 #3.1 #3.2 #3.3 #3.4

(b) EcoRV diagnostic digest of the plasmid preparations from the liquid cultures to screen for con-
structs that have retained the excision switch (expected size: 6,190 bp)

#1.1 #1.2 #1.3 #1.4 #3.1 #3.2 #3.3 #3.4

#1.1
#1.3
#1.4
#3.1
#3.4

#1.1

#1.4

#3.1

#1.4 has 3 nt deletion 
- single codon frameshift

(c) Sanger sequencing traces of a subset of constructs from the EcoRV diagnostic digests showing
the loss of the excision switches in three of the recovered plasmids

Figure 4.20: Assessing the stringency of the dual promoter control in a functionally-
restored φc31 recombinase on expression of the secondary reporter in the
[033b] TinselPurple circuit from: (a) visual inspection, (b) restriction digests,
and (c) Sanger sequencing
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could be drawn for sample #1.4 (lanes 8-9) as well, however, this sample also sug-

gested that there was a heterogeneous population of the recovered plasmid. Specifi-

cally, it seemed that the construct had doubled in size (estimated at 1.2 kb), implying

that there had been a concatenation during the iPCR and re-ligation process to revert

the φc** to its functioning form. A similar pattern of concatenation was also visi-4235

ble for samples #3.1 and #3.3 (lanes 10-11, 14-15), and that the undigested samples

ran slightly further than the digested ones indicated that at least one EcoRV site (and

therefore one switch sequence) had been retained for the sample to be linearised. At

the same time, there should have been a replicate within the concatenations that had

lost the switch as these constructs showed TinselPurple expression; alternatively,4240

the pTrp control was just leaky as well. It was safe to exclude samples #3.2 and

#3.4 (lanes 12-13, 16-17) as these did not have the expected migration pattern of ei-

ther the expected [033b] plasmid that had retained the Excision switch (lanes 2-9),

nor that of a plasmid that had lost the switch prematurely to produce the pink-purple

pigmentation (lanes 8-11, 14-15).4245

Given the results presented from the visual chromoprotein expression in the

culture pellets, gel electrophoresis patterns from the diagnostics digests, and the

lack of specific sequence-level information confirming the correct reversion of φc**

to φc31, the more promising plasmids recovered were taken forward for Sanger se-

quencing. As expected, the recombinase in samples #1.1 and #1.3 had correctly re-4250

verted to its functional φc31 sequence and had retained the Excision switch within

the tsP operon (Figure 4.20c). However, the sequencing also revealed that #1.3 had

incurred a D107G point mutation in the tsP gene (data not shown), which may have

rendered it inactive, even if the GTS system had been activated. As such, this lat-

ter sample was discarded in favour of #1.1 as the required [033b] construct. As for4255

samples #1.4, #3.1, and #3.3, which had shown pink pigmentation in the cell pellets,

the sequencing showed that they had indeed lost the 180 bp Excision switch. For

#1.4, the heterogeneous pattern seen in the sequencing chromatogram also confirms

the presence of an admix population. This could be attributed to the presence of the

two bands for #1.4 in the agarose gel (Figure 4.20b, at ~6 kb and ~1.2 kb in lanes4260
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8-9), which were assumed to be a double concatenation of the plasmid. However, if

it is an exact duplication, the sequencing would not be able to differentiate this. The

sequencing results for the presumably concatenated #3.1 and #3.3 samples (both

with only bands at an estimated 1.2 kb, lanes 10-11 and 14-15) seemed to concur

with this reasoning as neither displayed any heterogeneity in the chromatograms.4265

Instead, upon closer inspection, sample #1.4 had an incomplete correction of the

stop codon at residue 200 in the recombinase: it was deleted as opposed to being

reverted to asparagine. It was likely this single codon frameshift that produced the

admix sequencing results. Whilst interesting, these variations also precluded sam-

ple #1.4 from use in future experiments. With samples #3.1 and #3.3, given that4270

these did have the expected functional sequences for the Excision-tsPurple plasmid

(albeit perhaps as a concatenated construct), and had inadvertently provided the ex-

cised variants, these samples were kept on as potential [033c] positive TinselPurple

controls.

In a final demonstration to confirm the functionality (and possible instability)4275

of the recombinase portion of the [033b] Excision-tsPurple construct, this plasmid

was cultured with and without 10 ng/mL aTc. Colony PCR (using primers that

flanked the Excision switch) was performed on a dilution of each of the cultures,

and the results were visualised on agarose gel (Figure 4.21). Construct [033] ΦC**

was used as a negative control. A smaller amplicon (at 183 bp) was expected if the4280

switch was excised (upon induction), whilst an unexcised switch would present as a

364 bp fragment. As can be seen, even without aTc induction, there was sufficient

basal expression of the functionally-restored ΦC31 to cause the Excision switch

to be dropped-out. With induction, the switch was completely removed from the

circuit. Hence, this could also justify how the chromoprotein could be allowed to4285

express, given the poorly regulated upstream recombinase.

To conclude, though the required [033b] Excision-tsPurple plasmid could be

created – where the recombinase is functional but not yet been explicitly activated

to excise the double-terminator switch stalling the secondary reporter operon – it

was clear that the pTrp control for TinselPurple was not sufficiently stringent. Cul-4290

189



CHAPTER 4. GTS: EXPLORING TOLERABLE ALTERNATIVE CODES
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Figure 4.21: A colony PCR experiment to demonstrate both the functionality and in-
stability of the functionally-restored ΦC31 recombinase within the [033b]
Excision-tsPurple construct

If the switch is excised (whether spontaneously or through aTc induction), a fragment of 183 bp
would be detected; if unexcised, the product would be 364 bp in size.

tures that had already lost the terminator switch (through the already established

leaky pTetR/A control for the recombinase portion of the circuit) were able to ex-

press the chromoprotein, even in the absence of the IAA inducer. The basal ex-

pression from the uninduced, inducible pTrp promoter could, in effect, be treated

as a weak constitutive promoter, much like the (true) constitutive pAmpR switch in4295

the [013a] Inversion-sfGFP circuit. Essentially, the reason that TinselPurple was

not expressing was due to the presence of the intervening double-terminators and a

non-functional recombinase, rather than it being under the control of pTrp. How-

ever, regardless of the leakiness of the proxy reporter, it seems that in the nega-

tive control of both switch designs (the initially opposite-facing pAmpR in [013a]4300

Inversion-sfGFP and the double-terminators within the [033] TinselPurple operon)

the presence of a non-functional φc** recombinase was sufficient in blocking tran-

scription of their respective sfGFP and TinselPurple reporters. Thus, if the recom-

binase is non-functional – be it with stop codons (φc**), through histidine-leucine
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recoding to render it incompatible with the natural code, or from tightening pTetR/A4305

control even further – then there should be no measurable expression of the down-

stream proxy reporters, and hence this makes both circuits suitable for the next steps

in the GTS approach.

4.2.5.3 Troubleshooting transcriptional control in the Excision-

tsPurple circuit4310

At this point, we had two viable GTS circuits and two potential directions to further

the project. As both Inversion-sfGFP and Excision-tsPurple were able to demon-

strate sufficient off- (φc**) and on- (φc31) states, the next logical step would be

to create the loss-of-function histidine-leucine recoded recombinase variants. For

this, the histidine-leucine mutations that were identified in Section 4.2.1 would be4315

used to create a library of alternatively-coded φc31 mutants in the GTS circuits.

These would then be experimentally validated to identify which (combination) of

point mutation candidates are able to disable ΦC31 function. The non-functional

histidine-leucine recoded recombinases would become the off-state switches that

would subsequently be combined with the OCI anticodon-modified tRNAs to de-4320

termine whether the codon reassignment system can recover recombinase function-

ality with minimal toxicity to host viability (see Section 4.2.7). The other route

the project could be taken in is to find alternative strategies to improve the strin-

gency of transcriptional control within the GTS circuits. This could be in tightening

the pTetR/A control over the recombinase operon, and/or the pTrp promoter for4325

the Excision-tsPurple portion of the switch: the intention being that any basal ex-

pression bypassing the inducible pTetR/A promoter would have limited impact in

expressing the downstream secondary reporter, at least until aTc is added.

Since development of these two approaches have benefits to both GTS circuits,

it seemed judicious to use the Inversion-sfGFP [013a] plasmid to progress the sense-4330

to-sense codon reassignment side of the project and produce histidine-leucine re-

coded recombinases (discussed in Section 4.2.6), whilst the Excision-tsPurple [033]

circuit is to be used to optimise the transcriptional controls to reduce leaky reporter

expression (this section). The solutions from each approach could then be applied to
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both to make two different GTS circuits (Inversion and Excision) for demonstrating4335

the robustness of implementing alternate genetic codes in vivo.

In hindsight, this latter approach for optimising transcriptional control was not

strictly necessary: a fully non-functional recombinase would already be the defini-

tive off-state required, and would pose far stronger control of the system over a

more stringent (but not necessarily fully-controlled) promoter system for ΦC31.4340

However, at the time, it seemed that being able to generate a less leaky recombinase

expression by optimising at least the pTetR/A promoter would help provide a clearer

signal-to-noise ratio for detecting codon reassignment.

With this in mind, promoter control optimisation began with increasing TetR

repression of the pTetR/A promoter that was regulating the recombinase. If4345

achieved, this would theoretically mean that (a higher concentration of) aTc would

actually be required before the functional ΦC31 could be transcribed. Whilst in-

creasing the degree of repression could be achieved by inserting an additional copy

of tetR within the plasmids, doing so would have added another 627 bp gene du-

plication into a polycistronic portion of an already sizeable (6,190 bp) plasmid: not4350

ideal, but a plausible supplementary method if required. Instead, the simpler course

of action taken was to transform the Excision-tsPurple plasmid variants (the ΦC**

negative control [033], the ΦC31 test-case [033b], and the ΦC31 positive control

[033c] that had already excised the double-terminator) into another E. coli strain:

DH5α_Z1. This DH5α derivative has two additional genomic copies of the tetR4355

repressor14 (driven by constitutive promoter pN25; Lutz, 1998a,b), which negated

the need to insert an extra tetR copy into the plasmids. Despite having a relatively

high transformation efficiency and being otherwise comparable to DH10β , a poten-

tial disadvantage of DH5α_Z1 was that its growth rate is moderately low (Lutz and

Bujard, 1997). As such, it may take more time to reach an equivalent detectable4360

level of both ΦC31 and TinselPurple expression in DH5α_Z1 than it would with

DH10β .

14As well as the tetR gene copies, the DH5α_Z1 strains also carry at their attB locus two copies
of Lac Repressor (lacI gene) under the constitutive pLaciq promoter. A spectinomycin resistance
(spc) gene also accompanies the LacI and TetR repressors.
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Having re-transformed the three Excision-tsPurple plasmids into DH5α_Z1,

the next step was to determine whether the additional tetR copies were able to re-

press ΦC31 sufficiently. Specifically, this was to assess whether – in the absence4365

of aTc but presence of additional tetR – ΦC31 (the test-case [033b] plasmid) would

still be spontaneously transcribed and excise the terminator switch within the tsP

operon, or if the use of DH5α_Z1 is enough to curtail this activity when uninduced.

The DH10β strains bearing the same plasmids from before were used as compar-

ative controls, and the extent of TinselPurple colouration used as a proxy for the4370

strength of TetR regulation. The expectation was that, in the absence of inducers,

the extra tetR copies would limit transcription of the recombinase, thereby min-

imising downstream chromoprotein expression within DH5α_Z1 cultures carrying

the ΦC31 test-case [033b] plasmid compared to DH10β strains carrying the same

construct. It was also assumed that there would be little variation in TinselPurple4375

expression between DH5α_Z1 and DH10β regarding the negative ([033] ΦC**)

and positive ([033c] ΦC31) controls as additional TetR should do little to affect the

absence and presence respectively of the downstream proxy chromoprotein signal

in the two recombinase plasmid variants.

Not only were analyses made between the plasmids in the two different strains,4380

a series of experiments using a combination of the aTc and IAA inducers, and

growth in different media (LB, 2xTY, and M9; data not shown due to no discern-

able differences), were also conducted. Ultimately, this aimed to find optimal con-

ditions for expressing the ΦC31 to lead to a strong proxy TinselPurple indicator for

codon reassignment. An initial iteration of these experiments were explored first4385

in solid media (Figure 4.22; additional optimisation data of growth in other me-

dia not shown), before continuing on to liquid cultures in order to determine more

quantitative results.

The three Excision-tsPurple plasmids (i/1) [033b] ΦC31 (tsPurple switch not

yet excised; test-case), (ii/2) [033c] ΦC31 (tsPurple switch excised; positive con-4390

trol), and (iii/3) [033] ΦC** (tsPurple switch not excise-able; negative control) that

were transformed into E. coli strain DH10β (Figure 4.23a,c) were cultured along-
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Figure 4.22: Comparison of the Excision-tsPurple in DH10β and DH5α_Z1 with and with-
out the dual inducers

Left: the non-functional ΦC** [033] construct transformed into DH10β (negative control), and
plated on 100 µg/mL ampicillin in LB media. Middle: the functionally-restored ΦC31 [033b] test-
case construct transformed into DH5α_Z1, and plated on 100 µg/mL ampicillin in LB media.
Right: [033b] transformed into DH5α_Z1, and plated on 100 µg/mL ampicillin in LB media sup-
plemented with 10 ng/mL aTc and 25 µg/mL IAA to demonstrate expression of TinselPurple. Inset
figure is of a colony picked from this plate and the accumulation of TinselPurple over time.

side the same test-case (iv/4) and positive control (v/5) plasmids that were trans-

formed into DH5α_Z1 (Figure 4.23b,c). Each culture was used to seed four sub-

sequent 3 mL cultures, which were supplemented with (a) no additional inducers;4395

(b) only 10 ng/mL aTc (to activate the pTetR/A promoter driving the recombinase

operon); (c) only 25 µg/mL IAA (to allow transcription of the tsP operon under

pTrp control); (d) both 10 ng/mL aTc and 25 µg/mL IAA (for expression of both

operons). The cultures were monitored over 4 hours to assess the level of Tin-

selPurple expressed as a means to characterise the stringency of the dual promoter4400

controls on the constructs – but specifically for the (i/1) and (iv/4) [033b] ΦC31

(test-case) – in DH10β and DH5α_Z1 respectively (Figure 4.23a,b). Endpoint ab-

sorbance measurements were taken from the cultures: one at 528 nm (absorption

at green wavelengths) to quantify the pink-purple colour transmitted from the Tin-

selPurple produced, and another at 700 nm as a baseline reading from which to4405

standardise the measurements (Figure 4.23e). All samples, including pre-induction

cultures (Figure 4.23c), were lysed by sonication and the soluble fraction was run

on 10% SDS-PAGE (Figure 4.23a,b,c) in an attempt to further visualise and quan-

tify the level of both recombinase (expected at ~68 kDa for ΦC31, ~21 kDa for the

truncated ΦC** half) and TinselPurple (estimated at 25.5 kDa, but observed around4410
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Absorbance (blank corrected) Protein expression

528 nm 700 nm 528-700 nm ~24 kDa 100 kDa 24/100 kDa

Purple Baseline Calculated tsPurple Baseline Calculated

#1a 0.0517 0.0251 0.0266 2424.326 1295.092 1.872

#1b 0.0982 0.0376 0.0606 5405.347 1828.527 2.956

#1c 0.0963 0.0387 0.0576 6054.66 2500.134 2.422

#1d 0.0886 0.0252 0.0634 6967.711 1675.82 4.158

#2a 0.0670 0.0303 0.0367 4327.64 1060.092 4.082

#2b 0.0523 0.0178 0.0345 5484.418 979.799 5.597

#2c 0.1210 0.0281 0.0929 10915.196 1435.577 7.603

#2d 0.1582 0.0111 0.1471 14480.974 1783.719 8.118

#3a 0.0332 0.0191 0.0141 284.849 1464.456 0.195

#3b 0.0319 0.0185 0.0134 307.728 1736.234 0.177

#3c 0.0294 0.0129 0.0165 1728.154 3671.669 0.471

#3d 0.0350 0.0189 0.0161 958.991 2132.598 0.45

#4a 0.0514 0.0295 0.0219 1685.619 796.849 2.115

#4b 0.1031 0.0468 0.0563 4719.225 1043.385 4.523

#4c 0.1140 0.0458 0.0682 7002.267 1574.163 4.448

#4d 0.1215 0.059 0.0625 2751.468 756.92 3.635

#5a 0.1728 0.0485 0.1243 15508.61 895.092 17.326

#5b 0.1140 0.0414 0.0726 8309.903 814.577 10.201

#5c 0.1209 0.0278 0.0931 13618.388 872.284 15.612

#5d 0.1344 0.0239 0.1105 16572.681 1011.506 16.384

Figure 4.23: Characterising the stringency of the dual promoter controls on TinselPurple
expression from the Excision-tsPurple plasmids in DH10β and DH5α_Z1
strains

Sub-figures (a-c) are 10% SDS-PAGE gels of protein expression from Excision-tsPurple plasmids,
where purple dotted boxes outline TinselPurple (~24 kDa), green dotted boxes for the recombinase
protein (~68 kDa), and grey dotted boxes for background protein expression (~100 kDa). (c) shows
constructs (i) [033b] ΦC31 (tsPurple switch not yet excised), (ii) [033c] ΦC31 (tsPurple switch
excised), and (iii) [033] ΦC** (tsPurple switch not excise-able) that were transformed into E. coli
strain DH10β ; (iv) [033b] ΦC31 (tsPurple switch not yet excised), and (v) [033c] ΦC31 (tsPurple
switch excised) that were transformed into the DH5α_Z1 strain. This was the protein expression
pattern prior to aTc and/or IAA induction. (a) and (b) show the same constructs (i-v): without addi-
tion of any inducers; with only 10 ng/mL aTc (to transcribe the recombinase); with only 25 µg/mL
IAA (to transcribe tsPurple); with both 10 ng/mL aTc and 25 µg/mL IAA (for both). (d) Using Im-
ageJ (an image processing software), the total amount of protein expression (peaks) for TinselPurple
(~24 kDa) and an arbitrary background protein (~100 kDa) were quantified for each sample/lane in
(a-c). (e) tabulates the values measured in (d) to calculate and compare the relative TinselPurple
expression across each sample. The table also shows the absorbance measurements (528 nm for
TinselPurple) corrected with background measurements for the cell cultures (700 nm). Note, #1
corresponds to (i), #2 to (ii), #3 to (iii), #4 to (iv), #5 to (v); similarly, a-d correspond respectively to
the addition of inducers listed earlier.
(f) plots the standardised TinselPurple absorbance against its standardised protein expression levels
in DH10β (blue markers and lines) against DH5α_Z1 (orange markers and lines).
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22-24 kDa) expression across the different conditions considered.

Using ImageJ (https://imagej.net/ij/), the total amount of protein ex-

pression for TinselPurple and an arbitrary background protein at ~100 kDa were

quantified for each sample/lane from the gel (Figure 4.23d,e). As can be seen in the

gel images, there was quite a high degree of variation in the amount of each sam-4415

ple loaded onto the gels, despite attempts to normalise to equivalent optical density

upon harvesting the cells. Hence, the post-imaging measurements at 100 kDa was

a further bid to standardise the level of TinselPurple expression so that compar-

isons may be made across the different conditions (Figure 4.23e,f). Even so, the

conclusions drawn were primarily taken as a general qualitative overview.4420

One clear result from the gel visualisations (which were equally confirmed

through observations of the cultures and soluble fractions, and by the protein ex-

pression quantification) was the absence of TinselPurple expression from the [033]

ΦC** negative controls (grown in DH10β ), regardless of whether the samples were

induced with aTc and/or with IAA (Figure 4.23aiii, purple box around 22 kDa; Fig-4425

ure 4.23e #3a-d). This suggests that, at least under the conditions tested, a fully

non-functional recombinase leaves the Excision-tsPurple switch intact and prevents

the secondary chromoprotein reporter from expressing (corroborating the results

from Figure 4.21).

By comparison, the positive control samples in Figure 4.23aii (DH10β ) and4430

Figure 4.23bv (DH5α_Z1) show how strongly expressed TinselPurple was when

induced. As the double-terminator blocking transcription of tsP had already been

removed, addition of aTc should have limited/no effect on the circuit (other than

perhaps produce φc31 transcripts that indirectly compete for translation); realis-

tically, only IAA would be required to cause an increase of the chromoprotein.4435

This was exemplified in the constructs within DH10β , which followed the expected

pattern in expressing more TinselPurple when induced by IAA (samples ii/2c,d),

but minimal when uninduced or with aTc (samples ii/2a,b). In DH5α_Z1 by con-

trast, there seemed to be an anomalous result whereby the uninduced positive con-

trol (sample v/5a) showed unexpected chromoprotein amounts (even accounting for4440
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normalisation) that exceeded that of the IAA-only or double-induced conditions

(samples v/5c,d). It is possible that there was an early mix-up when aliquoting sam-

ples from the 3 mL cultures to the 96-well plates for quantification that was prop-

agated downstream, as sample iv/4d (the test-case [033b] in DH5α_Z1 that had

been doubly-induced) also showed unexpected results with minimal TinselPurple,4445

nearly equivalent to its uninduced condition (sample iv/4a), where it was predicted

to have greater amounts than its other conditions. If this mix-up was indeed the er-

ror, then the expected results for the positive controls hold true. Equally, the earlier

assumption that there would be little difference between the expression patterns for

the positive controls between DH10β and DH5α_Z1 appear also to be accurate.4450

In terms of TinselPurple comparison between the [033b] test-case construct in

DH10β and in DH5α_Z1: there did not appear to be any significant differences

in the regulation of the circuits between the two strains, by visual observation or

from protein expression quantification (Figure 4.23a,b,e). Both produced the ex-

pected pattern of expression upon aTc and/or IAA induction. For example, whilst4455

the uninduced test-case samples (i/1a and iv/4a; with a functionally-restored ΦC31)

in both strains were calculated to have approximately 10-fold higher TinselPur-

ple over the normalised, equivalent condition in the negative control (sample iii/3a;

with ΦC**, and where no TinselPurple was expected; 1.872/0.195 = 9.6 in DH10β ;

2.115/0.195 = 10.8 in DH5α_Z1), neither test-case samples, as anticipated, reached4460

a detectable level of chromoprotein expression. Again in both, the addition of aTc

was sufficient in causing a slight increase in the proxy TinselPurple expression lev-

els (samples i/1b and iv/4b), compared and normalised to that of their uninduced

counterparts, of approximately 1.6 (= 2.956/1.872) and 2.1 (= 4.523/2.115) times

in DH10β and DH5α_Z1 respectively. The conditions where only IAA was added4465

were equivalent (or marginally, though not significantly, less after normalisation;

2.422/1.872 = 1.3 in DH10β , 4.448/2.115 = 2.1 in DH5α_Z1) to the ratio of aTc

induced against uninduced conditions. Nevertheless, a tenuous argument could be

made in justifying these slight differences in that whilst aTc could induce more

constructs to drop the Excision switch, allowing additional expression of the down-4470
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stream chromoprotein that was under control of an already slightly leaky pTrp pro-

moter, addition of IAA only serves to increase transcription of existing excised

constructs and not generate more functional tsP operons (hence the chromoprotein

accumulated would not be as high as the previous condition).

Finally, with regards to the doubly-induced conditions: this is the only point4475

where there was potentially a stronger distinction between the strains. As it stands,

with the expression pattern in sample iv/4d (DH5α_Z1) – i.e. with TinselPurple at a

level just greater than the uninduced condition – displayed as is, the reasonable con-

clusion was to rule this out as an error. Given all previous results, it is very unlikely

for there to have been negligible levels of the chromoprotein if the recombinase4480

had been activated to excise the switch and the appropriate IAA inducer provided

to transcribe TinselPurple. If there had been a mix-up between samples iv/4d and

v/5a (as discussed earlier), then an alternative conclusion – that falls in line with the

expected hypothesis – can be drawn in that DH5α_Z1 provides a more stringent

environment than DH10β . Using the v/5a sample in place of iv/4d would show4485

the TinselPurple expression ratio between singly-induced with aTc and the doubly-

induced condition to be 1.4 (= 4.158/2.956) times in DH10β and more than twice

that at 3.8 (= 17.326/4.523) times in DH5α_Z1. The relative higher increases in

TinselPurple produced in DH5α_Z1 over DH10β in the conditions from uninduced

to induced with aTc, and also from this to the double inductions, could be explained4490

by the added tetR copies in DH5α_Z1. In DH10β , the system could be so leaky15

(and ΦC31 so efficient even at small amounts) that the addition of the inducers

do not produce much more TinselPurple above the background basal expression.

Whereas it is possible that in DH5α_Z1 the extra tetR was sufficient enough, such

that the derepression with aTc (and IAA) was able to produce a significantly greater4495

relative response in chromoprotein produced.

Although an attempt was made to quantify the differences in the strains and

15High basal transcription-translation of the recombinase could also explain why there does not
seem to be a clear distinction for ΦC31 between uninduced and induced conditions. However, the
corresponding logic would be that there would also be an equivalent level of the ΦC** transcribed in
the negative control. As this gene would be truncated before residue 196, the protein product would
be expected around 21 kDa and there is no sign of this in the negative control conditions.
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understand if additional regulation on the recombinase portion of the Excision-

tsPurple circuit would reduce leakiness in the system overall, no definitive conclu-

sions could be drawn. The main issue is that despite efforts to control for differences4500

in growth and protein expression rates, there were too many confounding factors

that made it difficult to make true quantitative comparisons between the strains and

conditions. For example, the experiment did not (and could not) factor in any vari-

ations in expression of the proxy reporter circuit (the IAA-induced tsP operon) that

could skew the interpretations of the upstream pTetR/A (aTc-dependent) control on4505

the recombinase. Moreover, there were not enough iterations (technical or biolog-

ical repeats) of this experiment to derive any statistically significant results. The

only anecdotal inference drawn is that expression in DH5α_Z1 strains could pro-

vide tighter control of the ΦC31 recombinase over expression in DH10β . However,

there still remained basal expression of the recombinase, even in the DH5α_Z14510

system.

A potential final, but unexplored (i.e. theoretical only), extension to tighten

up regulation was to change the pTrp promoter to one of the two synthetic pTac

variants (de Boer et al., 1983), or their subsequent derivatives, which are noted to

have moderately high/er levels for expression control (Terpe, 2006). The hybrid4515

promoters, pTacI and pTacII, were derived from the pTrp and pLacUV5 promoters

(as displayed in Figure 4.24). These promoters were reported to be approximately

11 and 7 times more efficient at directing transcription than the derepressed parental

pLacUV5, and approximately 3 and 2 times more efficient than the pTrp promoter,

respectively. The higher stringency of the pTacI promoter may be attributed to hav-4520

ing both the consensus -35 (TTGACA) and -10 (TATAAT) Pribnow box sequences.

A further extension to pTacI (also known as TAC16), where increasing the 16 bp

spacer length between its -35 and -10 sequences by one or two bases produced

promoter variants pTrc (TAC17) and pTic (TAC18) that were on average 90% and

65% as active in vivo as pTacI, respectively (Brosius et al., 1985). The efficiency4525

of the latter two were described as somewhat surprising given that associated in

vitro data suggests that pTrc is the stronger of the three (Mulligan et al., 1985), and
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-35                     -10        +1 TSS

                                             TaqI      HpaI         |                  XbaI EcoRI

 pTrp|                 GAGCTGTTGACAATTAATCAT-CGAACTAGTTAACTAGTACGCAAGTTCACGTAAAAAGGGTATCTAGAATTC 

 (IAA)|

 pTacI|                 GAGCTGTTGACAATTAATCAT--CGGCTCGTATAATGTGTGG AATTGTGAGCGGATAACAATTTCACAC

 (IPTG)|

                                               HpaII

 pTrc|                 GAGCTGTTGACAATTAATCAT-CCGGCTCGTATAATGTGTGG AATTGTGAGCGGATAACAATTTCACAC

 (IPTG)|

                                             FnuDII=BstUI

 pTic|                 GAGCTGTTGACAATTAATCATCGCGGCTCGTATAATGTGTGG AATTGTGAGCGGATAACAATTTCACAC

 (IPTG)|

                                             TaqI                                       HindIII

 pTacII|                 GAGCTGTTGACAATTAATCAT-CGAACTAGTTTAATGTGTGG AATTGTGAGCGGATAACAATTAAGCTT

 (IPTG)|

                                               HpaII

pLacUV5| TCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATAATGTGTGG AATTGTGAGCGGATAACAATTTCACACAGGAAACAGCT

 (IPTG)|

                                               HpaII

 pLacZ| TCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGA AATTGTGAGCGGATAACAATTTCACACAGGAAACAGCT

 (IPTG)|

Figure 4.24: DNA sequences of the pTrp, pLac, and pLacUV5 promoters, and their syn-
thetic hybrid variants (pTacI, pTacII, pTrc, and pTic)

Promoters from E. coli are in green (pTrp) and orange (pLac, pLacUV5) font, with the synthetic
variants in blue. pLacUV5 differs from pLac by two bases in the -10 sequence (bases in red). pTacI
and pTacII are hybrids derived from pTrp and pLacUV5; the highlights and coloured boxes over the
DNA sequences show where the sequences match the parental and children promoters. pTrc and pTic
are variants of the pTacI sequence, where one or two bases (in blue) respectively were inserted in
between the -35 and -10 sequences (underlined). Each synthetic variant was described as being more
efficient with controlling heterologous expression with respect to either of the pTrp and pLacUV5
parental promoters (see main text for details). The inducers required to derepress the promoters are
written in parentheses below the promoter names. The trp repressor and lac operator binding sites
are shown by the dotted and broken lines respectively. The cut site for the restriction enzymes are
shown by the black triangles below the enzyme names. The transcription start site (TSS), according
to the pLacUV5 promoter, is indicated by the +1; in the case of the hybrid promoters, it is assumed
the TSS is in the same region.

that 17 bp spacers were usually more prevalent (and optimal) in E. coli promoter

sequences (Hawley and McClure, 1983). Having said this, the authors also advised

that the discrepancy between the relative activity of the TAC promoters measured4530

in vivo and in vitro are not likely to be significant as the relative strengths differed

by only a factor of two, which they believe is “within experimental error and the

uncertainties underlying the calculations” (Mulligan et al., 1985).

Nonetheless, the reason why pTacI (or its derivatives) could assist with tight-

ening control over the tsP operon in the DH5α_Z1 strain is because these hybrid4535

promoters are controlled by the lac repressor (and can be derepressed with IPTG).

This means that not only would the extra tetR genomic copies in DH5α_Z1 help

with making the recombinase portion of the Excision-tsPurple more stringent, the

additional lacI copies in this strain could also be used to control the tsP operon, if

the promoter is switched from pTrp (IAA-controlled) to any of these lac repressor-4540
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dependent hybrid promoters.

A parting caveat on optimising the Excision-tsPurple for greater stringency in

DH5α_Z1 is that it is unlikely to be as applicable if the circuit is to be expressed

in an E. coli B strain. The OCI circuits established in Section 3.2.1 put the LH-HL

anticodon-modified tRNAs under control of the pTetR/A promoters, which when4545

combined with the Excision-tsPurple system would be controlled in much the same

way as the recombinase. However, if one of the OCI reporters, such as sfGFP

that is under control of pT7 (Section 3.2.2.2), is also linked into this GTS system

either additional expression system components would be required for its use in

DH5α_Z1 (e.g. inclusion of the LysY gene, the DE3 prophage/lysogen; knock-outs4550

of lon, ompT protease genes), the promoter for the OCI reporter would need to

be changed away from pT7 (which has very high stringency, above that of pLac,

pTetR/A, pTacI; Terpe, 2006), or the OCI-GTS circuits would need to be expressed

in another E. coli strain (i.e. in a B strain that operates with T7 expression, like

BL21(DE3) or T7 Express lysY/Iq). If the latter approach is taken, where there are4555

no extra tetR (genomic) copies, it would negate the optimisation work implemented

here, for better or worse.

Despite various attempts and proposals to improve promoter stringency there

remained a level of basal expression of both ΦC31 and the proxy TinselPurple re-

porter that could not be removed. There were likely marginal gains in using the4560

K-12 DH5α_Z1 strain with its additional repression (TetR and Lac repressors), and

further features were also identified that could be beneficial in improving control

of both GTS circuits in B strains. However, the conclusion remained that the most

parsimonious approach for regulating expression is to completely abolish ΦC31

activity.4565

It was fortuitous, therefore, that it was at this point that the histidine-leucine

mutations previously identified in Section 4.2.1 were found to produce a viable set

of recombinase-inactivating mutants in the GTS Inversion-sfGFP plasmids (Sec-

tion 4.2.6). As such, the focus reverted back to the Inversion-sfGFP circuit to verify

that the new sets of recombinases were indeed non-functional. If so, the same muta-4570
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tions could be applied to the Excision-tsPurple circuit for cross-validation, and then

both would be used with the alternately-coding anticodon-modified tRNAs from

the OCI approach to fully assess this improved sense-to-sense codon reassignment

detection system (Section 4.2.7).
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4.2.6 Creating a histidine-leucine inactive recombinase reporter4575

for sense-to-sense codon reassignment

Now that at least one GTS circuit has been verified to be viable and non-leaky

(when the recombinase is inactive ΦC** state), the next step was to generate an

OCI-compatible off-state: one where the recombinase is (seemly) non-functional

because key leucine codons have been recoded to histidine and vice versa, and not4580

due to mis-sense stop codons replacing critical residues. By creating a recoded

recombinase reporter within the GTS system, it would be possible to unite this

approach with that of the anticodon-modified tRNAs of the OCI system, and fully

characterise both halves of the histidine-leucine codon reassignment in a way that

may be more amenable to host viability.4585

Earlier, in Section 4.2.1 (Table 4.1b, Figure 4.7), five candidate histidines and

14 leucines were identified as residues within the N-terminal catalytic domain of

ΦC31 that may hamper activity if recoded to leucine and histidine respectively.

From this selection, the in silico site-directed mutagenesis (SDM) simulations that

displayed the most clashes with their nearby residues were: H61L (within a β -4590

pleat); L83H; L117H, L118H, L120H (of the αD2 helix); L140H, L143H, L147L

(forming part of the αE1 helix); L162H, L167H, L171H (in αE2 and a subsequent

helical turn), and H234L (within a putative “recombinase” region in the C-terminal

domain). Of interest also was H142(L), primarily due to its proximity to the poten-

tially more crucial leucines within the αE1 helix rather than any particular disrup-4595

tion it may cause, and L468(H), a residue within a putative coiled-coil DNA binding

domain that has been shown to have some, albeit not fully, detrimental impact on

ΦC31 when mutated to L468P/A (Rowley et al., 2008; Liu et al., 2010). Note that

it was not possible to model the L468H recoding as this region was missing from

the crystal structure (PDB: 4BQQ). Similarly, an attempt was made at modelling4600

the H234L mutation but this residue bordered a gap in the structured, which meant

that it was not possible to visualise all its potential intra-molecular interactions.

With the exception of perhaps L143, however, it was unlikely that recoding

these residues individually would be sufficient enough to produce an inactive re-
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combinase. Hence, it was anticipated that a number of these residues would need4605

to be mutated in tandem before an experimentally-validated, non-functional recom-

binase could be uncovered. If a combination of both leucine and histidine residues

are recoded in a way that causes a loss-of-function to ΦC31, it would be possible

to: (i) assess the histidine-to-leucine reassignment (that had not previously been

achieved within the OCI CAT reporter), (ii) give further validation to the leucine-4610

to-histidine reassignment (by replicating this reassignment in another recoded re-

porter), and (iii) be the first demonstration of bi-directional, non-synonymous sense-

to-sense codon reassignment in a living organism.

Given the selection of candidates, and the opportunity to conceivably recode

both histidine and leucine with one SDM experiment, the recombinase’s αE1 region4615

(encompassing residues L140, H142, L143, and L147) became one of the initial tar-

gets for creating a potentially inactive, recoded ΦC31. In the event that recoding

both amino acids within the αE1 helix is insufficient in creating a loss-of-function

ΦC31, a combination of the oligos listed in Table A.2 could also be used to gen-

erate a library of histidine-leucine recoded recombinases. To achieve this, Darwin4620

Assembly (described in Section 2.2.18; Cozens et al., 2012) was used: this method

was designed for simultaneous multi-site mutagenesis, and should be able to create

all (or a combination of) the candidate recodings in a single experiment. The more

sites that are recoded the greater the chance of making an inactive ΦC31, there-

fore one other initial proposal was to construct a variant that has all 12 recoding4625

candidates in the N-terminal domain (i.e. residues 1–171) as an alternate experi-

ment to the one mutating the four sites within the αE1 helix (Table 4.1). If all the

above recodings truly fail to generate a single loss-of-function mutant, there is still

some structural data up until residue 379 from which to make in silico mutagenesis

predictions for further leucine sites (e.g. L255H, L359H, L372H), however, H2344630

is the last potentially crucial histidine where the impact of its recoding could be

modelled; recoding residues beyond this point would be entirely reliant on experi-

mental (guess)work. Regardless, it was anticipated that recoding both amino acids

in the pre-selected sites would be sufficient in producing non-functional recombi-
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nases ready for testing sense-to-sense codon reassignment.4635

A note regarding the construction of histidine-leucine recoded ΦC31 variants

concerns the choice of the source plasmids. As the GTS circuits contain irreversible

unidirectional switches, it was necessary to ensure that the plasmids used to con-

struct the reassignment-compatible recombinases are all in their negative control

(off-states) prior to recoding ΦC31: a circuit that has already been permanently trig-4640

gered to invert or excise its genetic switch, and allow expression of its downstream

reporter, would no longer be useful for testing sense-to-sense codon reassignment.

To fully ensure that the secondary reporters (sfGFP in the case of the Inversion

circuits, and TinselPurple for Excision) would be in their off-states, their corre-

sponding ΦC**-containing circuits (plasmids [013a] and [033] respectively) were4645

used as the starting material for recording. Recall, however, that these recombinases

are only non-functional due to two Amber stop codons in place of asparagines at

positions 200 and 20416. Hence, when creating a newly recoded loss-of-function

recombinase circuit that is compatible for histidine-leucine reassignment, it is nec-

essary to revert the stop codons to their wild-type residues, alongside recoding the4650

pre-selected histidine and leucine sites to be compatible with the alternate code.

It should also be acknowledged that there is a fine balance between recoding

enough residues to sufficiently inactivate the recombinase but not too many so as to

make it difficult to assess if sense-to-sense codon reassignment has occurred. As all

previous synthetic systems for codon reassignment (Döring and Marlière, 1998, and4655

the OCI system from this work) have only recoded and demonstrated reassignment

of just one residue – albeit a crucial one – it seemed prudent to also create a selection

recombinases with a minimal number of recodings.

Consequently, alongside implementing the proposed many multi-site histidine-

leucine recodings across the recombinase’s N-terminal domain (discussed next4660

in Section 4.2.6.1), three minimally/singly-recoded sites were also planned for

residues considered most likely to cause a loss-of-function in the recombinase

16Although it shall not be explicitly noted hereinafter, the SDM oligo (YKH308) that is to restore
the two Amber stop codons to asparagine also included a synonymous recoding of Iata203IatC to help
with the oligo design. The only other references to this are in Table A.2 and Table 4.2, where residues
that are to undergo synonymous codon change are denoted by grey font or a yellow background cell.
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(detailed in Section 4.2.6.2). This two-pronged approach also serves as a risk-

mitigation strategy: ensuring that a recoded recombinase variant could be created

and tested for loss-of-function before being used to assess sense-to-sense codon re-4665

assignment. As described previously, the higher-risk approach uses the novel Dar-

win Assembly method to mutate, simultaneously, up to 14 sites within the recom-

binase and create a library of histidine-leucine recorded mutants, thereby providing

more opportunities for a loss-of-function variant to be uncovered. In the best-case

scenario, this would produce all the expected histidine-leucine recodings with many4670

suitably inactive variants for testing reassignment. In less optimal conditions, there

may be need for multiple rounds of screening and sequencing before suitable vari-

ants can be selected. In the worst case, the assembly method may create recoded

recombinases with additional off-target mutations that require several rounds of re-

assemblies to correct.4675

By comparison, the low-risk strategy would use the well-established iPCR

method to implement single residue recodings for the subset of the critically key

histidine and leucine candidates within ΦC31. Specifically, the key target residues

are: (i) H61L (one of the few potentially crucial histidine recoding that was mod-

elled); (ii) H142L_L143H (a putatively essential leucine, with a likely less key ad-4680

jacent histidine), and (iii) L468H (an unmodelled recoding that purportedly impacts

recombinase function but may not provide a sufficient loss-of-function on its own).

Once sequencing has confirmed the correct recoding for these three recombinase

variants, each would require only one further round of iPCR to revert the two Am-

ber stop codons within the recombinases to wild-type, before screening for loss-of-4685

function activity and for sequence verification. The flaw of this approach is that if

none of the three recoded targets, after the missense stop codons are corrected, are

critical enough to create an inactive recombinase, then additional rounds of iPCR

would be required to find a minimally recoded function-less variant. In this instance,

it would be prudent to combinatorially recode these three target codons together4690

first, before expanding the search further. But note also that the more codons that

need to be iteratively recoded means that it may be more time-efficient to proceed
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with the newer Darwin Assembly method instead.

As, at the time, there were two viable GTS constructs (the Inversion-sfGFP

circuit and the Excision-tsPurple design), it was possible to tackle both high- and4695

low-risk recoding strategies in tandem. The former circuit (with plasmid [013a])

could be used to implement the multi-site histidine-leucine recodings using Darwin

Assembly, whilst the latter (with plasmid [033]) would take the iPCR approach to

create the three minimally-recoded recombinases. The strategy that is able to give

more practical results (i.e. viable inactive recombinases) for testing sense-to-sense4700

codon reassignment in the next stage of the project would be pursued going forward.

4.2.6.1 Many multi-site histidine-leucine recodings for an inactive

ΦC31 within the Inversion-sfGFP switch

Using the Darwin Assembly method (as described in Section 2.2.18) and the oligos

from Table A.2a,c , three multi-site recoding experiments were carried out on the4705

ΦC31 recombinase within the Inversion-sfGFP [013a] plasmid. Mutagenesis exper-

iment: [1A] used inner oligos YKH308, YKH309, YKH310, YKH311, YKH314,

and YKH31517 to revert the two stop codons to asparagine and recode all 12 of the

candidate histidine and leucine sites (Table 4.1a,b); [1B] used only oligos YKH308

and YKH314 to correct the stop codons and recode the four sites within the αE14710

helix (L140H, H142L, L143H, L147H); [1C] was the same as [1B] but with the ad-

dition of oligo YKH315 to also recode the three leucines in the nearby αE2 helix-

turn (L162H, L159H, L163H). It should be noted that although Darwin Assembly

should be able to achieve complete mutagenesis of all sites as encoded by the inner

oligos, there is a chance that not all oligos would be bound fully, leading to varia-4715

tion in mutagenesis products and an amplicon pool that is a heterogeneous mix of

partially recoded recombinases.

The other necessary oligos used in these Darwin Assembly recoding ex-

periments were the boundary oligos YKH304 and YKH305, and outnest oligos

17Alongside recoding L162H, L167H, and L171H, SDM oligo YKH315 also included a synony-
mous recoding of NaaC166NaaT to help with the oligo design. The only other references to this are in
Table A.2 and Table 4.2, where residues that are to undergo synonymous codon change are denoted
by grey font or a yellow background cell.
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YKH276 and YKH277. The 3’-end of boundary oligo YKH304 and the 5’-end4720

of YKH305 bind at specific Darwin priming sites that sit beyond the binding re-

gions of the inner oligos, designating the bounds of the φc31 region that are to be

recoded. Once the polymerase has filled in the junctions between boundary oligos

and inner oligos, and the nicks have been joined by the ligase, the outnest oligos

would be able to amplify the final pool of recoded recombinase products for use in4725

downstream assemblies. Specific features of note in boundary oligos are that the

5’-end of YKH304 is biotinylated to enable purification post-amplification, whilst

YKH305 has a 3’-inverted dT modification to inhibit both degradation by 3’ ex-

onucleases and extension by DNA polymerases; both bind on the same strand as

each other and the inner oligos. Internal to both these modifications are two 20 bp4730

regions that are specific binding sites for the outnest oligos only (Table A.2d, se-

quences in purple). SapI restriction sites are placed further along the boundary

oligos (sequences in pink, with cut sites in blue and yellow) to allow the eventual

recoded recombinase products to be inserted back into its original plasmid through

TIIS assembly.4735

As for generating the backbone portion of the constructions, the Inversion-

sfGFP [013a] plasmid initially underwent iPCR using primers YKH306 and

YKH307, both of which also contained the SapI restriction site. After being cut

with SapI, both the circuit vector and the recombinase product from Darwin As-

sembly, were ligated together to reform, once again, the Inversion-sfGFP plasmid4740

– the exception being that the recombinases in these variants (known as plasmid

library [049]) were recoded per the mutations introduced using the inner oligos.

Although seemingly straightforward, the multi-site mutagenesis of the recom-

binase constructs using Darwin Assembly was fraught with implementation issues.

Figure 4.25 displays a streak/stock plate from the initial mutagenesis experiments4745

[1A], [1B], and [1C] (bottom three rows of the plate, in reverse order), with eight

colonies from each. Visual inspection of the colony streaks show little difference

between the fluorescent levels for the majority of these samples compared to the

two ΦC** inactive variants (top row of the plate), which suggests (by proxy) that
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X.1 X.2 X.3 X.4 X.5 X.6 X.7 X.8

1C(N2) | 
X=3

NG. (wrong) pTetR/A-RBS-
(23nt), lost C31, lost sfGFP-
attB (mostly), goes from 
after the (SmaI cut of attB)-
pAmpR-attP. 
Bit like sample 2.2.

Not seq’d G.  pTetR/A-RBS-(+23nt no 
idea what), lost most of C31 
until W549. Has sfGFP, goes 
straight to attB-pAmpR-attP

Bit like sample 1.2, 1.3, 1.4.

Not seq’d NG. pTetR/A-RBS-(+23nt no 
idea what), lost C31, lost 
sfGFP, goes straight to most 
of attB (after the SmaI cut)-
pAmpR-attP

Bit like sample 1.2, 3.1.

Not seq’d G. duplicated attB-pAmpR>-
attP after ptetR/A+RBS, in 
place of C31, but maintains 
most of DAS-tlpp-T7term-
<sfGFP-attB-pAmpR>-attP

Bit like sample 1.1, 3.3.
Other than sfGFP seq more 
messy, no idea why 3.7 =/ 
1.1

Not seq’d

1B(N2) | 
X=2

NG. Failed seq. G. No good seq after 
C31_R87; has start of 
sfGFP-attB-pAmpR-attP.

Not seq’d Not seq’d Not seq’d Not seq’d NG. Up to C31_D109 good, 
then gap, then L140H-
H142L-L143H-L147H-
H151H(no recode) present, 
then skips to the C31 stop 
codon, then DAS-tlpp, going 
into sfGFP-attB-pAmpR-attP

NG. one side gives seq up 
to C31_V96, seq quality 
dropped after this/admix; 
but other seq primer from 
sfGFP side failed. 

1A(N2) | 
x=1

G! (wrong) duplicated attB-
pAmpR>-attP after 
ptetR/A+RBS, in place of 
C31, but maintains most of 
DAS-tlpp-T7term-<sfGFP-
attB-pAmpR>-attP

NG. (wrong) pTetR/A-RBS-
(+23nt no idea what), lost 
C31, lost sfGFP, goes 
straight to attB-pAmpR-attP

G . (wrong) pTetR/A-RBS-
start of C31 retained, til
gets to ~H61L~E64, then 
drops off. Returns at ~P595. 
Incs. sfGFP attB-pAmpR-
attP

NG. (wrong) pTetR/A-RBS-
(11nt), lost most of 
C31,until ~K586. seq tails 
off after DAS-tlpp. 
(Can assume sfGFP lost)

Not seq’d Not seq’d Not seq’d Not seq’d

Could have gone back to seq the rest, but didn’t look promising enough, so thought to redo DA / (grad)PCR of DA? 

Figure 4.25: Early Darwin Assembly attempts to generate the sfGFP library of recoded
mutants in the Inversion-sfGFP constructs

Each colony sequenced (ringed) all contained errors, be it in the switch portion of the circuit, or the
proxy sfGFP reporter. Some constructs failed to be sequenced altogether.

the histidine-leucine mutagenesis experiments were able to generate non-functional,4750

recoded recombinases. Previously, the rationale for selecting the Inversion-sfGFP

construct [013a] for the recombinase recoding process was due to the lack of any

noticeable background fluorescence from the secondary reporter when the recom-

binase was inactive (ΦC**; Figure 4.14), at least compared to the other construct

switch variants (i.e. [013b], [013c]). However, from the low-level fluorescence of a4755

re-streak of this sequence-verified [013a] plasmid, alongside the newly-made (pre-

sumably inactive) recoded recombinase samples, it was clear that there had been

some leaky expression of sfGFP in the circuits afterall, even with the pAmpR pro-

moter Inversion switch facing away from the fluorescent protein (i.e. switch still in

its off-state).4760

In order to assess the extent of recoding in the mutated recombinase samples,

and to confirm that the background fluorescence was due to poor transcriptional-

translational control rather than spontaneous inversion of the switch allowing sfGFP

expression, a selection of these weakly fluorescing samples were cultured in prepa-

ration for Sanger sequencing (with primers YKH150 and YKH317). As an initial4765

appraisal, four samples from each mutagenesis experiment were selected: for each,

two samples were chosen that were less fluorescent, and two that were more so (the
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samples ringed in white in Figure 4.25). Given that the proxy signal of fluorescence

was clearly visible by eye in the previous Inversion-sfGFP positive control construct

[013ai] (i.e. where the ΦC** stop codons were reverted to wild-type to allow re-4770

gain-of-function; Figure 4.15), it was assumed that inactive recoded recombinases,

when coupled with the OCI engineered tRNAs for histidine-leucine codon reas-

signment, would also demonstrate fluorescence that is significantly higher than the

current levels seen in Figure 4.25. If, upon testing reassignment, the sfGFP is ac-

tive but indistinguishable from this background fluorescence, then the GTS system4775

would require yet another redesign to boost the signal-to-noise ratio for detection.

By contrast, sample 1A.1 (from experiment [1A]; bottom-left of Figure 4.25)

was evidently expressing sfGFP at a very high level. This was unexpected as these

constructs were meant to be inactive through recoding: experiment [1A] in partic-

ular was expected to have the highest chances of producing loss-of-function ΦC314780

mutants as it was to simultaneously recode 12 different histidine and leucine sites

across the recombinase. Given the unusual pattern of expression, this sample was

also taken forward for sequencing. If, for some reason, the mutations in sample

1A.1 still makes it viable as a GTS construct, it could serve as a possible positive

control in differentiating against the weak fluorescence as seen in the other inactive4785

Inversion-sfGFP constructs.

In reality, sequencing of these initial recoded recombinase constructions

yielded a library of circuits with unfavourable results. Despite displaying the ex-

pected phenotype (i.e. minimal fluorescence), none of the plasmids recovered from

these transformants matched the original circuit design: half of those sequenced4790

possessed only a short 5’- or 3’-terminal segment of the recombinase (with ends

covering less than 300 bp and 200 bp, respectively, of the full 1,839 bp gene); half

had lost both the recombinase and the sfgfp sequence altogether (but retained the

attB-pAmpR-attP switch). For example, the least unsuccessful of the mutagensis

and re-assembly experiments was sample 1B.7: the recombinase was accurately4795

constructed up until residue D109, whereupon the sequence skips straight to L140

to correctly recode this residue to histidine, as well as mutate the following H142L,
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L143H, and L147H as designed. However, the rest of φc31 then failed to be as-

sembled and instead proceeded to the Darwin priming site (that is placed directly

after where the recombinase sequence would have ended). Whilst all four of the4800

planned residues were recoded, it was clearly still non-viable given that the major-

ity of the recombinase sequence was missing. The rest of the sequenced constructs

had lost even more segments (discussed in greater depth later alongside additional

data), hence it was no surprise that, in all instances, the Inversion switch remained

un-inverted.4805

Ultimately, none of these initial (sequenced) assemblies contained the full re-

combinase sequence, let alone one that has been recoded for histidine-leucine reas-

signment suitable for assessing sense-to-sense codon reassignment. However, anal-

ysis of the range of truncated, partially recoded inserts from these first iterations

(Figure 4.25) suggests that there were some fundamental issues in the implementa-4810

tion of the multi-mutagenesis method. For instance, possible problems could have

been that: the inner oligos were not binding sufficiently to allow full extension

in between the sites marked for mutagenesis, the molar ratios of oligos to ssDNA

template could have been sub-optimal, the number of different mutagenesis oligos

mixed together could have formed secondary structures/heterodimers that hindered4815

binding by the DNA polymerase or caused it to drop-off prematurely, there may

not have been sufficient time for the polymerase or ligase to extend and join up

the recoded fragments leading to partial assemblies, and/or the mutagenesis assem-

bly mixture was incorrectly prepared or contained inactive enzymes. Given that

the method was, at the time, still in development, assessing the former possibili-4820

ties would have required significant optimisations. Instead, it was more feasible to

first eliminate the latter two possibilities by making a fresh formulation of the reac-

tion mixture and carrying out the mutagenesis experiments over a more prolonged

period of time.

A first step to troubleshooting the assembly issues was to understand if, and4825

to what extent, there was obvious heterogeneity in the Darwin Assembly products

(e.g. incomplete amplification, truncated amplicons, etc.). The initial mutagenesis
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failures highlighted the need to ensure that future attempts produce excess material

that could be verified (e.g. visualisation using gel electrophoresis), prior to taking

any constructs forward to assembly. Whilst the first attempt had been limited by4830

the amount of available input material, by ensuring that future attempts produce a

surfeit of DNA, it would be possible to screen for correctly-sized products before

continuing on to downstream assemblies. Moreover, if the screening shows that

there is a heterogenous mix of differently-sized products, yet the required one is of

adequately high yield, the relevant fragment could be gel extracted and assembled4835

with the vector directly.

Assembly optimisation was not limited to the process of producing the recoded

recombinase sequences: it appears that the conditions for amplifying the vector also

needed improving. The original primer pair YKH306/YKH307 used should have

produced a complementary, linearised vector much like that of [013a] but without4840

the recombinase. This should have included the downstream secondary reporter se-

quence, sfgfp: yet some of the sequenced constructs had lost this operon and more

(~1,044 bp in total). Notably, having missed out sfgfp, the constructs (samples 1A.2,

1C.1, 1C.5; data not shown) were found to all begin at the attB site, and also to all

incorporate an extra SapI after the Inversion switch and BsaI cloning site immedi-4845

ately following, before continuing on as per the design sequence. The consistent ab-

sence of the sfgfp portion and downstream insertion of the SapI sequence (presum-

ably from the unbound 5’-end of YKH307) across all affected constructs suggests

that this primer was poorly designed with multiple binding sites, both at the desig-

nated site and at a secondary site downstream. Likely, the lack of binding specificity4850

of primer YKH307 to the [013a] plasmid template was exacerbated by the fact that

the vector itself retained too many vestige sequences from previous assemblies. Fur-

ther inspection of the vector design reveals that there were three regions with partial

t-lpp terminator sequences to which YKH307 could potentially bind: of which all

three share 40 bp direct repeats, whilst two have up to 70 bp sequence identity.4855

Hence, to prevent this issue again in the later assemblies, the original Inversion-

sfGFP [013a] underwent iPCR amplification with primers YKH303/YKH317, fol-
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lowed by self-/re-ligation, to remove a 102 bp fragment that contained a double

t-lpp repeat, formerly situated downstream of the attP Inversion switch site and up-

stream of the f1 ori18. The resulting 6,188 bp plasmid [045] did still retain a partial4860

12 bp t-lpp fragment in this region and another full t-lpp sequence approximately

~1,200 bp away (as the terminating sequence downstream of the recombinase). As

a further precaution to prevent non-specific binding from YKH307 (from the origi-

nal vector amplifying primer pair YKH306/YKH307), a new YKH318 primer was

designed as a replacement for YKH307: this was slightly offset and placed more4865

towards the 3’-end of the recombinase so as to reduce further multi-site binding

issues during amplification. As with the recombinase recoding products, later at-

tempts in amplifying the vector (using primers YKH306/YKH318) factored in the

production of additional material for visualisation by gel electrophoresis and for

gel extraction-purification so as to prevent further incorrect recombinase inserts and4870

vector backbone assemblies.

Figure 4.26 shows one such later iteration of amplifying both the vector

(PCR of plasmid [045] using new primers YKH306/YKH318), and the recoded

recombinase products of Darwin Assembly (PCR with original outnest primers

YKH276/YKH277). Although there were other products generated alongside the4875

vector (lane 2; 4,301 bp), these were at such low amounts relative to the required

amplicon that it seemed a more optimal use of time to simply gel extract and pu-

rify the product for assembly. As for the recombinase products of experiment [1A],

[1B], and [1C] (lanes 3-5, respectively; 1,977 bp), it seems that [1B] could also

be gel extracted, but the products of the other two did not appear to produce as4880

high a yield as to be efficient for assembly19. Nonetheless, an attempt was made

18These repeat t-lpp regions had previously been flagged as a potential issue during an earlier
stage when troubleshooting the Excisions-tsPurple construct (which had a similar vector sequence;
Section 4.2.5.3), and iPCR primers YKH302/YKH303 had been designed to remove 18 bp of one
of the t-lpp duplicates (making plasmid [039]). In anticipation of the same problem here, the iPCR
of the Inversion-sfGFP [013a] vector with YKH303/YKH317 to remove the 102 bp of the repeat se-
quences (making plasmid [045]) was performed alongside this first Darwin Assembly attempt on the
recombinase. Plasmid [045] can be seen as the other ΦC** negative control construct (Figure 4.25
top row, right sample); had the first Darwin Assembly attempt on φc** in the Inversion-sfGFP [013a]
been successful, the precautionary creation of [045] would have been unnecessary.

19The amplicons recovered using streptavidin beads (lanes 7-9), though demonstrated a greater re-
covery of products from [1B], highlighted that this method was no more efficient than direct recovery
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Figure 4.26: A subsequent Darwin Assembly attempt to for multi-site recoding of the re-
combinase within the Inversion-sfGFP circuit

Lane 2 is the vector backbone (amplified with primers YKH306/YKH318; expected size: 4,301 bp).
Lanes 3-5 are amplicons from new Darwin Assemblies (made with fresh master mixes) of [1A]
recoding of all 12 histidine and leucine sites, [1B] recoding the four sites in the αE1 helix (L140H,
H142L, L143H, L147H), [1C] as the recoding for the αE1 helix as well as three leucines in the
nearby αE2 helix-turn (L162H, L159H, L163H), respectively (expected size: 1,977 bp). Lanes 7-9
are as lanes 3-5 but were purified using streptavidin beads. Lanes 1 and 6 are DNA ladders from
NEB (1 kb and 1 kb Plus, respectively).

to recover the correctly sized products of [1A] and [1C], whilst repeating the mu-

tagenesis process once again for these two experiments. This subsequently proved

somewhat successful for [1A] (shown later), but not so for [1C] (discontinued; data

not shown).4885

Although isolating the correctly-sized insert and vector goes some way to in-

creasing the chances of assembling the correct constructs, there were additional

(post-transformation) screening steps that could be taken before sending samples

for sequence verification. For instance, from examining the colony phenotypes of

the first assembly attempt (Figure 4.25) with their corresponding sequencing re-4890

sults, it became apparent that even when the pAmpR within the Inversion switch

faced away from the sfgfp operon, colonies that had retained a functional reporter

sequence (samples 1A.1 - brightly fluorescent; samples 1A.3, 1B.2, 1C.3, 1C.7 -

post-amplification. The higher recovery of truncated products smaller than 500 bp, but absence of
the products around 1.5 kb, also showed that there had likely been an assembly problem with ligating
and extending from the biotinylated 5’-boundary oligo to the recoding inner oligos around the αE1
helix, with the downstream oligos to the boundary oligo on the 3’-end.
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weakly fluorescent) displayed more green background fluorescence compared to

those that had lost sfgfp (no/negligible fluorescence: samples 1A.2, 1C.1, 1C.5 -4895

confirmed loss; samples 1A.4, 1B.1, 1B.8 - presumed loss20; sample 1B.7 - a T63S

point mutation likely led to loss-of-function). It was equally clear from the com-

parison of the weakly fluorescing samples (1A.3, 1B.2, 1C.3, 1C.7) to the strongly

expressing sample 1A.1 that there is a significant difference when sfGFP is fully ac-

tive. Unfortunately, as expected, sample 1A.1 also had substantial changes relative4900

to its assembly design: whilst the sfgfp sequence remained unchanged, it had lost the

full recombinase sequence, and in its place was a 30 bp sequence that appeared to be

a partial match to the reverse complement of mutagenesis oligo YKH315, followed

by a 207 bp duplication of the attB-pAmpR-attP switch. Both were unexpected

insertions (likely products of non-specific priming) into what seemed to be the cor-4905

rect vector backbone. Moreover, both the pAmpR promoter from the original and

additional Inversion switches faced away from the sfgfp sequence (albeit upstream

and downstream of the reporter respectively), and with transcriptional terminators

in between the latter promoter and sfgfp. As such, there was no clear indicator as

to what transcriptional mechanisms allowed the resulting strong fluorescence. A4910

further puzzling result stems from the sequencing of sample 1C.7, which was near

identical to that of sample 1A.1, and yet its level of fluorescence appeared similar to

20The sequencing primers used were YKH150 (which bound on the 3-’end of the vector and would
amplify into the recombinase insert to confirm correct insertion and orientation) and YKH317 (pair-
ing to a site on the 5’-end of the vector going back towards Inversion switch to confirm that it had not
flipped, and which would continue further towards the insert direction to check that at least the ma-
jority of sfgfp was intact). As explained previously, PCR primer YKH307 (for originally amplifying
the vector) had its designated binding site between the recombinase and sfgfp, but also (as sequenc-
ing results suggested) an unexpected binding site between sfgfp and the attB end of the Inversion
switch, and a known alternate binding site after the attP end of the switch. However, sequencing
primer YKH317 would bind in between attP and the alternate YKH307 binding site, which means
that if YKH307 generated a vector sequencing when bound at this alternate site, it would lose not
only sfgfp, but also the Inversion switch, and this YKH317 binding region for verifying sequencing.
For samples 1A.4, 1B.1, and 1B.8, the sequencing returned clean when using YKH150, but com-
pletely failed to give any results with YKH317, suggesting that the binding site had been lost due to
the YKH307 alternate binding when producing the vector. The complete lack of fluorescence from
these colonies, coupled with the same phenotype seen in those that had been sequence-verified to
have lost sfgfp, indicated that these semi-sequenced samples likely lost the gene during assembly.
At the time, there was no other primer that could be used to verify this theory, nor did it seem pro-
ductive to design another sequencing primer to check this as these constructs were already deemed
to be useless for the project.
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all other variants that retained sfgfp. However, given that the sequencing quality for

1C.7 dropped significantly (as as to be indeterminate) between residues 170-225 of

the sfgfp, the reason for the differences in fluorescence likely lay in this region.4915

In short, it is theoretically possible to use low-level fluorescence as an initial

screen for recoded colonies that have retained a functioning sfgfp sequence, but it

should be coupled with a more rigorous assessment to determine the sequence iden-

tity of the plasmid construct. If necessary, the brightly fluorescent sample 1A.1

could be treated as a crude positive control for indicating when sfGFP is fully ex-4920

pressing, but it lacks as a true comparative control for the full Inversion-sfGFP

circuit as it does not have the key recombinase element within the plasmid.

Figure 4.27: A second Darwin Assembly attempt to correctly create the Inversion-sfGFP
circuit

All colonies were picked for screening via an over-day micro-culturing experiment for monitoring
green fluorescence expression (Figure 4.28). When this failed to produce any clear indication of
whether any had viable sfGFP constructs, a subset was selected for colony PCR screening (Fig-
ure 4.30).

In practice, the visual screening for basal fluorescence of the recoded re-

combinase Inversion-sfGFP transformants using subsequent Darwin Assembly at-

tempts (two iterations of experiment [1A] and one of experiment [1B], Figure 4.27;4925
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[1C] again failed to produce sufficient material for assembly and was subsequently

discarded, data not shown) was not a definitive method for identifying success-

ful assemblies, especially in the absence of a clearly defined negative and positive

control for side-by-side comparison. This was particularly evident when visually

inspecting individual agar plates of recoded constructs, given that a single plate of4930

transformants would be unlikely to have both non-fluorescent and brightly fluores-

cent controls within it for direct comparison.

In an attempt to establish a better measure of the experimental transformants

against the controls, nearly all colonies from the three plates shown in Figure 4.27

were picked and: (i) grown in individual liquid micro-cultures within two 96-well4935

plates over the course of a day to see if any samples produce weakly detectable

fluorescence to signify that they contain a functioning sfGFP reporter that is in its

off-switch orientation (Figure 4.28), (ii) re-streaked onto solid agar plates to fur-

ther assess fluorescence after overnight incubation (Figure 4.29). Alongside the 94

colonies of experiment [1A] (attempt from 20180509), all 33 colonies of [1A] and4940

39 colonies of [1B] (attempts from 20180523), it was possible to include a nega-

tive (LB only) and a positive (the brightly fluorescent sample 1A.121 from the first

recoding experiments) control within both these experimental formats for direct

comparison. Moreover, from these samples, it was also possible to perform colony

PCR (Figure 4.30) to more accurately determine whether a recoded recombinase4945

has been assembled as expected into the vector, and to scale up culturing to prepare

purified plasmids for Sanger sequencing verification. As these later assessments

would require more limiting resources than the aforementioned screening methods,

these final confirmation measures were reserved until after some preliminary fluo-

rescence data could be acquired from the over-day liquid cultures to help reduce the4950

search space for valid Inversion-sfGFP circuits with fully recoded recombinases.

Unfortunately, the over-day liquid micro-culturing did not produce definitive

21Although also not ideal as it was not a correct construction in terms of the recombinase side of
the Inversion-sfGFP plasmid, it was the only available control with a functioning sfGFP at the time.
An ideal positive control would also have the recombinase, and where the pAmpR in its Inversion
switch would have been flipped to allow expression of sfGFP, be it via a functional ΦC31 (e.g.
[013ai]), or with a non-functional recombinase (e.g. [013a], [045]) that has had its switch artificially
inverted via PCR (not yet created at this point).
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Figure 4.28: Fluorescence and OD600 results from an over-day micro-culturing experi-
ment of all colonies from the Darwin Assembly attempt for creating a library
of recoded Inversion-sfGFP constructs

Characterisation results following the colonies picked from Figure 4.27. Cells highlighted in a thick
black border were taken forward for colony PCR screening (Figure 4.30).

results with regards to basal fluorescence that could materially inform the selection

of samples for colony PCR. In the first 96-well plate (Plate A from Figure 4.28,

which held the 94 colonies from the [1A] experiment on 20180509), the green flu-4955

orescent signal produced in the majority of the samples did not differ significantly

from that of the negative control in well H01, from both visual inspection and from

measurements taken from a platereader. This could be (incorrectly) interpreted as

the samples having all lost the sfgfp sequence in yet another unsuccessful bid at as-

sembling Inversion-sfGFP plasmids with recoded recombinases. However, the fun-4960

damental flaw in this deduction is in using an only LB sample as the negative con-

trol for correcting background fluorescence. As both the media and bacteria itself

each display varying low-level fluorescence, the LB only control would not accu-

rately correct for the intrinsic auto-fluorescence from E. coli-containing samples, let
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alone be suitable for interpreting any additionally fluorescence from basal expres-4965

sion emitted by sfGFP-bearing recoded Inversion-sfGFP plasmid transformants. In

short, the LB only negative control would not correct for background fluorescence

from the experimental samples. In hindsight, a better control that should have also

been included was one of the confirmed inactive Inversion-sfGFP circuits, e.g. sam-

ple 1B.7 with the loss-of-function sfgfp. Even though it still lacked a good portion4970

of the inactively-recoded recombinase, at least its associated fluorescent reporter

had already been demonstrated to be inactive.

A moderately better control (with regards to sfgfp; see footnote 26 also) was

that of the strongly fluorescent sample 1A.1 (in well H12), which at least demon-

strated that none of the 94 [1A] transformants produced fluorescence to the same de-4975

gree as this positive control. Thus, if these transformants did contain the Inversion-

sfGFP plasmid, at least the switch had not yet flipped to allow fluorescent expres-

sion.

Plate B used the same controls, in the same positions, as in Plate A, but also

held the 33 [1A] and 39 [1B] transformants of the later recoding attempt (from4980

20180523) in wells A01-C09 and D01-G03 respectively. The remaining wells were

filled with LB media. Unlike the fluorescence measurements of Plate A, Plate B ap-

peared to indicate that all wells were comparable to the positive control, despite an

obviously visible difference. This was later determined to be an error in measure-

ment (i.e. poor calibration and mixing prior to detection) as follow-on recombinase4985

induction assays22 demonstrated the positive control to have 1.5- to 4.5-fold higher

fluorescence expression relative to the transformant samples, and with an otherwise

similar expression pattern to Plate A (data not shown).

22For the induction assays, the transformant samples were split into two further plates, one of
which was left as is, whilst samples in the other were each induced with 10 ng/mL aTc. If the samples
contained correctly assembled Inversion-sfGFP plasmids, and if any of the recoded recombinases
were still functional, the expectation was that there would be a gradual increase in fluorescence
signal (due to the recombinase flipping the Inversion switch to allow sfGFP expression). As it
was, there were no detectable fluorescence above background levels in either induced Plate A or
B samples. This could be interpreted as the constructs all successfully bearing inactively-recoded
recombinases, that the plasmids were either lost or contain incorrect assemblies that are unable to
express sfGFP, or not enough inducer was used. No further interpretation could be made without
results from the later colony PCR experiments or from sequencing the plasmids directly.
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ϕC31.WT

ϕC31.H134L.L135H

ϕC31.H53L

Evernote “Day: Thu 24/05/18” <- KEY DATE:
Plate A:  (ref: D:\06_TempDump\Photos_Phones\Photos_Lab\1805_Moto\180524_Lab\IMG_20180524_135443002.jpg OD vs D:\06_TempDump\Photos_Phones\Photos_Lab\1805_Moto\180524_Lab\IMG_20180524_140436092.jpg GFP ex470/em520)
LB/A100 // (1) “V + 1AO; 09/05/18 OLD” 2.5uL + ~40uL 10b // 200uL // 23/05/18. = 94 CFUs. ||| => Took 12 samples: A1, F2-F12*. ||| => seq’d F2,5,7,9,12.  |||=> further seq’d F5,F12.
All bar: 
H1 = LB/A100 only. 
H12 = 1A(N2) transformants from 14/05/18, #1.1 GREEN!

Plate B: (ref: D:\06_TempDump\Photos_Phones\Photos_Lab\1805_Moto\180524_Lab\IMG_20180524_135555157.jpg)
LB/A100 // (2) “V + 1AO; 23/05/18 NEW” 2.5uL + ~40uL 10b // 200uL // 23/05/18. => 33 CFUs. A1-12, B1-12, C1-9. ||| => Took 8 samples: A1,2; 4,5; 7,8; 10,11*.  
LB/A100 // (3) “V + 1BN2; 23/05/18 NEW” 2.5uL + ~40uL 10b // 200uL // 23/05/18. => 39 CFUs. D1-12, E1-12, F1-12, G1-3. ||| => Took 12 samples: F1-F12*.  ||| => seq’d F2,5,8,10,12 ||| => further seq’d F5,F12. 
All bar: 
H1-3 = LB/A100 only. 
H12 = 1A(N2) transformants from 14/05/18, #1.1 GREEN!

*for colPCR (153/316)

Then did PCR 319/312n on B.F02 to try fix sth.  (notes say F05, but F02 makes sense…)
Followed by B/F05, B/F12, A/F12, A/F05, A/F02. 
+ subclone of C31_tsP_H53/H134-L135 (ignore L468)
+WT +ve C31 (uninduced and induced). 
- -ve C**, 

With OCI, cut out reporter, leave just HL-LH, BUT change ori to alpha, and preferably change AbR too. 

D:\06_TempDump\Photos_Phones\Photos_Lab\1805_Moto\180523_Lab\IMG_20180523_113733442.jpg
D:\06_TempDump\Photos_Phones\Photos_Lab\1805_Moto\180523_Lab\IMG_20180523_151117971_HDR.jpg

FYI: 
V = fine

1AO = fine
1AN2 = bad, discarded

1BN2 = fine
1CN2 = fine; later not so fine

Same pattern with PCR or SA beads.

Figure 4.29: Stock plates of colonies recovered from the second Darwin Assembly attempt

The CFU from Figure 4.27 that were picked and re-streaked onto fresh agar plates for storage and
visualisation for any unexpected fluorescent expression. Those circled were taken forward for colony
PCR and Sanger sequencing. The green box indicates the sfGFP positive control, whilst white boxes
indicate the negative controls.

At this point in time, the colony re-streaks/stock agar plates had not yet been in-

cubated long enough to see any re-growth, let alone observe basal fluorescence, and4990

with the over-day growth-and-induction/fluorescence culturing experiments having

provided inconclusive evidence for identifying correctly assembly constructs, it was

necessary to use a more definitive screening method: colony PCR. For transfor-

mants whose colony PCR results that subsequently indicate any potentially suc-

cessful assemblies – that is, with full-length φc31 recombinase and sfgfp sequences,4995

both in the expected orientation – overnight liquid cultures could be prepared in ad-

vance. Doing so would help accelerate the process for plasmid preparations and

subsequent dispatch for sequence verification. Colony PCR screening, however, is

only sufficient in informing the presence and position of the gene sequences. Deter-

mining whether the recombinases have been recoded can only be confirmed though5000

sequencing of a subset of these confirmed constructs.

Should these screenings (and sequencing) all fail to produce reasonably inac-

tive recoded recombinase variants, the stock agar plates could be used to screen

additional constructs and select a new batch of samples to investigate. As it was,

the agar plates subsequently showed that most of the colonies had some basal flu-5005
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orescent expression, but none as bright as the positive H12 control (Figure 4.29).

This suggests that most should have taken up an Inversion-sfGFP plasmid, and each

with a functioning sfGFP and hopefully a recoded recombinase sequence.

As discussed, with no prior direction of which samples to take for colony PCR,

it seemed prudent to simply screen for a slightly larger selection of transformants5010

than previously planned in order to increase the chances of selecting an inactively-

recoded variant. Thus, 12 (of the 94) [1A] samples across Plate A and eight (of 33)

from Plate B were taken for colony PCR, whilst for the [1B] experiments, 12 (of

39) were taken forward for screening. The initial samples selected were based on

the rows that contained the most samples with 0D600nm measurements above an5015

arbitrary cut-off value of 0.1 (selected wells are denoted as cells with thick black

borders in Figure 4.28). For [1A], this was row F on Plate A23, and select samples

of row A in Plate B. Likewise, row F on Plate B was picked for assessing the [1B]

transformants.
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• Conclusion: both circuits (pTet-C31 // pTrp-tsP) are likely leaky.
• If pTet-C31 leaky, we’d likely see flipping in all #1a-d, which would allow downstream tsP expression.
• If pTrp-tsP leaky, we’d likely see tsP in #1b,1d. 

• Next: split the C31 and reporter constructs into different plasmids. 

Expected sizes: 
- PCR with YKH153/YKH316 ≈ 754 bp

-ve CTRL
C**, shouldn’t 

allow tsP function

+ve CTRL
tsP already functional
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Band?

Correct size? + + + + - + - + + + ? + - + + +

Sequenced? Y Y Y Y Y Y Y Y

0.5ng 5uL of PCR 0.5ng

Figure 4.30: Colony PCR results of a subset of transformants from the Darwin Assembly
construction of the Inversion-sfGFP library

A subset of transformants from the later Darwin Assembly construction of the Inversion-sfGFP
library (Figure 4.27) that were taken forward for colony PCR screening. Correct assemblies were
expected to have a length of 754 bp (amplified with primers YKH316/YKH153). Of these, a further
subset were sent for Sanger sequencing.

Primers YKH316 and YKH153 were chosen to ensure that the colony PCR5020

screen would provide sufficient information on both the presence of the sfgfp in

23Sample A01 was accidentally seeded into one of the colony PCR reactions, as opposed to F01.
Instead of making a new mix, the reaction continued with A01 on the premise that it could theoreti-
cally be a negative control/wild-card sample.
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the vector sequence, as well as the correct insertion and orientation of the recoded

recombinase. A positive amplification would replicate a 754 bp fragment from

residue R450 on ΦC31 through to the 6xHis tag at the end of the sfgfp sequence. In

contrast, no product would be produced if either the recoded recombinase was not5025

inserted correctly and/or if alternate priming of the vector results in the loss of the

sfgfp operon. Knowing that the sfGFP positive control 1A.1 lacked the recombinase,

this served as a suitable negative control for the colony PCRs (as evident in the

absence of product in Figure 4.30, lane 14). Whilst possible, a no-template negative

and positive control (using [045]) were not included. However, as can be seen in5030

the figure, at least 22 (of 32) of the samples from both [1A] and [1B] assemblies

produced amplicons around the expected size: finally providing some evidence of

correct reassembly of the Inversion-sfGFP plasmid. It should be noted that some

of the samples (lanes 2, 4, 5, 30) were a little larger than expected, whereas a few

(lanes 3, 15, 17) were slightly smaller. Likely the former samples gained some5035

inadvertent insertions during assembly; the latter instances may be an artifact of

being overloaded as the samples appeared to have quite high yields.

Figure 4.31: An overview of the sequencing results from a selection of the Inversion-sfGFP
library constructs

Although some of these discrepancies could be investigated further during se-

quencing, there needed to be a pragmatic approach to the choice of samples taken
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forward as the area of interest spans ~3,300b bp, and would require four primers5040

(YKH150, YKH237, YKH316, and YKH317) to ensure good coverage. Together,

these overlapping sequencing results should give clear evidence for whether the full

recombinase sequence has been inserted and in the right orientation, if the target

histidines and leucines within it had been recoded as designed, that the sfgfp is still

present and functional, and that the Inversion switch has remained in its off-state5045

(i.e. pAmpR has not yet flipped). Consequently, a set of five from each mutagenesis

assemblies were sent for sequencing: from [1A], these were constructs F02, F05,

F07, F09, and F12; from [1B], F02, F05, F08, F10, and F12 were selected. Note,

in later analyses, these samples are simply referred to as A.F02, B.F12, etc. An

overview of the sequencing results for these samples can be seen in Figure 4.31: for5050

example, the blue arrows displays the sequence coverage of sample A.F02, where

a solid fill denotes sequence identity match, whereas unfilled portions show mis-

matches. The expectation is that the mismatches represent where Darwin Assembly

has been successful in recoding the designated codon sites, and that doing so would

inactivate the recombinase such that the Inversion switch would not be flipped.5055

On the whole, the multi-site mutagenesis of φc** into histidine-leucine re-

coded variants and subsequent re-assemblies were reasonably successful. To be-

gin with, it appears that each sample retained a functioning sfgfp and, given that

all switches remained in their off-states, it is likely that the recoded recombinases

were all inactive variants. Table 4.2 shows in more detail the relevant recombinase5060

sequencing results for three of the samples from each of the [1A] and [1B] mutage-

nesis experiments: cells in green show where the recoding has been implemented

as expected, whilst those in pink highlight deviations from the design.

Recall that the [1A] mutagenesis experiments were to recode 10 potentially

critical leucines to histidine, two histidines to leucine, and revert two Amber stop5065

codons back to asparagine (Table 4.1a,b), whereas [1B] was to edit only the four

candidate residues in the αE1 helix (L140H, H142L, L143H, L147H) and correct

the two stop codons. As can be seen in Table 4.2, A.F02 was successful in gener-

ating all the required recodings, as was A.F09 (but with an additional synonymous
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[1A]O [1B]N2
A.F02(/9) A.F05 A.F12 B.F02(/8) B.F05 B.F12

M1 RBS SDM:
G>A

∆1nt: post-
pTetR/A,
pre-RBS

G14 G14S(Agt)

H61 H61L(cTT) H61L(cTT) H61L(cTT)

L83 L83H(cAT) L83H(cAT) L83H(cAT)

L117 L117H(cAT)

L118 L118H(cAT)

L120 L120H(cAT)

L140 L140H(cAT) L140H(cAT) L140Q(cAG) L140H(cAT) L140H(cAT) L140H(cAT)

H142 H142L(cTT) H142L(cTT) H142L(cTT) H142L(cTT)

L143 L143H(cAT) L143H(cAT) L143H(cAT) L143H(cAT)

L147 L147H(cAT) L147H(cAT) L147H(cAT) L147H(cAT) L147H(cAT) L147H(cAT)

H151
L162 L162H(cAT) L162H(cAT) L162H(cAT)

N166 N166N(aaT) N166N(aaT) N166N(aaT)

L167 L167H(cAT) L167H(cAT) L167H(cAT)

L171 L171H(cAT) L171H(cAT) L171H(cAT)

*200 ∗200N(AaT) ∗200N(AaT) ∗200N(AaT) ∗200N(AaT) ∗200N(AaT) ∗200N(AaT)

I203 I203I(atC) I203I(atC) I203I(atC) I203I(atC) I203I(atC) I203I(atC)

*204 ∗204N(AaT) ∗204N(AaT) ∗204N(AaT) ∗204N(AaT) ∗204N(AaT) ∗204N(AaT)

L206
H208
L213
R225 R225Q(cAg) R225Q(cAg) R225Q(cAg) R225Q(cAg) R225Q(cAg) R225Q(cAg)

H234 H234N(Aac)

E269 E269V(gTg)

W349
L359
S360
E386 E386∆-aa

L468 ∆-aa

Correction YKH323/324 YKH323/324 YKH326/324 – YKH323/324 YKH323/324

PCR I:V YKH321/322 YKH321/322 YKH321/325 – YKH321/322 YKH321/322

Table 4.2: A summary of the ΦC31 residues in the Inversion-sfGFP circuit that were re-
coded using Darwin Assembly, as confirmed by Sanger sequencing

Cells in green show where recoding has been implemented as expected; cells in pink highlight
deviations from the designs. Subsequent PCRs using the primer pairs at the bottom of the table were
able to correct all the mis-assemblies (pink). The five constructs in bold were selected as suitable for
testing with the OCI system. Table 4.3 shows an equivalent summary for histidine-leucine recodings
in the Excision-tsPurple constructs.
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recoding of residue V5V(gtC); data not shown), and nearly so in A.F07 (with the5070

exception of L162, which was not recoded; data not shown). However, it was ex-

pected that there would be further assemblies with more incomplete recodings, such

as in A.F05 and A.F12. In both instances, oligo YKH311 may not have bound ef-

ficiently, leading to no recoding of L117H, L118H, L120H in the αD2 helix. With

A.F12, it appears oligo YKH314 also had problems in binding, leading to only5075

L147H in the αE1 helix being recoded as designed; there was additionally a mis-

coding of L140Q(cAG), and H142 and L143 were not recoded. A.F05 too suffered

a mis-coding of E269V(gTg), and a G-to-A transition mutation in the putative RBS

sequence. All these minor recoding mistakes suggest that the implementation of the

Darwin Assembly mutagenesis method was not fully optimal, but sufficient enough5080

to generate a range of recoded recombinases that, after slight corrections, would be

fit to test sense-to-sense codon reassignment.

On the other hand, more amendments were needed with all the [1B] assemblies

in order to make them suitable for assessing reassignment. Although four of the five

constructs sent for sequencing incorporated all four recodings in the αE1 helix and5085

reverted the two stop codons to asparagine, each also gained various other point mu-

tations or construction error. B.F02 and B.F08 were identical, but both had acquired

a G14S(Agt) mutation within the recombinase and a single nucleotide deletion in the

segment directly upstream of the RBS. Likewise, B.F12 had accrued an addition

H234N(Aac) mutation. With B.F10, this construct probably had all the required5090

elements (with no addition recodings), but the quality of the sequencing dropped

shortly after the stop codon corrections and, given that there were other constructs

that contained the core recodings (as well as an understanding of how to correct

their additional errors), it was not deemed essential to further sequence-verify the

low quality regions of this construct (data not shown). By comparison, B.F05, the5095

only construct to not incorporate all the expected αE1 helix recodings, was worth

examining in more depth. It had only recoded L140H and L147H, and was not able

to modify the critical L143, nor the potentially interesting but likely non-essential

H142, so was a useful case to see if these adjacent mutations alone were sufficient
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to render ΦC31 inactive. In its current form, however, this assessment could not5100

yet be made: a single point deletion of nucleotide G, at where residue E386 was

expected to be, caused a frameshift throughout the remainder of the construct.

One additional error that was consistent with all the recombinases within the

[1A] and [1B] assemblies was mutation R225Q(cAg): though it is unlikely that the

loss of activity in the recombinases were solely due to this mutation as all the5105

assemblies had multiple recodings (and other build errors). It was, however, un-

clear how this mutation came too be. Most likely it was introduced during the

creation of the final Darwin Assembly template (plasmid [045], where most of the

multiple t-lpp replicates within the sequence were removed), yet there was no ev-

idence of this when [045] was sequenced-verified. Regardless, to confirm that the5110

loss-of-function was a result of the proposed recombinase residue recodings, the

construction errors were corrected with PCR using the primers as designated at

the bottom of Table 4.2. Note, the top primer pair (either YKH323/YKH324 or

YKH326/YKH324) amplifies the relevant portion within the recombinase where

the key residues were recoded from each of the respective constructions (A.F02,5115

A.F05, A.F12, B.F05, and B.F12 as templates; insert, I, 536/279 bp), whilst the

bottom pair (either YKH321/YKH322 or YKH321/YKH325) amplifies and corrects

this mutation (using construct A.F02 as the template) to form the complementary

vector sequence (V, 5,702/5,959 bp). B.F02 was not taken forward as the rectified

version would be the same as B.F12. The five corrected inserts and vectors were5120

re-ligated again to reconstruct the recoded plasmids and, in all cases, subsequent

Sanger sequencing shows that the errors (pink cells in Table 4.2) were corrected

to wild-type. The exception being A.F12, where the L140Q(cAG) was recoded to

L140H(cAT). In all cases, the background sfGFP expression – while still present –

was at a minimal level.5125

At this point, these five recoded Inversion-sfGFP constructs were ready to be

combined with the OCI anticodon-modified tRNAs to characterise sense-to-sense

codon reassignments via its proxy sfGFP signal. The primary concern was whether

histidine-leucine reassignment could be demonstrated sufficiently using these vari-
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ants, considering that all previous instances of reassignment was based on a single5130

residue. For example, like the OCI CAT.H193L construct, B.F05 would only be uni-

directional, albeit with the opposite, not previously been demonstrated, histidine-

to-leucine reassignment. B.F05 would also extend reassignment to two targets,

L140H(cAT) and L147H(cAT)). On the other end, A.F02 would pose a far bigger

challenge, with the need to reassign 12 residues: both recoded histidines (of which5135

there are two), and leucines (ten). Nevertheless, the intention was to use these as

later constructs for assessing how far we can take histidine-leucine reassignment in

an otherwise naturally-coded organism.

4.2.6.2 Minimal histidine-leucine recodings for an inactive ΦC31

within the Excision-tsPurple switch5140

In Section 4.2.6.1, five Inversion-sfGFP constructs were established where the re-

combinase was rendered non-functional by recoding two to 12 different histidine

and leucine residues, all in preparation for testing sense-to-sense codon reassign-

ment using the OCI approach. At the same time, the Excision-tsPurple [033] plas-

mid was being modified using the established method of iPCR to make targeted5145

single/minimal residue recodings at sites purported to impact ΦC31 functionality:

specifically, residues (i) H61L, (ii) H142L_L143H, and (iii) L468H to indepen-

dently test leucine-to-histidine and histidine-to-leucine codon reassignment.

Despite being conceivably simplistic constructions for each of these ΦC31

variants, theoretically requiring only two iPCRs – one to revert the amber stop5150

codons at residues 200 and 204 to asparagines, and a second to make the single/dual

histidine-leucine recodings – this approach developed a number of problems. For

starters, it appeared that there was a contamination in the original [033] Excision-

tsPurple stock as this ΦC** negative control started expressing TinselPurple after

growth overnight (data not shown). A pre-emptive removal of a repeat t-lpp se-5155

quence in the [033] Excision-tsPurple circuit (making it plasmid [039] as described

in footnote 23; theoretically to facilitate easier re-assemblies) seemed to produce

more issues with the introduction of an L359P mutation in the recombinase se-

quence that was not detected prior to the recodings, resulting in its propagation in
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the subsequent recoded recombinase constructs. However, the biggest problems lay5160

in the assembly of the recoded recombinases and the resulting Inversion-tsPurple

phenotypes. Ignoring that the ΦC** negative control constructs (all #1.1-8 samples

in Figure 4.32) inexplicably displayed TinselPurple expression, some of the biologi-

cal replicates for the recoded recombinase constructs for φc31.L468H (at least #3.2,

#3.4, #3.5, #3.7, #3.8 to a minor extent), φc31.H142L_L143H (at least #4.2 and5165

IMG_20180422_160826928

(aii) (bii) (cii)

(ai) (ai) (bi) (ci)

3 days 3 days 3 days 4 daysLB/Amp100/aTc10LB/Amp100 M9/Amp100LB/Amp100

(aii)

#1.2: φc** negative control   (?!)

#2.3: φc31 positive control

#3.7: φc31.L468H

#4.1: φc31.H142L_L143H 

#5.3: φc31.H61L

three technical replicates

(aiii)

1 day LB/Amp100

Figure 4.32: Plate screening for ΦC31 recombinases with the H61L, H142L_L143H, and
L468H recoded variants via the absence of TinselPurple expression

Samples with the same numbering are the same across all three plates (a), (b), (c) series. #1.x refers
to φc** negative controls, #2.x are for the φc31 positive controls, #3.x are φc31.L468H, #4.x are
φc31.H142L_L143H, and #5.x are φc31.H61L; x is the biological replicate number. The top row
(i) shows the colony spots as viewed from the bottom, the middle row (ii) shows the spots from the
top (agar plate open), and the bottom row (iii) are technical replicates of a selected colony from each
variant that was selected to continue with subsequent experiments. Colonies circled were sequenced
and discontinued (white) or continued (yellow).

228



CHAPTER 4. GTS: EXPLORING TOLERABLE ALTERNATIVE CODES

#4.4 significantly; #4.8 minor extent), and φc31.H61L (at least #5.1 significantly

so) also accumulated pink-purple colouration. If recoding these residues was insuf-

ficient at knocking out recombinase function, all replicates would be expected to

show TinselPurple expression. The isolated incidences, and the fact that the expres-

sion occurred in the same samples with (Figure 4.32b) and without (Figure 4.32a,c)5170

aTc induction, suggests that it may have been a problem in the recoding/re-assembly

process that gave rise to the variation. As such, two colonies from each variant

that displayed the least TinselPurple expression were initially selected for further

characterisation and in search of the recoded recombinase circuit(s) that would be

suitable for assessing codon reassignment.5175

Selecting against colonies with chromoprotein expression meant that the ones

with functional recombinases or that had otherwise irreversibly lost the double-

terminator in the tsP operon would already be screened out. Those remaining (with

none-to-minimal colour) would likely be variants that possess a non-functional re-

coded recombinase; else, are constructs that have been assembled incorrectly in5180

some other manner (e.g. with a non-functional tsPurple circuit). Given that it had

already been demonstrated that the Excision-tsPurple circuit is leaky (even if mildly

ameliorated in DH5α_Z1; Section 4.2.5.3) and that very little induction is needed

to activate a functional recombinase, another method for screening out unsuitable

variants would be to culture the candidates with aTc. The initial attempt at in-5185

ducing the variants on solid media revealed that TinselPurple can be more easily

observed in LB if expression is high or allowed to accumulate for longer, whilst

early expression (with light pink colonies) can be hard to distinguish against the

amber-coloured agar background. Hence, it was non-trivial to visually differenti-

ate expression between the uninduced and uninduced sets (Figure 4.32a,b). The5190

signal was cleaner using M9 minimal media (purple colonies on pale yellow agar;

Figure 4.32c), but the time before chromoprotein expression can be observed took

significantly longer: approximately 1 day in LB vs 3-4 days in M9 media. A faster,

intermediary screen would be to use colony PCR (with primers YKH288/YKH248)

across the double-terminator disrupting the tsP operon. This could be performed5195
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both on colonies that have been grown with or without aTc, and on agar plates (i.e.

from Figure 4.32) or from liquid cultures, even before TinselPurple can be detected.

Screening with colony PCR in advance would also serve to minimise the number

of samples needing to be sequenced, as at least three primers would be required

to fully cover the ~ 3,200 Excision-tsPurple circuit for each variant. The expected5200

colony PCR results if the recoded recombinases are non-functional and unable to

excise the double-terminator would be the production of a 364 bp amplicon; those

that have excised the sequence would instead produce a 183 bp product. For those

that show a lack of excision, uninduced liquid cultures would be prepared to extract

the DNA for sequencing and verify the construction at the sequence level.5205

Having determined the characterisation parameters, a subset of samples circled

in Figure 4.32 underwent colony PCR: results of the variants that were amplified

from samples grown without aTc are seen in lanes 6-11 of Figure 4.33 (directly

from the agar plate of Figure 4.32a), or with the inducer (lanes 12-14; from a later

experiment while selected samples were being sequenced). Samples selected for5210

sequencing had a preliminary scan across the relevant regions in the recombinase

(with primer YKH150) and over the 5’-end of the tsP operon (primer YKH288) to

verify the presence/absence of the double-terminator, whilst those circled in yellow

(from Figure 4.32) were sequenced further (primers YKH237, YKH316) and were

taken forward to the next stage. The latter were also re-spotted as technical repli-5215

cates on LB Amp 100 µg/mL agar plates to check again for TinselPurple expression

and, in this case (bar that of the #1.2 negative control), the pattern was as expected:

TinselPurple present in the #2.3 test-case/“positive”24 control, and negligible to no

expression in the recombinase-recoded variants.

For the most part, the sequencing results of the selected colonies (summarised5220

in Table 4.3) also matched the phenotypes displayed (Figure 4.32). For example,

24Sample #2.3 is considered “positive” in the sense that as the recombinase is now functionally-
restored to φc31 and as the system is known to be leaky, it would only be a matter of time for the
double-terminators to be excised from all instances of the tsP operon, allowing significant TinselPur-
ple expression and making it a “true positive”. This plasmid is equivalent to [033b] as created in
Section 4.2.5.2, minus an 18 bp t-lpp sequence. Its provenance being from the 6,190 bp [033] ΦC**
plasmid, to the 6,172 bp [039] ΦC** construct (following the t-lpp removal), and to the 6,172 bp
sample #2.3 (with ΦC31 restored).
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As recoded from the Excision-tsPurple plasmid [039]
#1.2(/7) #2.3 #3.7(/1) H #4.1 LH #5.3 L

L468H H142L.L143H H61L

M1
H61 H61L(cTT)

L83
L117
L118
L120
L140
H142 H142L(cTT)

L143 L143H(cAT)

L147
H151
L162
N166
L167
L171
*200 ∗200N(AaT) ∗200N(AaT) ∗200N(AaT) ∗200N(AaT)

I203 I203I(atC) I203I(atC) I203I(atC) I203I(atC)

*204 ∗204N(AaT) ∗204N(AaT) ∗204N(AaT) ∗204N(AaT)

L206
H208
L213
R225
H234
E269

W349 W349R(Cgg)

L359 L359P(cCg) L359P(cCg) L359P(cCg) L359P(cCg)

S360 S360P(Cca)

E386
L468 L468H(cAT)

Correction YKH323/324 YKH323/324 YKH323/330* YKH323/324 YKH323/324

PCR I:V YKH321/322 YKH321/322 YKH327/328 then

YKH329/322

YKH321/322 YKH321/322

Table 4.3: A summary of the ΦC31 residues in the Excision-tsPurple circuit that were re-
coded using iPCR, as confirmed by Sanger sequencing

Cells in green show where recoding has been implemented as expected; cells in pink highlight devi-
ations from the designs. Subsequent PCRs using the primer pairs at the bottom of the table were able
to correct all the mis-assemblies (pink). The three constructs in bold were selected as suitable for
testing with the OCI system. #1.2 and #2.3 were used as negative and positive controls, respectively.
Table 4.2 shows an equivalent summary for histidine-leucine recodings in the Inversion-sfGFP con-
structs.
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MW 1 2 3 4 6 7 8 9 10 11 Low MW 12 13 14

ϕC31 and 

mutations

C** C31 C31 C31 #3.1 #3.7 #4.1 #4.6 #5.3 #5.4 ϕC31 IDs 

and mutations

#3.1 #4.1 #5.3

N200*

N204*
WT

H142L

L143H
WT L468H L468H

H142L

L143H

H142L

L143H
H61L H61L L468H

H142L

L143H
H61L

aTc
10ng/mL

- - - + - - - - - -
aTc

10ng/mL
+ + +

Excised? N Y/N N Y N N N Y N N Excised? Y N N

183bp

364bp

Low MW 1 2 3 4 5

ϕC31 and 

mutations

C** C31 C31 C31 C31

N200*

N204*
WT

H142L

L143H
H61L WT

aTc 
10ng/mL

- - - - +

Excised? N Y/N N N Y

1.5% agarose, SYBR Safe (23-Apr-2018) 0.7% agarose, SYBR Safe (26-Apr-2018)1.5% agarose, SYBR Safe (15-May-2018)

Far right gel were colony PCRs (with YKH288/YKH248) of the constructs within DH5a_Z1, that were plated on LB/A100/aTc10. 

(Gel on the far right was a mistake; should have run on 1.5% A but accidentally used a 0.7% A gel.)

colPCR: Expected 364 bp for not excised, and 183 bp (with a loss of 181 bp) for the excised. 

(Middle gel was from plates directly after the transformations; pre-sequencing. Far right and left gels were post-sequencing)

)Left gel is more a summary gel to show the good results; should have done aTc for them at the time too, but didn’t)

Figure 4.33: A colony PCR screen of recoded ΦC31 variants with loss-of-function activity

Lanes 6-11 reflect colony PCR of the initial transformants of recoded recombinases in the Excision-
tsPurple variants from Figure 4.32. Lanes 12-14 are a subset of these variants that were induced
with 10 ng/mL aTc to assess whether the recoded recombinases remain non-functional with induc-
tion. Lanes 1-5 are a summary of the ΦC** control, the ΦC31 test-case (with and without aTc), and
the most promising recoded recombinases (φc31.H142L_L143H, φc31.H61L). Non-functional re-
combinases that are unable to excise the double-terminator are expected to produce 364 bp products;
those with excision activity should produce amplicons at 183 bp.

in #2.3 the chromatogram across the tsP part of the construct shows an admix pop-

ulation, with some having lost the double-terminator within the operon (data not

shown). This corresponds with the pink tinge seen in Figure 4.32; particularly so

in (aiii), which was re-plated a week after the plasmid was transformed into (ai/ii),5225

having had more time for ΦC31 to act. Interestingly, the heterogeneous sequencing

pattern of the chromoprotein part of the circuit in #2.3 was comparable to that of

the allegedly negative control samples of #1.2 and #1.7, indicating that the double-

terminator was also (being) lost in these samples, thereby explaining the presence

of TinselPurple expression in these controls. However, the reason as to why exci-5230

sion was occurring in #1.2 and #1.7 was unclear as the recombinase still retained its

non-functional φc** sequence (data not shown). Possible hypotheses could be that

the strain bearing the original [033] ΦC** negative control that was selected for

storage was not taken from a single colony (though previous sequencing does not

indicate that this was the case; Figure 4.19), or that there was a spontaneous drop-5235

out of the double-terminator sequence (not yet seen before). By comparison, in

#2.3, sequencing of the recombinase reveals that the stop codons were successfully
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corrected back to asparagine – reflecting the re-gain-of-function. Also of interest is

that the ΦC31 recombinase still had activity despite an unexpected L359P mutation,

suggesting that had this leucine been selected as a recoding candidate, it would not5240

have drastically hindered enzyme activity. As it was, this leucine was not previously

considered as it was not a part of any particular domain of interest, and annotations

on the PDB structure indicated no secondary structure in this region (Figure 4.6).

As for the recombinase-recoded variants: in both #3.1 and #3.7, the sequenc-

ing traces for the recombinase and tsP operons showed a homogeneous population:5245

bar the accidental (but seemingly insignificant) L359P mutation, the L468H recod-

ing was correctly incorporated and the stop codons reverted, all with no indication

of the recombinase causing excision of the double-terminator, nor any expression

of TinselPurple (Figure 4.32aiii). This seemed contradictory to previous research,

which indicated that L468A/P was only able to partially abolish recombinase ac-5250

tivity when present as a single point mutation (Table 4.1; Liu et al., 2010; Rowley

et al., 2008). It was only when this φc31.L468H was cultured again in 10 ng/mL

aTc, however, that it became clear the earlier findings held true: colony PCR of #3.1

post-induction shows that the recombinase was able to excise the double-terminator

from the tsP operon (Figure 4.33, lane 12). That the recombinase was still func-5255

tional despite the L359P and L468H mutations was further confirmation that nei-

ther on their own are able to fully suppress ΦC31 activity. As an aside: it was later

found that there was a G-to-A transition within tsP, R92H(CaT)119, that may have

caused a loss-of-function in the chromoprotein, hence the lack of pigmentation in

#3.1 from the proxy reporter (Figure 4.32aiii), despite the positive confirmation of5260

the recombinase activity. As it was, these results meant that L468H (and likely

L359, if recoded to histidine) would be insufficient – on their own, and in this case,

as a double mutation – to inhibit the ΦC31 recombinase and, therefore, would not

be suitable for demonstrating the histidine-to-leucine reassignment capabilities of

the OCI approach.5265

In terms of the φc31.H142L_L143H mutations, the early colony PCR screen

found that the recombinase in #4.6 was able to excise the double-terminator, thus

233



CHAPTER 4. GTS: EXPLORING TOLERABLE ALTERNATIVE CODES

had still retained functional activity (Figure 4.33, lane 9). As such, this sample

was not taken forward for sequence verification. Sample #4.1, on the other hand,

whilst arguably displayed very faint chromoprotein expression in its proxy reporter5270

upon being transformed into DH5α_Z1 (Figure 4.32aiii), did not display any ex-

cision activity from its upstream recombinase component (lane 8 and 3), nor was

the enzyme active when induced with aTc (lane 13). Sequencing confirmed that

both the reversion of the internal stop codons and the recoding of the double H142L

and L143H residues were correctly incorporated into the recombinase. However,5275

besides the likely innocuous L359P substitution carried through from an earlier as-

sembly, a new W349R mutation was also introduced (Table 4.3); other attempts

failed to attain a fully correct sequence (with #4.3, #4.7; data not shown). It was,

therefore, possible that the lack of recombinase activity could be attributed to either

this mutation, or a combination of W349R, H142L, and L143H. Besides noting its5280

placement in an alpha helix, it was difficult to ascertain the extent of the effect of

W349R on ΦC31 function; it would be necessary to correct this point mutation

before checking again for recombinase (and downstream TinselPurple) activity.

The candidates for the φc31.H61L recoding was similarly correctly recoded,

but also additionally confounded by off-target mutations. In the case of sample #5.3,5285

candidate residue H61L was properly recoded, the nonsense stop codons corrected,

but in addition to the L359P that was carried through, there was a further S360P

mutation. Regardless, no drop-out of the double-terminator was observed in the se-

quencing trace, nor presence of the chromoprotein in the agar plate. That said, given

that this latter mutation had not been characterised before, it was unclear whether5290

it also contributed to the lack of functionality seen in the recombinase. As a coun-

terpoint, S360P is adjacent to L359P in an area of no known secondary structure,

and as the latter had limited effect on recombinase function, the consequence of the

S360P mutation may not be as significant either. It should be noted, however, that

sequencing revealed a nucleotide point deletion at V(gTG)119 in tsP, which would5295

likely cause a frameshift and non-expression of the chromoprotein. Consequently,

it is likely there were two issues with the #5.3 φc31.H61L sample: some combi-
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nation of mutations in ΦC31 rendered the recombinase non-functional, resulting

in retention of the double-terminator; a frameshift deletion in tsP prevented any

further indication of leaky expression from the chromoprotein proxy reporter. Un-5300

fortunately, the other φc31.H61L sample #5.4 proved to be a mis-assembly, lacking

the majority of the recombinase (data not shown). A screening of additional sam-

ples from the stock plate also failed to find a correct assembly for both recombinase

and tsP genes: #5.2 and #5.8 had different point mutations in the chromoprotein;

#5.5 was confirmed to have fully lost the double-terminator but an otherwise intact5305

Excision circuit, hence the strong pink-purple expression (data not shown).
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Figure 4.34: ΦC31 variants with candidate inactivating point mutation(s)

The final OCI-GTS experiments, combining both the engineered OCI tRNAs and the GTS Inversion-
sfGFP, were subsequently focused to the recoded H61L and H142L_L143H sites (in the blue boxes,
indicated by the red arrows) within the ΦC31 recombinase. The intention was that should there
be success in reassigning these minimal recoding targets, it would be possible to next characterise
reassignment in the many multi-site histidine-leucine recoded variants that were initially created (see
Table 4.2).

The conclusion from the analysis of the recoded ΦC31 variants from the

Excision-tsPurple constructs, therefore, was that whilst the expected targets for min-

imal ΦC31 recodings were achieved individually (H61L, H142L_L143H, L468H),

the Excision-tsPurple was not reliable enough in its current state to be used as a5310

clear indicator for sense-to-sense codon reassignment.

Be that as it may, it was still possible to make use of the recodings by sub-

cloning the relevant portions into the earlier Inversion-sfGFP constructs. The fi-

nal row in Table 4.3 indicated the primers used to successfully implement these
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transfers, with the resulting key minimal recodings for consideration summarised5315

in Figure 4.34.

Having finally established a viable GTS circuit, as well as finding sites within

the new OCI ΦC31 recombinase reporter for assessing histidine-leucine reassign-

ment, it was now possible to co-transform these plasmids with the anticodon-

modified tRNAs to test the codon reassignments (Figure 4.35).5320

Permanent non-toxic response

Plasmid 2

Transient toxic signal

Plasmid 1

Figure 4.35: A schematic of the combined OCI-GTS system for characterising sense-to-
sense codon reassignment

The GTS plasmid (to the right of the blue vertical line) was co-transformed with a minimal
anticodon-modified tRNA plasmid (to the left of the blue vertical line) to assess the feasibility of
implementing histidine-leucine reassignment. The ΦC31 recombinase forms an overlap of the OCI
(dotted golden box) and GTS (dotted maroon box) systems, as it is the recoded reporter target of the
alternatively-coding tRNAs from the former system, but also forms the integral part to the Inversion-
sfGFP circuit; it is the crux to flip from the transient signal of the engineered tRNAs to the permanent
response of the naturally-coded sfGFP proxy secondary reporter.

4.2.7 Combining the OCI and GTS systems together

With the anticodon-modified tRNAs from Section 3.2.1 and the set of inactive re-

combinase reporter variants from Section 4.2.6, I now possessed all the key ele-

ments for testing the full OCI-GTS system together.

Yet there still remained a few issues to resolve before the full circuit could be5325

characterised. As the original designs for both OCI and GTS circuits were based

on the same ColE1 family plasmids, it would not be possible to co-transform the

two without encountering incompatibility/stability issues. The original intention

had been to subclone the 400 bp engineered tRNA transcription unit from the OCI

plasmid into the GTS Inversion-sfGFP plasmid, thereby removing the need to co-5330

transform altogether. However, having encountered the number of cloning issues

with establishing the GTS circuit, it seemed more prudent to modify the plasmid

bearing the engineered tRNAs to make the two plasmids compatible instead.

With the Inversion-sfGFP plasmid, the key features of note here were the use of
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the ColE1 origin of replication and the ampicillin resistance marker. The same fea-5335

tures existed in the engineered tRNA plasmid, alongside the CAT gene that was the

original associated OCI reporter. Hence, the key element that needed to be changed

was the origin of replication for the tRNA plasmid. As it was, there had been early

research within the Pinheiro group by Eleftheria Stamou and Ana Riesco to mu-

tate the diversifying loop regions within the ColE1 element to create new viable5340

origins that were compatible with the wild-type (research subsequently published

in Chaillou et al., 2022). From the initial mutational studies of the RNAI region

of ColEI, a sequence termed the “alpha” ori had been identified that appeared to

be orthogonal to the wild-type. As such, primers YKH339/YKH340 were used to

PCR amplify out the original ColE1 ori, and the alpha ori was inserted (via SapI5345

restriction cloning) in place of it.

In terms of the AmpR selection marker within both the Inversion-sfGFP and

the tRNA plasmids: whilst there are benefits of both plasmids maintaining the same

marker (i.e. only needing to select with ampicillin for both plasmids), if removed

from the tRNA plasmid (leaving only the CamR marker), this could be a strategy5350

for verifying that both plasmids had been retained within the host. That is, when

the two plasmids are co-transformed, if there the host becomes sensitive to chlo-

ramphenicol, then it would suggest that the tRNA plasmid had been lost (such as

if alpha truly was incompatible with the wild-type ColE1 from the GTS plasmid).

Likewise, a loss of ampicillin resistance would suggest that the Inversion-sfGFP5355

plasmid had been lost. Thus, subsequent to the replacement of the origin of repli-

cation, primers YKH231/YKH284 were used to amplify out the bla gene and the

resulting fragment was blunt ligated together.

Having made these changes to the tRNA construct, the resulting 3,436 bp plas-

mid was co-transformed with the Inversion-sfGFP plasmid into DH10β E. coli5360

strains, with no indication that there was a loss of either plasmids on carbeni-

cillin/ampicillin and chloramphenicol selection media (data not shown).
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4.2.8 Analysis of the combined OCI and GTS system for detect-

ing the signal of histidine-leucine reassignment using flow

cytometry5365

Whilst it was possible to observe a slight increase in fluorescence between exper-

imental and control conditions of the strains containing both portions of the OCI

and GTS Inversion-sfGFP construct, it was difficult to quantify these differences.

As such, flow cytometry was used to statistically quantify the level of fluorescence

emitted from the cells across a range of conditions.5370

To set up the baseline measurements, a positive control condition was es-

tablished with a DH10β strain that contains only the Inversion-sfGFP construct,

with a functional and active ΦC31 recombinase, that had already been irreversibly

switched to its “on” state (i.e. constructively expressing the proxy sfGFP; Fig-

ure 4.36, “POS” on the top row, far right). A negative control was established using5375

an inactive variant of the GTS construct (φc31.H53L) that was coupled not to sfGFP

but to a non-fluorescent ThyA reporter (Figure 4.36, “NEG” on the top row, second

from the right). As the two populations are distinctly different, a gate was set-up

between the two, at 103 fluorescence intensity of GFP (BL1-H): a point which was

sufficient in grouping 99.01% of the cells as non-fluorescing, and 97.35% of the5380

cells as being fluorescent. Note for each run, two technical replicates of each con-

dition was performed, each of which processed 10,000 cell samples. The results

shown are an average of the replicates.

Having set up a threshold for delineating between fluorescent and non-

fluorescent cells, the cell populations for the different codon reassignment assay5385

conditions could be measured. The three conditions characterised were: D6, the

DH10β strain bearing only the GTS φc31.H53L construct with the sfGFP proxy re-

porter; D7, the DH10β strain bearing both the GTS φc31.H53L construct with the

sfGFP proxy reporter, and the histidine-leucine reassigning tRNAs plasmid, in the

absence of any inducers; D8, the DH10β strain bearing both the GTS φc31.H53L5390

construct with the sfGFP proxy reporter, and the histidine-leucine reassigning tR-

NAs plasmid, but which had been cultured with 20 ng/mL aTc (Figure 4.36, bot-
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tom row, left to right). For sample D6, 81.05% were within the fluorescent gate (vs

18.95% in non-fluorescent), but median intensity measurement was at 1,945.0; sam-

ple D7, 34.88% were within the fluorescence range (vs 65.12% non-fluorescent),5395

with median intensity at 769.0; sample D8, showed 84.92% as fluorescent (vs

15.08% non-fluorescent), with median intensity at 2,482.5. For comparison, the

median intensity for the negative control was at 103.0, whilst the positive control

was 18,931.5.

The differences between the different conditions are more clearly depicted in5400

the left two sub-figures on the top row of Figure 4.36. The sub-figure on the far left

shows the following conditions with increasing fluorescent intensity: negative con-

trol (grey, median at 103.0), sample D6 (baseline test condition; light blue, median

at 1,945.0), and the positive control (green, median at 18,931.5). This suggests that

the GTS construct, in the absence of the engineered tRNAs for implementing sense-5405

to-sense codon reassignment has a background level of fluorescence, likely owing

to the presence of the sfGFP construct. The sub-figure that is second from the left

shows the relevant conditions with the addition of the histidine-leucine reassigning

tRNAs, and without (dark blue) and with (red) the aTc inducer. From this figure, it

appears that the addition of the tRNA plasmid reduces the overall fluorescent inten-5410

sity of the cell population, shifting the peak lower, with a median intensity of 769.0

– 40% lower than in the condition without the engineered tRNAs. The addition of

both synthetic tRNAs and the inducer, however, causes an overall increase in fluo-

rescent intensity of the population. The distribution of the population shifts higher,

albeit only at a point only slightly greater than that of the baseline D7 population,5415

but the median level of fluorescent intensity is over three times higher (328%, me-

dian at 2,482.5) than that of the uninduced condition. The increase in fluorescence

suggests that the histidine-leucine tRNAs were able to be transcribed at a suffi-

cient level to correctly reassign the φc31.H53L construct, which in turn was able

to irreversibly invert the Genetic Toggle Switch to allow expression of the proxy5420

sfGFP reporter. Whilst on the whole, the population of the reassignment test condi-

tion (D7) did not appear to have significantly greater fluorescent intensity over the
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baseline condition (D6), it was clear that the addition of the co-transformed tRNA

plasmid and the inducer did make a tangible difference that could be considered

confirmation that codon reassignment – albeit likely just leucine-to-histidine reas-5425

signment – is possible and quantifiable with the OCI-GTS system developed. As

such, it could be a fesaible platform with which to develop and characterise other

sense-to-sense codon reassignment rule sets within an otherwise naturally-coded

organism.

4.3 Conclusion to GTS5430

The two aims of this chapter was to develop a system that would allow the transient

expression of the toxic anticodon-modified tRNAs within a naturally-coded organ-

ism that could output a permanent non-toxic response, and to find an alternative OCI

recoded reporter that would be able to demonstrate the reverse histidine-to-leucine

reassignment. Of these, I was able to create a process – GTS system – with a li-5435

brary of alternative recoded ΦC31 recombinase reporters that could be adapted for

use in characterising a range of sense-to-sense codon reassignments. With ΦC31,

I demonstrated again the leucine-to-histidine reassignment, and whilst a range of

leucine residues were identified that could be recoded for use in implementing the

reverse reassignment, I was not able to create a viable, recoded recombinase for this5440

characterisation in the timeframe of the project.

In terms of the GTS system, there were two switch circuits that were designed

and which showed potential for establishing a downstream naturally-coded proxy

reporter of reassignment: the Inversion and the Excision circuit. Two variants of

the Inversion circuit were assessed, one that used KanR as the secondary reporter,5445

and the other that used sfGFP. Whilst KanR was initially selected as a complement

of sorts to the OCI CAT reporter (and also as it potential to be another OCI recoded

reporter too with its two adjacent residues L131_H132), the operon itself proved

too leaky to be a feasibly proxy reporter. In hindsight, it may be better in general

not to use antibiotic resistance markers as primary recoded or as secondary proxy5450

reporters altogether. The reason being that (even if construction of the recoded
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reporter proved facile and stringent) it would be difficult to implement a change

in selection media during transient expression of the anticodon-modified tRNAs.

Instead, a fluorescent or chromogenic protein (such as sfGFP, mCherry, tsPurple

per the subsequent GTS designs) that is not dependent on a specific substrate would5455

make it easier to detect when reassignment has occured.

Whilst the final GTS system followed the route of the Inversion-sfGFP design,

it is likely that the Excision-tsPurple would have also been a feasible method for

demonstrating reassignment. The primary limitation in its current form (other than

issues with plasmid construction) is again in the leaky basal expression. That said,5460

as it was, the Inversion-sfGFP also turned out to be less stringent than previously

observed. Regardless, had there been more time, it is likely that the various ap-

proaches applied to increase its stringency would have been able to achieve a level

that had a sufficient signal-to-noise ratio. Likewise, if a quick, visual output was not

directly required, carrying out a colony PCR on the culture after the reassignment5465

had been induced would likely have served as a suitable strategy for detecting reas-

signment; especially as preliminary tests of this approach was able to demonstrate

a clear output of excision activity.

Finally, in terms of using flow cytometry for characterising the proxy sfGFP

signal for reassignment: this appeared to be a relatively quick and quantitative5470

method for measuring the efficiency of the full OCI-GTS system. Whilst the time

constraints of the project meant that the approach was not optimised further, nor

was I able to test other ΦC31 recoded constructs. Nevertheless, the preliminary

results showed promise that the Inversion-sfGFP circuit was a viable approach for

characterising sense-to-sense codon reassignment not only single/minimal recoding5475

variants but also the many multi-site recoded recombinases created. It is with hope

that the key elements for characterising these histidine-leucine recoded reporters are

already established, and would require only a final few co-transformations and flow

cytometry analyses to demonstrate definitively that the complete histidine-leucine

reassignment can be attained.5480

241



C
H

A
PT

E
R

4.
G

T
S:E

X
PL

O
R

IN
G

TO
L

E
R

A
B

L
E

A
LT

E
R

N
A

T
IV

E
C

O
D

E
S

NEG: bearing only the GTS φc31.H53L construct 
with ThyA reporter (i.e. no sfGFP expression)

POS: bearing only the GTS φc31.H53L construct 
with sfGFP proxy reporter (constitutively on)

Combined overlay of: NEG, D6, POS Combined overlay of: D7, D6, D8

GFP fluorescence intensity, log10 (BL1-H)GFP fluorescence intensity, log10 (BL1-H) GFP fluorescence intensity, log10 (BL1-H)GFP fluorescence intensity, log10 (BL1-H)

D6: bearing only the GTS φc31.H53L construct 
with sfGFP proxy reporter; no OCI tRNAs; 

without aTc 20 ng/mL

D8: bearing both the GTS φc31.H53L construct 
with sfGFP proxy reporter and the OCI histidine-

leucine reassigning tRNAs; with aTc 20 ng/mL

D7: bearing both the GTS φc31.H53L construct 
with sfGFP proxy reporter and the OCI histidine-
leucine reassigning tRNAs; without aTc 20 ng/mL

GFP fluorescence intensity, log10 (BL1-H)GFP fluorescence intensity, log10 (BL1-H) GFP fluorescence intensity, log10 (BL1-H)

(a) (b) (c) (d)

(e) (f) (g)

Figure 4.36: Flow cytometry of the combined OCI-GTS system, characterised using the Inversion-sfGFP circuit with recoded recombinase ΦC31.H53L

Top row, left to right: (a) histogram overlay of the control conditions, with grey showing the negative control (no fluorescence), red showing the positive control
(constitutively expressing sfGFP), and light blue showing the baseline test condition (D6) with E. coli DH10β strain bearing only the GTS φc31.H53L construct with
the sfGFP proxy reporter; (b) the same D6 sample condition is shown again in light blue, whilst the D7 sample condition shows the DH10β strain bearing both the
GTS φc31.H53L construct with the sfGFP proxy reporter, and the histidine-leucine reassigning tRNAs plasmid, but in the absence of any inducers, and the D8 sample
is as D7 but with the addition of 20 ng/mL aTc; (c) the negative control; (d) the positive control. Bottom row, left to right shows the test conditions: (e) D6, (f) D7,
(g) D8, and how the population falls across the non-fluorescence/fluorescence threshold.
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Chapter 5

Final Discussions and Conclusions

5.1 General Discussions on the Research Outputs

The aim of this thesis was to investigate genetic code plasticity – specifically the

feasibility of implementing sense-to-sense codon reassignment in vivo – through the5485

development of genetic circuits that can function under both synthetic and natural

coding systems. Demonstrating that it is possible to change these fundamental rules

of the quasi-universal genetic code provides unequivocal evidence that the basic

molecular biology translational machinery is remarkably mutable, and yet remains a

field of research that is under-explored. Regardless, the implications of this research5490

has potential for use in designing alternative coding systems, with direct benefits as

an additional strategy for semantic biocontainment when engineering biology, such

as in the development of orthogonal genetically modified or recoded organisms and

production of any downstream synthetic protein products (Torres et al., 2016).

In terms of the achieved outcomes of this project, I was able to create a func-5495

tional platform for validating sense-to-sense codon reassignment in the E. coli sys-

tem and establish a set of heterologously-expressed recoded reporters to verify that

the uni-directional leucine-to-histidine reassignment could be realised without se-

vere adverse effects on an otherwise naturally-coded host organism. The establish-

ment of the reassignment system was a two-part process: one, in creating engi-5500

neered anticodon-modified tRNAs (tRNAHis
AAG and tRNALeu

AUG) that could decode or-

phan sense codons (Leu(CUU) and His(CAU) respectively) yet still be aminoacylated
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by native aminoacyl-tRNA synthetases within E. coli; two, in identifying visual

or measurable reporter constructs that could be recoded (synonymously and non-

synonymously) to be non-functional under the natural code, but could be rescued5505

upon application of the synthetic, codon-reassigning tRNAs. This process was de-

tailed in Chapter 3 when establishing what is known as the Orphan Codon Invasion

(OCI) system.

Whilst a number of recoded reporters were created, successful codon reassign-

ment was detected in only the CAT antibiotic resistance marker and ΦC31 recom-5510

binase library variants (as shown in Chapter 3 and Chapter 4 respectively). No-

tably, only leucine-to-histidine reassignment could be determined with these con-

structs: i.e. rescuing heterologously-expressed reporter sequences that were ren-

dered non-functional by having key histidine codon sites initially recoded to the

orphan leucine codon, Leu(CUU). Moreover, I was able to demonstrate that the5515

engineered tRNAHis
AAG was both necessary and sufficient for reassigning (leucine-to-

histidine) and recovering the activity of the recoded cat.H193L reporter.

By contrast, I was not able to show the reverse histidine-to-leucine reassign-

ment. In spite of having identified various candidate leucine residues that were po-

tentially critical to activity in the recombinase reporter (and to the signal sequences5520

of two periplasmic systems that were selected for recoding but proved difficult to

construct), and which when recoded to histidine orphan His(CAU) should have given

the necessary reporters for assessing the reverse reassignment. I hypothesised that

the reason this sense-to-sense codon reassignment could not be achieved (at least

not in the timeframe of the research) was due to issues with my synthetic tRNA5525

designs. This was perhaps in part due to an incomplete understanding of both

the tRNA sequence-structure of the native EcotRNALeu
GAG (leuU) and EcotRNAHis

GUG

(hisR) from which the anticodon-modified tRNA was based upon, and on the un-

known interactions between the engineered tRNALeu
AUG isoacceptor with the native

EcoLeuRS, rather than not finding the crucial residues for inactivating the recoded5530

reporters prior to reassignment.

However, it was only through a deeper review of the literature on tRNA biol-
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ogy, when troubleshooting the histidine-to-leucine reassignment issues, that it be-

came apparent the problem likely resided in codon-anticodon interactions. More

specifically, the absence of leucine incorporation into orphan codon His(CAU) could5535

actually be due to the effects – or lack thereof – of tRNA post-translational modifi-

cations on the engineered tRNALeu
AUG. The initial hypothesis was that modifying the

tRNA anticodons to have full Watson-Crick complementarity to the orphan codons

would be sufficient to compete with the native tRNAs for codon invasion, particu-

larly as the key determinants for the selected tRNAs did not rely (heavily) on the5540

anticodon: for EcotRNAHis
GUG, for example, the major recognition element was at the

opposite end of the tRNA structure, at position G-1 (Arnez et al., 1995). As such, I

overlooked the potential effects of post-translational modifications (see Figure 3.7).

In fact, it appears that queuosine (Q), a hyper-modified guanosine nucleoside –

found specifically at the anticodon wobble (position 34) – in tRNAs with GUN an-5545

ticodons (i.e. Tyr, His, Asn, Asp; Harada and Nishimura, 1972) is conserved in

near uniformity across all species (with the exceptions of yeast, T. thermophilus,

and the archaeal bacteria). As such, the introduction of an adenosine at the wobble

base in the engineered tRNALeu
AUG, to try make it complementary to the orphan codon

His(CAU), would never have been converted to the near-universally conserved queu-5550

osine. Whilst it is not clear the role of queuosine on tRNA interactions, it has been

associated with stabilisation of the anticodon loop structure. More importantly, it

appears that when the wobble position is unmodified, the tRNAs have a stronger

preference for the Watson-Crick NAC codon, whereas a queuosine-modified tRNA

may bias more towards the wobble NAU codon (Morris and Elliott, 2001; Meier5555

et al., 1985). Given the lack of leucine incorporation at the orphan histidine codons

designed into the recoded reporters, it would imply that the absence of the queu-

osine modification negated the potential benefit of the anticodon-modified tRNAs

having full Watson-Crick anticodon complementarity to the target codons.

In eubacteria, like E. coli, the queuosine modification for EcotRNAHis
GUG is pro-5560

duced de novo via a multi-step enzymatic synthesis pathway. Starting with GTP,

the queuosine precursor modification is produced, before being transferred to the

245



CHAPTER 5. FINAL DISCUSSIONS AND CONCLUSIONS

wobble base of the tRNA by tRNA-guanine transglycosylase (TGT), where it is

converted to queuosine-tRNA by QueA and QueG (Winther et al., 2021; Morris

and Elliott, 2001; Iwata-Reuyl, 2003). As post-translational modifications can be5565

produced de novo in E. coli, a revised hypothesis for future work in implementing

the histidine-to-leucine reassignment could be that the anticodon-modified tRNA

should have Watson-Crick complementarity at positions 35 and 36 of the anticodon,

but the base at position 34 should remain as guanine such that it has the potential to

be decorated with a queuosine modification. Whilst leaving the wobble position as5570

guanosine provides the opportunity for it to be modified to queuosine, it also leaves

the anticodon as a wobble base-pair. In fact, doing so means that the anticodon of

the revised engineered tRNA (i.e. of tRNALeu
GUG in this case, rather than the original

tRNALeu
AUG synthetic design) is exactly the same as the native EcotRNAHis

GUG isoac-

ceptor. If all else being equal, and we account for only codon-anticodon sequence5575

complementarity, the revised anticodon-modified tRNA should theoretically be no

better or worse than the native tRNAHis for invading the orphan codon target.

Assuming the revised tRNA design for histidine-to-leucine reassignment can

be established, the presumably equal level of native and synthetic tRNA on reas-

signing the heterologously-expressed recoded reporters may not be at a sufficient5580

yield as to be easily detected, especially not in that of a naturally-coded host organ-

ism. For essential proteins, like ThyA (as per Döring and Marlière, 1998) or CAT

expression in the presence of chloramphenicol (this work, Chapter 3), the selective

environment could necessitate the retention of both the indispensable exogenously-

expressed genes-phenotypes and the alternatively-coding tRNAs. There may even5585

be cause to overexpress the anticodon-modified tRNAs to match the required need,

despite the penalties it may incur to the host, e.g. cellular toxicity from excessive

mis-translation of genomic/endogenous genes. However, the signal of reassignment

may not be suitably sufficient. The overexpression of both synthetic tRNAs and re-

coded reporters could reduce host viability to a level where reassignment of the5590

reporters is indistinguishable from a low yield expression and poorly-growing cell.

Spontaneous mutations in the host may revert or lose the alternatively-coded trans-
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lation components. There may be need to use a reporter protein that does not, or

can not, demand an excess of the host’s resources to adequately display reassign-

ment. The resulting Genetic Toggle Switch (GTS) system (Chapter 4) was created5595

to address these issues.

The GTS circuits permitted a method with which to transmit a transient signal

of the alternative genetic code (as set up by the anticodon-modified tRNAs and the

recoded reporters), whilst permitting expression and amplification of a permanent

non-toxic response (via a secondary, naturally-coded proxy reporter). Using the5600

serine recombinase ΦC31 as the switch to go from the dual synthetic and natural

genetic codes, to just continuing with a proxy naturally-coded reporter, proved an

effective system to demonstrate reassignment in a sustainable manner. After an

extended period of troubleshooting, two visual and viable genetic switch systems

were developed: an Inversion-sfGFP circuit and an Excision-tsPurple construct,5605

with ΦC31 acting as the irreversible OCI recoded reporter upon detection of sense-

to-sense codon reassignment.

While a number of key leucine and histidine residues were identified in the

N-terminal catalytic domain of ΦC31 as potentially inactivating sites of interest

for testing histidine-leucine reassignment, a significant amount of time was given5610

over to creating and verifying the creation of this library of histidine-leucine re-

coded variants. As a result of this manually-intensive process, only three of the

Inversion-sfGFP recombinase switch constructs were ready for testing with the full

OCI-GTS system (i.e. with the anticodon-modified tRNAs): (i) φc31.H61L, (ii)

φc31.H142L_L143H, and (iii) φc31.L468H. However, from literature reviews and5615

earlier characterisation assays, it was known that φc31.L468H on its own was not

sufficient to inactivate the recombinase, thus would not be a valid test for histidine-

to-leucine.

Similarly, whilst it was the promising variant to demonstrate the bi-directional

histidine-leucine reassignment, φc31.H142L_L143H was also flawed: like5620

φc31.L468H, the H142L mutation was reported to only have a weakly inactivating

effect on recombinase activity, which meant that this variant would effectively be
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demonstrating histidine-to-leucine reassignment. This, in and of itself, was still

of some value as there had not yet been a recoded reporter that had demonstrated

this reverse reassignment. Although a couple attempts were made in expressing5625

this construct alongside the anticodon-modified tRNAs, each effort failed to yield

positive results. Given the earlier discussions on the likely need for the queuo-

sine modification in the native EcotRNA hisR with native anticodon 5’-GUG-3’

(tRNAHis
GUG), it is possible that this was also the crux of the problem with not be-

ing able to show the histidine-to-leucine reassignment. In a final attempt to show5630

multiple directional assignments for sense-to-sense codon reassignment, I also en-

deavoured to replicate the isoleucine-to-cysteine ThyA experiments by Döring and

Marlière (1998), but was unable to complete this within the timeframe of the thesis.

In the end, φc31.H61L was the only GTS construct that could be paired with

the OCI anticodon-modified tRNAs in the full OCI-GTS system for characterising5635

sense-to-sense codon reassignment and its effect on host viability. The benefits of

being able to test this recombinase reporter in the combined system was that it was

possible to use flow cytometry to replicate and quantify the number of cells that

had: (i) only the φc31.H61L construct (with none of the alternatively-coding tR-

NAs); (ii) φc31.H61L and the engineered tRNAs (although strictly-speaking only5640

the tRNAHis
AAG variant was required), and with no aTc induction; (iii) as per the sec-

ond condition but with the addition of aTc with which to transcribe the tRNAs and

allow expression of the recombinase. A limitation, as noted, was that this exper-

iment required only the leucine-to-histidine reassigning tRNA isoaccepter, which

meant that it was again only showing a uni-directional mode of sense-to-sense5645

codon reassignment. It was, however, demonstrating the robustness of the leucine-

to-histidine reassigment strategy as it was using the same engineered reassignment

tRNAs but with a different recoded reporter (CAT antibiotic resistance vs ΦC31 re-

combinase), and a different analysis method (plate-based assay vs flow cytometry).

Recall that in the cat.H193L reassignment assay (Figure 3.23), the presence5650

of the leucine-to-histidine tRNAHis
AAG isoacceptor alone was both necessary and suf-

ficient to rescue the E. coli bearing both the recoded reporter and the engineered
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tRNA. Note that the growth of this strain on the agar plate containing chlorampheni-

col was much reduced compared to the equivalent strains containing a fully-active

cat.H193H variant, and that the negative control cat.H193L in the presence of the5655

histidine-to-leucine isoacceptors (tRNALeu
AUG) correctly failed to grow at all. This

assay was very much a qualitative characterisation, and relied on an extended pe-

riod of time (i.e. days) to confirm the lack of growth in the negative control. In the

meantime, each condition was subject to the constant selective pressure to retain a

functional copy of both the cat gene and the engineered tRNAs.5660

By comparison, the φc31.H61L flow cytometry assays were expressed over an

afternoon and quantified within an hour. Given the design of the OCI-GTS system,

there was minimal selective pressure to continue transcribing the synthetic tRNAs

once the recombinase switch had been triggered. A limitation, however, was that

the proxy sfGFP signal for reassignment may not have been given sufficient time to5665

mature prior to analysis on the flow cytometer, and as such may not be as compara-

ble to assess the effect on cell viability over a longer time period. This interpretation

could arguably be observed in the flow cytometry results (n = 2 technical replicates;

Figure 4.36): with an average of 84.92% of the test condition (φc31.H61L, with

tRNAHis
AAG, and 20 ng/mL aTc) displaying the proxy sfGFP expression, compared5670

to 81.05% of the cells showing background sfGFP fluorescence in the condition

that contained only the Inversion-sfGFP φc31.H61L GTS circuit. It was noticeable,

however, that the test condition displayed significantly more sfGFP expression over

the condition that had both parts of the OCI-GTS system but lacked the inducer

(only 34.88% sfGFP fluorescence detected). Note also that the negative control5675

displayed 0.99% fluorescence, whilst the positive control was measured at 97.35%

sfGFP expression. Had there been more time to repeat this experiment, I would

have induced expression of the circuits for a range of time periods to see whether

is an an optimal condition to detect a greater difference in the proxy fluorescence

signal.5680

Nevertheless, even though it was not possible to characterise histidine-to-

leucine reassignment during the course of this research, and the assays for testing
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leucine-to-histidine reassignment whilst positive were only preliminary results, the

output of having created the OCI-GTS system means that there is a functional work-

flow and platform with which to create and characterise transient sense-to-sense5685

codon reassignment experiments.

5.2 Limitations of the Research

As with every project, there are bounds as to what is within scope and what is fea-

sible in the timeframe and resources available at the time. In terms of the GTS half

of my research, one of the initial limitations was in the lack of available data on5690

the full ΦC31 crystal structure. This meant that the search space for identifying

critical histidine and leucine residues was restricted to the N-terminal catalytic do-

main of the recombinase. As this region is a key component for protein activity,

the lack of data for the rest of the structure was not a severe limitation, but it would

have been useful to be able to explore all histidine and leucine residues across the5695

entire protein, particularly as there were less histidine residues available for mod-

elling site-directed mutagenesis compared to leucines. Recent advancements with

AlphaFold could have made it easier to predict the structure of from the sequence

of the missing domains. Moreover, with regards to using PyMOL to estimate inter-

molecular clashes: whilst the mutagenesis modelling gave a general overview of the5700

potential impact of a given mutation, the model is only able to show a limited view

of the “true” impact of the mutations on the overall stability of the protein. This

meant that it would have still been necessary to experimentally validate the muta-

tions, which could easily have been an entire project in itself. That said, had it been

possible to cheaply and rapidly automate the synthesis of the different mutagenesis5705

combinations, a larger combination of recoded histidines and leucines could have

been generated for testing the extent of codon reassignment and re-gain-of-function

of the recombinase. Had I been able to generate a larger library of multi-site re-

coded reporters, it may have been possible to find a variant that could be used to

demonstrate the full bi-directional histidine-leucine reassignment.5710

With hindsight, narrowing down the possible amino acids and their associated
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tRNAs to the ones that did not use the anticodon as a major identity element was

beneficial in reducing the search space of which codons to reassign, however, given

that Döring and Marlière (1998) was able to demonstrate isoleucine-to-cysteine and

methionine-to-cysteine (amino acids that have translational machinery that are more5715

particular about anticodon recognition), there may have been scope to focus on other

tRNA isoacceptors with more obscure orphan codons. Whether doing so would

have required using more essential genes for the recoded reporters is less clear.

Regardless, one clear lesson learned from my research is that more care must be

taken to understand the tRNAs that are used to model the anticodon modifications,5720

as it is not as simple as just changing the anticodons. Hence, more time should be

spent confirming that synthetic tRNAs can be aminoacylated (be it with a native

synthetase, or co-evolved with an engineered variant), can sufficiently bind with

(orphan) codons, and is compatible in general with all other translation machinery.

5.3 Overall Impact and Potential for Future Work5725

Ultimately, the GTS and OCI-GTS system was in and of itself a workaround as

whole genome recoding to remove the impact of cross-talk between natural and

synthetic genetic codes was not feasible at the time this research was carried out.

As of yet, large-scale genome recoding is still limited to select research groups (such

as the Chin and Church groups). Until such a time as to this technology becoming5730

more readily accessible, feasible, and replicable, the OCI-GTS platform developed

in this research should be a sufficient tool for researchers who are interested in

exploring possible other sense-to-sense codon reassignment combinations. With a

bit more refinement of the optimal transcription times of the anticodon-modified

tRNAs and the window of expression time needed to see a significant shift in the5735

proxy Inversion-sfGFP reporter signal from the GTS recombinase construct, the

system could conceivably be used to test any number of amino acid reassignment

pairs.

Beyond looking at just tRNA pairings, the GTS developed could also be used

to better understand basic tRNA/aaRS (tRNA/aaRS) biology – much in the same5740
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Figure 5.1: Proposed wholesale recoding of the E. coli to accept an alternative histidine-
leucine genetic code

From the natural genetic code (far left box), to the alternative genetic code with the proposed
histidine-leucine admix natural-synthetic code (second from left box; this work), to the proposed
steps in the future for a for fully histidine-leucine synthetic genetic code (right two boxes).
Reproduction of Figure 4.1.

way as my original knock-out/rescue strategy. In a similar vein, it could be possible

to use the switch to test orthogonal tRNA/aaRS pairings also, be it with translation

components within a species or between different species. The natural extension

of gaining a better understanding of how different tRNAs and synthetases inter-

act between species could open up further opportunities to develop novel semantic5745

biocontainment systems that are specific to a given species. At this point in time,

biocontainment strategies are still in relatively early stages of development, and

as such, the safest way to limit genetic escape is to use a number of overlapping

strategies (genetic, semantic, auxotrophic, kill switches, etc.). However, there is

hope that the research presented in this thesis will be of value as advances are made5750

in the development of novel and orthogonal genetically recoded organisms of the

future.
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Oligonucleotides, Sequences, and

Plasmid Maps5755

A.1 Key genetic constructs
Background information, rationale for the methods, and description of specific key

genetic constructs created and used within this body of work is as follows. A sum-

mary of the key constructs have previously been listed in Section 2.1.3.

A.1.1 E. coli and T. thermophilus leucyl-tRNA synthetase5760

DNA and amino acid sequences for EcoLeuRS (leuS; 2,580 bp, 860 AA, 97 kDa)

were obtained from NCBI (E. coli strain K-12 sub-strain MG1655 NC_000913.3,

locus tag b0642 [FASTA]). Genomic DNA extraction was performed on an in-

house E. coli K-12 strain using the Monarch Genomic DNA Purification Kit (NEB

#T3010), and primers YKH007/YKH008 were used to PCR amplify the leuS se-5765

quence. These primers also added an NdeI and HindIII respectively to each end

of the sequence. The amplified product was purified and subcloned into [P003]

pET29a(+) (4,852 bp) via NdeI/HindIII restriction cloning into the MCS, whilst

simultaneously removing the upstream thrombin and S-tag sequences.

The gene sequence for TthLeuRS (2,634 bp, 878 AA, 101 kDa) was also ob-5770

tained from NCBI (T. thermophilus (Tth) NC_006461.1, locus tag TTH_RS00845

[FASTA]) was similarly obtained by post-doctoral researcher Dr. Antje Krüger

through genomic DNA extraction and subcloning into a modified pET29a(+) vec-
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tor.

Both EcoLeuRS and TthLeuRS were used in the earlier strategy to implement5775

a genomic knock-out and subsequent rescue with heterologous expression of the

synthetases and tRNAs from plasmids.

A.1.2 E. coli histidyl-tRNA synthetase

DNA and amino acid sequences for EcoHisRS (hisS) were obtained from NCBI

(E. coli strain K-12 sub-strain MG1655 NC_000913.3, locus tag b2514 [FASTA]).5780

Designs were made using this sequence in the earlier knock-out/rescue strategy for

sense-to-sense codon reassignment but this approach was subsequently discontin-

ued in favour of the OCI-GTS system.

A.1.3 E. coli leucyl-tRNA and histidyl-tRNA

The wild-type/native EcotRNALeu has five isoacceptors, encoded by eight gene5785

sequences, to base-pair with six codons. EcotRNAHis has a single isoaccep-

tor, encoded by one gene sequence, to base-pair with two codons. The engi-

neered tRNALeu and tRNAHis for constructing the anticodon-modified tRNAs of

the Orphan Codon Invasion (OCI) system were based on the gene sequences leuU

(tRNALeu
GAG) and hisR (tRNAHis

GUG) respectively. In order to achieve histidine-leucine5790

reassignment, the approach taken was to alter the anticodon of these tRNAs such

that the former becomes tRNALeu
AUG (yet recognising histidine codon His(CAT)) and

the latter as tRNAHis
AAG (yet recognising leucine codon Leu(CTT)). In this manner,

it should be possible to produce histidine-to-leucine and leucine-to-histidine reas-

signments respectively.5795

As this forms the fundamental premise of my research, the design (Sec-

tion 3.1.3), creation (Section 3.2.1), and implementation (Section 3.2.5) of these

engineered tRNAs are described in more depth in the Chapter 3 sections indicated.

A.1.4 Cre and lambda Red Recombinase Constructs

DNA and amino acid sequences for the Cre recombinase (X03453.1 [EMBL]5800

[FASTA]; P06956) were obtained from the European Nucleotide Archive and

UniProt respectively. Of the 1,553 bp sequence (which included also a 34 bp loxP
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site), only the 1,032 bp cre gene was taken forward for design modifications prior

to its initial incorporation into the [P007] pBAD30 (4,919 bp) vector. In order to do

so, a 42 bp sequence homologous to the 3’-end of the araBAD promoter (including5805

an NheI restriction site) in vector pBAD30 and an EcoRI site was added the 5’-end

of the gene, whilst a HindIII site and another 42 bp sequence matching part of the

vector’s MCS was placed downstream of the CDS. The final design of the 1,128 bp

cre construct (YKH036) was commercially synthesised (IDT gBlocks®, Belgium).

Vector pBAD30 was cut with restriction enzymes EcoRI/HindII, and the dsDNA5810

gBlocks® fragment was directly incorporated via Gibson Assembly (downstream

of the araBAD promoter), creating a final plasmid of 5,906 bp. Had it been neces-

sary, primers YKH026/YKH027 could have been used to amplify the YKH036 cre

construct, prior to subcloning into the pBAD30 vector via EcoRI/HindII restriction

cloning.5815

Attempts to create an equivalent cre construct in vector [P008] pD881

(2,289 bp) proved unsuccessful. As such, primers YKH059/YKH060 were used

to amplify the rhaB promoter (whilst adding also flanking SapI restriction sites;

totalling 152 bp) from the pD881 vector for use with the cre construct. Similarly,

iPCR using primers YKH057/YKH058 was performed on the cre_pBAD30 plasmid5820

to remove both the araC regulatory gene and the araBAD promoter, producing a

linear 4,536 bp construct of the cre recombinase and the rest of pBAD30 flanked

on either side by SapI restriction sites. Following Golden Gate Assembly, the two

fragments were reconstituted together (with the rhaB regulatory system replacing

araBAD) to form a 4,650 bp plasmid where cre was under control of the rhaB pro-5825

moter. A subsequent iPCR amplification with YKH076/YKH077 on this plasmid

was used to insert a 9 bp (5’-TGAAATTCT-3’) sequence upstream of the RBS as

a means to control leaky expression of the Cre recombinase. This was followed by

SapI restriction and self/re-ligation to create a 4,657 bp plasmid that had a stronger,

more regulated control of the recombinase.5830

Finally, as the intention was to use the Cre (a tyrosine recombinase)1 in

1Alternative recombinases that were considered for use in this system included Bxb1 and the
TP901 integrase. These were kindly provided by Tom Folliard as part of a 6,613 bp “Dual controller
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conjunction with the lambda Red homologous recombination system, primers

YKH093/YKH094 were used to amplify the relevant segment – containing the araC

regulator, the araBAD promoter, and its three downstream lambda Red components

(Gam, Beta, Exo) – from the [P010] pKD46 plasmid, and combine this 3,420 bp5835

construct via Gibson Assembly into an NheI-linearised plasmid containing the cre

recombinase that was under control of the rhaB promoter. The sizeable (8,023 bp)

resulting Cre/lambda Red plasmid was taken forth as the means to create the initial

genomic integration/knock-out genetic switch for codon reassignment – the precur-

sor of the final OCI-GTS system.5840

A.1.5 ΦC31 Recombinase Construct Variants

The DNA sequence for the φc31 serine recombinase (1,866 bp, 621 AA, 69 kDa)

was kindly provided in a [P003] pET29a(+) vector (totalling 7,080 bp) by then-

PhD candidate, Hugo Villanueva2. Whilst the physical construct provided was not

eventually used, its gene sequence was taken as the base design for the φc31 recom-5845

binase that was subsequently used in the prototypical Genetic Toggle Switch (GTS)

circuit in Chapter 4. The reason being that the recombinase needed to be codon-

optimised for use as a potential sense-to-sense codon reassignment reporter, which

required synonymous recoding of all histidine and leucine residues that were not

to be reassigned, identifying key histidines that need to be recoded to the reassign-5850

able leucine codon (and vice versa), as well as introducing two Amber stop codons

(∗Am(TAG)) to render the protein non-functional in its initial state in order to create

the basic GTS circuit. The final 3,269 bp [002] design construct (Figure A.1) was

commercially synthesised (Twist Biosciences, USA).

Like the engineered tRNAs are to the OCI system, the ΦC31 recombinase is5855

the central element to the GTS system, thus Chapter 4 is dedicated to detailing its

design through to implementation. In brief, Section 4.2.1 begins with a description

plasmid”, where Bxb1 was under control of a pTetO promoter, TP901 was regulated by the araBAD
promoter, and the plasmid had a ColE1 ori and Cam resistance marker.

2Hugo also provided Bxb1 (1,566 bp, 521 AA, 58.8 kDa) in pET29a(+) (totalling 6,780 bp).
Whilst he was able to purify Bxb1, he did not have success in using it in vitro; in vivo expression
was not tested. A collaborator, Dr. Andy Osborne, who was provided with the same constructs, was
able to express and use the ΦC31 construct, hence, the GTS system was based on this recombinase.
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of its design within the prototypical GTS circuit (Figure A.1), alongside a prelim-

inary in silico modelling of the recombinase’s active and likely inactive states if

various key histidines and leucines were recoded/substituted with the other. This is5860

followed by the construction of a stop-inactivated φc31 (φc**) into the basic GTS

circuit in Section 4.2.2. After various iterations to develop a viable secondary re-

porter that works in conjunction with the recombinase, Section 4.2.6 concludes the

chapter by reporting on the process for making the recombinase into a potentially

reassign-able reporter by recoding multiple key histidine-leucine residues within5865

φc31 (as identified earlier through the mutagenesis models). These inactive re-

coded recombinases, therefore, act as another OCI reporter system through which

the engineered anticodon-modified tRNAs can be used to characterise the alterna-

tive histidine-leucine genetic code proposed for sense-to-sense codon reassignment.

It should be noted that there were two approaches for recoding ΦC31 into an inac-5870

tive variant. For making multi-site histidine-leucine recombinase recodings within

the Inversion-sfGFP switch, the new Darwin Assembly method (Section 2.2.18)

was deployed. As such, Section 4.2.6.1 was dedicated to describing this approach,

including verification and characterisation of the library of created constructs. The

second approach uses a more typical SDM approach with iPCR amplification to5875

create either one or two point mutations at single sites within the recombinase in

the Excision-tsPurple switch. The design rationale and construction of these ΦC31

recodings were detailed in Section 4.2.6.2.

A.1.6 Fluorescent and Chromoprotein Reporter Constructs

Fluorescent Proteins – the sfGFP and EBFP variants:5880

Fluorescent proteins, particularly superfolder green fluorescent protein (sfGFP),

were used in the development of both OCI recoded reporters for demonstrating

sense-to-sense codon reassignments (Chapter 3), as well as in the creation of a GTS

circuit with a naturally-coded secondary/proxy reporter for amplifying the signal

of histidine-leucine reassignment without adversely affecting the viability of the5885

host organism (Chapter 4). The gene construct was created and kindly provided

as plasmid [203] (within a modified [P003] pET29a(+) vector) by post-doctoral
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SrfI

[002]  Recombinase_circuit_VP.dna (3269bp)

HindIII

NdeI

SalI

BsaI x2
BbvCI

SapI=BspQI

XbaI

attPattB
ϕC31

pAmpR

KanR(opt)

RBS

RBSDA site

DA site

attRattL

ϕC31

KanR(opt)

RBS

RBSDA site

DA site

pAmpR

ϕC31(b)

(a)

Figure A.1: The design of the prototypical GTS ΦC31 recombinase circuit [002]

Chapter 4 discusses the role of the ΦC31 recombinase (in green) within the wider GTS circuit [002].
ΦC31 forms one half of this 3,269 bp GTS Inversion-KanR circuit that was commercially synthesised
(Twist Biosciences, USA). The purple notches within the green φc31 represents leucine codon sites
that could be recoded, whilst orange notches show histidine sites. The two red notches identify two
asparagines (at positions 200 and 204) that were recoded to ∗Am(TAG) stop codons. Notches are
not positioned to scale. The other half of the circuit comprises of a KanR (in blue) operon. The
only difference this presents from a typical operon is that the promoter is enclosed within attB/attP
site-specific recombination sequences and that the promoter in this initial state is positioned facing
the opposite direction to the rest of the KanR operon. Refer to Figure 4.9 for the full [002] design.

researcher, Dr. Chris Cozens.

In Chapter 3, alternative fluorescent variants of sfGFP – potential OCI codon

reassignment reporters – were created through site-directed mutagenesis with the5890

introduction of either a Y66H or Y66L substitution into plasmid [203]. For the

two blue fluorescent variants, termed EBFP1.1, a reassign-able Y66H(CAT) vari-

ant was made with iPCR using primers YKH195/YKH201, whilst the synony-

mous but not reassign-able Y66H(CAC) was made with YKH165/YKH199. Sim-

ilarly, non-fluorescent versions, termed noFP1.1, were produced using the full set5895

of leucine codons, of which the key two were a reassign-able Y66L(CTT) variant

(with YKH176/YKH201), and the synonymous but not reassign-able Y66L(CTG)

(with YKH190_v2/YKH199). The primers used to make the remaining synony-

mous leucine codon substitutions at residue 66 are listed in Table 2.3. After ampli-

fication, each product was treated with DpnI/ExoI (to remove the template plasmid5900

and the ssDNA primers), phosphorylated with T4 DNA PNK (to enable ligation),

and self-/re-ligated with T4 DNA ligase, before being transformed into both E. coli

DH10β cloning and T7 Express lysY/Iq expression strains. A more detailed descrip-

tion of the generation of these sfGFP and EBFP1.1 variants, including the charac-

terisation process is in Section 3.2.2.2.5905

Another set of blue fluorescent protein variants were also created from a known

and established EBFP2 as obtained from FPbase. Not only was the sequence design
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codon-optimised for use in both E. coli and for reassignment, additional flanking

ends (including pT7 promoter, LacO operator, and RBS on the 5’-end, and T7 ter-

minator on the 3’-end of the gene sequence) were added to make it suitable for ex-5910

pression and compatible for direct assembly into pET29a(+). This 1,021 bp [025]

construct was synthesised commercially (Twist Biosciences, USA). A further blue

version, EBFP2.1 was made from EBFP2 by introducing the three mutations F99S,

M153T, V163A, to bring it closer to that of sfGFP. Likewise, a non-fluorescent

noFP2.1 followed on from EBFP2.1 with a simple H66L substitution.5915

A full summary of the green, blue, and non-fluorescent proteins that were syn-

thesised and modified for use as OCI reassignment reporters are listed in Table 3.3

and are discussed in more detail in Section 3.2.2.2.

As for the use of sfGFP in the GTS system in Chapter 4: the sfgfp gene se-

quence from plasmid [071] (a replica of [203]) was simply subcloned into the basic5920

Inversion switch circuit, as described in Section 4.2.4.1. Unlike in the OCI system,

the purpose of sfGFP in the GTS Inversion-sfGFP circuits was just as a naturally-

coded secondary/proxy reporter with which to verify the correct reassignment of

the primary ΦC31 recombinase reporter (i.e. the true target of histidine-leucine

reassignment using the OCI anticodon-modified tRNAs; Figure A.2).5925
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GTS: excision

Transient toxic signal

GTS: inversion

Figure A.2: A schematic of the GTS Inversion-sfGFP circuit design

This design is one of the GTS circuits designed in Chapter 4. The primary reporter is the histidine-
leucine recoded ΦC31 recombinase (in dark green), with the naturally-coded sfGFP (in light green)
as the secondary/proxy reporter for augmenting the signal of ΦC31. The ΦC31 and sfGFP operons
were designed in opposing directions to prevent accidental read-through. Refer to Figure 4.5 for the
full implementation of this circuit.

Chromoproteins – TinselPurple:

TinselPurple is a vibrant non-fluorescent chromoprotein (Liljeruhm et al., 2018),

sourced from the iGEM Parts Registry (BBa_K1033905, a composite part including

the consensus RBS). Like the sfGFP used in the GTS circuit, TinselPurple was an-

other naturally-coded secondary/proxy reporter of the Excision-tsPurple circuit that5930
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is used in Chapter 4 to augment the signal of reassignment in the ΦC31 histidine-

leucine recoded OCI reporter. The design of the tsPurple portion of the circuit was

broadly that of a typical operon, except that it had a double-terminator sequence en-

closed within two site-specific recombination sites (attB/attP) that interrupted the

operon between the promoter and the RBS-tsPurple sequence (Figure A.3).5935

Whilst the design of the tsPurple portion of the circuit was relatively straight-

forward (as detailed in Section 4.2.5), the construction was more of an endeav-

our. In brief, the double-terminators proved to be a problematic sequence for syn-

thesis, thus the construct needed to be split into two fragments for commercial

synthesis: a 415 bp switch fragment (including a 5’-segment of tsPurple) [032]5940

was synthesised as a linear dsDNA gBlock® (IDT, Belgium), whilst the remaining

1,066 bp segment [022] was synthesised by Twist Biosciences (USA) and arrived in

a pTwist_Kan_MC vector. The full construction is shown in Figure 4.18, and fully

detailed in Section 4.2.5.1.
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Figure A.3: A schematic of the GTS Excision-tsPurple circuit design

This design is one of the GTS circuits designed in Chapter 4. The primary reporter is the histidine-
leucine recoded ΦC31 recombinase (in green), with the naturally-coded TinselPurple (in purple)
as the secondary/proxy reporter for augmenting the signal of ΦC31. The ΦC31 and TinselPurple
operons were designed in opposing directions to prevent accidental read-through. Refer to Figure 4.5
for the full implementation of this circuit.

A.1.7 Periplasmic Secretor Constructs5945

Like the EBFP variants, two periplasmic secretor constructs were designed as re-

coded reporters for use in the OCI system (Chapter 3). This was based on the two

major pathways used by bacteria to secrete proteins across the cytoplasmic mem-

brane: the general Secretion route (the Sec-pathway) that transports unstructured

proteins (i.e. proteins in their unfolded conformation) across the transmembrane,5950

and the Twin-arginine translocation pathway (the Tat-pathway) that catalyses the

translocation of folded proteins. One of the recoded reporters was formed of the
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signal sequences from OmpA (the initial 66 bp from NCBI E. coli NC_000913.3,

locus tag b0957 [FASTA]) of the Sec-pathway, whilst the other was from SufI (the

initial 81 bp from NCBI E. coli NC_000913.3, locus tag b3017 [FASTA]) of the Tat-5955

pathway; both were coupled to the lacZα sequence (225 bp, 75 AA; from 4-228 bp,

residues 2-76 AA from NCBI E. coli NC_000913.3, locus tag b0344 [FASTA]).

Section 3.2.3.2 describes the design and construction of both the OmpA-

LacZα construct [027] (438 bp) and the SufI-LacZα segment YKH388 (205 bp) in

more depth, including how the latter could be made from the former once OmpA-5960

LacZα had replaced the recoded reporter sfGFP (via Gibson Assembly) within the

OCI construct. Construct [027] was commercially synthesised and subcloned into

[P011] pTwist-Kan vector by Twist Biosciences (USA), whilst segment YKH388

(205 bp) was synthesised as a dsDNA gBlock® (IDT, Belgium).

A.2 Oligos, primers, and sequences5965

Full list of all primers/oligos used within this body of work are as follows.
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Oligo/Seq

ID

Item Name Date,

dd/mm/yyyy

Tm, °C Sequence 5’->3’ Size,

nt

YKH001 tRNA_AAC_IVT 14/04/2015 73.6 TGG TGC CGG GGG CGG GAC TTG AAC CCG CAC GCC

CTT GCG GGC ACA TGA CCA ACA ATC ATG CGC GTC

TAC CAA TTC CGC CAC CCC GGC TAT AGT GAG TCG

TAT TAC TTT TTG TAA TAC GAC

120

YKH002 tRNA_AAC_IVT2 09/07/2015 72.8 TGG TGC CGG GGG CGG GAC TTG AAC CCG CAC GCC

CTT GCG GGC ACA TGA CCA ACA ATC ATG CGC GTC

TAC CAA TTC CGC CAC CCC GGC TAT AGT GAG TCG

TAT TAC TTT TTG TAA TAC GAC tca cta tag g

130

YKH003 Seq-pVPO1TthLRS_F2 28/07/2015 56.2 CAA GGG CCG CGT TAC ATA TC 20

YKH004 Seq-

pVPO1TthLRS_R1

28/07/2015 56.6 GTA GAA CTC AGG GTG GGC TT 20

YKH005 TthLeuRS-iPCR-

Fw_YK

28/07/2015 49.3 /5Phos/ATG TAT ATC TCC TTC TTA AAG TTA AAC 27

YKH006 TthLeuRS-iPCR-

Rv_YK

28/07/2015 51.1 /5Phos/ATG GAA AAA TAT AAC CCG CAC 21
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YKH007 NdeI_EcoLeuRS_Fw 05/08/2015 59.3 aaCTCATATGCAAGAGCAATACCGCC 26

YKH008 HindIII_EcoLeuRS_Rv 05/08/2015 62.9 AACAAGCTTGCCAACGACCAGATTGAGG 28

YKH009 Seq-EcoLRS_Fw 14/08/2015 55.5 TCTTGACCATGAAGCGGC 18

YKH010 Seq-EcoLRS_Rv 14/08/2015 53.7 CTGCTTTAATCGGGCTGG 18

YKH011 ori-pSB1C3_Fw 29/09/2015 52.2 ctgtcagaccaagtttactcat 22

YKH012 ori-pSB1C3_Rv 29/09/2015 52.7 ggtatcagctcactcaaagg 20

YKH013 CmR-pSB1C3_Fw 29/09/2015 53.2 tgatcgggcacgtaaga 17

YKH014 CmR-pSB1C3_Rv 29/09/2015 49.6 attctcaccaataaaaaacgc 21

YKH015 seq_CmR-homR-

KO_Fw

29/09/2015 51.3 ccgtttgtgatggcttc 17

YKH016 seq_ori-homL-KO_Fw 29/09/2015 51.4 tctgacttgagcgtcg 16

YKH017 seq_CmR-homL-

ori_Rv

29/09/2015 48.9 gtctggttataggtacattga 21

YKH018 homL_EcoLRS-

KO_Fw

29/09/2015 51.5 CACCTCAACGCTACATTTG 19

YKH019 homR_EcoLRS-

KO_Rv

29/09/2015 52.8 CCGCCAGAGATAACAACAAT 20
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YKH020 homL_EcotRNA-VPQ-

KO_Fw

29/09/2015 58.3 CCACTAGAATGCGCCTCCG 19

YKH021 homL_G-SDM-

A_EcotRNA-VPQ-

KO_Fw

29/09/2015 54.7 CCACTAGAATaCGCCTCCG 19

YKH022 homR_EcotRNA-VPQ-

KO_Rv

29/09/2015 52.1 GAATCAGGGATGAAAAATCAAGG 23

YKH023 homL_EcotRNA-T-

KO_Fw

29/09/2015 57.6 GTCGTGGGTTCGAATCCCATTAG 23

YKH024 homL_GC-SDM-

TA_EcotRNA-T-

KO_Fw

29/09/2015 53.2 GTCGTGGtTTaGAATCCCATTAG 23

YKH025 homR_EcotRNA-T-

KO_Rv

29/09/2015 52 TACTCGCCGAAATACTGC 18

YKH026 EcoRI_Cre_Fw 29/09/2015 52.6 CAACTCTCTACTGTTTCTCCATAC 24

YKH027 HindIII_Cre_Rv 29/09/2015 52.6 CTGTATCAGGCTGAAAATCTTCT 23

YKH028 pBAD-Cre-FP-seq 29/09/2015 50.1 AAGACATCTCACGTACTGA 19
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YKH029 pBAD-Cre-RP-seq 29/09/2015 52.3 CACTTCTGAGTTCGGCAT 18

YKH033 EcoLRS_Koadaptor

_spacer

01/10/2015 N/A tgaagttttaaatcaatctaaagtatatatgagtaaactt

ggtctgacagCCGCCAGAGATAACAACAATGTTGCCAGAT

ATCGCACGCTTCCTCCCGCGCtattatATAACTTCGTATA

ATGTATGCTATACGAAGTTATattctcaccaataaaaaac

gcccggcggcaaccgagcgttctgaacaaatccagatgga

gttctGAGCGGtagtgatcttatttcattatggtgaaagt

tggaacctcttacgtgcccgatcaATAACTTCGTATAATG

TATGCTATACGAAGTTATGGCAGCCAGTGGTCCTGTTTTC

AATACGGCTACAAATGTAGCGTTGAGGTGggtatcagctc

actcaaaggcggtaatacggttatccacagaatcagggg

399
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YKH034 EcotRNA-

LeuVPQ_KOadaptor

01/10/2015 N/A tgaagttttaaatcaatctaaagtatatatgagtaaactt

ggtctgacagGAATCAGGGATGAAAAATCAAGGAAGAAAC

AAGAAAGGAAGTAAAGATAATATAACTTCGTATAAGGTAT

ACTATACGAAGTTATattctcaccaataaaaaacgcccgg

cggcaaccgagcgttctgaacaaatccagatggagttctG

AGCGGtagtgatcttatttcattatggtgaaagttggaac

ctcttacgtgcccgatcaATAACTTCGTATAAGGTATACT

ATACGAAGTTATATACCATCAATTCTTAAAAAGAATTGCT

ACCACGGAGGCGCATTCTAGTGGggtatcagctcactcaa

aggcggtaatacggttatccacagaatcagggg

393
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YKH035 EcotRNA-

LeuT_KOadaptor

01/10/2015 N/A tgaagttttaaatcaatctaaagtatatatgagtaaactt

ggtctgacagTACTCGCCGAAATACTGCTTTTTGAATTTT

TAGTTCAATTCTTTAAAGTCGATAACTTCGTATAAAGTAT

CCTATACGAAGTTATattctcaccaataaaaaacgcccgg

cggcaaccgagcgttctgaacaaatccagatggagttctG

AGCGGtagtgatcttatttcattatggtgaaagttggaac

ctcttacgtgcccgatcaATAACTTCGTATAAAGTATCCT

ATACGAAGTTATATTGTCACAACTTCTAATAATGGGGTGG

CTAATGGGATTCGAACCCACGACggtatcagctcactcaa

aggcggtaatacggttatccacagaatcagggg

393
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YKH036 EcoRI-Cre-bricked-

HindIII

01/10/2015 N/A CAACTCTCTACTGTTTCTCCATACCCGTTTTTTTGGGCTA

GCGAATTCATGTCCAATTTACTGACCGTACACCAAAATTT

GCCTGCATTACCGGTCGATGCAACGAGTGATGAGGTTCGC

AAGAACCTGATGGACATGTTCAGGGATCGCCAGGCGTTTT

CTGAGCATACCTGGAAAATGCTTCTGTCCGTTTGCCGGTC

GTGGGCGGCATGGTGCAAGTTGAATAACCGGAAATGGTTT

CCCGCAGAACCTGAGGATGTTCGCGATTATCTTCTATATC

TTCAGGCGCGCGGTCTGGCAGTAAAAACTATCCAGCAACA

TTTGGGCCAGCTAAACATGCTTCATCGTCGGTCCGGGCTG

CCACGACCAAGTGACAGCAATGCTGTTTCACTGGTTATGC

GGCGGATTCGAAAAGAAAACGTTGATGCCGGTGAACGTGC

AAAACAGGCTCTAGCGTTCGAACGCACTGATTTCGACCAG

GTTCGTTCACTCATGGAAAATAGCGACCGCTGCCAGGATA

TACGTAATCTGGCATTTCTGGGGATTGCTTATAACACCCT

GTTACGTATAGCCGAAATTGCCAGGATCAGGGTTAAAGAC

ATCTCACGTACTGACGGTGGGAGAATGTTAATCCATATTG

1128
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YKH036

cont.

GCAGAACGAAAACGCTGGTTAGCACCGCAGGCGTAGAGAA

GGCACTTAGCCTGGGGGTAACTAAACTGGTCGAGCGATGG

ATTTCCGTCTCTGGTGTAGCTGATGATCCGAATAACTACC

TGTTTTGCCGGGTCAGAAAAAATGGTGTTGCCGCGCCATC

TGCCACCAGCCAGCTATCAACTCGCGCCCTGGAAGGGATT

TTTGAAGCAACTCATCGATTGATTTACGGCGCTAAGGATG

ATTCTGGTCAGAGATACCTGGCCTGGTCTGGACACAGTGC

CCGTGTCGGAGCCGCGCGAGATATGGCCCGCGCTGGAGTT

TCAATACCGGAGATCATGCAAGCTGGTGGCTGGACCAATG

TAAATATTGTCATGAACTATATCCGTAACCTGGATAGTGA

AACAGGGGCAATGGTGCGCCTGCTGGAAGATGGCGATTAG

AAGCTTGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCC

TGATACAG

YKH030 homL_EcotRNA-W-

KO_Fw

29/09/2015 54.6 ATAATGATGGGGTCACAGGTTC 22

YKH031 homR_EcotRNA-W-

KO_Rv

29/09/2015 56.8 CGGTGCCTTACCGCTTG 17
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YKH032 homR_A-SDM-

T_EcotRNA-W-KO_Rv

29/09/2015 57.4 CGGTGCCTTtCCGCTTG 17

YKH079 EcotRNA-

LeuW_KOadaptor

03/02/2016 N/A tgaagttttaaatcaatctaaagtatatatgagtaaactt

ggtctgacagCGGTGCCTTACCGCTTGGCGATACCCCATC

CGTACAACGCTTTCTGGTGAAATAACTTCGTATAATGTAT

ACTATACGAAGTTATattctcaccaataaaaaacgcccgg

cggcaaccgagcgttctgaacaaatccagatggagttctG

AGCGGtagtgatcttatttcattatggtgaaagttggaac

ctcttacgtgcccgatcaATAACTTCGTATAATGTATACT

ATACGAAGTTATAAAAAAAGATGGTGGCTACGACGGGATT

CGAACCTGTGACCCCATCATTATggtatcagctcactcaa

aggcggtaatacggttatccacagaatcagggg

393

YKH037 Seq-pASK75_Fw 07/10/2015 51.3 atgacccgacaccatc 16

Seq-pASK75_Rv acacccgccgc 11

YKH039 BsaI-pASK75_Fw 07/10/2015 63.3 attGGTCTCTgctaCTGCGTCACGGA 26

YKH040 BsaI-pASK75_Rv 07/10/2015 60.4 atgGGTCTCAcaaaCTATTCATTTCACTTTTCTCTATCA 39

YKH041 BsaI-EcoLRS_Fw 07/10/2015 58.8 tgtGGTCTCAtttgTTTAACTTTAAGAAGGAGATATACAT A 41
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YKH042 BsaI-EcoLRS_Rv 07/10/2015 58.1 ttaGGTCTCTtagcAGCCAACTCAG 25

Alternative_Seq-

pASK75_Rv

gggcgctggcaagtgtag 18

Seq-pASK75_Rv2 cgtaaccaccacaccc 16

YKH038 Seq-EcoLRS_Fw2 07/10/2015 51.2 TGTTTATGATGTTTGCTTCTCC 22

YKH043 iPCR_BsaI_pKD46_Fw 05/11/2015 61.7 GGTCTCCtaacCTGTCAGACCAAGTTTACTCAT 33

YKH044 iPCR_BsaI_pKD46_Rv 05/11/2015 63 GGTCTCCatttCCCCGAAAAGTGCCA 26

YKH045 BsaI_SmR_Fw 05/11/2015 62.3 GGTCTCAaaatAGTCTCACGCCCGGAG 27

YKH046 BsaI_SmR_Rv 05/11/2015 59.9 GGTCTCTgttaGACATTATTTGCCGACTACC 31

YKH047 Seq_pKD46_Fw 05/11/2015 50.7 GGTTTTGACGATCAACTCTATT 22

YKH048 Seq_pKD46_Rv 05/11/2015 52.5 CGAAAACTCACGTTAAGGGA 20

YKH049 homL_pD881_Cre_1 11/11/2015 66.3 tttaagaaggagatatacatGCTAGCGAATTCATGTCCAA

TTTACTGACCGTACACCAAA

60

YKH050 homL_pD881_Cre_2 11/11/2015 65.3 TTGGACATGAATTCGCTAGCatgtatatctccttcttaaa

aagaatttcattacgaccag

60

YKH051 homR_Cre_pD881_3 11/11/2015 72.3 AAGATGGCGATTAGAAGCTTgcggccgccaccgctgagca

ataactagcataaccccttg

60
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YKH052 homR_Cre_pD881_4 11/11/2015 76.4 tgctcagcggtggcggccgcAAGCTTCTAATCGCCATCTT

CCAGCAGGCGCACCATTGCC

60

YKH053 seq_pD881_Rv 11/11/2015 53.5 tctgaggctcgtcctg 16

YKH054 seq_pD881_Fw 11/11/2015 52.5 cgttcatctttccctggtt 19

YKH055 BsaI_CmR_Fw 17/11/2015 60.5 ggtctcaAAATgatcgggcacgtaaga 27

YKH056 BsaI_CmR_Rv 17/11/2015 58.2 ggtctctGTTAattctcaccaataaaaaacgc 32

YKH057 SapI-pBAD-Cre-

iPCR_Fw

15/12/2015 64.4 aaaGCTCTTCgtttGGGCTAGCGAATTCATGTCC 34

YKH058 pBAD-Cre-SapI-

iPCR_Rv

15/12/2015 64 aaaGCTCTTCcgccGACATCACCGAT 26

YKH059 SapI-pRhm-iPCR_Fw 15/12/2015 64.9 aaaGCTCTTCtggcCCACCACAATTCAGCAAAT 33

YKH060 pRhm-SapI-iPCR_Rv 15/12/2015 60.4 aaaGCTCTTCaaaaAGAATTTCATTACGACCAGTCTAAAA AG 42

YKH061 pCDF-BsaI-iPCR_Fw 19/01/2016 60.9 AATggtctcgaattcAATAACTAGCATAACCCCTTG 36

YKH062 pCDF-BsaI-iPCR_Rv 19/01/2016 59.6 TTAggtctcactagtAAAATTATTTCTACAGGGGAATTGT TA 42

YKH063 A_Fw_tRNALeuPQW 19/01/2016 68.6 aaaGGTCTCACTAGTAAAACCACGTTGATATTGCTCGCAC

TGGGCGAAGG

50
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YKH064 B_Rv_tRNALeuPQW 19/01/2016 73.7 GGACTTGAACCCCCACGTCCGTAAGAACACTAACACCTGA

AGCTAGCGCGTCTACCAATTCCGCCACCTTCGCCCAGTGC

80

YKH065 C_Fw_tRNALeuPQW 19/01/2016 72.6 GTGGGGGTTCAAGTCCCCCCCCTCGCACCAAACGAGGCGA

TATCAAAAAAAGTAAGATGACTGTGCGAAGGTG

73

YKH066 D_Rv_tRNALeuPQW 19/01/2016 73.2 GACTTGAACCCCCACGTCCGTAAGGACACTAACACCTGAA

GCTAGCGCGTCTACCAATTCCGCCACCTTCGCACAGTCAT

80

YKH067 E_Fw_tRNALeuPQW 19/01/2016 71.5 CGTGGGGGTTCAAGTCCCCCCCCTCGCACCAATTATCTTT

AACTACTTTATGTAGTCTCCGCCGTGTAGCAAGAAATTGA

80

YKH068 F_Rv_tRNALeuPQW 19/01/2016 71.3 CGCCAGAACCTAAATCTGGTGCGTCTACCAATTTCGCCAC

TCCCGCAAAAAAAGATCTTCTCAATTTCTTGCTACACGGC

80

YKH069 G_Fw_tRNALeuPQW 19/01/2016 74.1 CCAGATTTAGGTTCTGGCGCCGCAAGGTGTGCGAGTTCAA

GTCTCGCCTCCCGCACCATTCACCAGAAAACGAGGC

76

YKH070 H_Rv_tRNALeuPQW 19/01/2016 66.9 aaaGGTCTCGAATTCGCTCTTCTTTTGATATCGCCTCGTT

TTCTGGTGAAT

51

YKH071 tRNALeu-adpt-1 19/01/2016 64.2 GGTAGACGCGCTAGCTTCAGGTGTTAGTGT 30

YKH072 tRNALeu-adpt-2 19/01/2016 62.4 ATCTTTTTTTGCGGGAGTGGCGAAATTGGTA 31

YKH073 pBAD-Cre-RP2-seq 19/01/2016 51.3 CCAAATGTTGCTGGATAGTTT 21
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YKH074 Cre-SDM-gAT_FP 29/01/2016 57.6 GATGGCgATTAGAAGCTTGGCT 22

YKH075 Cre-SDM_RP 29/01/2016 56.2 TTCCAGCAGGCGCAC 15

YKH076 RBS-Cre_FP 29/01/2016 59.9 aagaaggagGAATTCATGTCCAATTTACTGACC 33

YKH077 Cre-pRham-SDM_RP 29/01/2016 54.1 CCAAAAGAATTTCAgTACGACCAG 24

YKH078 Cre-pBAD_RP 29/01/2016 53.5 CCAAAAAAACGGGTATGGAGAA 22

YKH080 D_Rv_tRNALeuPQW

_17trunc

03/03/2016 72.1 CCGTAAGGACACTAACACCTGAAGCTAGCGCGTCTACCAA

TTCCGCCACCTTCGCACAGTCAT

63

YKH081 E_Fw_tRNALeuPQW

_20add

03/03/2016 71.9 GGTGTTAGTGTCCTTACGGACGTGGGGGTTCAAGTCCCCC

CCCTCGCACCAATTATCTTTAACTACTTTATGTAGTCTCC

GCCGTGTAGCAAGAAATTGA

100

YKH082 seq-ELRS-KO_Fw 08/03/2016 52.4 TGTATGAATAATCCGGGCATC 21

YKH083 seq-ELRS-KO_Rv 08/03/2016 53.9 GGATCGCCTGAGTCCA 16

YKH084 seq-EctRNA-VPQ-

KO_Fw

08/03/2016 53.2 GATGATGCTGTATCACAAACAGT 23

YKH085 seq-EctRNA-VPQ-

KO_Rv

08/03/2016 53.9 TACCAAACCTGCACGCTA 18

YKH086 seq-EctRNA-T-KO_Fw 08/03/2016 53.9 GAGCTGCGGTGGTAGTA 17
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YKH087 seq-EctRNA-T-KO_Rv 08/03/2016 52.8 CGAAGCGGGGTTCAAA 16

YKH088 seq-EctRNA-W-

KO_Fw

08/03/2016 52.9 GGCGATACCCCAATAACC 18

YKH089 seq-EctRNA-W-KO_Rv 08/03/2016 53.1 CGCTGCAAGGCTCTATAC 18

YKH090 pBAD-Cre-RP3-seq 17/03/2016 49.9 ATA GTT TTT ACT GCC AGA CC 20

YKH091 Cre-RBS-SapI_FP 04/04/2016 60.2 aatGCTCTTCAaagaaggagGAATTCATGTCC 32

YKH092 Cre-RBS-SapI_RP 04/04/2016 61.9 aatGCTCTTCActtCCAtAAGAATTTCAgTACGACCAG 38

YKH093 pKD46-LambdaRed-

GA_Fw

04/04/2016 66.7 gtcgccttgcgtataatatttgccgTTTATTATGACAACT

TGACGGCTACATCA

54

YKH094 pKD46-LambdaRed-

GA_Rv

04/04/2016 65.2 acatagtaagccagtatacactccgTTTCTACTGGTATTG

GCACAA

46

YKH095 Seq_p15a_Rv 04/04/2016 51 AGCGTCAGATTTCGTGA 17

YKH096 Seq-pBAD_Fw 04/04/2016 49.1 GCCATTCATCCGCTTA 16

YKH097 Seq_pKD46-Beta_Fw 04/04/2016 52 GGTCCCGCATCATCAA 16

YKH098_Fw Cre-3’SDM_Fw 12/04/2016 55 caaACCTGCgagtGATGGCgATTAGAAGCTTGGCTGTT 38

YKH099_Rv Cre-3’SDM_Rv 12/04/2016 56 acaACCTGCgataCATCTTCCAGCAGGCG 29
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YKH100_Fw

_seq

Seq_pCDF-pLacI_Fw 12/04/2016 51 GCCATTCGATGGTGTC 16

YKH101_Rv

_seq

Seq_pCDF-T7term_Rv 12/04/2016 50 CCTCAAGACCCGTTTAG 17

YKH102_Fw pCDF-BsaI-iPCR_Fw2 18/04/2016 54 AATggtctcgaattCCACCGCTGAGCAA 28

YKH103_Fw A_PQW_Fw 18/04/2016 53 aaaGGTCTCACTAGTAAAACCAC 23

YKH104_Rv H_PQW_Rv 18/04/2016 54 aaaGGTCTCGAATTCGCTC 19

YKH105_Rv

_seq

Seq_pKD46-Gam_Rv 26/04/2016 51 TCCTGAATGTAATAAGCGTTC 21

YKH106_Fw tttACCTGCtcggATCTTCCCCATCGGTGAT 31

YKH107_Rv tttACCTGCcgtcTTCCGCTCGCCGC 26

YKH108_Fw tttACCTGCcggcggaaATAACTTCGTATAATGTgTaCTA

TACGAAGTTATggaaatggcttacgaacg

69

YKH109_Rv tttACCTGCgtggagatATAACTTCGTATAGtAcACATTA

TACGAAGTTATtggggaagatcgggctcgcc

71

YKH110_Fw

_seq

TTGTGCCAATACCAGTAG 18
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YKH111_Rv

_seq

TACGACCAGTCTAAAAAGc 19

YKH112_Fw 20/09/2016 56 ggtGGTCTCAACTTTAAGAAGGAGATATACATATGCAAGA 40

YKH113_Rv 21/09/2016 55 ataGGTCTCTCGATCCTCTACGCCG 25

YKH114_Fw 22/09/2016 62 atcgCATTATTGCAATTAATAAACAACTAACGGACAATTC

TACCTAACAATTTTGTTTA

59

YKH115_Rv 23/09/2016 62 aagtTAAACAAAATTGTTAGGTAGAATTGTCCGTTAGTTG

TTTATTAATTGCAATAATG

59

YKH116_Fw 24/09/2016 64 atcgTCATGAACAATAAAACTGTCTGCTTACATAAACAGT

AATACAAGGGGTGTTATTTTGTTTA

65

YKH117_Rv 25/09/2016 64 aagtTAAACAAAATAACACCCCTTGTATTACTGTTTATGT

AAGCAGACAGTTTTATTGTTCATGA

65

YKH118_Fw 26/09/2016 64 atcgGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAA

TAATTTTGTTTA

52

YKH119_Rv 27/09/2016 64 aagtTAAACAAAATTATTTCATTATGGTGAAAGTTGGAAC

CTCTTACGTGCC

52
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YKH120_Fw 28/09/2016 62 atcgACATTCAAATATGTATCCGCTCATGAGACAATAACA

TTTTGTTTA

49

YKH121_Rv 29/09/2016 62 aagtTAAACAAAATGTTATTGTCTCATGAGCGGATACATA

TTTGAATGT

49

YKH122_Fw 30/09/2016 65 atcgTTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGCA

TTTTGTTTA

49

YKH123_Rv 01/10/2016 65 aagtTAAACAAAATGCTAGCATTATACCTAGGACTGAGCT

AGCTGTCAA

49

YKH124_Fw 02/10/2016 68 atcgTTGACgGCTAGCTCAGTCCTAGGTAcAgTGCTAGCA

TTTTGTTTA

49

YKH125_Rv 03/10/2016 68 aagtTAAACAAAATGCTAGCAcTgTACCTAGGACTGAGCT

AGCcGTCAA

49

YKH126_Fw 04/10/2016 67 atcgTTGACAGCTAGCTCAGTCCTAGGTActgTGCTAGCA

TTTTGTTTA

49

YKH127_Rv 05/10/2016 67 aagtTAAACAAAATGCTAGCAcagTACCTAGGACTGAGCT

AGCTGTCAA

49
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YKH128_Fw 06/10/2016 66 atcgTTGACAGCTAGCTCAGTCCTAGGTATtgTGCTAGCA

TTTTGTTTA

49

YKH129_Rv 07/10/2016 66 aagtTAAACAAAATGCTAGCAcaATACCTAGGACTGAGCT

AGCTGTCAA

49

YKH130_Fw 08/10/2016 67 atcgTTGACgGCTAGCTCAGTCCTAGGTATAgTGCTAGCA

TTTTGTTTA

49

YKH131_Rv 09/10/2016 67 aagtTAAACAAAATGCTAGCAcTATACCTAGGACTGAGCT

AGCcGTCAA

49

YKH132_Fw 10/10/2016 66 atcgTTtACgGCTAGCTCAGTCCTAGGTATAgTGCTAGCA

TTTTGTTTA

49

YKH133_Rv 11/10/2016 66 aagtTAAACAAAATGCTAGCAcTATACCTAGGACTGAGCT

AGCcGTaAA

49

YKH134_Fw 12/10/2016 66 atcgTTtACgGCTAGCTCAGTCCTAGGTAcAATGCTAGCA

TTTTGTTTA

49

YKH135_Rv 13/10/2016 66 aagtTAAACAAAATGCTAGCATTgTACCTAGGACTGAGCT

AGCcGTaAA

49
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YKH136_Fw 14/10/2016 67 atcgTTGACAGCTAGCTCAGTCCTAGGgActATGCTAGCA

TTTTGTTTA

49

YKH137_Rv 15/10/2016 67 aagtTAAACAAAATGCTAGCATagTcCCTAGGACTGAGCT

AGCTGTCAA

49

YKH138_Fw 16/10/2016 67 atcgTTGACAGCTAGCTCAGTCCTAGGgATtgTGCTAGCA

TTTTGTTTA

49

YKH139_Rv 17/10/2016 67 aagtTAAACAAAATGCTAGCAcaATcCCTAGGACTGAGCT

AGCTGTCAA

49

YKH140_Fw 18/10/2016 65 atcgcTGAtAGCTAGCTCAGTCCTAGGgATtATGCTAGCA

TTTTGTTTA

49

YKH141_Rv 19/10/2016 65 aagtTAAACAAAATGCTAGCATaATcCCTAGGACTGAGCT

AGCTaTCAg

49

YKH142_Rv

_seq

20/10/2016 52 CGGTGAAGAATTTCTGTTCC 20

YKH143_Fw YKH143_Fw_LH-HL 06/11/2016 55 aaaGGTCTCACTAGTccgc 19

YKH144_Rv YKH144_Rv_LH-HL 06/11/2016 56 aaaGGTCTCGAATTCgggAAG 21
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YKH145_Fw YKH145_Fw_pNGAL-

vec

06/11/2016 54-55 cacGGTCTCaagcttGACCTGTGAAGTG 28

YKH146_Rv YKH146_Rv_pNGAL-

vec

06/11/2016 56 ggcGGTCTCtctagaTTTTTGTCGAACTATTCATTTCACT 40

YKH147_Rv YKH147_Rv_pNGAL-

vec

06/11/2016 56 ctcGGTCTCgtcATTTTTTGCCCTCGTTATCTAGATTTTT GT 42

YKH148_Fw YKH148_Fw_sfGFP 06/11/2016 57 cgtGGTCTCaagcttATCTCGATCCCGCGAAAT 33

YKH149_Rv YKH149_Rv_sfGFP 06/11/2016 57 ggcGGTCTCgaattcCCGGATATAGTTCCTCCTTTCAG 38

YKH150_Fw YKH150_Fw_seq 06/11/2016 52 GCCTTTTTACGGTTCCTG 18

YKH151_Fw YKH151_Fw_seq 06/11/2016 54 GGTAGAGCCCTGGATTAAGAT 21

YKH152_Rv YKH152_Rv_seq 06/11/2016 53 CGGCGGAGACTACATAAAG 19

YKH153_Rv YKH153_Rv_seq 06/11/2016 53 ATCCGGCTGCTAACAAAG 18

YKH154_Fw YKH154_Fw_seq 06/11/2016 53 AACAGTTCTTCACCTTTGCTA 21

YKH155_Rv YKH155_Rv_seq 06/11/2016 53 GAGATCCGTGACGCAG 16

YKH156_Fw YKH156_Fw_seq 06/11/2016 52 CTCGATCCCGCGAAAT 16

YKH157_Rv YKH157_Rv_seq 06/11/2016 53 CGGATATAGTTCCTCCTTTCAG 22
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YKH158 YKH158_EcotRNAs

(LH-HL)

06/11/2016 N/A aaaGGTCTCACTAGTccgcGGATCCAAAACCACGTTGATA

TTGCTCGCACTGGGATTTGTAGTGGTGGCTATAGCTCAGT

TGGTAGAGCCCTGGATTAAGATTCCAGTTGTCGTGGGTTC

GAATCCCATTAGCCACCCCATTATTAGAAGAACGAGGCGA

TATCAAAAAAAGTAAGATGACTGTTAGTATCCGTGCCGAG

GTGGTGGAATTGGTAGACACGCTACCTTATGGTGGTAGTG

CCCAATAGGGCTTACGGGTTCAAGTCCCGTCCTCGGTACC

AAATTCCAGAAACTACTTTATGTAGTCTCCGCCGTGTAGC

AAGAAATTGAGAAGAGAAGAGCAAAATGGCGCACATTGTG

CGACATTTTTTAAGCTTcccGAATTCGAGACCttt

395

YKH159 YKH159_

(pET_assembly_vec_F)

06/11/2016 56 gagtcaggtctcAGGAAGCTGAGTTGGCT 29

YKH160 YKH160_

(pET_assembly_vec_R)

06/11/2016 57 gagtcaggtctcATCCGCTCACAATTCCCCTATA 34

YKH161 YKH161_

(pET29_DA_F)_S-

nicked

06/11/2016 56 CCCCTTATTAGCGTTTGCCAggtctcGCGGATAACAATTC

CCCTCTAG

48
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YKH162 YKH162_

(pET29_DA_R)_S-

nicked

06/11/2016 56 CTAACAAAGCCCGAAAGGAAGgagaccCATCTGACCTCTG

TGCTGCT/3invdT/

47

YKH163 YKH163_ (Out-

nest_Fw=S/Rv=AS)

06/11/2016 56 CCCCTTATTAGCGTTTGCCA 20

YKH164 YKH164_ (Out-

nest_Rv=S/Fw=AS)

06/11/2016 58 AGCAGCACAGAGGTCAGATG 20

YKH165 YKH165_Y67H

(wt*CAC)_CrP

06/11/2016 55 ccaccctgaccCACggcgttcagtg 25

YKH166 YKH166_H26H

(wt*CAC)

06/11/2016 55 atgtgaatggccaCaaatttagcgt 25

YKH167 YKH167_H78H

(wt*CAC)

06/11/2016 55 ctatccggatcaCatgaaacgcca 24

YKH168 YKH168_H82H

(wt*CAC)

06/11/2016 55 aCatgaaacgccaCgatttctttaaaagc 29

YKH169 YKH169_H78,82H

(wt*CAC)

06/11/2016 56 tatccggatcaCatgaaacgccaCgatttctttaaaag 38
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YKH170 YKH170_H140H

(wt*CAC)

06/11/2016 57 gcaacattctgggtcaCaaactggaatataat 32

YKH171 YKH171_H149H

(wt*CAC)

06/11/2016 55 atttcaacagccaCaatgtgtatattaccg 30

YKH172 YKH172_H182H

(wt*CAC)

06/11/2016 55 ctggcggatcaCtatcagcagaat 24

YKH173 YKH173_H200H

(wt*CAC)

06/11/2016 56 gccggataatcaCtatctgagcacc 25

YKH174 YKH174_H218H

(wt*CAC)

06/11/2016 58 gaaaaacgtgatcaCatggtgctGct 26

YKH175 YKH175_H243-

245,247H (wt*CAC)

06/11/2016 55 aaggcagccaccaCcaCcaCcaccaCtaatgagatcc 37

YKH176 YKH176_Y/Hwt*67L

(scrCTT)_CrP

06/11/2016 55-57 caccctgaccCTTggcgttcagtg 24

YKH177 YKH177_L65H

(scrCAT)_Hwt*67_S4

06/11/2016 58 tgaccacccATaccCACggcgt 22
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YKH178 YKH178_L65H

(scrCAT)_L

(scrCTT)67_S4+CrP

06/11/2016 57 gtgaccacccATaccCTTggcgt 23

YKH179 YKH179_L65H

(scrCAT)_Y/Hwt*67L

(scrCTT)_S4+CrP

06/11/2016 55-56 tggtgaccacccATaccCTTggcgttcagtg 31

YKH180 YKH180_L45H

(scrCAT)_S2

06/11/2016 56 acggtaaactgacccATaaatttatttgcacc 32

YKH181 YKH181_L43H

(scrCAT)_(S1)

06/11/2016 56 gaccaacggtaaacATacccTGaaatttatttgc 34

YKH182 YKH182_L43,45H

(scrCAT)_S2(S1)

06/11/2016 56 gcgaccaacggtaaacATacccATaaatttatttgcacc 39

YKH183 YKH183_L61H

(scrCAT)_(S3)

06/11/2016 57 tggccgacccATgtgaccaccc 22

YKH184 YKH184_Hwt*149L

(scrCTT)_S5

06/11/2016 55 aatttcaacagccTTaatgtgtatattaccgcc 33
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YKH185 YKH185_L221H

(scrCAT)_S6

06/11/2016 55 tgatcaCatggtgcATctggaatttgttacc 31

YKH186 YKH186_L222H

(scrCAT)_(S7)

06/11/2016 56 tcaCatggtgctgcATgaatttgttaccg 29

YKH187 YKH187_L221-222H

(scrCAT)_S6(S7)

06/11/2016 55 gtgatcaCatggtgcATcATgaatttgttaccgcc 35

YKH188 YKH188_Y67L(CTC) 06/11/2016 55 ccaccctgaccCTCggcgttcagtg 25

YKH189 YKH189_Y67L(CTA) 06/11/2016 55 ccaccctgaccCTAggcgttcagtg 25

YKH190 YKH190_Y67L(CTG) 06/11/2016 55 ccaccctgaccCTAggcgttcagtg 25

YKH191 YKH191_

(pET29_DA_F)_AS-

nicked

06/11/2016 56 AGCAGCACAGAGGTCAGATGggtctcCTTCCTTTCGGGCT

TTGTTAG

47

YKH192 YKH192_

(pET29_DA_R)_AS-

nicked

06/11/2016 56 CTAGAGGGGAATTGTTATCCGCgagaccTGGCAAACGCTA

ATAAGGGG/3invdT/

48

YKH193 YKH193_Y67H

(wt*CAC)_RC

06/11/2016 55 ctgaacgccGTGggtcagggtg 22
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YKH194 YKH194_Y67L

(CTT)_RC

06/11/2016 55 cactgaacgccAAGggtcagggtg 24

YKH195 YKH195_Y67H

(scrCAT)

07/04/2017 54 caccctgaccCATggcgttca 21

YKH190_v2 YKH190_Y67L

(CTG)_v2

07/04/2017 53 ccaccctgaccCTGggcgttcagt 24

YKH196 YKH196_Y67L(TTA) 07/04/2017 54 caccctgaccTTAggcgttcagt 23

YKH197 YKH197_Y67L(TTG) 07/04/2017 54 caccctgaccTTGggcgttcagt 23

YKH198 YKH198_Rv 07/04/2017 TCACCAGGGTCGGC 14

YKH199 YKH199_Rv 07/04/2017 TCACCAGGGTCGGCC 15

YKH200 YKH200_Y67 07/04/2017 caccctgaccTATggcg 17

YKH201 YKH201_Rv2 gTCACCAGGGTCGGC 15

YKH202 YKH202_Rv2 gTCACCAGGGTCGGCc 16

YKH###_

pET29a_F1_seq

ACAGTCGTTGCTGATTGG 18

YKH###_

pET29a_R1_seq

GCCGCTTTACAGGCTTC 17
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YKH###_

pET29a_F2_seq

CCGATGCCCTTGAGAG 16

YKH###_

pET29a_R2_seq

GCCGAAAATGACCCAGAG 18

YKH###_

pET29a_F3_seq

GTCAGAGGTGGCGAAAC 17

YKH###_

pET29a_R3_seq

AGGGAGAAAGGCGGAC 16

YKH###_

pET29a_F4_seq

ATCCGTACTCCTGATGATG 19

YKH###_

pET29a_R4_seq

TCGTGATTGCGCCTG 15

YKH###_

pET29a_dRop_seq

CGCCCTGCACCATTATGTTC

YKH203 28/04/2017 TCCGCggatccAAAAC 16

YKH204 28/04/2017 cgacaaaaatCTAGTCCGCggatccAA 27

YKH205 28/04/2017 GgaattcGGGaagcttAAAAAATG 24
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YKH206 28/04/2017 GGAACTATATCCGGgaattCgggAAGCTTaaaaaatg 37

YKH207 28/04/2017 CGGATATAGTTCCTCCTTTCAG 22

YKH208 28/04/2017 cttCCCgaattcCCGGATATAGTTCCTCCTT 29

YKH209 28/04/2017 ctcgatcccgcgaaat 16

YKH210 28/04/2017 ACAGGTCaagcttatctcgatcccgcga 28

YKH211 28/04/2017 ataagcttGACCTGTGAAGTG 21

YKH212 28/04/2017 gggatcgagataagcttGACCTGTGAAGTG 30

YKH213 28/04/2017 CTAGatttttgtcgaactattcatttc 27

YKH214 28/04/2017 gatccGCGGACTAGatttttgtcgaactattcatttc 37

YKH215 YKH215_Fw

(C31-*toN)

15/05/2017 56 AATgtcgtcatcAACaaactggcgcactcgacc 33

YKH216 YKH216_Rw C31 15/05/2017 54 gaccattcggccgttg 16

YKH217 YKH217_Fw

(BsaI[/SalI]-RBS-

ELRS)

15/05/2017 57 cggGGTCTCgtcgaATTTTGTTTAACTTTAAGAAGGAGAT

ATACATATGC

50
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YKH218 YKH218_Rv

(ELRS-TAA-TGA-

HindIII/BsaI)

15/05/2017 56 cggGGTCTCAAGCTTTCATTAGCCAACGACCAGATTGAGG 40

YKH219 YKH219_Fw

(RBStrunc-attB)

15/05/2017 59 aaaGGTCTCtaGGCGTGCGGGTGC 24

YKH220 YKH220_Rv

lambda-t0-term

15/05/2017 58 cggGGTCTCagaatAATTCATGAGCGGATGGAG 33

YKH221 YKH221_Fw

(RBS-pET29a)

15/05/2017 53 ggcGGTCTCaataaTTTTGTTTAACTTTAAGAAGGAGATA

TACA

44

YKH222 YKH222_Rv

(lacO-pET29a)

15/05/2017 55 cttGGTCTCgAGAGGGGAATTGTTATCCG 29

YKH223 YKH223_Fw (BsaI-

XbaI-RBS-pET29a)

15/05/2017 55 cagGGTCTCgcTCTAGAAATAATTTTGTTTAACTTTAAGA

AGGAG

45

YKH224 YKH224_Rv (ELRS-

TTA-TGA-BsaI)

15/05/2017 56 ccaGGTCTCgttatTCATTAGCCAACGACCAGATTGAG 38

YKH225 YKH225_Rv (TLRS-

TTA-TGA-BsaI)

15/05/2017 56 cgcGGTCTCgttatTCATTAACCGCGCACCAC 32
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YKH226 YKH226_Fw

(lacOtrunc

_RBS_XLRS_sfGFP)

15/05/2017 57 cctGGTCTCcgcctACAATTCCCCTCTAGAAATAATTTTG

TTTAAC

46

YKH227 YKH227_Rv T7term 15/05/2017 58 atgGGTCTCgattcCGGATATAGTTCCTCCTTTCAGC 37

YKH228 YKH228_Rv

(ELRStrunc-BsaI)

16/05/2017 56 ttaGGTCTCagcagGGTCAAGCTTTCATTAGCCAAC 36

YKH229 YKH229_Fw

(RBS?-TetR)

16/05/2017 54 ggcGGTCTCccagGAATTAATGATGTCTCGTTTAGATAA 39

YKH230 YKH230_Fw

(AmpRtrunc-TetR)

16/05/2017 56 gtcGGTCTCgcaggCACTGATTAAGCATTGGTAGGAATTA 40

YKH231 YKH231_Fw (BsaI-

BBa_B0030-TetR)

16/05/2017 55 ggaGGTCTCgcaggGATTAAAGAGGAGAAAgGAATTAATG

ATGTCTCGTTTAGATAA

57

YKH232 YKH232_Fw

(terms-CamR)

16/05/2017 56 caaGGTCTCcctgcataacgcgaagtaatc 30

YKH233 YKH233_Rv

(SacI-EcoRV-CamR)

16/05/2017 55 tctGGTCTCgcctggagctcgatatcaaattacgcc 36
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YKH234 YKH234_Rv

(BsaI-CamR)

16/05/2017 56 tctGGTCTCgcctgatcaaattacgccccgc 31

YKH235 YKH235_Fw

(pSB1C3_full_linear_R)

16/05/2017 58 cTCTAGAagcggccgcGAATTCcagaaatcatccttagcg 40

YKH236 YKH236_Rv

(pSB1C3_full_linear_F)

16/05/2017 58 tACTAGTagcggccgCTGCAGtccg 25

YKH237 YKH237_Rv_seq

(C31)

16/05/2017 54 tcctgccaacgggtc 15

YKH238 YKH238_Fw_seq

(C31)

16/05/2017 52 gttgtcacgaagtccacta 19

YKH239 YKH239_Rv_seq

(ELRS_RBS-sfGFP)

16/05/2017 52 GGTCGTTGGCTAATGAataaT 21

YKH240 YKH240_Fw_seq

(XbaI-lacO-attB)

16/05/2017 52 TTATTTCTAGAGGGGAATTGTaGG 24

YKH241 YKH241_Rv_seq

(RBS-attP)

16/05/2017 54 aTtcgacAGTGCCCCA 16
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YKH242 YKH242_Fw_seq

(ELRS)

16/05/2017 55 GTTGGCTAATGAAAGCTTGACC 22

YKH243 YKH243_Fw_seq

(TetR)

16/05/2017 52 AGCGGGCTTTGCTC 14

YKH244 YKH244_Rv_seq

(TetR)

16/05/2017 52 ATCTTCCAATACGCAACCT 19

YKH245 YKH245_Rv_seq

(lambda-t0-term)

16/05/2017 52 gactcctgttgatagatccag 21

YKH246 YKH246_Fw_seq

(attB)

17/05/2017 57 CGTGCGGGTGCCAG 14

YKH247 YKH247_Rv_seq (attP) 17/05/2017 58 AGTGCCCCAACTGGGGTA 18

YKH248 YKH248_Fw_seq

(attP)

17/05/2017 56 ACGCCCCCAACTGAGA 16

YKH249 YKH249_Rv_seq

(attB)

17/05/2017 56 GGAGTACGCGCCCG 14

YKH250 YKH250_Rv_seq

(BsaI-attB)

17/05/2017 55 aaaGGTCTCCcgatGGAGTACGCGCCCG 28
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YKH251 YKH251_Fw_seq

(BsaI-attP)

17/05/2017 54 aaaGGTCTCGacttACGCCCCCAACTGAG 29

YKH252 YKH252_Rv_seq

(bact-term)

17/05/2017 52 cacgaggcagaatttcag 18

YKH253 YKH253_Rv

(BsaI-HindIII-T7term)

17/05/2017 57 cggGGTCTCAAGCTTCGGATATAGTTCCTCCTTTCAGC 38

YKH254 YKH254_Fw

(BsaI[/SalI]-RBS-

TLRS)

17/05/2017 57 cggGGTCTCgtcgaGAAGGAGATATACACTTCATGGC 37

YKH255 YKH255_Fw_

(RecombiCirc_KanR)

28/07/2017 55 GAATGTGGCTCATATGAATCCC 22

YKH256 YKH256_Rv_

(RecombiCirc_attP)

28/07/2017 56 AGAGACCttttAGgtcgacAGT 22

YKH257 YKH257_Fw_(attB_GA) 28/07/2017 65 CTCCCCGGGCGCGTACTCC 19

YKH258 YKH258_Rv_(attP_GA) 28/07/2017 63 CAGAGTTCTCTCAGTTGGGGGCGT 24

YKH259 YKH259_Rv

(t-lpp-BsaI)

18/08/2017 54 ttaGGTCTCagcagGGTCAAGCTtCGGCAGA 31
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YKH260 YKH260_Rv_seq

(lambda-t0-term)

05/09/2017 55 CGTAAGTGACTGAgactcctg 21

YKH261 YKH261_LacZa 26/09/2017 52 accatgattacggattcact 20

YKH262 YKH262_M31fwd 26/09/2017 53 gtaaaacgacggccagt 17

YKH263 YKH263_OmpA

_LacZa_Fw

26/09/2017 55 ACTTCACAGGTCaagcttatAGG 23

YKH264 YKH264_OmpA

_LacZa_Rv

26/09/2017 55 GGCTTTGTTAGCAGCCg 17

YKH265 YKH265_Boundary-

Fw_5Biotin

27/09/2017 64 /5BiotinTEG/CCCCTTATTAGCGTTTGCCAGGTCTCaa

tggtttcttagacgtcaggtggcactc

55

YKH266 YKH266_Boundary-

Rv_3invdT

27/09/2017 63 gccgggcgttttttattggtgagaatcc’AAGC,CGAGAC

CCATCTGACCTCTGTGCTGCT/3invdT/

59

YKH267 YKH267_pSB1C3A2-

Fw

27/09/2017 65 gagtcaGGTCTCcaagcctcgagctgtcagaccaagt 37

YKH268 YKH268_pSB1C3A2-

Rv

27/09/2017 65 gagtcaGGTCTCaccattattatcatgacattaacctata

aaaataggcgtatcacgagg

60
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YKH269 YKH269_H17caC

_H21caC

27/09/2017 60 atcccaatggcaCcgtaaagaacaCtttgaggcatt 36

YKH270 YKH270_H70caC 27/09/2017 55 gatgaatgctcaCccggaatttcg 24

YKH271 YKH271_H96caC 27/09/2017 56 acaccgttttccaCgagcaaactg 24

YKH272 YKH272_H192caC

_H193cat(WT)

27/09/2017 57 cgattcaggttcaCcatgccgtttg 25

YKH273 YKH273_H200caC 27/09/2017 57 gatggcttccaCgtcggcagaat 23

YKH274 YKH274_Fw_seq 27/09/2017 54 GACAGATCGCTGAGATAGGT 20

YKH275 YKH275_Rv_seq 27/09/2017 54 actcacgttaagggattttgg 21

YKH276 YKH276_outnest1 28/09/2017 56 CCCCTTATTAGCGTTTGCCA 20

YKH277 YKH277_outnest2 28/09/2017 58 AGCAGCACAGAGGTCAGATG 20

YKH278 YKH278_H192caC

_H193L(CTT)

28/09/2017 56 gcgattcaggttcaCcTtgccgtttgT 27

YKH279 YKH279_H200caC_v2 28/09/2017 57 atggcttccaCgtcggcagaatg 23

YKH280 YKH280_CAT_OCI-

GA_Fw

28/09/2017 57 ACTTCACAGGTCaagcttatAGGTCTCAatcgGTCGACtg

atcgggcacgtaagagg

57
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YKH281 YKH281_CAT_OCI-

GA_Rv

28/09/2017 57 GGCTTTGTTAGCAGCCggatAGGTCTCAaagtGCGGCCGC

ttattacgccccgccc

56

YKH282 YKH282_Fw

(BsaI-KanR)

28/09/2017 53 agcGGTCTCggagtATGAGCCATATTCAACGGGAA 35

YKH283 YKH283_Rv

(BsaI-KanR)

28/09/2017 53 tctGGTCTCtcctgTTAGAAAAACTCATCGAGCATCAAAT 40

YKH284 YKH284_Rv

(BsaI-pAmpR)

28/09/2017 54 ttaGGTCTCtactctTCCTTTTTCAATATTATTGAAGCA 39

YKH285 YKH285_Fw_(BsaI-

t0term)

19/10/2017 53 ggcGGTCTCaagctAgaatAATTCATGAGCGGATG 35

YKH286 YKH286_Rv_

(BsaI_attB)

19/10/2017 53 aaaGGTCTCtagagGTGCGGGTGCCAG 27
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YKH287 BP-excision_tsPurple 08/01/2018 AATGTGCGCCATTTTTCACTTCACAGGTCAagctAGCTCT

TCAggatGGATCCTCAGTCACTTAAGGTCTCAatcggctg

ttgacaattaatcatcgaactagttaactagtacgcaagt

tcacgacttTGAGACCTGTGCGGGTGCCAGGGCGTGCCCc

aGGGCTCCCCGGGCGCGTACTCCccaggcatcaaataaaa

cgaaaggctcagtcgaaagactgggcctttcgttttatct

gttgtttgtcggtgaacgctctctactagagtcacactgg

ctcaccttcgggtgggcctttctgcgtttataGATATCAG

TGCCCCAACTGGGGTAACCTcaGAGTTCTCTCAGTTGGGG

GCGTaccttaggaggtaaacatatggcgagcttggttaag

aaagatatgtgtgtt

415

YKH288 YKH288_Fw_(t-lpp) 08/01/2018 54 AATGTGCGCCATTTTTCAC 19

YKH289 YKH289_Rv_

(DA_priming_site)

08/01/2018 56 GCAATGAACGGACTTGACCT 20

YKH290 YKH290_Fw_

(tsPurple_NdeI)

08/01/2018 54 AAAcatatggcgagcttgg 19
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YKH291 YKH291_Fw_

(tsPurple)

09/01/2018 53 aagagtcctttccagaggg 19

YKH292 YKH292_Rv_(tsPurple) 09/01/2018 58 gacgcacggctccca 15

YKH293 YKH293_Fw_(attB) 23/01/2018 63 GGGCACGCCCTGGCAC 16

YKH294 YKH294 ccgttcgccggactt 15

YKH295 YKH295_L468H(cat) gcgaacCATgttgcggagcg 20

YKH296 YKH296_L143H(cat) ATGgtgaatcaggtccatgac 21

YKH297 YKH297_H142L(ctt) cagAAGaatcaggtccatgacgt 23

YKH298 YKH298_H142L(ctt)

_L143H(cat)

ATGAAGaatcaggtccatgacgt 23

YKH299 YKH299 attatgcggCTGgacg 16

YKH300 YKH300 gaacctgaaccggcc 15

YKH301 YKH301_H61L(ctt) gtcgggCTTttcagcgaagcg 21

YKH302 YKH302_Fw_iPCR-t-

lpp

16/04/2018 53 GCAGACAAAAAAAATGTCGC 20

YKH303 YKH303_Rv_iPCR-

f1ori

16/04/2018 53 CACGGATCTCCACGC 15
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YKH304 YKH304_Boundary-

Fw_5Biotin_SapI

16/04/2018 64 /5BiotinTEG/CCCCTTATTAGCGTTTGCCAGCTCTTCt

’aag,aGCTTCACAGGTCAAGTCCGTTCATTG

58

YKH305 YKH305_Boundary-

Rv_3invdT_SapI

16/04/2018 62(-63) GAAGTGTATATCTCCTTTCTAGATTTTTGTCGAACTATTC

ATTTc’act,tGAAGAGCCATCTGACCTCTGTGCTGCT/3

invdT/

76

YKH306 YKH306_pCtsP

_pNGAL97-Fw_SapI

16/04/2018 59 gagtcaGCTCTTCc’act,tTTCTCTATCACTGATAGGGA

GTG

41

YKH307 YKH307_pCtsP

_pNGAL97-Rv_SapI

16/04/2018 60 gagtcaGCTCTTCA’ctt,cGTGATTGTCTGCCGTTTAC 37

YKH308 YKH308_*192(200)

N(AAT)_I*196(204)

N(AaC)

17/04/2018 56 agtgcgccagtttGTTGatgacgacATTgaccattcgg 38

YKH309 YKH309_H53(61)

L(cTT)

17/04/2018 58 cttcgctgaaAAGcccgacgaacct 25

YKH310 YKH310_L75(83)

H(cAT)

17/04/2018 55 cggcattcgttATGgatgcgttcg 24
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YKH311 YKH311_L109(117)

|L110(118)

|L112(120)H(cAT)

17/04/2018 55 caatcgtcacgccATGggcATGATGttccgagacaatc 38

YKH312 YKH312_L135(143)

|L139(147)H(cAT)

17/04/2018 58 tgcgacgcgtcATGccgcataatATGgtgaatcag 35

YKH313 YKH313_L132(140)

|L135(143)H(cAT)

_H134(142)L(cTT)

17/04/2018 52 ATGAAGaatATGgtccatgacgtttcc 27

YKH314 YKH314_L132 |L135

|L139H(cAT)

_H134L(cTT)

17/04/2018 57 tgcgacgcgtcATGccgcataatATGAAGaatATGgtcca

tgacgtttc

49

YKH315 YKH315_L154(162)

|NL159(167)

|L163(171)H(cAT)

17/04/2018 57 gtacccgccATGttcgcgctgATGAttcttcgtgtcATGa

atcttcgc

48

YKH316 YKH316_Fw_seq

(C31)

24/04/2018 54 cgacgcttcggcaag 15

301



A
PPE

N
D

IX
A

.
O

L
IG

O
N

U
C

L
E

O
T

ID
E

S,SE
Q

U
E

N
C

E
S,A

N
D

PL
A

SM
ID

M
A

PS

YKH317 YKH317_Fw_iPCR-t-

lpp

24/04/2018 53 GTGCGCCATTTTTggtc 17

YKH318 YKH318_pC-sfGFP-

flip_pNGAL97-

Rv_SapI

24/04/2018 61 gagtcaGCTCTTCA’ctt,cGTGAAAAATGGCGCACAT 36

YKH319 YKH319_C31-

R225_Rv

29/05/2018 56 Cggattacgtcgggctc 17

YKH320 YKH320_C31-

R225_Fw

29/05/2018 55 gtggtggtggcgtga 15

YKH321 YKH321_C31-

R225_Fw_SapI

31/05/2018 54 aatGCTCTTCtccGgTGGTGGTGGCGT 27

YKH322 YKH322_C31-

G54_Rv_SapI

31/05/2018 55 aatGCTCTTCcggccCCCGTC 21

YKH323 YKH323_C31-

G54_Fw_SapI

31/05/2018 60 attGCTCTTCTgccgGTTCAGGTTCGTCG 29

YKH324 YKH324_C31-

R225_Rv_SapI

31/05/2018 60 aatGCTCTTCaCggaTTACGTCGGGCTCGAAC 32
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YKH325 YKH325_C31-

G54_Rv_SapI

31/05/2018 55 aatGCTCTTCtAtggTCCATGACGTTTCCC 30

YKH326 YKH326_C31-

G54_Fw_SapI

31/05/2018 60 ttaGCTCTTCccaTaTTCACCTGATTATGCGGCatGACG 33

YKH327 YKH327_C31-

L359_Fw

01/06/2018 62 gggCTGtcacgggggcaag 19

YKH328 YKH328_C31-

L359_Rv

01/06/2018 62 cttgccgcgccccct 15

YKH329 YKH329_L468H_

Fw_SapI

01/06/2018 56 tgtGCTCTTCtcgaacCATgttgcggag 28

YKH330 YKH330_L468H_

Rv_SapI

01/06/2018 59 aatGCTCTTCttcgcccgttcgccg 25

YKH329_v2 YKH329_L468H_

Fw_SapI_

[v2:sfGFP_pNGAL97]

03/06/2018 57 tgtGCTCTTCtcgaacCATgttgcggagcgcg 32
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YKH331 YKH331_Fw_BamHI_

?LtoH_

?EcotRNAHis(CUU)

04/06/2018 52 gggGGATCCAAAAAAAGTAAGATGACTGTTAGTATCc 29

YKH332 YKH332_Rv_BamHI_

?LtoH_

?EcotRNAHis(CUU)

04/06/2018 54 aaaggatccGCGGACTAG 18

YKH333 YKH333_Fw_SapI_

?HtoL_

?EcotRNALeu(CAU)

04/06/2018 53 cacAAGAGAAGAGCAAAATGGC 22

YKH334 YKH334_Rv_SapI_

?HtoL_

?EcotRNALeu(CAU)

04/06/2018 53 cggGCTCTTCaCTTATCGCCTCGTTCTTCTAATAATG 37

YKH335 YKH335_?CAT_

linkerTop_BsaI-ready

04/06/2018 54 aagtGCttCCGCttaGTCGACata 24

YKH336 YKH336_?CAT_

linkerBottom_BsaI-

ready

04/06/2018 54 atcgtatGTCGACtaaGCGGaaGC 24
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YKH337 YKH337_Fw_Alpha-

ori_SapI

20/07/2018 55 tttGCTCTTCTCGTTCCACTGAGCGTC 27

YKH338 YKH338_Rv_Alpha-

ori_SapI

20/07/2018 56 attGCTCTTCGGCGTTTTTCCATAGGCT 28

YKH339 YKH339_Fw_pUC-ori-

3’_SapI

20/07/2018 56 accGCTCTTCACGCCAGCAACGC 23

YKH340 YKH340_Rv_pUC-ori-

5’_SapI

20/07/2018 55 taagGCTCTTCTACGAAAACTCACGTTAAGGG 32

YKH341 YKH341_AF_OXB20-

KanR_Fw

29/08/2018 59 CAGGAGGCTTTCGCATGATTGA 22

YKH342 YKH342_AF_OXB20-

KanR_Rv

29/08/2018 58 TCAGAGCAGCCGATTGTCTG 20

YKH343 YKH343_AF_

Nissle1917-terB-

Tus_Fw

29/08/2018 57 GGTCAAGTCACCACCACTGT 20
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YKH344 YKH344_AF_

Nissle1917-terB-

Tus_Rv

29/08/2018 58 GCTCTTGTTCCATCTGGCGA 20

YKH345 YKH345_Rv_SapI_

?tRNAs

04/12/2018 54 aaacagGCTCTTCcCCAGTGCGAGCA 26

YKH346 YKH346_Fw_tRNAHL 04/12/2018 54 ggtGCTCTTCctggTAGTATCCGTGCCGAG 30

YKH347 YKH347_Rv_tRNAHL

+Spacer54-53

04/12/2018 53 tttGCTCTTCccttGTGCTTATCGCCTCGTTTTCTGGAAT

TTGGTACCGAG

51

YKH348 YKH348_Fw_tRNAHL

+(8bp-5’)

04/12/2018 55 cgtGCTCTTCctggCTAAAAAGTAGTATCCGTGCCGAGGT GG 42

YKH349 YKH349_Rv_tRNAHL

+(9bp-3’)+Spacer54-53

04/12/2018 53 tttGCTCTTCccttGTGCTTATCGCCTCGcAGCGTCTCTT

TTCTGGAATTTGGTACCGAG

60

YKH350 YKH350_Fw_5’-CysT 13/12/2018 67 tggCCTGAAGAATTTGGCGCGTTAACAAAGCGGTTATGTA

GCGGATTtatAATCCGTCTAGTCCGGTTCGACTCC

75

YKH351 YKH351_Rv_CysT-3’ 13/12/2018 67 CTTGTGCTTATCGCCTCGTTTCGGGAAGAAAGTGGAGGCG

CGTTCCGGAGTCGAACCGGACTAGACGGATTATaAATCCG

CTACATAACC

90
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YKH352 YKH352_Fw_CysT

(VAT)_blunt-iPCR

13/12/2018 50 VATAATCCGTCTAGTCCG 18

YKH353 YKH353_Rv_CysT_

blunt-iPCR

13/12/2018 50 AATCCGCTACATAACCG 17
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YKH354 YKH354_ThyA

(gblock)

13/12/2018 GGGCTTTGTTAGCAGCCGGATCTCaTTAGATAGCCACCGG

CGCTTTgATGCCCGGATGCGGATCGTAGCCTTCgATCTCA

AAGTCTTCGAAACGGTAGTCGAAGATGGATTCGGGTTTAC

GTTTGATgATCAgCTTCGGCAGCGGACGCGGTTCGCGGCT

cAgTTGCAGATGAGTTTGATCCATATGGTTGCTGTACAGA

TGCGTGTCGCCACCGGTCCAGACAAAATCACCCACTTCCA

GATCGCACTGCTGCGCCATCATATGCACCAgcAgCGCGTA

GCTGGCgATGTTGAACGGCAGGCCcAGGAAGACGTCACAG

GAGCGCTGATAcAGCTGGCAAGAcAGTTTGCCGTCTGCCA

CATAGAACTGGAAGAATGCATGGCACGGTGCCAGCGCCAT

TTTATCCAGTTCGCCTACGTTCCACGCTGAAACgATgATG

CGGCGCGAATCCGGGTCGTTTTTCAGCTGGTTCAGTACCG

TAGTGATCTGGTCgATATGACGACCATCTGGCGTTGGCCA

GGCGCGCCACTGTTTACCATACACTGGCCCcAGGTCGCCG

TTTTCATCGGCCCATTCGTCCCAGATGGTGACATTGTTTT

CGTGcAGATAAGCgATGTTAGTGTCGCCCTGCAGAAACCA

867
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YKH354

cont.

CAGCAGTTCATGGATGATGGAACGCAGGTGGCAACGTTTA

GTTGTCACCAGCGGGAATCCATCTTGCAGGTTAAAACGCA

TCTGATGACCAAAgATGGAcAGCGTTCCGGTTCCGGTACG

GTCGTTTTTCTGTGTGCCTTCGTCcAGCACTTTTTGCATC

AGTTCcAgATACTGTTTCATtGAAGTGTATATCTCCTTCT

TAAAGTTAAACAAAATTATTTCTAGAg

YKH355 YKH355_Fw_RBS 13/12/2018 51 CATTGAAGTGTATATCTCCTTCTTA 25

YKH356 YKH356_Fw (allele

Cys(TGC)16Ile(AUW)

blunt-iPCR

13/12/2018 56 CTGGCACCGATwCAtGCATTCTTCCAGTTC 30

YKH357 YKH357_Rv (allele

Cys(TGC)16Ile(AUW)

blunt-iPCR

13/12/2018 56 CGCCATTTTATCCAGTTCGC 20

YKH358 YKH358_RM01_TS1 13/12/2018 68 GTGCTCGACGAAGGCACACAG 21

YKH359 YKH359_RM02_TS2 13/12/2018 68 CGTAATTAGATAGCCACCGGCG 22

YKH360 YKH360_RM03_EM1 13/12/2018 80 GCGCGCGTGTTGATAGTGCAGTATC

YKH361 YKH361_RM04_EM2 13/12/2018 84 GCGCGCCCCCGTAGGCGCTAGGG
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YKH362 YKH362_Fw (allele

Cys(TGC)) blunt-iPCR

25/01/2019 56 CTGGCACCGTGCCAT 15

YKH363 YKH363_Fw

(ThyA_C192)

25/01/2019 52 TGCGATCTGGAAGTGG 16

YKH364 YKH364_Rv 25/01/2019 53 CTGCTGCGCCATCATAT 17

YKH365 YKH365_Fw_tRNAIC_

SapI

25/01/2019 50 aaacagGCTCTTCCtggCCTGAAGAATTTG 30

YKH366 YKH366_Rv_tRNAIC_

SapI

25/01/2019 51 TTTGCTCTTCTCTTGTGC 18

YKH367 YKH367_Fw (allele

Cys(TGC)16Ile(AUA)

blunt-iPCR

05/02/2019 56 CTGGCACCGATaCAtGCAT 19

YKH368 YKH368_Rv_3’

ThyA_GA

05/02/2019 53 CTTTGTTAGCAGCCGGAT 18

YKH369 YKH369_Fw_RBS

+ThyA_GA

05/02/2019 53 TAAGAAGGAGATATACACTTCAATGAA 27
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YKH370 YKH370_Rv_SapI_

?HtoL

_?EcotRNALeu(CAU)

13/02/2019 53 cggGCTCTTCaCCAATCGCCTCGTTCTTCTAATA 34

YKH371 YKH371_Fw

_ErmR_L73

14/02/2019 52 CTGAACATTCGTGTCACTTTA 21

YKH372 YKH372_Rv

_Erm_L145

14/02/2019 52 GCAAGAGCAACCCTAGT 17

YKH373 YKH373_LH-HL_37-

hisR(GTG>AAG)_38-

leuT(CAG>ATG)

08/03/2019 gaaatgaatagttcgacaaaaatCTAGTTTAGTCCCGGCG

CTTGAGCTGCGGTGGTAGTAATACCGCGTAACAAGATTTG

TAGTGGTGGCTATAGCTCAGTTGGTAGAGCCCTGGATTAA

GATTCCAGTTGTCGTGGGTTCGAATCCCATTAGCCACCCC

ATTATTAGAAGTTGTGACAATGCGAAGGTGGCGGAATTGG

TAGACGCGCTAGCTTATGGTGTTAGTGTCCTTACGGACGT

GGGGGTTCAAGTCCCCCCCCTCGCACCACGACTTTAAAGA

ATTGAACTAAAAATTCAAAAAGCAGTATTTCGGATATAGT

TCCTCCTTTCAG

332
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YKH374 YKH374_IC-HL_75-

cysT(GCA>TAT)_76-

leuZ(TAA>ATG)

08/03/2019 gaaatgaatagttcgacaaaaatCTAGGTTTAAAAGACAT

CGGCGTCAAGCGGATGTCTGGCTGAAAGGCCTGAAGAATT

TGGCGCGTTAACAAAGCGGTTATGTAGCGGATTtATAATC

CGTCTAGTCCGGTTCGACTCCGGAACGCGCCTCCACTTTC

TTCCCGAGCCCGGATGGTGGAATCGGTAGACACAAGGGAT

TATGAATCCCTCGGCGTTCGCGCTGTGCGGGTTCAAGTCC

CGCTCCGGGTACCATGGGAAAGATAAGAATAAAATCAAAG

CAATAAGCAGTGTCGTGAAACCACCTTCGGGTGGTTTTTT

TGTGCGGATATAGTTCCTCCTTTCAG

346

YKH375 YKH375_LH-IC_37-

hisR(GTG>AAG)_75-

cysT(GCA>TAT)

08/03/2019 gaaatgaatagttcgacaaaaatCTAGTTTAGTCCCGGCG

CTTGAGCTGCGGTGGTAGTAATACCGCGTAACAAGATTTG

TAGTGGTGGCTATAGCTCAGTTGGTAGAGCCCTGGATTAA

GATTCCAGTTGTCGTGGGTTCGAATCCCATTAGCCACCCC

ATTATTAGAAGTTGTGACAATATGTCTGGCTGAAAGGCCT

GAAGAATTTGGCGCGTTAACAAAGCGGTTATGTAGCGGAT

TtATAATCCGTCTAGTCCGGTTCGACTCCGGAACGCGCCT

CCACTTTCTTCCCGACGGATATAGTTCCTCCTTTCAG

317
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YKH376 YKH376_Fw

(PhiC31_E184_WT)

18/03/2019 53 gctggtttcggagacg 16

YKH377 YKH377_Rv

(PhiC31_E184_WT)

18/03/2019 54 Tcgaagccgtaaggcg 16

YKH378 YKH378_Fw_C31.H61

LtoH(CAC)

21/03/2019 57 ttcagcgaagcgccg 15

YKH379 YKH379_Rv_C31.H61

LtoH(CAC)

21/03/2019 58 GTGcccgacgaacctgaac 19

YKH380 YKH380_Fw_37hisR-

LH(AAG)

27/03/2019 51 GTAACAAGATTTGTAGTGGTGGct 24

YKH381 YKH381_Rv_

37hisR-LH(AAG)

27/03/2019 51 GTCACAACTTCTAATAATGGGGTgg 25

YKH382 YKH382_Fw_37hisR-

LH(AAG)+HL/IC

27/03/2019 53 aCCCCATTATTAGAAGTTGTGAC 23

YKH383 YKH383_Rv_37hisR-

LH(AAG)+HL/IC

27/03/2019 52 CCACCACTACAAATCTTGTTAC 22
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YKH384 YKH384_Fw_Pre-

tRNAs

27/03/2019 52 gaaatgaatagttcgacaaaaatCTAG 27

YKH385 YKH385_Rv_Post-

tRNAs

27/03/2019 53 CTGAAAGGAGGAACTATATCCG 22

YKH386 YKH386_Fw

_CAT.A125

10/04/2019 53 gcgtgttacggtgaaaac 18

YKH387 YKH387_Rv

_CAT.G217

10/04/2019 53 gccctgccactcatc 15

YKH388
SufI(Tat) signal seq 26/09/2017 TCACTTCACAGGTCaagcttatAGGTCTCAatcgGTCGAC

tttacggctagctcagccctaggtattatgctagcCTTAT

CATCAAAGAGGGAGCTAAAAatgtcaCTCagtcggcgtca

gttcattcaggcatcggggattgcaCNTtgtgcaggcgct

gttcccCTGaaggccagcgcaTCCaccatgattacggatt

cactg

205

Table A.1: Full list of all primers/oligos used within this body of work.
...
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APPENDIX A. OLIGONUCLEOTIDES, SEQUENCES, AND PLASMID MAPS

A.3 Oligos used in Darwin Assembly for recoding

ΦC31
Listed in Table A.2 are the oligos required to generate a library of leucine-histidine

recoded ΦC31 variants as used for designing the basic GTS circuit (Section 4.2.2)5970

and the subsequent library construction (Section 4.2.6). The results of which are

shown in Table 4.2 and Table 4.3.

Oligo ID Oligo DNA Sequence (5’ to 3’)
(a) YKH308_*192(200)N(AAT) agtgcgccagtttGTTGatgacgacATTgac

_I195(203)I(atC) cattcgg
_*196(204)N(AaC)

(b) YKH297_H134(142)L(cTT) cagAAGaatcaggtccatgacgt
YKH296_L135(143)H(cAT) ATGgtgaatcaggtccatgac
YKH298_H134(142)L(cTT) ATGAAGaatcaggtccatgacgt

_L135(143)H(cAT)
(c) YKH309_H53(61)L(cTT) cttcgctgaaAAGcccgacgaacct

YKH310_L75(83)H(cAT) cggcattcgttATGgatgcgttcg
YKH311_L109(117)H(cAT) caatcgtcacgccATGggcATGATGttccga

_L110(118)H(cAT) gacaatc
_L112(120)H(cAT)

YKH312_L135(143)H(cAT) tgcgacgcgtcATGccgcataatATGgtgaat
_L139(147)H(cAT) cag

YKH313_L132(140)H(cAT) ATGAAGaatATGgtccatgacgtttcc
_H134(142)L(cTT)
_L135(143)H(cAT)

YKH314_L132(140)H(cAT) tgcgacgcgtcATGccgcataatATGAAGaat
_H134(142)L(cTT) ATGgtccatgacgtttc
_L135(143)H(cAT)
_L139(147)H(cAT)

YKH315_L154(162)H(cAT) gtacccgccATGttcgcgctgATGAttctt
_N158(166)N(aaT) cgtgtcATGaatcttcgc
_L159(167)H(cAT)
_L163(171)H(cAT)

YKH295_L460(468)H(cAT) gcgaacCATgttgcggagcg

Table A.2: Oligo sequence designs that were used for site-directed mutagenesis using the
Darwin Assembly method to create the inactive recoded ΦC31 sequence vari-
ants
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Oligo ID Oligo DNA Sequence (5’ to 3’)

(d) YKH304_Boundary-Fw /5BiotinTEG/CCCCTTATTAGCGTTTGCCA
_5Biotin_SapI GCTCTTCt’aag,aGCTTCACAGGTCAAGTCC

GTTCATTG
YKH305_Boundary-Rv GAAGTGTATATCTCCTTTCTAGATTTTTGTCG

_3invdT_SapI AACTATTCATTTc’act,tGAAGAGCCATCTG
ACCTCTGTGCTGCT/3invdT/

YKH276 = YKH163_Outnest1 CCCCTTATTAGCGTTTGCCA
YKH277 = YKH164_Outnest2 AGCAGCACAGAGGTCAGATG
YKH306_pCtsP_pNGAL97 gagtcaGCTCTTCc’act,tTTCTCTATCACT

-Fw_SapI GATAGGGAGTG
YKH307_pCtsP_pNGAL97 gagtcaGCTCTTCA’ctt,cGTGATTGTCTGC

-Rv_SapI CGTTTAC
YKH318_pC-sfGFP-flip gagtcaGCTCTTCA’ctt,cGTGAAAAATGGC

_pNGAL97-Rv_SapI GCACAT
(e) YKH319_C31-R225_Rv Cggattacgtcgggctc

YKH320_C31-R225_Fw gtggtggtggcgtga
YKH321_C31-R225_Fw_SapI aatGCTCTTCtccGgTGGTGGTGGCGT
YKH324_C31-R225_Rv_SapI aatGCTCTTCaCggaTTACGTCGGGCTCGAAC
YKH325_C31-G54_Rv_SapI aatGCTCTTCtAtggTCCATGACGTTTCCC
YKH326_C31-G54_Fw_SapI ttaGCTCTTCccaTaTTCACCTGATTATGCGG

CatGACG
YKH327_C31-L359_Fw gggCTGtcacgggggcaag
YKH328_C31-L359_Rv cttgccgcgccccct
YKH329_L468H_Fw_SapI tgtGCTCTTCtcgaacCATgttgcggag
YKH329_v2_L468H_Fw_SapI tgtGCTCTTCtcgaacCATgttgcggagcgcg

_[v2:sfGFP_pNGAL97]
YKH330_L468H_Rv_SapI aatGCTCTTCttcgcccgttcgccg

(f) YKH289_Rv_(DA_primingsite) GCAATGAACGGACTTGACCT

Table A.2: (Continued) Oligo sequence designs that were used for site-directed mutagen-
esis using the Darwin Assembly method to create the inactive recoded ΦC31
sequence variants

.
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Appendix B

Flow Cytometry Scripts5975

These Python scripts, using the FlowCal library package, were developed with the

invaluable support of Dr. Charmian Dawson, and were used for analysing the flow

cytometry data from Section 4.2.8. Charmian wrote the Python scripts in Jupyter

Notebooks, executed in Google Colab, and provided advice on the analyses; I

adapted the scripts for my data.5980

# (a) Importing FlowCal package and sourcing data:

# using the FlowCal library to analyse the .fcs files

!pip install FlowCal===1.3.05985

import FlowCal

import matplotlib.pyplot as plt

from google.colab import drive5990

drive.mount('/content/drive')

# (b) Importing data and generating histograms and gated plots:

savepath = "/content/drive/MyDrive/Colab Notebooks/yan-kay_scripts/"5995

rootpath = "/content/drive/MyDrive/yan-kay/AttuneNxT/190523_Flow1/"

folders = ['Flow1_TRep1/190523_sfGFP_',

'Flow1_TRep2/Results_Export/190523_sfGFP_TRep2_']
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APPENDIX B. FLOW CYTOMETRY SCRIPTS

files = ['190523_sfGFP_PBS_d1000_D2_PBS',

'190523_sfGFP_PBS_d1000_D3_NEG_C31H53L_ThyA_ATA_10b',6000

'190523_sfGFP_PBS_d1000_D4_NEG_C31H53L_ThyA_WT_10b',

'190523_sfGFP_PBS_d1000_D5_POS_C31WT_sfGFPwt_10b',

'190523_sfGFP_PBS_d1000_D6_C31H53L_sfGFPwt_10b',

'190523_sfGFP_PBS_d1000_D7_asD6_LHHLold_noATC_10b',

'190523_sfGFP_PBS_d1000_D8_asD6_LHHLold_ATC20_10b',6005

'190523_sfGFP_PBS_d1000_D9_asD6_LHHLold_ATC200_10b']

fc = ".fcs"

ss = []

#a list of all the titles

titls = ['','',"NEG: C31.H53l_ThyA.WT","POS: C31.WT_sfGFP.WT","D6:6010

C31.H53L_sfGFP.WT","D7: C31.H53L_sfGFP.WT + LH_HL // -aTc 20

ng/mL", "D8: C31.H53L_sfGFP.WT + LH_HL // +aTc 20 ng/mL"]

for i in folders:#goes through both folders and processes the data

and puts it in the ss list above

for j in files:6015

filename = rootpath+i+j+fc

#print(j)

s = FlowCal.transform.to_rfi(FlowCal.io.FCSData(filename))

ss.append(s)

#print(FlowCal.trans)6020

#FlowCal.plot.hist1d(s,6,'log',histtype='step',xlim=[1,1e5])

#plt.show()

#print(s.channels)#('Time', 'FSC-A', 'SSC-A', 'BL1-A', 'FSC-H',

'SSC-H', 'BL1-H', 'FSC-W', 'SSC-W', 'BL1-W')

neg = 2#just helping myself know which numbers in the ss list refer6025

to which datasets

pos = 3

d6 = 4

d7 = 5

d8 = 6#does not look like the graph in the poster, but the poster6030
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histogram has clearly been gated, while the others haven't which

is a bit weird...

d9 = 7

xlabl = "GFP fluorescence intensity, log10 (BL1-H)"

xlabl2 = "BL1-H"6035

#these two graphs are one-dimensional histograms of the two graphs

with multiple datasets on each

FlowCal.plot.hist1d([ss[neg],ss[pos],ss[d6]],6,'log',500,

histtype='step', xlim=[1,500000],

edgecolor=['gray','limegreen','cornflowerblue'], xlabel=xlabl)6040

##above - the datasets to plot, 6=BL1-H, log is the x axis, 500 = the

bin size, step means lines but not filled, xlim is the limits of

the x axis, then the colours for each dataset, and xlabl is the

label for the x axis (a few lines up)

#plt.savefig(savepath+"graph1.jpg")#savepath is defined above, and6045

the name of this graph will be graph1.jpg

plt.show()

print('medians - gray: ', FlowCal.stats.median(ss[neg],6),', green:

', FlowCal.stats.median(ss[pos],6), ', blue: ',

FlowCal.stats.median(ss[d6],6))6050

FlowCal.plot.hist1d([ss[d6],ss[d7],ss[d8]],6,'log',500,

histtype='step', xlim=[1e2,1e5],

edgecolor=['cornflowerblue','darkblue','red'], xlabel=xlabl)

#plt.savefig(savepath+"graph2.jpg")

plt.show()6055

print('medians - blue: ', FlowCal.stats.median(ss[d6],6),', darkblue:

', FlowCal.stats.median(ss[d7],6), ', red: ',

FlowCal.stats.median(ss[d8],6))

ylabl = 'Count'#the default for the y axis is counts6060

#the info below is for positioning the blue and green lines on the

smaller graphs
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ypoints = [0,200]

xpoint = 1.08

xpoint2 = 1e36065

xpoint3 = 1e6

xpoints = [xpoint,xpoint]

xpoints2 = [xpoint2,xpoint2]

xpoints3 = [xpoint3,xpoint3]

6070

#this function is used to plot graphs all in the same way - ds is a

number that is the position in the ss list

def makeSecondGraphType(ds):

FlowCal.plot.hist1d(ss[ds],6,'log',1000, histtype='step',

ylim=[0,200], edgecolor='tab:orange', xlabel=xlabl2, ylabel =6075

ylabl)

lows = FlowCal.gate.high_low(ss[ds],6,high=1e3)#this line counts

how many events are below the 1e3 threshold.

blueperc = round((lows.shape[0]/ss[ds].shape[0])*100,3)#calculates

the percentage of events below the threshold.6080

bluestr = str(blueperc) + "%"

greenstr = str(round(100-blueperc,3)) + "%" #works out the rest of

the events as a percentage

#these lines plot the green and blue lines

plt.plot(xpoints,ypoints,color="tab:cyan")6085

plt.plot([xpoint,xpoint2],[50,50],color="tab:cyan")

plt.annotate(' NA: '+bluestr,xy=(1,53), weight='bold', color =

"tab:cyan")

plt.plot(xpoints2,ypoints,color="tab:cyan")

plt.plot(xpoints3,ypoints,color="limegreen")6090

plt.annotate(' GFP: '+greenstr,xy=(1e3,153), weight='bold', color =

"limegreen")

plt.plot([xpoint2,xpoint3],[150,150],color="limegreen")
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plt.title(titls[ds])#selects the appropriate title from the list6095

#plt.savefig(savepath+"graph_small_"+str(ds)+".jpg")#saves the

figure

plt.show()

print('medians: ',FlowCal.stats.median(ss[ds],6))

6100

#this plots the graphs from the ss list above, from 2 to 6 inclusive

for i in range(2,7):

makeSecondGraphType(i)

6105

# (c) Comparing data between the technical replicates:

reps = ['rep1','rep2']

for i in range(len(files)):

filename1 =

"/content/drive/MyDrive/yan-kay/AttuneNxT/190523_Flow1/"6110

+folders[0]+files[i]+".fcs"

filename2 =

"/content/drive/MyDrive/yan-kay/AttuneNxT/190523_Flow1/"

+folders[1]+files[i]+".fcs"

print(filename1)6115

s1 = FlowCal.transform.to_rfi(FlowCal.io.FCSData(filename1))

s2 = FlowCal.transform.to_rfi(FlowCal.io.FCSData(filename2))

FlowCal.plot.hist1d([s1,s2],6,'log',histtype='step')

plt.legend(reps)

plt.show()6120

FlowCal.plot.density2d(s1,[1,2],mode='scatter',

xscale='log',yscale='log')

plt.show()

FlowCal.plot.density2d(s2,[1,2],mode='scatter',

xscale='log',yscale='log')6125

plt.show()
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I Weygand-Durasević, N Ban, D Jahn, and D Söll. Yeast seryl-tRNA synthetase7040

expressed in Escherichia coli recognizes bacterial serine-specific tRNAs in vivo.

European journal of biochemistry / FEBS, 214(3):869–77, 1993. ISSN 0014-

2956. URL http://www.ncbi.nlm.nih.gov/pubmed/7686490.

Kristoffer Skovbo Winther, Michael Askvad Sørensen, and Sine Lo Svenningsen.

Polyamines are Required for tRNA Anticodon Modification in Escherichia7045

coli. Journal of Molecular Biology, 433(15):167073–167086, 2021. doi: 10.

1016/j.jmb.2021.167073. URL https://www.sciencedirect.com/science/

article/pii/S0022283621002916.

C R Woese. On the evolution of the genetic code. Proceedings of the National

Academy of Sciences of the United States of America, 54(6):1546–1552, 1965.7050

doi: 10.1073/pnas.54.6.1546. URL https://www.ncbi.nlm.nih.gov/pmc/

articles/PMC300511/.

Han Xiao, Abhishek Chatterjee, Sei-hyun Choi, Krishna M Bajjuri, Subhash C

Sinha, and Peter G Schultz. Genetic incorporation of multiple unnatural amino

acids into proteins in mammalian cells. Angewandte Chemie International Edi-7055

tion, 1:epub, 2013. ISSN 14337851. doi: 10.1002/anie.201308137. URL

http://dx.doi.org/10.1002/anie.201308137.

Wen Yan and Christopher Francklyn. Cytosine 73 is a discriminator nucleotide in

vivo for histidyl-tRNA in Escherichia coli. Journal of Biological Chemistry, 269

(13):10022–10027, 1994. ISSN 00219258. URL https://pubmed.ncbi.nlm.7060

nih.gov/8144499/.

Wen Yan, John Augustine, and Christopher Francklyn. A tRNA identity switch

mediated by the binding interaction between a tRNA anticodon and the accessory

355

https://pubs.acs.org/doi/10.1021/bi00435a001
http://www.ncbi.nlm.nih.gov/pubmed/7686490
https://www.sciencedirect.com/science/article/pii/S0022283621002916
https://www.sciencedirect.com/science/article/pii/S0022283621002916
https://www.sciencedirect.com/science/article/pii/S0022283621002916
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC300511/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC300511/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC300511/
http://dx.doi.org/10.1002/anie.201308137
https://pubmed.ncbi.nlm.nih.gov/8144499/
https://pubmed.ncbi.nlm.nih.gov/8144499/
https://pubmed.ncbi.nlm.nih.gov/8144499/


BIBLIOGRAPHY

domain of a class II aminoacyl-tRNA synthetase. Biochemistry, 35(21):6559–

6568, 1996. ISSN 00062960. doi: 10.1021/bi952889f. URL https://pubs.7065

acs.org/doi/10.1021/bi952889f.

Tatsuo Yanagisawa, Ryohei Ishii, Ryuya Fukunaga, Takatsugu Kobayashi, Ken-

saku Sakamoto, and Shigeyuki Yokoyama. Crystallographic Studies on Multi-

ple Conformational States of Active-site Loops in Pyrrolysyl-tRNA Synthetase.

Journal of Molecular Biology, 378(3):634–652, 2008. ISSN 00222836. doi:7070

10.1016/j.jmb.2008.02.045.

C Yanofsky, T Platt, L P Crawford, B P Nichols, G E Christie, H Horowitz,

M Van Cleemput, and A M Wu. The complete nucleotide sequence of the tryp-

tophan operon of Escherichia coli. Nucleic Acids Research, 9(24):6647–6668,

1981. doi: https://doi.org/10.1093/nar/9.24.6647. URL https://academic.7075

oup.com/nar/article/9/24/6647/2375514.

Daniel G Yansura and Dennis J Henner. [5] Use of Escherichia coli

trp promoter for direct expression of proteins. Methods in Enzy-

mology, 185:54–60, 1990. doi: https://doi.org/10.1016/0076-6879(90)

85007-B. URL https://www.sciencedirect.com/science/article/abs/7080

pii/007668799085007B?via%3Dihub.

Travis S Young and Peter G Schultz. Beyond the canonical 20 amino acids: Expand-

ing the genetic lexicon. Journal of Biological Chemistry, 285(15):11039–11044,

2010. ISSN 00219258. doi: 10.1074/jbc.R109.091306.

Jing Yuan, Tasos Gogakos, Arianne M. Babina, Dieter Söll, and Lennart Randau.7085

Change of tRNA identity leads to a divergent orthogonal histidyl-tRNA syn-

thetase/tRNA His pair. Nucleic Acids Research, 39(6):2286–2293, 2011. ISSN

03051048. doi: 10.1093/nar/gkq1176.

Yu Zeng, Wei Wang, and Wenshe R Liu. Towards reassigning the rare AGG

codon in Escherichia coli. ChemBioChem, 15(12):1750–1754, 2014. ISSN7090

356

https://pubs.acs.org/doi/10.1021/bi952889f
https://pubs.acs.org/doi/10.1021/bi952889f
https://pubs.acs.org/doi/10.1021/bi952889f
https://academic.oup.com/nar/article/9/24/6647/2375514
https://academic.oup.com/nar/article/9/24/6647/2375514
https://academic.oup.com/nar/article/9/24/6647/2375514
https://www.sciencedirect.com/science/article/abs/pii/007668799085007B?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/007668799085007B?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/007668799085007B?via%3Dihub


BIBLIOGRAPHY

14397633. doi: 10.1002/cbic.201400075. URL https://chemistry-europe.

onlinelibrary.wiley.com/doi/10.1002/cbic.201400075.

Yunan Zheng, Marc J Lajoie, James S Italia, Melissa A Chin, George M Church,

and Abhishek Chatterjee. Performance of optimized noncanonical amino acid

mutagenesis systems in the absence of release factor 1. Mol. BioSyst., 12(6):–,7095

2016. ISSN 1742-206X. doi: 10.1039/C6MB00070C. URL http://dx.doi.

org/10.1039/C6MB00070C.

357

https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/cbic.201400075
https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/cbic.201400075
https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/cbic.201400075
http://dx.doi.org/10.1039/C6MB00070C
http://dx.doi.org/10.1039/C6MB00070C
http://dx.doi.org/10.1039/C6MB00070C

	Declaration of Authorship
	Abstract
	Impact Statement
	Acknowledgements
	Table of Contents
	List of Figures
	List of Tables
	Introduction
	A General Overview
	What is the Genetic Code?
	Key Players in Translation

	Can the Genetic Code be Changed?
	Genetic Code Expansion
	Genetic Code Reassignment

	The Original Plan to Rewrite the Genetic Code
	Initial project aims
	Sense codon reassignment strategies
	A summary of the initial project aims

	Overview of this Thesis

	Materials and Methods
	General Reagents and Materials
	Bacterial Strains
	Parental Plasmids
	Key Genetic Constructs
	Oligonucleotides
	Enzymes
	Chemicals
	Buffer, Solutions, and Media
	Equipment
	Lab Reagent/Equipment Suppliers

	Molecular biology techniques
	Resuspending single/double-stranded oligonucleotides
	Single-stranded oligonucleotide annealing
	Polymerase chain reaction (PCR)
	Agarose-TBE/LiOAc for DNA
	Gel extraction / DNA purification from agarose-TBE/LiOAc
	Non-denaturing polyacrylamide gel electrophoresis
	Urea PAGE (for nucleic acids)
	SDS-PAGE (for protein electrophoresis)
	Nucleic acid purification
	DNA quantification by spectrophotometry
	Phosphorylation of nucleic acids (oligos/PCR products)
	Restriction endonuclease digestion of DNA
	Dephosphorylation of nucleic acids (e.g. oligonucleotides/PCR products)
	DNA ligation for restriction enzyme (sub-)cloning
	Type IIS and Golden Gate Assembly
	Gibson Assembly
	Site-directed mutagenesis (SDM): inverse PCR (iPCR)
	Darwin Assembly (DA): one-step multiple SDM incorporation
	Sanger/DNA sequencing of plasmids

	Microbiology techniques
	E. coli culture: preparation and storage
	Measurement of bacterial growth by spectrophotometry
	Preparation of electro-competent cells for transformation
	Transformation of DNA into (electro-)competent cells
	DNA plasmid preparation and isolation


	OCI: Heterologously-Expressed Reassignment
	Orphan Codon Invasion
	Genetic code redundancy, the wobble hypothesis, and orphan codons
	Identifying amino acid pairs for reassignment
	Designing anticodon-modified tRNAs, compatible with endogenous E. coli aaRSs, to implement reassignment with the Orphan Codon Invasion system
	Recoding leucine and histidine codons in selection reporters to establish robust reassignment assays
	Selecting reporters for the reassignment assays
	Implementing the Orphan Codon Invasion system

	Results and Discussion to OCI
	Constructing anticodon-modified tRNAs for the Orphan Codon Invasion system
	Assessing the feasibility of blue fluorescent protein for leucine-to-histidine reassignment
	Designing periplasmic secretors for histidine-to-leucine reassignment
	Constructing and characterising chloramphenicol acetyl-transferase as an OCI reporter for leucine-to-histidine reassignment
	Combining and characterising the CAT.H193L inactive, recoded reporter with anticodon-modified EcohisRAAG and EcoleuAUG to test reassignment and characterise effect on host

	Conclusion to OCI

	GTS: Exploring Tolerable Alternative Codes
	Introduction to GTS
	Potential Strategies to Deal with Reassignment-Related Toxicity to Host
	Recombinases and Site-Specific Recombination
	A Recombinase-based Solution for Mitigating Host Toxicity during Sense-to-Sense Codon Reassignment

	Results and Discussion to GTS
	Characterising active and inactive C31
	Constructing the basic GTS circuit design
	The Inversion-KanR Circuit
	The Inversion-sfGFP Circuit
	The Excision-tsPurple Circuit
	Creating a histidine-leucine inactive recombinase reporter for sense-to-sense codon reassignment
	Combining the OCI and GTS systems together
	Analysis of the combined OCI and GTS system for detecting the signal of histidine-leucine reassignment using flow cytometry

	Conclusion to GTS

	Final Discussions and Conclusions
	General Discussions on the Research Outputs
	Limitations of the Research
	Overall Impact and Potential for Future Work

	Appendices
	Oligonucleotides, Sequences, and Plasmid Maps
	Key genetic constructs
	E. coli and T. thermophilus leucyl-tRNA synthetase
	E. coli histidyl-tRNA synthetase
	E. coli leucyl-tRNA and histidyl-tRNA
	Cre and lambda Red Recombinase Constructs
	C31 Recombinase Construct Variants
	Fluorescent and Chromoprotein Reporter Constructs
	Periplasmic Secretor Constructs

	Oligos, primers, and sequences
	Oligos used in Darwin Assembly for recoding c31

	Flow Cytometry Scripts
	Bibliography

