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Abstract

Proteins are biopolymers constructed from 20 canonical amino acids which,
while limited in number, work together to carry out an extensive variety of
functions essential to life. Genetic code expansion allows for the site-specific
incorporation of non-canonical amino acids with novel functions not found in
nature, creating proteins with unique properties that can be applied to tasks
that are otherwise unachievable.

Photocaged amino acids contain a bulky ’caging’ group conjugated to the
side chain of a canonical amino acid. This caging group can render the protein
inactive by blocking its active site, but can be rapidly removed by illumination
with 365 nm light, restoring the canonical amino acid and allowing for the photo-
activation of the protein. Photocaged amino acids have been previously used in
Caenorhabditis elegans to develop tools for controlling gene expression, apoptosis,
and protein-protein interactions. In this thesis, I give a general introduction on
genetic code expansion and the use of photocaged amino acids, as well as the use
of C. elegans as a model organism. I then explore the use of photocaged amino
acids in developing optogenetic tools in C. elegans.

The main focus of this thesis is the development of a photocaged FLP
recombinase which can drive gene expression with high spatiotemporal control. 1
show that this can be done in two ways, by photocaging either the catalytic lysine
residue, or the catalytic tyrosine residue. In both cases, expression of a target
gene is inhibited by the use of an FRT-flanked transcriptional terminator, which
can be excised by the photoactivated FLP to drive gene expression with single-cell
resolution. This system provides a valuable tool for the study of functions of cells
that could not be targeted by other methods. We demonstrate this by using
photocaged FLP to drive expression of a channelrhodopsin in the PVC neurons,
which do not have their own cell-specific promoter, allowing us to study the
contributions of the PVCs in locomotion and sleep.

I also discuss the use of photocaged amino acids in the generation of gene-
targeted random mutagenesis tools, an area of genetic screening that is so far
underutilised in C. elegans. These tools are designed to be targeted to a specific
gene of interest and generate a random set of mutations in the area, which would

facilitate the study of that gene in reverse genetics experiments.
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Lay Summary

Proteins are molecules which contribute to almost every possible function in a
cell, from maintaining the structure of the cell, to replicating DNA, to catalysing
chemical reactions. Proteins are made from a combination of 20 amino acids
which each have unique chemical properties. The blueprint for any specific protein
is contained within our DNA, which determines which amino acids make up the
protein, as well as where and when in the body the protein is made.

Recently, researchers have developed ways of including new amino acids
into proteins, beyond the 20 natural amino acids. These new amino acids
can have chemical properties that are not found in the natural amino acids,
allowing researchers to make designer proteins with novel functions. For example,
photocaged amino acids can block a protein’s function until illumination with a
specific wavelength of light, which converts the photocaged amino acid into a
normal amino acid. In this way, a protein can be switched on by activation with
light, which is a powerful tool for researchers to use. In this thesis, I investigate
the use of photocaged amino acids in developing new tools for researchers to use
in Caenorhabditis elegans, a small nematode worm commonly used for studying
the nervous system, disease, and aging.

The first tool I developed is a tool which can be used to activate the expression
of any other protein. With this tool being controllable by light, researchers can
ensure that any desired protein is present in specific cells at specific times, which
can be used to aid in the study of that protein or the cell. As an example, we
focus on using our tool to express a protein in neurons which can be used to
activate the neuron. In this way, we can use our tool to express the protein only
in a single neuron, which would allow us to study the role of that neuron.

The second set of tools I investigate with photocaged amino acids are those
that can cause changes in a specific region of DNA. Changes in the DNA can
cause proteins to be made with different amino acids in them, which can disrupt
the function of the protein and is often a cause of disease. By forcing changes in
a specific protein’s DNA code, we can study the function of that protein. These
proteins in the worm often have equivalent proteins in other animals, including
humans, and studying them in the worm provides an easier way of figuring out

how and why diseases are caused in humans.
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Chapter 1

Introduction

1.1 The Central Dogma of Molecular Biology

Proteins are fundamental biomolecules required for all known forms of life. As
an integral part of cellular machinery, proteins are involved in a diverse range of
functions, including enzymatic processes, signalling between and within cells, and
maintaining the structure of cells. Proteins are polymers made up of amino acids,
with the specific sequence determining the final 3D structure of the protein, as well
as the functions it performs. In turn, the sequence of the protein is determined by
the sequence of DNA, which is processed through an RNA intermediate to give
rise to the protein. This transfer of information from DNA to RNA to protein is
referred to as the ‘Central Dogma of Molecular Biology’!+2 (Fig 1). This dictates
that DNA can be replicated to give rise to duplicate copies of DNA, or it can be
transcribed to give rise to RNA, specifically a messenger RNA (mRNA), which
is then translated into a protein. While information can flow backwards from
mRNA to DNA via the process of reverse transcription, it cannot flow back from
protein to mRNA.

Transcription .
P Translation

(oNA) — (RNA) % (Proten

Reverse
v Transcription
Replication

Figure 1: The Central Dogma of Molecular Biology The flow of biological
information generally proceeds from DNA to RNA to Protein.
Reverse transcription can occur to reverse the flow from RNA to DNA,
while DNA can be replicated.

The transfer of information between DNA and RNA, either by transcription or
reverse transcription, is relatively simple. Both DNA and RNA are biopolymers,

like proteins, which are made up of four bases: adenine (A), thymine (T), guanine

1



CHAPTER 1. INTRODUCTION

(G), and cytosine (C) in the case of DNA; or adenine, uracil (U), guanine, and
cytosine in the case of RNA. These sets of bases are complementary to each
other, with adenine naturally aligning and interacting with thymine or uracil,
and guanine interacting with cytosine. As a result, the process of transcription is
relatively simple, with an RNA polymerase able to carry out the majority of the
steps. During transcription, the RNA polymerase binds the DNA double helix
and separates the two strands, then simply reads along the DNA and generates an
RNA strand by adding each RNA base complementary to the DNA base. Reverse
transcription occurs by much the same mechanism, though in this case using a
Reverse Transcriptase to generate complementary DNA from an RNA template.
Translation, on the other hand, is a much more involved and complex process.
This is primarily because of two reasons. Firstly, unlike DNA/RNA, there are no
innate complementary interactions involved between RNA and protein, meaning
that the cell must use additional machinery to assign each amino acid to an RNA
sequence. Secondly, while RNA only uses four unique bases, proteins are generally
made up of 20 unique amino acids, meaning a single base cannot possibly code
for a single amino acid. Instead, amino acids are encoded by three bases, referred
to as a triplet codon. With four unique bases, this gives rise to 64 possible triplet
codons that must each be handled by the cell machinery. Of these, three are
designated as stop codons, which act as signals to terminate translation, while
the remaining 61 are assigned as ‘sense’ codons, mapping to the 20 individual
amino acids. Translation is the process by which the triplet codons on the mRNA
are read by the ribosome and converted into an amino acid chain. In this process,
each amino acid has a cognate aminoacyl-tRNA synthetase (aaRS), which loads
the amino acids onto a cognate transfer RNA (tRNA). The aminoacylated tRNA
is recruited to the ribosome, where each tRNA binds to a specific codon of the
mRNA and its amino acid is added to the growing polypeptide chain (Fig 2).
As there are 20 amino acids, this process requires 20 different aminoacyl-tRNA
synthetases, while the 61 sense codons require 61 unique tRNAs. In reality, not all
of the 61 codons have a corresponding tRNA, as wobble base pairing at the third
position of each codon means that a minimum of only 32 tRNAs are required for
full decoding®*.
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Aminoacyl-tRNA Amino acid Aminoacyl-tRNA
Synthetase o~ Synthetase
@ O

Aminoacylation

-
tRNA T

Anticodon

", — Ribosome

()~
%
2
A Translation

PN
)
)

ke

AN

Protein

mRNA Codon

Figure 2: Protein Translation A tRNA is aminoacylated with its cognate
amino acid by an aminoacyl-tRNA Synthetase. The aminoacyl-
tRNA moves to the ribosome, where its anticodon interacts with a
complementary codon. The ribosome attaches the amino acid to a
growéng polypeptide chain to produce a protein. Adapted from Chin,
2017°.

1.1.1 Protein Translation

1.1.1.1 Aminoacyl-tRNA Synthetases

As a first step in translation, each amino acid must be attached to an
appropriate tRNA. This step is catalysed by a group of enzymes called the
aminoacyl-tRNA synthetases, with at least one aaRS for each amino acid®. This
esterification of the tRNA and the amino acid produces an aminoacyl-tRNA
(aa-tRNA), which is then delivered to the ribosome by elongation factors for
translation’ .

The esterification reaction driven by the aaRS occurs in a two-step

7, Firstly, amino acid activation occurs, where the aaRS recognises

mecahnism
and binds to the amino acid and activates it with adenosine triphosphate (ATP).
In the second step, the tRNA attacks the amino acid to generate the aminoacyl-

tRNA.
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Due to the broad similarities in amino acid structures, aaRSs use a range of
methods to determine specificity and bind the correct amino acid, including size
exclusion, using charged binding pockets, or using metal ions to bind specific
chemical groups’. For example, glycine, the smallest amino acid, is bound
by its cognate aaRS, GlyRS, using a small, highly negatively-charged binding
pocket, which prevents binding of other amino acids®. The ThrRS distinguishes
between the similarly-structured threonine and valine by using a zinc ion in the
binding pocket, which is stabilised by the amino and hydroxyl groups present
on threonine?. Because valine contains a methyl group instead of the hydroxyl
group, it is unable to be bound and activated by ThrRS. Similar mechanisms
of zinc ion coordination are used by CysRS and SerRS to prevent binding of
noncognate amino acids”. In addition to binding specificity, some aaRSs also
contain proofreading capabilities, where a noncognate amino acid which has
bound the binding pocket is detected and expelled from the enzyme”.

Upon binding of the relevant amino acid to the aaRS, an ATP also binds
within the active site, positioned where the o-carboxylate oxygen of the amino
acid can perform a nucleophilic attack on the a-phosphate of the ATP, forming
aminoacyl-adenylate (aa-AMP) (Fig 3A). Next, the hydroxyl group from the
terminal base in the tRNA attacks the a-carbon in the aa-AMP to transfer the
amino acid to the tRNA, generating an aminoacyl-tRNA and releasing the AMP
(Fig 3B).

1.1.1.2 Transfer RNAs

The tRNAs are responsible for decoding the mRNA sequence and supplying
the correct amino acid for each codon during protein translation. The primary
and secondary structures of the tRNAs were first described for the tRNAALR

10, and have since been found to be conserved across almost all tRNAs.

from yeas
tRNAs generally consist of between 76 and 90 bases, approximately 12% of which
are modified variants of canonical bases, including Ribothymidine, Pseudouridine,
Dihydrouridine, and Inosine®. One of the most highly conserved features of the
primary structure of tRNAs is the CCA sequence contained at the 3’ terminus,
which is the site of aminoacylation. Another feature within the primary structure
of tRNA, though variable amongst different tRNA species, are the determinant
and anti-determinant identity elements, which are nucleotides which regulate

the binding of the cognate aaRS, or block the binding of the noncognate aaRS,
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Figure 3: tRNA Aminoacylation Mechanism (A) The amino acid is
activated by ATP. (B) The activated amino acid becomes covalently
bound to the tRNA. Adapted from Rubio Gomez and Ibba, 20207.

respectively!l.

Through internal base pairing, tRNAs form a stable ‘cloverleaf’ structure,
consisting of five individual domains (Fig 4A). Firstly, the acceptor stem is formed
by base pairing of the 5" terminal and 3’ terminal nucleotides, just upstream
from the CCA sequence. Moving upstream from the 3’ end, the next structure
is the TWC stem-loop, named for the Thymine-Pseudouridine-Cytosine (TWC)
sequence found in the loop, which is involved in binding to the ribosomel2.
Next is the variable arm, which varies in size and is thought to increase the
specificity of the tRNA for the cognate aaRS. The anticodon loop is directly
opposite the acceptor stem and contains three bases which are complementary to
the mRNA codon, and is therefore responsible for decoding the mRNA. Along
with the acceptor stem-loop, the anticodon stem-loop contains the majority of

the determinant and anti-determinant identity elements for aaRS recognition.
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Finally, the D stem-loop, named for the Dihydrouridine (D) present within the
loop, is involved in stabilising the tertiary structure of the tRNA3. In the tertiary
structure of tRNAs, an L-shape is formed with one end containing the acceptor
stem and the TWC stem-loop, while the other end contains the D stem-loop, the

variable arm, and the anticodon stem-loop (Fig 4B)!4.

3
A
A o)
5 &
0-0 Acceptor Acceptor
88 stem site
-9 TYC
D stem-loop 8:8 @0gstem-loop
N1 o eeeee® ®
9 00000  ¢0000e,6
(] 110 Q (")
O 2999 o
::: O variable
0-0 arm
Anticodon 9-8
stem-loop: %
0g0®
Anticodon Anticodon

Figure 4: Structure of a tRNA (A) Secondary structure of a tRNA. tRNA
adopts a cloverleaf structure with several distinct domains. (B)
Tertiary structure of a tRNA. tRNA adopts an L-shape with one end
containing the acceptor stem to bind the amino acid, and the other
end containing the anticodon stem to interact with the mRNA. This
structure shows the yeast tRNATMe pdb=4TNA with domains
coloured to match those in (A).

Once the tRNA has bound to its amino acid, the aminoacyl-tRNA must then
be delivered to the ribosome to provide the amino acid for translation. This
is performed in prokaryotes by the elongation factor EF-Tu, or in eukaryotes
and archaea by the homologous EF-1A16, which binds to the aminoacyl-tRNA

transports it into the A-site of the ribosome to initiate translation.

1.1.1.3 Ribosomes and Translation

The ribosome is a large complex consisting of a small and large protein
subunit, along with ribosomal RNAs (rRNA), though the exact composition,
size, and numbers of proteins and RNAs contained in each subunit differ
across domains. The ribosome components are typically identified by their
sedimentation coefficients, given in units of S (Svedberg), which indicates

the speed at which the protein or RNA travels through a solution during
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centrifugation. In prokaryotes and archaea, the ribosome is 70S and consists
of a 308 small subunit and a 50S large subunit!?. The 30S small subunit consists
of 21 ribosomal proteins and a 16S rRNA, while the larger 50S subunit consists of
33 ribosomal proteins, a 23S rRNA, and a 5S rRNA!®. The eukaryotic ribosome
is slightly larger at 80S, containing a 40S small subunit and a 60S large subunit.
The 40S small subunit contains 33 ribosomal proteins and an 185 rRNA, while
the 60S subunit contains 50 proteins and a 5S rRNA, a 5.85 rRNA, and a 28S
rRNA!S,

The small subunit is primarily involved in binding to the mRNA and the
anticodon loop of the tRNA, while the large subunit binds to the tRNA at the
acceptor stem and catalyses the peptidyl transferase reaction to form the growing
polypeptide chain. Both subunits form three tRNA-binding sites, designated the
A (aminoacyl), P (peptidyl), and E (exit) sites!?, with translation occurring in
steps involving each tRNA-binding site in turn. Firstly, translation initiation
occurs where the ribosome binds to the mRNA and positions itself at the start
of the reading frame. Next, elongation of the polypeptide occurs across the
reading frame. Finally, termination of translation occurs and the mRNA and
newly-formed protein are released from the ribosome.

Initiation of translation differs between prokaryotic and eukaryotic ribosomes,
though both begin translation at an initial methionine residue. Archaeal
translation initiation is not well understood, though likely is most similar
to prokaryotic initiation with some other elements shared with eukaryotic
mechanisms. In prokaryotes, the initiator tRNA, tRNADMet g aminoacylated
with methionine, which is then formylated to generate ﬂ\/[et—tRNAfMet7 which
is more stable than methionine. An elongation factor, IF2, binds to fMet-
tRNAfMGt, which together are then bound by the small subunit. After initiator
tRNA binding, the mRNA then binds to the small subunit by recognition of the
ribosome-binding Shine-Dalgarno sequence, which is complementary to the 16S
rRNA. This binding places the start codon, AUG, in the P site of the ribosome. In
eukaryotes, the initiator tRNA is tRNAiMet, which is distinct from the tRNAMet
used during elongation. tRNA;Met binds methionine to generate Met-tRNA;Met,
which is then bound by elF2 and transported to the small subunit. The mRNA
is then recognised and bound by the ribosome by its 5-cap, with the ribosome
then moving along the mRNA until it encounters the AUG start codon. In
both prokaryotes and eukaryotes, binding of the initiator tRNA and mRNA to
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the small subunit then promotes binding of the large subunit to form the full
ribosome complex”, which can then proceed with the elongation and terminator
steps, which are broadly similar between prokaryotes and eukaryotes.

During elongation, the growing polypeptide chain, or the initial methionine
if no elongation has occurred yet, is kept in the P site of the ribosome as a
peptidyl-tRNA (Fig 5A). An aminoacylated tRNA is transported to the ribosome
by elongation factors EF-Tu or EF-1A, which deliver the aa-tRNA to the A-site
of the ribosome (Fig 5B). If the new aa-tRNA in the A-site contains an anticodon
loop complementary to the mRNA codon, then a peptidyl transferase reaction
occurs to transfer the polypeptide chain from the P-site to the A-site and form
a new peptide bond between the growing polypeptide chain and the new amino
acid (Fig 5C). The now deacylated tRNA in the P-site is transferred to the E-site,
while the peptidyl-tRNA is transferred to the P-site, freeing up the A-site for the
next aa-tRNA to enter!”. The E-site has low affinity for the tRNA, with the
tRNA quickly dissociating from the site or being displaced during the next round
of elongation (Fig 5D).

Figure 5: Elongation in the Ribosome (A) At the start of each step, the
polypeptide chain is attached to a tRNA in the P (Peptidyl) site.
(B) A new aminoacyl-tRNA enters at the A (Aminoacyl) site. (C) A
peptidyl transferase transfers the polypeptide chain to the aminoacyl-
tRNA in the A site. (D) Peptidyl-tRNA is transferred to P site and
deacylated tRNA is transferred to E (Exit) site, where it is removed
from the ribosome.

Translational termination occurs when the ribosome reaches an in-frame stop

8
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codon, UAA (ochre), UAG (amber), or UGA (opal). These are recognised by
release factors, eRF1 in eukaryotes or RF1 and RF2 in prokaryotes. In eukaryotes,
eRF1 recognises all three stop codons, while prokaryotic RF1 recognises UAA
and UAG, and RF2 recognises UAA and UGA'7. When a stop codon enters the
A-site, the release factors bind to the codon, which triggers the hydrolysis and
release of the polypeptide chain from the P-site tRNA. The release factors also
recruit ribosome recycling factors, which release the mRNA from the ribosome
and cause dissociation of the ribosomal subunits in order to begin translation of
the next mRNA transcript!?.

1.1.1.4 Exceptions to the Genetic Code

For efficient and consistent protein translation to occur, a strict set of rules
governing the codon-amino acid relationship is required. This is referred to as the
genetic code, and was first partially deciphered in E. coli in the early 1960s2,
when 50 of the possible 64 triplet codons were assigned to amino acids. Since
then, all 61 sense codons and 3 nonsense codons have been determined and,
surprisingly, found to be highly conserved across all known forms of life, with
only minor changes in a small number of organisms. This universality of the
genetic code goes back at least as far as the Last Universal Common Ancestor
(LUCA), though beyond that it is unknown if pre-LUCA life contained differing
genetic codes?!, and since LUCA only a small number of changes have been made
to the genetic code.

Despite the apparent universality, a study by Ambrogelly et al?2 noted a total
of 16 changes found in nuclear and mitochondrial genetic codes (Fig 6), with the
majority of changes being found in the mitochondria. This is thought to be due
to minimisation of the mitochondrial genome, which has led to the loss of tRNA
genes, leaving only 22 tRNAs in the mammalian mitochondria and leading to
compensatory codon reassignment. A relatively common occurrence of tRNA
loss is the loss of a tRNA!N® and subsequent reassignment of the AUA codon
to Met. In the canonical genetic code, AUU, AUC, and AUA all code for Ile,
while AUG codes for Met. This is unusual, as the majority of tRNAs are not
required to differentiate between an A or a G in position 3, and some species utilise
post-transcriptional modifications to properly decode and differentiate AUA from
AUG?3. In some other species, the tRNAI® for AUA has been lost completely,
with the AUA and AUG codons being decoded by tRNAMet while Tle is encoded

9
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only by AUU and AUC?%. This change is found in a number of species, including
several fungal and metazoan species, as well as mitochondria. In other cases,
codon reassignments have been traced to mutations in the tRNA. For example, in
the mitochondria of several yeast species, the tRNApaq, which normally decodes
leucine, contains mutations in the anticodon stem-loop which cause it to instead

decode threonine??.
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Figure 6: Exceptions to the Natural Genetic Code Codons are
represented in the wheel with the inner circle, second circle, and third
circle, representing the first, second, and third base in the triplet,
respectively. If the final base is shown in red, this codon has been
found to encode multiple amino acids. Amino acids in black are those
that are encoded by the canonical genetic code, while those in blue
show deviations. Red amino acids are the two rarer amino acids
beyond the standard 20. Black squares represent stop codons, blue
asterisks represent codons that may be unassigned in some organisms.
Taken from Ambrogelly et al, 200722

While the majority of genetic code changes are found as codon reassignments

for the existing amino acids, some organisms have also been found to encode one
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of two extra amino acids in addition to the standard 20 amino acids. These are
selenocysteine (Sec) and pyrrolysine (Pyl) (Fig 7), often referred to as the 21st
and 22nd amino acids, which are encoded by the opal UGA and amber UAG stop
codons, respectively. In both cases, the stop codons are not completely reassigned,
and so these amino acids require mechanisms to override and suppress the stop

codon when being incorporated into the appropriate proteins.

A B
HSe o NH,
OH ~__OH
HN <NJ)LN/\/\/\H/
o) H 0O
Selenocysteine Pyrrolysine
Sec, U Pyl, O

Figure 7: 21st and 22nd Amino Acids Structures of (A) Selenocysteine
and (B) Pyrrolysine.

Selenocysteine is structurally similar to cysteine, but with a selenium atom
in place of the sulphur. Unique among amino acids, selenocysteine requires
specialised elongation factors, SelB in prokaryotes or EFsec in eukaryotes, to
transport the Sec-tRNASCC to the ribosome, as well as a unique element in the
mRNA, named the Selenocysteine Insertion Sequence (SECIS), downstream of
the UGA stop codon®0. SECIS forms a hairpin loop structure, which is recognised
and bound by SelB or EFsec. The elongation factor bound to SECIS then localises
to the ribosome in high concentrations, preferentially binding the ribosome over
the release factor and resulting in incorporation of the Sec amino acid. The
formation of Sec-tRNA also follows an unusual pathway, with tRNAS€ initially
being charged with a serine residue by SerRS, which is then phosphorylated to
produce phosphoseryl—tRNAseC. The phosphate is then replaced with selenium to
produce Sec-tRNASE, which can incorporate Sec during translation0. Although
not found in all organisms, Sec and selenoproteins are present in all domains of
life, with humans containing approximately 25 separate selenoproteins®’ .

Pyrrolysine is a much less common amino acid, found only in a group of
methane-producing archaea, as well as some methane-producing prokaryotes.
First discovered in the methanogen methyltransferase in Methanosarcina

barkeri®8, pyrrolysine is encoded by the UAG codon and utilises its own unique
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tRNA synthetase, pyrrolysyl-tRNA synthetase (PylRS), and tRNA, tRNAPY!
pair??3Y. It was shown that expression of PylRS and tRNAPY! in E. coli
grown in the presence of pyrrolysine could lead to incorporation of pyrrolysine at
endogenous UAG stop codons®!. Furthermore, PylRS and tRNAPY! were found
to be contained within a genetic cassette alongside three genes with then-unknown
functions, PylB, PylC, and PylD. Expression of the entire cassette in F. coli led
to incorporation of pyrrolysine at the UAG stop codon without the addition of
pyrrolysine by researchers®2, indicating a role for PylBCD in the biosynthesis of
pyrrolysine from endogenous components. Indeed, these enzymes were found to
generate pyrrolysine by linking a methylated pyrroline carboxylate group to the
e-amino group of L-lysine®>3°. In this reaction, PylB first converts lysine to
3R-methyl-D-ornithine, which is then ligated to the e-amino group of a second
L-lysine molecule by PylC to generate L-lysine-N®-3R-methyl-D-ornithine. PylD

then oxidises this molecule, resulting in the formation of pyrrolysine (Fig 8)34.

JCJ)\/\/\/""" —’PyIB P4 JOK/\/\/N'"
HO™ Z HOJY\/\NHZ + HOT™Y 2
NH, NH, NH,
L-Lysine 3R-Methyl-D-ornithine L-Lysine
(Lys) (3MO) pyic (Lys)
NH,
H3C“. H3C’h
o . o :

H H
HOJI\:/\/\/N\H/<ND .ﬂ HOJ\._/\/\/N NH,
NHZ O NHZ O
L-Pyrrolysine L-Lysine-N&-3R-methyl-D-ornithine

(Pyl) (LysN&-3MO)

Figure 8: Biosynthesis of Pyrrolysine Pyrrolysine is biosynthesised from
two molecules of L-Lysine and proceeds through three catalytic steps
involving the enzymes PylB, PylC, and PylD. Adapted from Quitterer
et al, 201234

Pyrrolysine is encoded by the UAG amber stop codon and, as mentioned,

is incorporated using its own PylRS and tRNAPY! pair. However, it was
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unclear how the UAG codon is reassigned from ‘stop’ to Pyl when required.
A sequence similar to the SECIS was found in pyrrolysine-containing genes,
named the Pyrrolysine Insertion Sequence (PYLIS), and it was initially assumed
that designation of a pyrrolysine-incorporating amber codon followed the same

pathway as selenocysteine. However, not all Pyl-incorporating genes contained

the PYLIS sequence, and further studies found that PYLIS had no effect
on pyrrolysine incorporation®®. Additionally, incorporation of Pyl in E. coli
indicated that no specialised elongation factors are required for Pyl-mediated
UAG suppression as is the case for Sec incorporation®!:37. Tt was further theorised
that Pyl-containing species had completely reassigned UAG to Pyl, negating the
need for release factors to act on UAG. However, although used much more
rarely than the UAA and UGA stop codons, Pyl-containing species such as
Methanosarcina were found to still utilise UAG as a terminal stop codon in
some instances, while the release factors were found to still act on all three stop
codons38. Instead, incorporation of Pyl at the UAG stop codon is likely a result
of direct competition between Pyl-tRNAPY! and the release factor. In this case,
some internal Pyl-incorporating UAG codons would be treated as a stop codon
and truncated product would be degraded, while the remainder of the transcripts
successfully incorporate Pyl to generate full-length proteins. At terminal stop
codons, some readthrough of UAG stop codons by incorporation of Pyl would
be expected. However, it was found that UAA or UGA stop codons are often
placed immediately downstream of terminal UAG stop codons, providing an extra
measure to prevent detrimental read-through of terminal UAG stop codons®?,
which may indicate that these Pyl-containing archaea are currently in a state of

ongoing, but incomplete, reassignment of the UAG codon.

1.2 Genetic Code Expansion

1.2.1 Early Genetic Code Expansion

Although the 22 canonical amino acids, along with post-translational
modifications, can perform an already wide range of functions in proteins, for
the past few decades researchers have attempted to synthesise and incorporate
novel, non-canonical amino acids (ncAA) to further expand the functions of

proteins beyond what can be achieved in nature. For example, ncAAs with
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chemically-reactive groups could be used to modify or tag proteins, photo-
crosslinking amino acids can be used to covalently link a protein to another
biomolecule, photocaged ncAAs can be used to control protein function, or ncAAs
that resemble post-translationally modified amino acids can be used to impart
permanent modification to a protein??. The incorporation of ncAAs is commonly
referred to as Genetic Code Expansion (GCE).

The earliest attempts at GCE relied on using a cell’s endogenous synthetases
to incorporate ncAAs that were structurally very similar to its cognate canonical
amino acid. This method was very restrictive, and typically could only be
done using close derivatives of the canonical amino acid. For example, TrpRS
was used to incorporate b-hydroxytryptophan in place of tryptophan in E. coli,
which could be used to aid in the study of the structure and dynamics of the 5-
hydroxytryptophan-containing protein*' due to the enhanced spectral readout of
5-hydroxytryptophan compared to tryptophan. In another case, AlaRS was used
to incorporate 3-fluorophenylalanine, which allowed proteins to be studied using
DE nuclear magnetic resonance spectroscopy42. In both of these cases, as well as
all other cases using this method of GCE, the primary requirement is for the ncAA
to be effectively indistinguishable from a canonical amino acid, as perceived by the
aaRS. This is severely limiting, as only derivatives of canonical amino acids with
relatively minor modifications can be used. Additionally, because an endogenous
aaRS is used for incorporation, the ncAA will be inserted at every codon that the
aaRS decodes. This further restricts the ncAA to those that are required across
an entire protein, rather than at a specific site, as well as restricting it to those
that are not detrimental to a protein’s function when incorporated in such high
amounts.

By mutating the endogenous aaRS proteins, particularly in the proofreading
domains, some researchers were able to use the endogenous aaRS to incorporate
an even wider range of ncAAs. For example, mutations in the proofreading and
editing domain of LeuRS allowed researchers to incorporate variants of valine as
well as variants of leucine®®, though it should be noted that valine and leucine
structures are already similar enough to require the proofreading function of
LeuRS in the first place. While this technique allowed a wider range of ncAAs
to be incorporated, these were still fairly limited in structure and the issue of

proteome-wide incorporation remained.
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1.2.2 Site-Specific Incorporation of Non-Canonical Amino
Acids

One of the first methods for site-specific GCE was developed by the Schultz
lab, and it allowed for the incorporation of almost any ncAA into any desired
protein at the UAG stop codon**. Of the 64 codons, the 3 nonsense codons
(UAG, UAA, and UAG) are particularly attractive for incorporation as these
sites would not break the existing proteome. Of these, the amber codon, UAG,
is most suitable for use in GCE as it is the most rarely-used nonsense codon
in the majority of organisms, including F. coli, yeast, mammals, and other
commonly-used model organisms, such as C. elegcms,45. A suppressor tRNA
which is directed to incorporate at the UAG stop codon is first chemically
aminoacylated in wvitro with the desired ncAA. The ncAA-tRNAcya is then
used in a cell-free protein synthesis system to generate full length protein with
the ncAA incorporated. By replacing any codon with UAG, the ncAA could be
site-specifically incorporated at any desired site in the protein. However, this is
labour-intensive and difficult to achieve, due to the requirement to chemically
aminoacylate the tRNA in wvitro.

A better method of site-specific GCE would be to use an aaRS to aminoacylate
the tRNA in vivo (Fig 9). However, this cannot be done using a cell’s endogenous
aaRSs without incorporating the ncAA at multiple sites and affecting the entire
proteome. Therefore, an additional, non-endogenous aaRS/tRNA pair would be
required to site-specifically incorporate ncAAs in vivo. This aaRS/tRNA pair
would have three main requirements: firstly that it can incorporate at a codon
that is not already assigned to another canonical amino acid; secondly, that it can
be evolved to recognise and charge multiple different ncAAs; and thirdly, that it is
entirely orthogonal to a cell’s endogenous machinery, so that it cannot react with
endogenous aaRS or tRNAs. The TyrRS/ tRNADYT pair from Methanocaldococcus
jannaschit was found to be orthogonal in FE. coli, amenable to mutation of

46, and so provided a

the tRNA’s anticodon, and lacks a proofreading domain
perfect platform for site-specific GCE. The MjtRNATY™’s anticodon loop was
mutated so that it would recognise the UAG stop codon (MjtRNATY'¢ia),
and a mutant library of this was generated to identify variants that did not
cross-react with endogenous E. coli machinery. This library was passed through

a negative selection, where a toxic barnase gene was used with an internal
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UAG stop codon. If the thRNATerUA was acylated by endogenous FE. coli
machinery, the resultant suppression of the UAG codon would lead to toxic
barnase being produced to kill the cells. Next, a positive selection was used
by expressing a (3-lactamase gene with an internal UAG codon in the presence of
MjTyrRS and thRNATerU A to ensure that the machinery could incorporate
at the UAG codon®0. A library of MjTyrRS variants was then generated by
mutating the tyrosine-binding pocket to change the specificity of MjTyrRS from
Tyrosine to any other desired ncAA. This was used to successfully incorporate
O-methyl-L-tyrosine®0, while further studies were able to evolve MjTyrRS for

incorporation of L-3—(2—naphthyl)alanine47, p-azido-L-phenylalanine®®. and p-

benzoyl-L-phenylalanine®?.
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Figure 9: In Vivo Site-specific Genetic Code Expansion An orthogonal
aminoacyl-tRNA synthetase / tRNA pair are used to incorporate a
non-canonical amino acid at a UAG amber stop codon. Adapted from
Lang and Chin, 201450,

One major limitation of the MjTyrRS/tRNATY ;o system was a lack of
orthogonality in mammalian cells, though this was later solved through altering
both the MjTyrRS and the thRNATerU A to remove elements which were also
found in mammalian endogenous systems®l. However, before this study, the
M. jannaschii system could not be used in mammalian cells, and therefore an
alternative system was sought. A breakthrough came with the discovery of the
PleS/tRNAPyl system in Methanosarcina barkeri®?. The natural specificity
of this system for the UAG stop codon, as well as the absence of Pyl and its
incorporation machinery in E. coli as well as yeast and other eukaryotes, made
the PylRS/ tRNAPYL an attractive system for GCE. Technically, because E. coli
does not naturally utilise Pyl, the first use of the PleS/‘cRNAPyl system for
genetic code expansion came when it was used to drive incorporation of Pyl in
E. coli in the early 2000s31:32.
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PleS/tRNAPy1 was first used for incorporation of ncAAs in 2008, only
a few years after it was discovered, by Neumann et al®2. In this study, a
library of MbPylIRS variants were generated by mutagenesis of six binding-pocket
residues. Mutants that could recognise the ncAA N=-acetyl-lysine were selected
for through both positive and negative selection methods, which resulted in a
fully orthogonal Nf-acetyl-LysRS/tRNAcpa pair which could site-specifically
incorporate N®-acetyl-lysine into E. coli proteins in wvivo. This N¢-acetylation
is a post-translational modification found commonly in histone proteins with
roles in regulating transcription, DNA repair and replication, and chromatin
condensation®. Since this study, the PylRS /‘LRNAPyl system has been evolved
and used for incorporation of a wide range of post-translationally modified
amino acids, including phosphorylation, sulphation, nitration, acylation, and

54

methylation®*, which have greatly aided in the study of post-translational

modifications.

Around the same time as the PylRS/tRNAPY! was developed for ncAA
incorporation in E. coli, another group applied the system to mammalian GCE.
Here, as a proof of principle, the PylRS/ tRNAPYL system from Methanosarcina
mazei was used unmodified to incorporate NE-tert-butyloxycarbonyl-L-lysine
(Boc-lysine) into proteins in Chinese hamster ovary cells and human HEK293
cells’.  Next, the group evolved MmPylRS to recognise a larger lysine
variant, N¢-benzyloxycarbonyl-L-lysine, which could be done with only five total
mutations in PylRS, with only two mutations in the binding pocket. Finally, the
group transplanted the mutations in the MbPylRS that were used to generate
NE-acetyl-LysRS®2 into the MmPyIRS, and successfully used this to incorporate
NE-acetyl-lysine into mammalian cell lines®®.

Since these studies, MmPyIRS/tRNAPYL and MbPyIRS/tRNAPY! have
become the platforms of choice for genetic code expansion, as the orthogonality
in both prokaryotes and eukaryotes allows for the evolution of PylRS in bacteria,
which can then be transplanted into eukaryotes. More recently, the use of
PleS/tRNAPyl has been expanded from single cellular bacteria, yeast, and
mammalian cell cultures, to multicellular animals. The first animal to have its
genetic code expanded in this way was Caenorhabditis elegans in 201156, followed
a year later by Drosophila melanogaster®”, Mus musculus in 2016°%, and Danio
rerio in 2017°9.
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1.2.3 Improving Genetic Code Expansion

Although GCE has been used successfully in a large number of cases, problems
still remain in the efficiency of incorporation of the aaRS/tRNA pairs used.
Because of this, a large amount of effort has been devoted to further improving
the existing systems to improve the rate of incorporation while preventing cross-
reactivity with endogenous aaRS/tRNA pairs. Additionally, GCE has so far
been capable of only incorporating a single ncAA at a time, and so work has

been undertaken in expanding this to be capable of incorporation of multiple

ncAAs.

1.2.3.1 Improving ncAA Incorporation Efficiency

Incorporation of ncAAs using the evolved PylRS/ tRNAPY! remained relatively
low, with some evolved PylRS variants catalysing their aminoacylation reactions
at less than 0.1% of the rate of wild-type PylRS®0. The low catalytic activity of
PyIRS variants, along with competition for UAG recognition between tRNAPY!
and endogenous release factors®!, leads to relatively low levels of incorporation of
the ncAA. Although some studies have reassigned UAG completely, replacing all
terminal UAG stop codons with UAA or UGA and removing the UAG-specific
release factor in E. colit, this is very impractical in higher eukaryotes. Therefore,
effort has been focused towards evolving the PylRS and tRNAFY! for higher
efficiency of aminoacylation and incorporation of the ncAA.

One of the simplest methods of improving incorporation of ncAA is to increase
the availability of ncAA, PylRS, or tRNAPYL to overcome the inefficiency. For
example, expression of PyIRS or tRNAPY! from a multi-copy plasmid was found
to improve incorporation and yield of ncAA-containing protein by up to 20 times
as compared to genomically integrated single-copy expression®2. Increasing the
availability of ncAA also aids in ncAA incorporation rates, either by simply
increasing the concentration of ncAA supplied, or improving the uptake of the
ncAA by the cells. For example, a study found that p-benzoyl-L-phenylalanine
was not incorporated well at low concentrations. However, increasing the
concentration of p-benzoyl-L-phenylalanine, or supplying it as a dipeptide to
enhance uptake, could significantly improve incorporation efﬁciency63. However,
these methods are merely compensatory for the low catalytic rate of evolved
PylRS/ tRNAPY! and do not actually solve the problems.
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To improve catalytic efficiency, researchers must look at the PylRS variants
produced during directed evolution. It should be noted that the low efficiency is
not always a direct consequence of a change in binding specificity, and it is often
possible to generate PylRS variants specific to certain ncAAs while retaining
wild-type levels of incorporation efficiency. However, due to the sheer number of
mutants generated during library genesis and the subsequent amount of screening
required, these efficient variants may not always be found. However, improved
mutagenesis and screening protocols could help to generate PylRS variants that
are specific to ncAAs without a loss in activity. For example, one group used the
Phage-Assisted Continuous Evolution technique®® to generate variants of PylRS
with a higher efficiency than wild-type PyIRS%, with the mutations then being
transplanted into evolved PylRS to improve incorporation of ncAAs.

Other more rational and directed approaches have been taken to improve
PylRS efficiency. For example, the N-terminal domain of PylRS is known to
be involved in the interaction with its tRNAPY! partner®67 but the highly
hydrophobic properties of the N-terminal domain leads to aggregation of PyIRS

and a resultant low cytosolic concentration®”.

Because of this, overexpression
of PylRS may not improve incorporation as much as desired, as a higher
concentration would only lead to further aggregation. Therefore, it was desirable
to evolve the N-terminal domain to increase the solubility of PylRS. This was
performed by Sharma et al%, who performed error-prone PCR on the N-
terminal domain and screened subsequent mutants for incorporation efficiency.
This allowed for generation of mutant PylRS variants with higher incorporation
efficiency than wild-type PylRS, without lowering the orthogonality of the system,
though it was unclear if this improvement is due to a higher solubility or
improved tRNA-binding of the PylRS N-terminal domain®. Another study
solved the same solubility problem with an alternative approach by attaching
SmbP, a protein tag that increases solubility%?, to the PylRS N-terminal domain,
which improved solubility of PylRS and increased incorporation efficiencyV.
Another potentially detrimental feature of PylRS was found during analysis of the

MmPyIRS sequence, which found a cryptic nuclear localisation sequence (NLS)
1

Y

and a nucleolar localisation sequence near the N-terminus end of the protein’
with immunofluorescence staining confirming the nuclear localisation of PylRS.
Since aminoacylation primarily occurs in the cytosol, this NLS could lower overall

incorporation efficiencies. To counteract the NLS, a strong nuclear export signal
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(NES) sequence was added to the N-terminal end of PylRS. This was found to
increase incorporation efficiency to rates up to 15-fold greater than wild-type
PylRS™L.

In addition to altering PylRS, it is also possible to modify tRNAPY! for
improved incorporation of ncAAs. One approach to achieve this in E. coli
was to modify residues in the acceptor stem and TWC stem-loop of tRNAPYL
which are both involved in interacting with the elongation factor EF-Tu’2.
This was found to improve incorporation efficiency in FE. coli ™3, though it is
unclear if the same mutations, or at least a similar approach, could apply to
tRNAPY s interaction with EF-1A in eukaryotes. In another approach, rational
engineering of tRNAPY! was performed to improve compatibility of this tRNA
with endogenous mammalian host machinery74. It was noted that the tRNAFY!
secondary structure is divergent from other canonical tRNAs, typically featuring
a longer anticodon stem-loop and missing nucleotides in the D-stem-loop and
variable arm”®, which may cause lower compatibility with endogenous machinery.
While differing from the vast majority of known tRNA structures, it was noted
that tRNAPY! shows remarkable similarity with the mitochondrial tRNASeT
which showed better incorporation efficiencies®. Therefore, chimera tRNA
variants were generated by introducing PylRS identity elements from tRNAPY!
into the mitochondrial tRNASE' with the best of these variants, tRNAC,
increasing ncAA incorporation more than 2-fold compared to tRNAPY! whilst
retaining orthogonality*. In the same study, a second set of tRNAFPY! variants
were generated as chimeras of tRNAPY! and human tRNAs. The best performing
tRNA from this set, tRNAM15, was found to improve incorporation at similar
rates to the tRNACY variant™. The secondary structures of tRNACL® and
tRNAMIS a5 well as the structures of mitochondrial tRNASC and a canonical
human tRNA used to generate them, are shown in Figure 10.

In our lab, a combination of PylRS modifications and tRNAPY! modifications
are used in C. elegans to greatly increase incorporation efficiency over the wild-
type PylRS/ tRNAPY! pair. Both the tRNACL® and tRNAMI variants showed

71,78 Additionally, we used

much higher levels of incorporation in our hands
the NES method developed by Niki¢ et al™ to further improve incorporation.
For this, a number of NES sequences were tested, including p120cts, Smad4,
and PKI-a, which were all derived from human proteins’ and S-NES, which is

the same NES used in the original Nikié¢ et al study in mammalian cell culture™!.
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Figure 10: Generation of tRNACL5 and tRNAMI5 variants. tRNA
structures for a mitochondrial tRNASE, tRNAPYL a canonical
human tRNA, tRNACLS and tRNAMIS {RNACIS was generated
by inserting specific tRNAPY! modifications (Grey circles) onto a
mitochondrial tRNAS®" backbone (White circles). tRNAMI was
generated by inserting specific tRNAPY! modifications (Grey circles)
onto a canonical human tRNA backbone (White circles) ™.

Although S-NES and p120cts were found to have very little effect on incorporation
in C. elegans, both PKI-a and Smad4 NES showed a greatly increased level of
incorporation. Together, the NES-PyIRS fusion and the tRNACLS or tRNAMIS

increased efficiency of incorporation by more than 50-fold compared to unmodified
PylRS/tRNAPYL
1.2.3.2 Incorporation of Multiple ncAAs

The techniques for GCE described so far typically utilise the UAG stop codon
and an orthogonal aaRS/tRNA pair. Because of this, it is typically only possible

to incorporate one ncAA in any one strain, as a second ncAA would require the use
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of another stop codon as well as another mutually orthogonal aaRS/tRNA pair.
However, the incorporation of more than one unique ncAA would be useful as it
would open up further possibilities for studying protein functions and creating
proteins with more advanced and novel properties. Work to incorporate multiple
unique ncAAs has therefore been ongoing, and primarily focuses on generating
new codons or reassigning existing codons, as well as identifying or evolving new
orthogonal aaRS/tRNA pairs.

One possibility to increase the number of codons available for GCE is to
remove codons from the endogenous code. Because 61 sense codons encode 20
canonical amino acids, most amino acids are encoded by more than one codon,
with most being encoded by 2 or 4 codons. Although codon choice can influence

gene expression and cell fitness®?

, many groups decided to try cutting down
this redundancy by rewriting entire genomes to replace certain codons with a
synonymous codon, thereby freeing up that codon®85. In one study carried out
by the Chin lab®', an E. coli genome was completely redesigned and synthesised
to replace serine TCG and TCA codons, as well as the TAG stop codon, with
synonymous AGC, AGT, and TAA codons, respectively. This synthetic E. coli,
named Syn61, grew at a much reduced rate compared to wild-type F. coli, but
only used 61 codons instead of 64. Syn61 was capable of incorporating non-
canonical amino acids at the TCG codon without negative effects®!, and in future
studies could be used to incorporate a unique ncAA at each of the three free
codons.

In another approach, the Chin lab has developed orthogonal ribosomes
(O-ribosome) by altering the ribosomal RNAs to direct the O-ribosome to
an orthogonal mRNABS6:87  which contained different recognition sequences
from endogenous mRNAs. The most recent orthogonal ribosome, Ribo-Q), is
optimised for quadruplet decoding, rather than triplet coding, and was capable
of incorporating up to four unique ncAAs in a single protein®7.

Although the previously discussed study used orthogonal ribosomes optimised
to decode quadruplet codons, other studies have shown it to be possible to use
quadruplet codons with endogenous translation machinerygs’go. As quadruplet
codons consist of four bases instead of three, there are a total of 256 possible
quadruplet codons, vastly increasing the coding space for including ncAAs.
Our lab has recently developed a system for quadruplet decoding in C. elegans
based off the PylRS/ tRNAPY! pair™. This required optimisation of the tRNA
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to contain quadruplet-decoding anticodon loops, and resulted in incorporation
rates approximately 40% that of triplet-decoding systems. Although this lower
rate could limit the number of ncAAs incorporated, further improvements and
optimisation of the quadruplet PleS/tRNAPy1 pair could lead to quadruplet
codons being a viable choice for incorporation of multiple ncAAs. In addition to
this, quadruplet codons could reduce incorporation of ncAAs at terminal UAG
stop codons, which may reduce the overall impact on the endogenous proteome
caused by triplet decoding”®.

While all the described methods free up or otherwise expand the coding
space available for incorporation of ncAAs, there is still the requirement
of additional orthogonal aaRS/tRNA pairs to facilitate the incorporation.
Although the two most common PylRS/tRNAPY! pairs, MmPylRS/tRNAPY!
and MbPylRS /tRNAPyl, are not mutually orthogonal, they have been found
to be mutually orthogonal with the MijIRS/tRNAPyl and so can be used in
the same strain to incorporate two unique ncAAs?!. The PylRS / tRNAPY! from
another methanogenic archaeon species, designated as ISO4-G1 has also been
found to be mutually orthogonal with MmPleS/tRNAPy1 and can therefore
be used together?l. Another methanogenic archacon, Methanomethylophilus
alvus was found to have a PleS/tRNAPy1 pair that is not mutually
orthogonal to the MmPyIRS /tRNAPy] pair.  However, directed evolution
of MaPleS/tRNAPyl generated a variant that was found to be mutually
orthogonal with MmPylRS/tRN APYL allowing them to then be used together?!.
Work is currently ongoing in our lab to apply MaPleS/tRNAPyl and
MmPylRS/ tRNAPY! pairs to decoding quadruplet codons and incorporating two
ncAAs in a single animal. Further exploration of PleS/tRNAPyl pairs from
other species, or evolution of these pairs as with the MaPylRS /tRNAPyl pair,
may yet yield additional mutually orthogonal pairs.

1.2.4 Photocaged Amino Acids

One particularly useful group of ncAAs are the photocaged amino acids
(pcAA), which contain photolabile protective groups, referred to as a caging
group, which block the activity of the underlying amino acid?2. Upon illumination
with a specific wavelength of light, the caging group is removed and a canonical

amino acid structure is revealed, which is fully functional. To date, photocaged
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variants of aspartic acid?3, serine??, glycine%, tyrosine%, Cysteineg7, and lysin698

have been generated, as well as photocaged variants of phosphoserine and

phosphotyrosinegg.

These pcAAs can be used to control the activity of proteins by replacing
catalytic residues with their photocaged counterparts to inactive the protein, then
activate them by uncaging the pcAAL00, Using GCE, this has been applied to a
wide range of proteins. For example, a photocaged lysine (PCK, Fig 11) has been

used to control the activation of the bacteriophage T7 RNA polymerase, which

allowed for spatiotemporal control of gene expression from the T7 promoteri®t.

In another example, PCK was placed into the nuclear localisation sequence (NLS)

of a transcription factor, which could then be used to block the nuclear import of

102 103,104

the transcription factor until illumination™”“. Photocaged tyrosines have

also been applied to controlling protein activity, including the activity of a DNA

105 106 107
Y

recombinase™?, a STAT1 transcription factor™’°, and a zinc-finger nuclease

while photocaged cysteine has been used to photocage the activity of the TEV

108 and inteins!09.

;e

protease

H:N""COOH COOH
Photocaged Lysine Lysine
(PCK)

Figure 11: Uncaging of Photocaged Lysine. Methyl-o-nitropiperonyl
Lysine (Photocaged lysine, PCK) contains a ‘caging’ group (blue)
which blocks activity of the underlying lysine. Upon stimulation
with 365 nm light, the cage group is removed to restore a canonical
lysine.

Although multiple different photolabile groups exist, one of the most common
groups used for photocaged amino acids is the ortho-nitrobenzyl group, or its
derivatives!%?, which can undergo Norrish reactions, a carbon-carbon cleavage
which occurs during photo-irradiation!19. In this thesis, I use several different

photolabile groups, including orthonitrobenzyl (Fig 12A), nitropiperonyl (Fig
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12B), and methylnitropiperonyl (Fig. 12C), which each have differing uncaging
kinetics!0%111, These groups all uncage with illumination by 365 nm wavelength
ultraviolet (UV) light.

A B .. C
0] 0

NO: NO: NO:

Figure 12: Various Photocaging Moieties (A) orthonitrolbenzyl, (B)
nitropiperonyl, (C) methylnitropiperonyl.

1.3 Caenorhabditis elegans

1.3.1 Caenorhabditis elegans as a Model Organism

Caenorhabditis elegans is a free-living nematode worm discovered in 1900
by Emile Maupus, who first isolated and characterised it from soil samples in

112

Algeria’*#, though it has since been found to be widespread and living in almost

all parts of the world!13.

After its discovery in 1900, C. elegans remained
relatively obscure until the late 1940s, when it was proposed as a model for
genetic study by Ellsworth Dougherty and Hermione Calhoun!'4. However, by
far the most significant player in establishing C. elegans as a model organism was
Sydney Brenner who, after working to elucidate the nature of the genetic code
with Crick!5, decided to turn his attention towards applying molecular biology
to the fields of developmental biology and neuroscience. In searching for a model
animal which was relatively simple, genetically tractable, and could be handled
in large numbers, Brenner settled on Caenorhabditis, obtaining an isolate of C.
elegans from Dougherty in 1963 and beginning his work in characterising the
nervous system of the animall16. The strain Brenner was given is referred to as
the Bristol strain, which was isolated by Nicholas et al in 1959 from mushroom
compost in Bristol, England!!7, though at the time it was erroneously identified

as an isolate of Caenorhabditis briggsae. From this Bristol strain, Brenner isolated

a single hermaphrodite and allowed it to propagate by self-fertilisation to give rise
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to a new strain, named 'N2’, which remains the most commonly used strain in
C. elegans research to this day!!®.

C. elegans are only about 1 mm in length as adults and exist as either
self-fertilising hermaphrodites or males, with the vast majority of animals
(>99%!19) being hermaphrodite. This makes them ideal for genetics studies, as
hermaphrodites and males can be used in genetic crosses, with the hermaphrodites
then isolated and self-fertilising to become homozygous for a genotype. In
addition, a single hermaphrodite can produce upwards of 200 progeny120 during
its life, allowing for strains to be established relatively quickly and large-scale
experiments performed. In the lab, C. elegans can be kept on petri dishes filled
with nematode growth medium (NGM) agar and fed on simple monocultures of
E. coli, which makes them very simple and easy to maintain.

The development and life cycle of C. elegans is very quick, taking only around
three days from fertilisation to adulthood. After egg laying and hatching, a
young C. elegans animal goes through four larval stages, named L1 to L4, during
which its cells continue to divide and differentiate to give rise to an adult with
approximately 1000 somatic cells!2!. The lineages of each of these cells has been

122 " and is found to be

fully mapped throughout the entire life cycle of the worm
invariant. If conditions are unfavourable for worm development, the L1 larva will
instead enter a developmentally arrested stage, named ‘dauer’, which is unable
to feed and is more resistant to external stresses, allowing the worm to survive
for several months!?Y. When encountering favourable conditions, the dauer stage
develops into an L4 larva and continues development to adulthood. The life cycle
is shown in Figure 13.

Many other features contribute to C. elegans’s utility as a model organism.
The animal is completely transparent, allowing for visualisation of internal cells
and tissues. The adult has an invariant number of neurons, 302, with all
connections between these neurons having been mapped!?3, and a large number
of human genes, including 40% of disease-causing geneslm, have orthologs in
the C. elegans genome, making studies of C. elegans relevant to the study
of human function and disease. Indeed, a number of C. elegans models of

human diseases have been generated, including those of Alzheimer’s disease!2?,

126 1277129’ and cancerl30.

Parkinson’s disease™~”, muscular dystrophy diseases
Throughout its many years as a model organism, C. elegans has contributed

to the discovery of a number of other vital discoveries. Programmed cell
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Figure 13: The Life Cycle of Caenorhabditis elegans The C. elegans
egg is partially developed in utero, with development finishing ex
utero. After hatching, C. elegans development proceeds through four
larval stages before becoming adult. Under unfavourable conditions,
the larval stage L1 can develop into the dauer stage. On return of
favourable conditions, dauers re-enter the life cycle at the L4 stage.
Times of development at each stage are approximate for C. elegans
hermaphrodites grown at 22°C. Taken from Corsi, 2006137,

death, an important part of normal animal development, was first studied in

131,132 and earned Nobel prizes for Sydney Brenner, John Sulston, and

C. elegans
Robert Horvitz, in 2002. Further Nobel prizes came in 2006 for Andrew Fire and
Craig Mello for their discovery of RNA interference (RNAi)133, a host immune
response which causes downregulation of gene expression by complementary
binding of mRNA. RNAIi is now a widely used tool for gene downregulation

134 "as well as in other model organisms and is now being explored

in C. elegans
as a therapeutic option against several diseases!3®. C. elegans also played a role

in the development of green fluorescent protein (GFP) as a reporter for gene
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expression and protein localisation. After testing GFP in E. coli, Martin Chalfie
then applied GFP to C. elegans and was able to use it to visualise individual
neurons within the worm!36. This earned Chalfie a Nobel prize in 2008, and
GFP, along with its differently-coloured derivatives, have since become some of
the most commonly used biological tools across multiple model organisms.

With the overwhelming amount of data available on C. elegans, a number
of tools and databases have been set up to aid in research. One of the most
extensive databases is the WormBase!38, which contains fully annotated genomes,
descriptions of all known coding and non-coding genes, protein interactome data,
cell lineage data, and more. WormAtlas!3? provides detailed anatomies and
functions of every cell in the C. elegans body, including every neuron. The
Caenorhabditis Genetic Centre (CGC) maintains and distributes thousands of

different C. elegans strains with well characterised mutations for use in research.

1.3.2 Optogenetics in Caenorhabditis elegans

The transparency of the C. elegans body makes it particularly amenable to
light-based experiments, broadly referred to as ‘optogenetics’. The dictionary
definition of optogenetics is a combination of optical methods and genetic
engineering, and in its broadest sense can include any method of controlling
or monitoring biological function through the use of light'40, including methods
as simple as visualisation of fluorescently-labeled cells, though the term is most
commonly applied to the activation and inhibition of neurons through the use of
opsinle.

Opsins are transmembrane photoreceptors found in animals, bacteria, archaea,
and algae, and include a number of uses in optogenetics. Channelrhodopsins
(ChR) are used by green algae to sense light and drive plasma membrane
depolarisation, increasing the cytosolic concentration of positive ions and
triggering signaling cascades which mediate the algae’s flagellar movement to
drive the algae towards the 1ight142. ChRs have since become a common
tool in optogenetics, as the cation currents generated during light stimulus
can activate action potentials within neurons, allowing for the spatiotemporal
control of neuron activation. Other opsins, such as the bacteriorhodopsins
and halorhodopsins from archaea, pump positive ions out of the cell or pump

negative ions into the cell upon light stimulus which can be used in optogenetics

28



CHAPTER 1. INTRODUCTION

to hyperpolarise and inhibit neuron functionl43:144,

C. elegans was the first
organism to be behaviourally-manipulated using Channelrhodopsin 2 (ChR2)
from Chlamydomonas reinhardtic to excite muscle cells and mechanosensory
neurons in 200549 and since then a large number of studies have been performed
to study neural function in C. elegans using these channels!46.

Another important area of optogenetics is the control of protein-protein
interactions and protein localisation. This can been done using AsLOV2, a
LOV (Light-Oxygen-Voltage sensing) domain from Awvena sativa’s phototropin
1, which can interact with an engineered PDZ domain (ePDZ, named after the
three proteins in which the domain was first discovered: PSD-95, Dlgl, and ZO-
1) after exposure to blue light'47. By fusing proteins to both the AsLov2 and
ePDZ, protein-protein interactions between them can be induced by stimulation
with blue light. In C. elegans this system has also been used to drive organelle
transport by using an organelle membrane-localised AsLOV?2 to recruit an ePDZ-
fused motor protein, which led to trafficking of the organelle!48:149,

A major limitation of optogenetic techniques is the level of spatiotemporal
control involved. Although many are completely inactive without stimulus, some,
such as the AsLOV2/ePDZ system!®? show significant background activity even
in the dark. It can also be difficult to achieve spatial precision in certain
experiments. For example, few cell-specific promoters exist in C. elegans so
the optogenetic tools often must be expressed in a number of cells at one time.
However, it can often be difficult to activate the tool in a single cell in a free-
moving animal, making the study of individual cells difficult. One emerging
area of optogenetics in C. elegans which could solve these problems is the use of

photocaged amino acids to control protein function.

1.3.3 Genetic Code Expansion in Caenorhabditis elegans

In 2011, C. elegans became the first multicellular organism to have its
genetic code expanded®. In the initial study, Greiss and Chin®® showed that
MmPleS/tRNAPyl could be used to incorporate Boc-lysine into an amber
codon placed in a linker between GFP and mCherry fluorescent proteins, which
would result in mCherry production only after incorporation of Boc-lysine.
However, two main problems were encountered during the study. Firstly, very

low transmission of the transgenes was seen, resulting in populations where
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very few animals expressed the transgenes. This was solved by injecting
a Hygromycin B phosphotransferase gene into the worms and growing them
in the presence of Hygromycin B, which resulted in transmission rates of
100%59, and was later developed to include a selectable Hygromycin B resistance

151 "which additionally

cassette on the transgene expression constructs themselves
allowed for selection of transgenic animals after transgenesis. The second issue
encountered was that worms that did express the transgenes often showed very
low expression of GFP due to degradation of the mRNA by nonsense mediated
decay (NMD). However, crossing strains expressing the transgenes into the smg-
2(e2008) strain, which is deficient in NMD, results in a significant increase in
GFP signal. Although incorporation rates were low, with only 5% of worms
showing incorporation and readthrough of mCherry, this study marked the first
use of GCE in a multicellular system, and also showed that a PyIRS/tRNAFY!
pair evolved in E. coli could be used for ncAA incorporation in multicellular
eukaryotes®®.  Additionally, there were no observable effects on the health
of the animals. This is likely because endogenous 3° UTR sequences encode
protein sequences that tag a read-through protein for degradation®?, which
would prevent accumulation of proteins that have incorporated the ncAA at the
endogenous amber stop codons.

A later study demonstrated the use of the tyrosyl-tRNA synthetase/ tRNATY?
and leucyl-tRNA synthetase/tRNALeu pairs from FE. coli for incorporation of
ncAAs in C. elegans™®3, which was used to incorporate the ncAAs o-methyl-
L-tyrosine and 2-amino-3-(5-(dimethylamino) naphthalene-1-sulfonamido)
propanoic acid (DanAla). Noteably, although o-methyl-L-tyrosine is structurally
similar to tyrosine, DanAla is structurally distinct from all canonical amino
acids. This study also further demonstrated the use of dipeptides to increase
incorporation efficiency, with the DanAla monopeptide being sequestered into
intestinal cells, while an Ala-DanAla dipeptide was successfully transported into
other tissues!®3,

Although these studies showed that GCE was possible in C. elegans and could
be used to study a range of biological problems, few studies since have utilised
the method, with one of the only uses being in the process of bioorthogonal
noncanonical amino acid tagging (BONCAT). A typical BONCAT experiment
involves the use of azidohomoalanine, an ortholog of methionine, which is

incorporated into proteins in place of methionine and can be used to selectively
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tag and identify newly synthesised proteins in cells, allowing for temporal studies
of the proteome!®®. A study by Yuet et all®® developed BONCAT further in
C. elegans by using genetic code expansion to selectively incorporate the non-
canonical amino acid tags in specific cells. In this study, a modified phenylalanyl-
tRNA synthetase was used to incorporate p-azido-L-phenylalanine, which could
be used to tag and identify proteins similarly to azidohomoalanine. By expressing
the modified PheRS using cell-specific promoters, the method could be used for
the temporal study of the proteome of a specific subset of cells1®?.

Following these studies, our lab has continued to develop, optimise, and
apply GCE to C. elegans, primarily with the use of the PleS/‘cRNAPyl pair
to incorporate pcAAs. Due to its transparent body, C. elegans is a particularly
useful platform for light-based ncAAs, such as photocaged amino acids, photo-
crosslinking amino acids, and fluorescent amino acids. By inserting a photocaged

17 were able to

lysine into the active site of the Cre recombinase, Davis et a
generate photo-activatable Cre which could be used to drive gene expression.
By laser-targeting, the photo-activatable Cre was used to drive expression of
channelrhodopsins in individual neurons, which allowed them to be illuminated
in free-moving animals to activate the neuron. In this study, the modifications
and optimisations to PylRS/ tRNAPY! described above allowed us to reach much
higher levels of incorporation, with over 95% of animals incorporating pcAA into
Cre. In a following study, Xi et al™ used photocaged cysteine (PCC) to control
the activity of Caspase-3, which could be used to optically ablate cells. This study
also applied quadruplet codons to drive ncAA incorporation for the first time in
an animal, which was optimised to incorporate at close to the levels reached by
triplet decoding. Finally, a study by O’Shea et al'%% photocaged protein-protein
interactions by using photocaged tyrosine to control the binding of a nanobody

to its antigen.

1.3.4 Thesis Objectives

In this thesis, I aim to expand the toolkit available to C. elegans researchers
by developing novel optogenetics tools. To this end, I have developed a new
optogenetic tool for targeted gene expression and attempted to develop a set
of optogenetic tools for gene-targeted random mutagenesis. These tools utilise

photocaged amino acids incorporated by genetic code expansion to confer a high
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level of spatiotemporal control not found in other tools.

In Chapter 2, I detail the development of a photocaged FLP recombinase.
This tool can be used to drive gene expression, and I show that a laser can
be used to target individual cells to drive gene expression with extremely high
spatiotemporal precision. This chapter focuses primarily on the development
and optimisation of photocaged FLP recombinase, and the characterisation of
its activity before and after activation, with some brief work at the end of the
chapter where we use photocaged FLP to study neuronal functions.

In Chapter 3, I attempt to develop multiple tools for gene-targeted random
mutagenesis in C. elegans, which could potentially be used for reverse genetics
studies, as well as for directed evolution in C. elegans, which could be useful
in further improving the efficiency of incorporation of ncAAs. Although the
development of these tools was unsuccessful, I propose future work to solve the
problems encountered during the course of this thesis and to successfully develop
these optogenetic mutagenesis tools.

In Chapter 4, I will give an overview of the materials and methods used to
achieve the objectives of this thesis. In Chapter 5, I will give an overview of
the tools developed and introduce potential future directions in the continued

development and applications of these optogenetic tools.
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Chapter 2

Photocaged FLP Recombinase for

Spatiotemporal Gene Expression

2.1 Introduction

2.1.1 Site-Specific Recombinases

The site-specific recombinases (SSR) are a class of enzymes which recognise
short DNA sequences and catalyse the recombination between two of these
sequences, which allows them to perform four basic functionalities depending
on the orientations of their recognition sites: excision, insertion, inversion, and
translocation of DNA (Fig. 14). Thousands of SSRs have been identified in
a wide range of organisms, including viruses, bacteria, archaea, and single-

157 " carrying out roles such as the integration of viral DNA in

cell eukaryotes
host genomes, the resolution of plasmid and chromosome multimerisation during
replication, the modification of gene expression, and the increasing of genetic
diversity by mediating gene transfer!®8:159

SSRs generally contain at least two domains, the catalytic domain and the
DNA-binding domain, though some SSRs have lost the DNA-binding domain and
others have other further domains which act in regulating the SSR activity!?®.
Although thousands of SSRs have been identified, they can be categorised into two
families: the Serine-SSRs and the Tyrosine-SSRs, depending on which amino acid
within the catalytic domain is used as a nucleophile to attack the DNA backbone
during recombination. Although members of both families function in all of
the roles described above, the two families are unrelated and their mechanisms
differt®?.

Serine-SSRs are best characterised by y0 resolvase, the prototypical and most
well-studied Serine-SSR, which is naturally found as part of a transposable

160

element in the E. coli genome v0 resolvase, as well as other Serine-SSRs,
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Figure 14: Possible Outcomes of Site-Specific Recombination. The
products of the recombination reaction depend on the orientation
of the recombinase recognition sites (black triangles), and can give
rise to (A) excision or insertion, (B) inversion, or (C) translocation
of the genetic elements.

naturally exist as dimers, with each dimer binding one recognition site and then
organising with a second dimer to form a synaptic complex, which consists of a
core of the Serine-SSR. tetramer with two duplex DNA molecules on the outside.
All four DNA strands are cleaved, which is caused by nucleophilic attack of the
phosphodiester bond by the catalytic serine residues, linking the Serine-SSRs
covalently to the 5 end of the DNA and leaving a free 3’ hydroxyl end. One
half of the synaptic complex then rotates around 180° to bring the cleaved DNA
strands into a recombined configuration, where the free 3’ hydroxyl ends then
attack the 5’ phosphoserine linkages to reform the DNA duplexes (Fig. 15A)159.

Tyrosine-SSRs share a similar domain structure, though with the key
difference of using a tyrosine in the catalytic domain. Interestingly, the catalytic
domain of Tyrosine-SSRs share high sequence, structural, and mechanistic
similarity with type IB topoisomerases, indicating a shared ancestor!®, whereas
the Serine-SSRs do not seem to share ancestry with either the Tyrosine-SSRs
or the type IB topoisomerases. Tyrosine-SSRs also differ when it comes to the
formation of the synaptic complex, where the two DNA molecules are contained
within the tetramer, allowing them much closer access to each other than in the
Serine-SSR conformation. The cleavage reaction also differs, with Tyrosine-SSRs
performing the reaction in two steps instead of one. Firstly, only two of the four
Tyrosine-SSR proteins are active, and the nucleophilic tyrosine of these active

subunits cleave one strand of each of the DNA duplexes, linking the protein

34



CHAPTER 2. PHOTOCAGED FLP RECOMBINASE FOR
SPATIOTEMPORAL GENE EXPRESSION

covalently to the 3" end of the DNA and leaving the 5 hydroxyl free. The DNA
strands exchange, with the free 5" hydroxyls attacking the 3’ phosphotyrosine
linkages of the opposing strands. The two previously-inactive protomers then

become active, repeating the exact same process to recombine the remaining two
DNA strands to fully recombine the DNA? (Fig. 15B).

Cleavage Rotation
q d
Ligation

Active site
switch

Je

Figure 15: Site-Specific Recombination (SSR) Mechanisms. (A) Serine-
SSR. Four protomers (grey ovals) of the Serine-SSR cleave a DNA
strand each (red and blue lines), forming phosphoserine bonds (black
lines). Two protomers within the complex rotate and DNA is re-
ligated in a recombined configuration. (B) Tyrosine-SSR. Two
active protomers (dark grey oval) cleave their DNA strands and
form phosphotyrosine bonds (black lines). Strands are exchanged
and ligated, forming a Holliday junction. Two previously inactive
protomers (light grey) become active, repeating the reaction to
resolve the Holliday junction.
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2.1.2 Applications of SSRs

Of the thousands of SSRs that exist in nature, several have been repurposed
as molecular biology tools. These include the Tyrosine-SSRs Cre (Cyclisation
recombination) from the P1 bacteriophage, FLP (Flippase) from the 2 ym plasmid
from Saccharomyces cerevisiae and A integrase from the A phage, and the Serine-
SSR ®C31 from the ®C31 phage!®”. These have been applied to a number of
roles, including plasmid construction, transgene integration and control of gene
expression.

One common cloning technique, the Gateway cloning system developed by
Invitrogen, uses the \ integrase to transfer genetic elements between plasmids!6.
A integrases normally facilitate the integration of bacteriophage A’s circular
genome into the genome of its host, E. coli, by recombining between the host attB
(Bacterial attachment) site and its own attP (Phage attachment) site. This gives
rise to a prophage flanked by two newly generated sites, attLi (Left attachment)
and attR (Right attachment), which can then recombine to excise the prophage
and restore the original attB and attP sites!92. In the development of Gateway
cloning, mutations of these four sites gave rise to a number of variations, which
could recombine with specific sites but not others. For example, attB1 and attP1
can recombine, but attBl and attP2 cannot. Using these sites, two cloning
techniques were developed - the BP reaction and the LR reaction (Fig. 16). In
the BP reaction, a PCR product flanked by two different at¢B sites is integrated
into a ‘donor’ vector with two equivalent attP sites, which generates a single
‘entry’ vector with a transgene flanked by two attL or attR sites, depending on
the orientation of the initial attB and attP sites. In the LR reaction, one or
more ‘entry’ vectors are recombined with a ‘destination’ vector, which contains
equivalent attR sites, producing a single expression plasmid from multiple genetic
elements.

Another common use of SSRs is to integrate transgenes into the genome, with
the first studies utilising the A integrase to integrate transgenes into the E. coli
genomel®3. Since then, multiple other SSRs have been used and in multiple model
organisms, including the use of FLP and Cre recombinases to integrate transgenes
into mammalian genomeslG4’165. The use of SSRs for this purpose in C. elegans
has been fairly limited, with the majority of genomic integrations being done
by UV irradiation, CRISPR/Cas9 editing, or transposon-based integration!66.
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Figure 16: Gateway Cloning Schematic. ) integrases are utilised in the
Gateway cloning method (Invitrogen). attB, attP, attL, and attR
sites are used in series of recombination events to transfer genetic
elements from a PCR product to a donor vector (BP reaction),
and then from the donor vector into a destination vector (LR
reaction). Multiple entry and destination vectors exist, shown here
is an example using the Gateway vectors used in this thesis. In
this example, a promoter (P) can be placed in position 1, a gene in
position 2, and a 3" untranslated region (UTR) in position 3, allowing
for easy switching of components to generate different expression
constructs.

Destination vector

LR Reaction

Recently, a system was developed in C. elegans where FLP is used to integrate
a transgene along with a detectable marker, and Cre was then used to excise the
marker after confirmation of integration, leaving behind only the transgene in the
genome!67.

In C. elegans, one of the most common uses for SSRs, particularly FLP, is
the control of gene expression. This can be done in many different ways to
achieve both gene knockout and gene activation. In one method, which achieves
activation of expression, a transcriptional terminator is placed between the
promoter and the coding sequence (CDS) of the transgene, with the terminator

flanked by FLP recognition sites. Upon addition of FLP to the system, the
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transcriptional terminator is excised from the cassette, allowing expression of the
transgene to proceed!6® (Fig. 17A). Conversely, using FLP to excise the gene
from an expression construct!6? can be used to inhibit transgene expression (Fig.
17B). Another method for control of gene expression is to place the transgene
in an inverted orientation between the recombination recognition sites, which
prevents functional expression until the SSR is introduced to recombine and
invert the sequencel™. Although inversion between identical recombination sites
is reversible and unbiased, with inversion occurring for as long as the SSR is
present, asymmetric recombination sites exist which give rise to two different
asymmetric sites when inverted. If the second pair of recombinase recognition
sites is much less efficient than the first pair, then this leads to inversions that
are very biased in one direction!’! (Fig. 17C). A more advanced method, the
Flip-Excision (F1Ex) switch, utilises two pairs of recombinase recognition sites,
with one pair being a mutant pair that does not recombine with the other wild-
type pair. By combining inverted and non-inverted transgenes with these pairs
of recombination sites, both inversion and excision can be used to switch the

expression between the two transgenes! /%173 (Fig. 17D).

2.1.3 Limitations of SSR-mediated Gene Expression

Although powerful in its approach, the use of SSR to activate or repress
gene expression is not without limitations. One of the main issues is the lack
of spatial control of the gene expression. In multicellular organisms, including
C. elegans, promoters generally drive expression of their genes in groups of cells,

174 However, researchers often

often across entire tissues or subsections of tissues
need to express transgenes in specific cells, especially in neuroscience where each
individual neuron may have a distinct function. For the vast majority of cases,
a cell-specific promoter does not exist, which hinders the study of these cells.
Additionally, the SSRs lack temporal control, which may limit the expression of
toxic transgenes or transgenes which may otherwise interfere with the normal
development of the animal. For example, the tetanus neurotoxin is often used
in the study of neuron functions, but expression of tetanus in developing worms
can arrest development or lead to other neurons compensating for the loss of the
neuron'68:17 hindering the study of the neuron of interest.

Several methods have been developed to introduce spatiotemporal control

38



CHAPTER 2. PHOTOCAGED FLP RECOMBINASE FOR
SPATIOTEMPORAL GENE EXPRESSION

P jr PJr P
(1l

D
P

X
Eweene D) -(Z2u90) 4

: / e\
J——’}{Genez}Q{ Lai(as -4 J_:N Gene1) > P ((Gene2 )<|

\ /

Figure 17: Gene Expression Using Site-Specific Recombination. Red
‘X" represents lack of expression of gene product. (A) Activation of
gene expression. STOP indicates a transcriptional terminator, which
is excised by the site-specific recombinase (SSR) to allow expression
of Gene. (B) Gene knockout using SSR. (C) Gene activation by
SSR inversion using mutant recombination sites. White regions of
recombination sites indicate mutated versions, black regions indicate
wild-type sequences. When recombined, fully wild-type or fully
mutant sites are generated, which recombine at much lower rates.
(D) FlEx switch. Using two pairs of recombinase sites (white or
black), the activation and repression of gene expression in a two-
gene system can be switched. Two pathways are shown, depending
on which sites recombine first, but always result in the same end
state.

[
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into SSR-mediated gene activation systems. A common method is to use two

R168  which can

overlapping promoters to express the transgene and the SS
introduce either higher spatial control or temporal control into the system. For
higher spatial control, this method uses two overlapping spatial promoters, with
one expressing the transgene behind a transcriptional terminator (Fig. 17A), and
the other expressing FLP. In this setup, only the cells where both promoters are
active will express the transgene. In many cases, it is possible to find overlapping
promoters which allow for the expression of the transgene in single cells. However,
this is not always possible, and the technique is still limited to using very specific
promoters, which may further limit the research if these promoters are only
active at certain developmental stages, or have a very low level of expression.
Furthermore, this technique still does not allow for expression of toxic transgenes,
as expression will occur whenever both spatial promoters are active. For temporal
control, the transgene can be expressed using the spatial promoter as before, but
the FLP can be expressed using a temporal promoter. In C. elegans, the only
temporal promoters are the ubiquitous heat shock promoters, including hsp16.41p
which was used in the Davis et al. studyl%®, though some other heat shock

176, Using

promoters exist with differing levels of activity in different tissues
this promoter, FLP will not be expressed under standard conditions and the
transcriptional terminator will not be excised. Upon heat shock, the heat shock
promoter activates, driving expression of FLP and activating expression of the
transgene. While this method allows the expression of toxic genes at specific
developmental stages, it is very spatially limited and is unlikely to be fit for
use in single cells, except in those rare cases where a single-cell promoter exists.
Additionally, the activation of the heat shock response has fundamental changes
on the animal, including effects on transcription and translation of other proteins
and even altering the lifespan of the animal'”’, which may cause unintended
behavioural effects which could interfere with the study of the cells of interest.
A further development of this system includes both FLP and Cre
recombinases, which allows for a greater level of control!”®. In this system, two
terminator sequences are placed before the transgene, with one flanked by FLP
recognition sites, and one flanked by Cre recognition sites, thereby requiring the
presence of both FLP and Cre to activate expression of the transgene. With
one of the recombinases expressed behind an overlapping spatial promoter and

one expressed behind the temporal heat shock promoter, this system combines
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the separate spatial and temporal controls possible from the system developed
by Davis et all6®. With this, transgenes can be expressed when desired in
a very small subset of cells, or even in single cells, facilitating the study of
previously inaccessible cells. However, some limitations as discussed earlier still
apply, as not all individual cells, especially in the nervous system, may have
promoter pairs that would express solely in that neuron. This is especially true
of neuron pairs, where the neurons exist as a bilateral symmetric pairt™, which
may be genetically indistinguishable but functionally different. For example,
the neurons AVJ, CEPD, URYV, RIM, and PVC, all exist as neuron pairs, but
only one of each pair is presynaptic to RIS, an interneuron involved in sleep!®0,
indicating asymmetrical roles within each of these neuron pairs despite them
being genetically identical. As two-thirds of C. elegans neurons exist as neuron
pairs”g, tools capable of dissecting the pairs would be very beneficial in increasing
the understanding of the neural circuits and functions.

A method was developed using the heat shock promoter to drive FLP

181,182 This method uses a pulsed

expression in single cells by Churgin et a
laser to heat the cell of interest up to 50 °C to induce heat shock in only that cell,
activating expression of FLP and subsequently the transgene. While achieving
much greater spatiotemporal control than the other methods described and
without the need to identify suitable promoter pairs, this still requires inducing
heat shock in the cells being studied, which could have potentially detrimental
effects. In addition, it was found that heating of over 30 °C was experienced
as far as 6 ym away from the focal point. With the average neuron size being
between 5-10 ym183, with some neurons being as small as 3 ymlSl, this has a high
potential for off-target activation. Indeed, in attempts to activate expression in
one of the smallest neurons in the worm, ADL, the authors found that only 30% of
worms targeted expressed the transgene only in the target cell, with a further 10%
expressing in off-target cells. Testing the system with a second neuron, AWB,
gave similar results, with only 26% of targeted worms expressing the transgene
in the target cell only, and a further 11% expressing in off-target cells as well!81.
Although better results were seen in larger cells, such as intestinal cells, this
relatively low activation rate and high off-target activation rate is potentially
inhibitory for study of cells that are small and tightly packed, including neurons.

Though as yet unused in C. elegans, light-dependent domains can also be used

to reconstitute split versions of FLP18 or Crel®®. In these systems, the SSR is
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split into two inactive halves, with each fused to one photoswitch domain, such as
those found in the Magnet system!86. Upon exposure to light, the photoswitch
domains assemble together, reconstituting and activating the full SSR protein.
Although the use of low-level light is much better for cells than high temperature,
this system is found to have a relatively high level of background, with one
experiment finding approximately 10% of cells expressing the transgene under

dark conditions!®4.

The use of wavelengths of light in the visible range also
necessitates keeping the cells expressing the system completely in the dark, which
makes working with them difficult in transparent animals, such as C. elegans or
zebrafish embryos. These systems are also reconstituted by blue light, which can
interfere with optogenetic and behavioural studies, which often use blue light-
activated channelrhodopsins, such as ChR2.

It would therefore be useful for further development of SSRs with high
spatiotemporal control. An ideal system would allow for the activation of
transgene expression down to single-cell resolution, with no off-target activation
in neighbouring cells and without relying on very specific overlapping promoters.
Instead, the ideal system would allow researchers to express their transgene from
any desired promoter which best suits their needs. The system would be inducible,
with no activity before induction and high activity after. Ideally, the method
of induction would allow a researcher to manually select individual cells for
expression, allowing them to select single cells or any desired subset of cells. The
temporal control would best be provided by stimuli that are non-damaging and
non-invasive, such as low-level light, but that are also not susceptible to activation
by light produced in a typical lab setting, either by the overhead lighting or by

light- and fluorescent-stereomicroscopes.

2.1.4 Photocaged SSRs

One method which fits all criteria of an ideal spatiotemporal control system is
the use of photocaged amino acids to confer photocontrol onto the SSR, by using
the caging group to block activity of a catalytic residue. This was first performed
for the Cre recombinase in mammalian cells by Edwards et all87, where the
catalytic tyrosine residue was replaced with a photocaged tyrosine, o-nitrobenzyl
tyrosine (ONBY), which loses its cage group and reverts to a canonical tyrosine

upon exposure to 365 nm light. The Cre-ONBY was found to be completely
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inactive, and uncaging restored activity to approximately the level of wild-type
Cre, allowing Cre-ONBY to be used for spatiotemporal gene control. This system
was expanded upon by Luo et all88, who found that a conserved lysine could
also be photocaged to install photocontrol into the Cre. The photocaged lysine
(PCK), methyl-o-nitropiperonyl Lysine, shows higher uncaging kinetics, higher
solubility, and higher biocompatibility of the caging group compared to ONBY,

and so is better suited to use in biological systems!®8.

1189 with the photocaged

Photocaged Cre was developed further by Brown et a
Cre being used in zebrafish embryos. While still caging the critical lysine
residue, this study used hydroxycoumarin lysine (HCK) instead of PCK, which
had a decaging wavelength of 405 nm. Although single-cell activation was
not performed, this study successfully used the photocaged Cre to perform
lineage tracking of the heart, telencephalon, and tail, by illuminating cell
populations in an early embryonic stage. A similar variant of photocaged
lysine, bromo-hydroxycoumarin lysine, can additionally be uncaged by two-
photon excitationlgo, which increases the depth within tissues that the amino
acid can be uncaged.

We have since applied photocaged Cre to C. elegans77, which we used to drive
expression of an optogenetic channel in single neurons of a neuron pair. This
photocaged Cre had its critical lysine, K201, replaced with PCK, which showed
no expression of the optogenetic channel before uncaging. Global uncaging of
the photocaged Cre expressed in glutamatergic neurons showed expression of the
optogenetic channel and subsequent behavioural responses in over 95% of animals.
This system was then used to express the optogenetic channel in individual
neurons by targeting with a 365 nm laser, which allowed us to study the individual
contributions of neurons within a neuron pair. Although this was used to control
transgene expression in C. elegans, it could also apply to controlling the expression
of endogenous genes by inserting recombination target sites into the C. elegans
genome, as well as controlling expression of transgenes and endogenous genes in
other model organisms.

To date, all photocaged SSRs developed have been Cre recombinases’ 187189,
It would be useful to expand this toolkit to include other photocaged SSRs, such
as photocaged FLP, which may have advantages over Cre in certain cases. One

consideration is the optimum temperatures for recombinase activity. As Cre is

derived from bacteriophages targeting F. coli, its optimum temperature is 37
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°C, while the optimum temperature for the yeast-derived FLP recombinase is
lower, at 30 °C191. Since C. elegans are grown between 15-25 °C, it is likely that
FLP would be much more active in C. elegans than Cre, though both have been
used successfully in a large number of studies in C. elegans'¥2. Another factor
is the observations of DNA-damaging effects of Cre recombinase in mammalian

193 , which can lead to general toxicity, but has not been observed for FLP

recombinase!94.

cells

Aside from specific advantages of FLP over Cre, the development of a
photocaged FLP could complement the use of photocaged Cre. One study found
that FLP and Cre seemed to have different efficiencies when expressed under
different promoters, with some promoters leading to FLP being more active,
while some promoters led to Cre being more active!?®. Because of this, having
both photocaged FLP and photocaged Cre systems available to a researcher would
expand the potential applications of the systems. Additionally, once a photocaged
FLP has been developed, it could be used in conjunction with the photocaged Cre
to drive expression of two transgenes in two cells or two distinct groups of cells in
a single animal. Therefore, I set out to develop a photocaged FLP recombinase

for use as a tool for transgene expression in C. elegans.

2.1.5 FLP Recombinase

FLP is a member of the tyrosine-SSR family, along with Cre and A integrase,
and is found as part of the 2 um plasmid, a selfish genetic element which
resides as multiple copies in the nucleus of Saccharomyces cerevisiae®. The
biological function of FLP is to prevent decreases in the numbers of 2 ym
plasmids in the yeast cell, by inverting regions of the plasmid to change from
a bi-directional replication system to a uni-directional rolling circle system!7.
While bi-directional replication results in only a single replicated plasmid being
generated, as the meeting of the two replication forks prevents any further
replication from occurring, uni-directional replication will continue unhindered
until FLP activity re-inverts the sequence to restore the bi-directional replication
system.

A FLP dimer recognises and binds the FLP Recognition Target (FRT)
sequence, a site consisting of three 13 bp repeats flanking an asymmetrical 8

bp spacerlgs, though recombination can still occur between sites with a 7 or
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9 or with only two repeat sequences rather than three2%Y. Once

9 bp spacer?
dimers have bound two FRT sites, they tetramerise to form the synaptic complex
consisting of four FLP protomers and two DNA duplexes. At this point, two of
the protomers become active, while two remain active, a state referred to as half-

201 " Unusually for tyrosine-SSRs, which normally use active

of-the-sites activity
sites consisting of residues all from a single protomer, FLP assembles its catalytic
sites in trans, with residues from two protomers forming the active site. While
most active site residues are provided by a single protomer, the catalytic tyrosine,
Y343, is provided by an adjacent protomer. The remainder of the active site is
made up of highly conserved R191, K223, H305, R308, and W330 residues (Fig.
18A,B). The two arginines interact with and position the scissile phosphate group
of the substrate DNA2YL, The tyrosine acts as the nucleophile which attacks the
substrate, with the histidine likely serving as the general base which activates
the tyrosine. Although unconfirmed in FLP, the catalytic lysine in Cre has been
shown to act as the general acid, and so is also likely to act as the general acid in
FLP. The tryptophan seems to help position Y343 in its active orientation and
may also help in stabilising the leaving 5" hydroxyl group during cleavage292:203.
Recombination by FLP occurs in a two-step mechanism, with 2 protomers
active at one time (Fig. 15B). This activity can be seen by the positioning of Y343,
which is well ordered and in close proximity to the phosphate when contributing
to an active catalytic site (Fig. 18A), and disordered and more distant from its
target when contributing to the inactive sites??! (Fig. 18B). The active Y343
is deprotonated by H305 and is then able to attack the phosphodiester bond,
generating a covalent linkage to the 3’ end of the DNA, while K223 donates a
proton to the free 5" hydroxyl end, breaking the DNA strand. Strand exchange
then occurs by the 5’ hydroxyl group attacking the phosphotyrosine linkage of
the opposing DNA strand, which displaces the tyrosine and ligates the strands
in a recombined position (Fig. 18C), which forms a Holliday junction. The
half-of-the-sites state then switches, with the two previously inactive protomers
becoming active. These sites repeat identical cleavage-exchange steps, but on the
two non-recombined strands, completing the recombination reaction!99,202,
With photocaged variants of both tylrosine104 and lysineQO4 available, FLP can
be photocaged by caging either the K223 or the Y343 residues (Fig. 19A), with
the equivalent residues in Cre, K20177:188:189 3114 324187 having previously been

photocaged successfully. The critical roles of K223 and Y343 in the recombination
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Figure 18: FLP Active Site and Mechanism of Action. (A) Active
catalytic site of FLP with catalytic residues highlighted. R191,
K223, H305, R308, and W330 residues are provided by a single
protomer. Y343 is donated by an adjacent protomer. (B) Inactive
catalytic site of FLP. Y343 is moved out of position and is unable to
perform a nucleophilic attack on phosphate. (A,B) PDB: 1FLO?01,
showing the Holliday junction state of FLP. It is noted that the
Holliday junction was captured with the phosphotyrosine bonds,
which are subject to slow hydrolysis, which explains why inactive site
(B) shows cleaved DNA. (C) Mechanism of cleavage and ligation
reactions performed by FLP. After cleavage, strands are exchanged
and ligated to the opposing strand.
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reaction, along with the evidence from photocaged Cre, would indicate that
caging either of the residues should prevent any activity of FLP before uncaging.
By uncaging and activating FLP, gene expression can be controlled with high
spatiotemporal precision (Fig. 19B). A photocaged FLP would expand the toolkit
available to researchers, both within the field of C. elegans research and in those
of other model organisms, and both photocaged FLP and photocaged Cre could
eventually be combined into a single system, further increasing the control of gene

expression.
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Figure 19: Photocaging of FLP Recombinase. (A) Structure of FLP
recombinase with either K223 or Y343 replaced with equivalent
photocaging groups (PCK and ONBY). pdb = 1FLO2YL, PCK and
ONBY structures are custom drawn in Pymol. (B) Schematic for
gene expression using photocaged FLP recombinase.

]
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2.2 Results

2.2.1 FLP-K223PCK Can Drive Gene Expression With
Light-Mediated Control

Due to the recent success in photocaging the Cre recombinase in C. elegans
by replacing the catalytic lysine, K201, with PCK, we first decided to test
photocaged FLP with PCK at position K223 (FLP-K223PCK). Four genetic
constructs were designed to facilitate testing of the FLP-K223PCK, with the first
construct containing FLP with an amber codon (TAG) at the codon position
of K223 to direct incorporation of PCK at this site. The G5D variant of
FLP was used, which has the original glycine at position 5 replaced with an
aspartic acid residue and was previously shown to increase the recombination
efficiency of FLP169. For initial testing of whether FLP could be photocaged,
constructs were expressed under the control of the myo-3p promoter, which drives
expression in the body wall muscle, a group of 95 muscle cells extending across
the entire length of the worm body. The FLP construct itself also contained
a Haemagglutinin (HA) tag to facilitate potential future characterisation of the
expression by Western Blot, as well as an egl-13 nuclear localisation sequence
(NLS) to bring FLP into the nucleus. As the NLS is attached to the C-terminal
end, truncated FLP (terminating at K223TAG) in the absence of PCK would not
translate the NLS, and therefore would not be imported into the nucleus where it
may cause damage77. The construct containing FLP was expressed in an artificial
operon with GFP for visualisation by placing an SL2-accepting splice site (SL2)
between FLP and GFP. The second construct contained an mKate2 reporter
preceded by an FRT-flanked let-858 3 UTR terminator sequence, which acts as
a ‘STOP’ cassette and has previously been used in FLP systems in C. elegans!6®
to control gene expression. This reporter is driven by the ubiquitous eft-3p
promoter, which would allow us to test FLP-K223PCK in multiple tissues without
changing this construct. On the third construct, an aminoacyl-tRNA synthetase
(aaRS) evolved to load PCK (PCKRS), derived from the directed evolution of the

204, is placed

pyrrolysyl-tRNA synthetase (PylRS) from Methanosarcina mazei
behind the myo-3p promoter, while the fourth construct uses prp-1p to drive
expression of the tRNA which is charged with PCK by PCKRS and attaches

PCK to the growing polypeptide chain at the UAG codon during translation.
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The PCKRS contains a human Smad4 nuclear export sequence fused to the N-
terminus which was found to improve incorporation by directing PCKRS to the
cytoplasm ™77, while the tRNA used, tRNACl5CU A is derived from the bovine
mitochondrial tRNAS® ;4 modified to contain elements from tRNAPY! which
improved incorporation compared to unmodified tRNAYYI74 " All constructs are
shown in Fig. 20A.

C. elegans strains expressing these four constructs can therefore be detected
by presence of GFP, but if maintained off PCK would not be expected to express
mKate2, as only truncated FLP would be produced and the STOP cassette would
not be excised. Animals can then be fed on PCK, which will allow for the
translation of full-length FLP-K223PCK to proceed. This would be expected
to be inactive due to the caging of the catalytic lysine, and no mKate2 will
be expressed. Upon illumination with 365 nm light, the caging group of PCK
should be removed to give rise to a fully active and effectively wild-type FLP
recombinase, which would excise the STOP cassette and drive expression of
mKate2 in cells which have been exposed.

The four constructs were introduced into the wild-type N2 strain by biolistic
bombardment and screened for presence of the GFP reporter. Strains were
generated which expressed FLP consistently across the entire body wall muscle.
Although clearly visible under a fluorescent stereomicroscope and under higher
magnification (Fig. 20B, bottom row), this signal was too dim to see clearly
under 10X magnification (Fig. 20B, top and middle rows). These worms did
not show any visible mKate2 signal in the absence of PCK, nor in the presence
of PCK but without uncaging (+PCK, -UV), as expected. Upon uncaging by
exposure to 365 nm light, 5 mW/cm?, for 5 minutes (+PCK, +UV), bright
mKate2 signal could be seen along the entire body wall muscle (Fig. 20B, middle
row). Single-cell uncaging could also be performed by using a 365 nm laser to
target only a single cell, which resulted in GFP and mKate2 signals being seen
only in the targeted cell, while other cells expressed only GFP (Fig. 20B, bottom
row). This demonstrates that caging the K223 residue of FLP is enough to break
recombination activity, while uncaging can restore the activity and can be done
down to single-cell resolution.

We next attempted to apply the FLP-K223PCK to drive expression of a
channelrhodopsin in neurons, which we could use to study the function of the

neuron by illuminating the channel to optogenetically activate the neuron. For
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Figure 20: FLP Can Be Made photo-activatable by Photocaging K223.
(A) Genetic constructs used for testing FLP-K223PCK in body
wall muscle cells. (B) Expression of the constructs in worms, in
the presence of PCK and presence or absence of UV light. (Top
row) Before uncaging, worms show GFP signal but no mKate2.
(Middle row) After global illumination with 365 nm light, strong
mKate2 signal is seen throughout the body wall muscles. (Bottom
row) Single-cell uncaging can be performed using a 365 nm laser.
Scale bars for top two rows are 100 um. Scale bars for bottom row
are 25 pym. All fluorescent images are max intensity projections,
brightfield/DIC images are single slices.
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this, similar constructs (Fig. 21A) were used as before, but after the STOP
cassette we used the Chrimson channel protein fused to the mKate2. Chrimson is
a channelrhodopsin from Chlamydomonas noctigama which is red-shifted relative
to other common channelrhodopsins2?%:296 and so is particularly useful for C.
elegans optogenetics since blue light is potentially damaging to the worm and
they exhibit avoidance behaviour responses upon blue-light stimulation?9?. The
STOP cassette was also changed, with the let-858 3 UTR being replaced by
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the 3’ UTR from lacZ2%8. Although commonly used without issue, one study
with a particularly sensitive assay found low-level expression of the transgene
downstream of the let-858 3’ UTR209, indicating some level of leakiness or
readthrough of the STOP cassette. This may be due to the relatively short
size of the let-858 37 UTR, at less than 500 bp, while the lacZ 3> UTR is
just over 3.5 kb and so is less likely to have this issue. The final change to
the constructs was to the promoters. For testing the expression of Chrimson,
we expressed FLP behind the mec-7p promoter, which drives expression in
the mechanosensory neurons, a set of 6 neurons (AVM, ALML, ALMR, PVM,
PLML, PLMR) which sense touch and transmit signals to drive locomotion in
an avoidance behaviour?1. The Chrimson::mKate2 fusion expression was driven
by maco-1p, a pan-neuronal promoter with a high level of expression in young
adult worms. As expected, strains expressing the FLP-K223PCK showed no
visual expression of Chrimson::mKate2 before exposure to 365 nm light. After
uncaging with global illumination with 365 nm light, Chrimson::mKate2 signal
could be seen localised to the edge of the neurons, as expected for a reporter
fused to a channel protein (Fig. 21B).

To test the activity of Chrimson, the transgenic strains were grown on PCK for
two days, globally uncaged and transferred to plates supplemented with all-trans
retinal (ATR), the cofactor required for channelrhodopsin activity. Animals were
then left for 24 hours to express the Chrimson::mKate2 and uptake ATR, then
transferred to behaviour plates and stimulated with red light for 5 second pulses
to activate Chrimson. As an output of worms responding to stimulus, we chose
to measure the speed of the worms during stimulus rather than the velocity.
Although measuring speed only gave us the absolute change in movement, rather
than showing whether the worms accelerated forwards or reversed as velocity
would, we chose not to measure velocity because of a high level of mosaicism in the
expression of the transgenes, with the majority of worms only showing expression
of the transgenes in one or two neurons. Since some of the mechanosensory
neurons mediate forward movement and some mediate backwards movement,
this mosaicism resulted in stimulated worms of the same strain carrying out
a mix of forward and backward accelerations, depending on which neurons were
expressing the transgenes in that particular worm, which would average out to
a low velocity across multiple worms. Worms expressing FLP-K223PCK did not

show any change in speed between stimulus and non-stimulus time points without
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Figure 21: Driving Expression of Chrimson::mKate2 Using FLP-
K223PCK (A) Genetic constructs used for testing FLP-K223PCK
in mechanosensory neurons. (B) Expression of the constructs in
worm tail (PLM neurons), in the presence of PCK and presence or
absence of UV light. (Top row) Before uncaging, worms show GFP
signal but no mKate2. (Bottom row) After global illumination with
365 nm light, strong mKate2 signal is seen in the mechanosensory
neurons. Scale bars are 25 um. All fluorescent images are max
intensity projections, DIC images are single slices.

activation of FLP. Once uncaged to activate FLP, worms showed a sharp increase
in the speed during red-light stimulus compared to unstimulated conditions (Fig.
22), showing that Chrimson had been expressed at a functional level and that
its expression was entirely dependent upon uncaging and activation of FLP-
K223PCK. However, it should be noted that the data shown in Fig. 22 represents
a small sample size and this experiment was not replicated due to difficulties in

visualisation of the Chrimson:: mKate2 construct.
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Figure 22: FLP-K223PCK Can Drive Chrimson Expression for
Behavioural Analysis. Behavioural analysis is performed
with worms using FLP-K223PCK to express Chrimson in
mechanosensory neurons. (A) Speed of worms during stimulus with
red light (red bar) stimuli. (B) Average speed of worms in the 5
s before and 5 s during red-light stimulus. Mean+SD. **=p<0.01,
ns=p>0.05; Mixed-effects analysis with post-hoc Sidak’s multiple
comparisons. The data represents the average of 8 animals in a
single non-replicated experiment.

2.2.2 Improving Visibility of Chrimson-Fluorescent

Reporter Transgene

Although the photocaged FLP-K223PCK system has been proven to work,
the visibility of the mKate2 was very poor when fused to the Chrimson, with
visualisation of Chrimson::mKate2 only being possible using objective lenses
more powerful than a standard fluorescent stereomicroscope uses, which may
prove to limit its wider use as a tool in other labs. We therefore sought to
improve the visibility of the system. To do this, we expressed wild-type FLP
under a pan-neuronal promoter, snb-1p, and the Chrimson construct with the
STOP cassette behind the pan-neuronal maco-1p promoter. We first swapped
around the fluorophores, with FLP being expressed in an operon with mKate2
and Chrimson directly fused to GFP. This was done because the RFP channel
on our fluorescent stereomicroscope showed high background fluorescence, which
could have prevented the visualisation of dim mKate2 signal, whereas the GFP
channel had much less background fluorescence. However, although the mKate2
in the operon with FLP could now be easily seen, the Chrimson::GFP fusion
was not visible (Data not shown). We then decided to switch the GFP for
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a YFP, Citrine2, for similar reasoning, as the YFP channel on our fluorescent
stereomicroscope showed even less background fluorescence than the GFP or RFP
channels. However, the Chrimson::Citrine2 fusion again proved very dim (Fig.
23A) and was difficult to detect using a fluorescent stereomicroscope.

Because fusions of Chrimson to the fluorescent protein proved to be too dim
to visualise, while the fluorescent proteins expressed on their own were easily
visible, we reasoned that the direct fusion may be the cause. This may be due
to misfolding of the fluorescent reporter when in such close proximity to the
Chrimson?!1. To attempt to create better folding conditions for the reporter, we
inserted a 24 amino acid linker between the Chrimson and the Citrine2, named
the Happy Linker (HL), in order to spatially distance the two proteins. However,
this did not seem to increase brightness of the Citrine2 signal (Fig. 23B), and
remained too dim to detect using the fluorescent stereomicroscope.

Next, we decided to separate Chrimson from the fluorescent reporter, so that
any potential folding issues caused by the fusion of the two proteins could be
avoided completely. To do this we expressed Citrine2 in an operon with Chrimson,
by placing the intergenic region from the gdp-2/3 operon between them, named
‘SL2’, which contains an SL2-accepting splice site. The mechanisms of these
operons are discussed further in Section 2.2.2.1. Briefly, all genes in the operon are
transcribed from a single promoter to generate a polycistronic pre-messenger RNA
(pre-mRNA), which is then further processed to generate multiple individual

212 Because this

mRNAs corresponding to each gene from within the operon
processing occurs after transcription, we reasoned that expression of both genes
should be subject to the transcriptional terminator in the STOP cassette,
preventing expression until excision by FLP. We initially looked at the embryos
of these strains immediately after bombardment and found bright mKate2 and
Citrine2 signals throughout the egg (Data not shown), which we initially believed
to be the expected pan-neuronal signal. We therefore generated strains with FLP-
K223PCK and the Chrimson::SL2::Citrine2. However, we found that the embryos
of these animals also showed Citrine2 signal, despite not being fed on PCK or
uncaged. When observed at a later life stage, we found that expression of the
Citrine2 was seen in a ubiquitous pattern (Fig. 23C), despite the FLP-K223PCK
not being activated, and no ubiquitous promoter being present on any construct.

The mKate2 in the operon with FLP was expressed pan-neuronally, as expected.
This is briefly explored further in Sections 2.2.2.2 and 2.2.2.3.
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Figure 23: Various Methods to Improve Visualisation of Chrimson::FP
Fusion. (A) Direct fusion of Chrimson::Citrine2. (B) Increasing
the length of the linker (Happy Linker - HL) between Chrimson
and Citrine2. (C) expressing Citrine2 in an operon with Chrimson.
(D) Placing a self-cleaving peptide (F2A) between Chrimson and
Citrine2. All scale bars are 25 um. All brightfield images are single
slices, fluorescent images are max intensity projections.
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Finally, we decided to use the F2A self-cleaving peptide from the foot-and-
mouth disease virus?!? to separate Chrimson and Citrine2. The F2A peptide,

214 " are short amino acid sequences

along with other peptides of the 2A family
which cleave themselves during translation. By placing these sequences between
two protein-coding genes, translation of both proteins can be performed in one
process, but the cleaving of the F2A results in both proteins being present after
translation as separate units, and in this way any folding issues resulting from
the direct fusion between Chrimson and Citrine2 should be avoided. Indeed,
expression of this construct showed clearly visible Citrine2 signal in all neurons
(Fig. 23D). Although we also found that adding an NLS to the Citrine2 increased
visibility even further (Data not shown), we decided to continue without the NLS,
as this was visible enough to work with without risking increasing the load of
proteins in the nucleus.

As the Chrimson::F2A::Citrine2 proved to be very easily visible, we next
tested these constructs with the photocaged K223 (Fig. 24A). For these,
we decided to use the glr-p promoter, which expresses in the glutamatergic
neurons. We chose this promoter because we found it gave much more stable
expression than mec-7p and with much less mosaicism, and it offered a number
of suitable and interesting candidates to test behaviourally with our system,
as discussed later. As expected, no Citrine2 signal is seen before uncaging of
FLP-K223PCK. After global uncaging, Citrine2 signal could be seen strongly
in all glutamatergic neurons (Fig. 24B). Therefore, all future experiments
with photocaged FLP expressed FLP in an operon with mKate2. Behavioural
experiments expressed Chrimson::F2A::Citrine2 behind the STOP cassette, while

non-behavioural experiments expressed only Citrine2 behind the STOP cassette.

2.2.2.1 Background on Operons in C. elegans

Operons are genetic units which express at least two genes from a single
promoter, and are often found to express genes involved in the same functional
pathways?!®.  Although most commonly associated with prokaryotic gene
regulation, such as in the case of the lac operon used by F. coli to express genes

15 operons are also found in some eukaryotes,

involved in lactose metabolism?
though this is much less common than in prokaryotes?!6. One eukaryote where
operons are relatively common is C. elegans, with 15% of genes organised into

over 1000 operons2177218.
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Figure 24: FLP-K223PCK Driving Expression of

In C. elegans, operons generally consist of between 2-8 separate genes

Chrimson::F2A::Citrine2 in Glutamatergic Neurons.
(A) Genetic constructs for expression of photocaged FLP-
K223PCK in glutamatergic neurons, to drive expression of
Chrimson::F2A::Citrine2. (B) Expression of constructs in worms
grown on PCK, with or without activation of FLP. Scale bars are
25 um. All DIC images are single slices, fluorescent images are max
intensity projections.

218
Y

which are transcribed as a single preemRNA. The polycistronic pre-mRNA

then undergoes a trans-splicing event, which generates multiple monocistronic

mRNAs?. During trans-splicing, a cleavage and polyadenylation sequence at

the end of each gene results in the generation of monocistronic pre-mRNAs. In

most C. elegans operons, the 5’ end of the first gene’s pre-mRNA is then spliced
to the Spliced Leader 1 (SL1), an RNA sequence which provides a cap for the
pre-mRNA and generates a fully matured mRNA229, Downstream genes, on the

other hand, are generally spliced to the Spliced Leader 2 (SL2) site to generate the

mature mRNAs. There seems to be some flexibility, with some upstream genes

in operons being spliced to SL2 and downstream genes spliced to SL1, though
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this is much less common?20. These SL sites provide caps to the mRNAs which
are required for the stability of the mRNA, protecting them from exonuclease
activity, as well as controlling the recruitment of translation machinery221.
Although it has not been definitively proven why some genes are clustered
into operons, the most common line of reasoning is that operons generally express
genes that are involved in similar functions, which allows them to be regulated

217 and has been found to

together. This is the case in prokaryotic operons
be true in many cases for the operons of C. elegans. For example, there exists
operons which express multiple subunits of a single protein complex, or operons
that express a protein along with a second protein that modifies the activity
of the first, or operons that express multiple related mitochondrial proteins222.
Genes contained within operons that were previously thought to be unrelated or
have unknown functions have often subsequently been found to be involved in
related functions219:223. For example, the gene encoding the ICIn ion channel
was found contained in an operon with two other genes, though the functions of
these other genes was unknown. However, based on their presence in the operon,
it was speculated and then experimentally confirmed that these genes encoded
proteins that were involved in regulating the ICIn channel?24. However, not all
genes found in operons together are functionally related, nor do they always seem
to require the same level of regulation®!?, and so it is not always clear why certain
operons exist.

Although genes in an operon are co-expressed from a single pre-mRNA | their
expression levels are not equal, with transcripts of the first gene in an operon
expressing at levels approximately twice as high as the downstream genes22.
Since downstream genes show no further decrease in transcript levels, it is likely a
difference between the SL1 and SL2 sites which confers differing levels of stability
on the transcripts, with SL2 being seemingly less stable than SL1. Additionally,
in endogenous operons, a correlation is found between codon usage and gene
position in operons, with upstream genes generally having much more optimised
codon usage than downstream genes®2?, likely increasing the translation efficiency
of the upstream gene and leading to higher expression levels of the protein.

Operon structures are used widely when expressing transgenes in C. elegans
due to the possibility of co-expressing two transgenes without having to physically
link the proteins together, which can in some cases cause problems for the folding

and function of the proteins. For example, a transgene can be co-expressed
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with a fluorophore, which would allow for visualisation of the expression of the
transgene without disrupting the function of the first transgene. This is most
often done by using the intergenic region from between the gpd-2 and gpd-3
genes0 which contains the cleavage site, the polyadenylation site, and the SL2
accepting site. gpd-2 and gpd-3 are contained within the operon CEOPX036,
which contains mai-1 as the upstream gene, and gpd-2, gpd-3, and gpcp-1 as

138 " By placing the gdp-2/3 intergenic region between two

downstream genes
transgenes, the transgenes are then treated as if they were contained within the
operon and become co-expressed. For brevity, the use of the gpd-2/3 intergenic
region in a genetic construct will be referred to simply as ”SL2”.

In our hands, the use of SL2 has consistently and robustly allowed for the co-
expression of two transgenes under the same promoter. However, here we found
that expressing Chrimson::SL2::Citrine2 behind a transcriptional terminator
resulted in expression of the Citrine2 protein in an apparently ubiquitous and
constitutive pattern. However, we had expected the transcriptional terminator to
prevent any production of the polycistronic pre-mRNA containing both Chrimson
and Citrine2, thereby preventing expression of both proteins. Additionally,
the promoter upstream of the transcriptional terminator was a pan-neuronal
promoter, while the expression pattern seen for Citrine2 was ubiquitous.
Therefore, it seemed that it was not simply a case of the SL2 element somehow
bypassing the terminator. Although the reasons for this are still unknown, in the
following subsections, we briefly explore the use of SL2 to co-express transgenes
behind a transcriptional terminator and discuss possible reasons for the abnormal

expression patterns seen.

2.2.2.2 A Transcriptional Terminator Preceding Chrimson::SL2::Citrine2

Results in Ubiquitous Expression of Citrine2

During testing of a Chrimson::Citrine2 fusion protein, we found that Citrine2
signal was too dim to be easily visualised. Due to the possibility of the
direct fusion causing folding issues for Citrine2, we attempted to physically
separate the two proteins to allow for better visualisation. To do this, we co-
expressed Chrimson and Citrine2 in an operon by placing the SL2 sequence
between them. These constructs were placed downstream from the pan-neuronal
maco-1p promoter, with a transcriptional terminator between the promoter and

the Chrimson::SL2::Citrine2. This was expressed alongside a photocaged FLP
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recombinase, which was expressed by the pan-neuronal snb-1p promoter and co-
expressed with an mKate2 reporter in an operon (Fig 25A). In theory, we would
expect to see no Citrine2 signal before activation of the photocaged FLP, with
activation then leading to expression of Citrine2, as well as Chrimson, only in
the neurons. However, we found expression of Citrine2 in an apparent ubiquitous
pattern, even before feeding the worms on photocaged amino acid and activating
the FLP recombinase (Fig 25B,C). This signal was strongest where it overlaps
with FLP expression, but is also clearly visible throughout the body.

A snb-1p maco-1p

[ " FLp HANLS si2 fiKated 858 [ FRTIEGHOB FRT [GAIMSON SL2 Citrine2 /ot-858

B Brightfield mKate2 Citrine2

=
-

C Brightfield mKate2 Citrine2

Figure 25: Expression of Chrimson::SL2::Citrine2 Behind a STOP
Cassette Driven by a Pan-neuronal Promoter. (A) Genetic
constructs. (B) Expression of mKate2 and Citrine2 in the head. (C)
Expression of mKate2 and Citrine2 across the entire body. (B) and
(C) show the same worm and is the same as that shown in Fig 23C.
Worm was not fed on photocaged amino acid and not subjected to
UV illumination before imaging. Scale bars are 50 ym. Fluorescent
images are maximum intensity projections, brightfield images are
single slices.

2.2.2.3 Only Transgene Downstream of SL2 is Expressed Behind a

Transcriptional Terminator

Although the ubiquitous and constitutive expression of Citrine2 was
unexpected based on our knowledge of SL2 operon elements, it is unclear to
what extent the introduction of the transcriptional terminator broke the expected
expression pattern. In particular, we did not know if the transgene before the SL2
acceptor site, in our case Chrimson, was also expressed abnormally. Therefore, we

designed constructs with an mKate2 fluorescent reporter before the SL2 acceptor
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site, and a Citrine2 reporter after the SL2 acceptor site, which would allow
us to visualise expression of both transgenes within the operon. These were
driven by the glr-1p promoter, which was chosen both to rule out any potential
effects of the promoter, and because we found our snb-1p promoter to express
very inconsistently, whereas glr-1p resulted in much more consistent and clean
expression of the transgenes. The lacZ 3’ UTR was placed between the promoter
and the first fluorescent reporter as a transcriptional terminator, with flanking
FRT sites. This construct was either introduced into worms alone, or alongside
a glr-1p-driven wild-type FLP recombinase, co-expressed with a CFP fluorescent
reporter. We also generated worms with the mKate2::SL2::Citrine2 construct
without a preceding transcriptional terminator. All constructs are shown in
Figure 26.

Brlghtfleld mKate2 Citrine2
B glri-p gir-1p
| FRT ISHOBI FRT [mKate2 sL2 Citrine2 let-858 |_' FLP HANLS let-858
Brightfield mKate2 Citrine2

C gir-1p
- SL2 Citrine2 let-858

| FRT

Brightfield mKate2 Citrine2

”

Figure 26: Expression of mKate2::SL2::Citrine2 With or Without a
STOP Cassette and With or Without FLP Recombinase.
(A) Expression of mKate2::SL2::Citrine2 without a STOP cassette.
(B) Expression of mKate2::SL2::Citrine2 with a STOP cassette
in the presence of FLP recombinase. (C) Expression of
mKate2::SL2::Citrine2 with a STOP cassette in the absence of
FLP recombinase. Scale bars are 50 ym. Fluorescent images are
maximum intensity projections, brightfield images are single slices.
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As expected, worms expressing mKate2::SL2::Citrine2 without the
transcriptional terminator showed signal for both fluorescent reporters
only in the glutamatergic neurons (Fig 26A). Likewise, worms expressing
mKate2::SL2:Citrine2 with the transcriptional terminator in the presence of wild-
type FLP recombinase showed expression of both fluorescent reporters only in
the glutamatergic neurons (Fig 26B). No worms were found on these plates that
showed a ubiquitous expression pattern of Citrine2. When the transcriptional
terminator was placed before mKate2::SL2::Citrine2 and no FLP was included to
excise it, we again see a ubiquitous expression pattern of the Citrine2 (Fig 26C).
As would be expected, we see no expression of mKate2. It therefore seems that
only the transgene downstream of the SL2 acceptor site is abnormally expressed,
while the transgene upstream of the SL2 acceptor site is expressed as expected
of a gene placed behind a transcriptional terminator. The abnormal expression
pattern seems to be caused by addition of a transcriptional terminator upstream
of both transgenes, and this effect is removed with removal of the terminator.

It should be noted that, for unknown reasons, no CFP signal was seen co-
expressed with FLP recombinase. This has also been seen by others in our lab
using the same entry plasmid containing the CFP, and therefore may be a fault
with the plasmid itself. For this reason, the CFP channel was not imaged for

these experiments.

2.2.3 FLP-K223PCK Can Drive Gene Expression in
Multiple Different Tissues

Although our primary focus with the photocaged FLP was as a tool for
neuroscience research, it also has potential for use in other areas of research
on C. elegans. Therefore, we also tested whether FLP-K223PCK could be used
to drive expression in a range of different tissues. For this, we chose two other
tissues to test the system in: the body wall muscle and the gut. For the body wall
muscle test, FLP-K223PCK expression was driven by the myo-3p promoter as
before. For testing gut expression, the elt-2p was used, which primarily expresses
in the intestine. For both body wall muscle and gut expression, the ubiquitous
eft-3p promoter was used to drive expression of Citrine2 after STOP cassette
excision. The promoter driving expression of the PCKRS was the same as that

driving expression of the FLP, while the tRNA expression was driven by rpr-1p.
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As can be seen in Fig. 27, FLP-K223PCK was successfully expressed in both
tissues, as indicated by expression of the mKate2 co-marker. Citrine2 expression
was seen in both tissues only after uncaging and activation of FLP-K223PCK
to excise the STOP cassette. In addition to using the system in neurons, we
have shown that our system can be used to successfully drive gene expression
in a range of different tissues with high temporal control. It should be noted
that the number of worms expressing Citrine2 was very high in the body wall
muscle, but very low in the gut. Although the data was not recorded for these
strains, visually at least 90% of animals expressing FLP-K223PCK in the body
wall muscle showed expression of Citrine2 after uncaging. However, less than 10%
of animals expressing FLP-K223PCK in the gut showed expression of Citrine2
after uncaging. This may be due to the higher penetrance the UV light requires
to reach the gut cells, which are at the very centre of the worm body, as opposed
to the body wall muscle cells which are very close to the edge of the worm’s body.
Additionally, a high PCK concentration was used to feed these worms, which we
later found to slightly decrease uncaging efficiency (Section 2.2.4). This could
be due to the excess PCK absorbing the light used for uncaging, preventing as
much light from reaching the PCK within the FLP proteins. It may be possible
therefore to increase uncaging efficiency in the gut, as well as in other tissues,
by decreasing the PCK concentration, removing worms from the PCK source for
some time before uncaging to allow for the flushing out of excess PCK, or by

increasing the power of the light used to uncage.
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Figure 27: FLP-K223PCK Can Drive Gene Expression in Multiple
Tissues. FLP-K223PCK-mediated expression of Citrine2 in the
(A) body wall muscles and (B) gut. Scale bars are 25 . Brightfield
images are single slices. Fluorescent images in A are single slices, in
B are max intensity projections.
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2.2.4 Minimum Conditions for Use of FLP-K223PCK

With a working and visible FLP-K223PCK system developed, we next sought
to characterise the minimum conditions for activation of FLP-K223PCK with
regards to how long it takes to uptake PCK to produce enough FLP-K223PCK
for recombination activity, and how little PCK is required. Determining the
minimum time for PCK uptake determines the minimum life stage that can be
studied with this tool, though it should be noted that, while untested in this
study, worms that hatch from eggs laid by adults grown on PCK could also be
viable. The concentration of PCK required is also important for general use of
the tool, as PCK is currently expensive and may be prohibitive for many labs if
a high concentration is required.

To test these conditions, we generated strains containing photocaged FLP-
K223PCK driven by the glr-1p promoter, along with a Citrine2 driven by maco-
1p with a STOP cassette, as well as the necessary incorporation machinery (Fig.
28A). We also generated equivalent strains containing Cre-K201PCK in place of
FLP-K223PCK, as described by Davis et al’’ (Fig. 28B), which allowed us to
compare both tools.

Worms synchronised at the L1 stage were plated on NGM plates supplemented
with varying concentrations of PCK. After set times, worms were uncaged by
global illumination with 365 nm light and returned to NGM plates without PCK
to recover and begin expression of the Citrine2 protein. All worms were imaged
at the adult stage, approximately 48 hours after the final uncaging time point.
Average fluorescence values for both mKate2 and Citrine2 were calculated for the
area of the head between the two pharyngeal bulbs, which contained the majority
of glr-1-expressing neurons (Fig. 28C). The raw results for this experiment are
shown in Fig. 29 for FLP-K223PCK and wild-type FLP, and Fig. 30 for Cre-
K223PCK. It should be noted that, although the Citrine2 fluorescence in the
uncaged FLP-K223PCK strains did not reach nearly as high as in the wild-type
FLP strains (Fig. 29), both were very visible even under a standard fluorescent
stereomicroscope. Fluorescence values for Cre-K201PCK strains were similar to
those for FLP-K223PCK strains.

We next determined how many worms in each population had uncaged and
activated expression of Citrine2. For both FLP-K223PCK and Cre-K223PCK, we

defined ‘uncaged’ worms as those that had an average Citrine2 fluorescence above

65



CHAPTER 2. PHOTOCAGED FLP RECOMBINASE FOR
SPATIOTEMPORAL GENE EXPRESSION

glr-1p K223TAG glr-1p
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maco-1p rpr-1p
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| FRT, FRT Citrine2 /et-858 | tRNA  sup-7
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Figure 28: Strains Used for Characterisation of Minimum Conditions
for FLP-K223PCK and Cre-K201PCK. (A) Genetic
constructs for expression of FLP-K223PCK. (B) Genetic constructs
for expression of Cre-K201PCK. (C) Yellow mask shows the area
of the worm head used for counting fluorescence of mKate2 and
Citrine2.

a baseline. This baseline was set to be slightly higher than the highest Citrine2
fluorescence value found in uncaged worms (-UV), not including any obvious
outliers. This data is shown in Fig. 31 and Fig. 32 for FLP-K223PCK and
Cre-K223PCK, respectively. For both cases, we found some worms expressing
very low levels of mKate2, likely due to the presence of the transgenes on an
extrachromosomal array giving rise to some mosaicism in the expression. To
account for these, we also separately considered only the top 75% of worms as
ranked by mKate2 fluorescence (Fig. 31B and Fig. 32B), which removed the
majority of animals that expressed no or very low levels of mKate2.

As seen, no or almost no worms show Citrine2 fluorescence levels

corresponding to active FLP or Cre without uncaging (-UV), even when fed
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Figure 29: Characterisation of FLP-K223PCK and Wild-type FLP.
Raw fluorescent data from FLP characterisations. Graph titles refer
to the time on PCK before uncaging, except for the top right graph
which shows worms that were not uncaged. Coloured dots show
the fluorescence values for each individual worm counted. Different
colours are used to refer to the concentration of PCK that worms
were fed on, as detailed in the legend. Trend lines are simple linear
regressions.
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Figure 30: Characterisation of Cre-K201PCK. Raw fluorescent data from
Cre-K201PCK characterisations. Graph titles refer to the time on
PCK before uncaging, except for the top right graph which shows
worms that were not uncaged. Coloured dots show the fluorescence
values for each individual worm counted. Different colours are used
to refer to the concentration of PCK that worms were fed on, as
detailed in the legend. Trend lines are simple linear regressions.

on 4 mM PCK. Worms also do not show Citrine2 expression after illumination
with 365 nm light, but without having been fed on PCK (48 hr, 0 mM PCK).
Generally, 0.1 mM PCK was not enough to produce enough FLP-K223PCK or
Cre-K201PCK to drive gene expression after activation. Both 1 mM PCK and

4 mM PCK are efficient to produce active recombinases, though no statistically

significant difference was found in transgene expression in worms fed on 1 mM
PCK or 4 mM PCK. However, with both 8 hr and 24 hr of feeding for both
FLP-K223PCK and Cre-K201PCK, the number of animals uncaging after feeding
on 1 mM PCK seemed slightly higher than those fed on 4 mM PCK, and so
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under more sensitive conditions this may prove to make a statistically significant
difference. For example, when expressing in the gut as discussed previously
(Fig. 27), reduction of PCK concentration to 1 mM might make enough of a
difference to noticeably increase the efficiency of uncaging compared to 4 mM
PCK. Feeding worms on PCK for 24 hours before uncaging appeared to give
the best uncaging results, with 954+3% and 85+7% of worms showing Citrine2
expression after feeding on 1 mM PCK for 24 hours for FLP-K223PCK and Cre-
K201PCK strains, respectively. A full list of pairwise comparisons of the data
from Fig. 31 and Fig. 32 is shown in Table 2. We found no statistical significance
between FLP-K223PCK and Cre-K201PCK (Fig. 33).

The slight reduction in the number of animals with activated FLP recombinase
after 48 hours on PCK is likely an artefact of the promoter used in this study.
As worms were plated at the L1 stage and kept at 20 °C throughout growth,
this would put them at approximately the L4 or young adult stage after 48

226 with variation depending on the exact timing of the egg hatching

hours
between bleaching and plating the worms. The glr-1p promoter which drives
FLP-K223PCK and Cre-K201PCK is most active in the late embryo and earlier
larval stages, but its expression drops considerably in the young adult stage (Data
obtained from WormBase entry for gir-1 138). As our worms are likely to have
reached the young adult stage by the time we uncage them for the 48 hour time
point, it is likely that by this time, no or very lower levels of new FLP-K223PCK
or Cre-K201PCK are being synthesised. If the proteins have a high turnover
rate, then there may be very little protein remaining during the uncaging event,
leading to low expression levels of the Citrine2 reporter.

It should also be noted that we could not record data for how many cells in
each individual animal had uncaged, but instead only recorded whether an animal
had an average fluorescence above a threshold. This was because images were
taken with low magnification, and the lack of an NLS on the Citrine2 protein
often made it difficult to tell individual neurons apart when in larger clusters. It
may be possible that in an individual worm uncaged under optimal conditions,
all glutamatergic neurons express Citrine2, whereas in a worm uncaged under
sub-optimal conditions, only a few cells express Citrine2. Under both of these
conditions, so long as the average Citrine2 fluorescence was still above the
threshold, the worm would be considered a positive result and any differences

in efficiency would not be noted. It would therefore be worth repeating the
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Figure 32: Percentage of Worms Uncaging in Cre-K201PCK Strains.

Percentage of worms with a Citrine2 fluorescence level above that of
uncaged (-UV) worms. (A) All worms analysed. (B) The top 75%
of worms by mKate2 fluorescence. All statistical significance values
relative to 0 mM PCK -UV control. Mean + SEM. ns = p>0.05,
* = p<0.05, ** = p<0.001, **** = p<0.0001; One-way ANOVA
with post-hoc Sidak’s multiple comparisons.
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experiment with an NLS on the Citrine2 and with higher magnification images
to be able to detect these differences in recombinase activation in individual cells.
Table 2: Pairwise Comparisons for FLP-K223PCK and Cre-K201PCK.

Data shown in full in Fig. 31 and Fig. 32. Conditions refer to time on PCK and
concentration of PCK.. ns = p>0.05, * = p<0.05; Sidak’s multiple comparisons.

FLP-K223PCK Cre-K201PCK
Comparison Significance Comparison Significance
8 hr, 1 mM | 8hr, 4 mM ns 8 hr, 1 mM | 8hr, 4 mM ns
24 hr, 1 mM | 24hr, 4 mM ns 24 hr, 1 mM | 24hr, 4 mM ns
48 hr, 1 mM | 48hr, 4 mM ns 48 hr, 1 mM | 48hr, 4 mM ns
8 hr, 1 mM | 24 hr, 1 mM ns 8 hr, 1 mM | 24 hr, 1 mM ns
8 hr, 1 mM | 48 hr, 1 mM ns 8 hr, 1 mM | 48 hr, 1 mM ns
24 hr; 1 mM | 48 hr, 1 mM * 24 hr, 1 mM | 48 hr, 1 mM ns
8 hr, 4 mM | 24 hr, 4 mM ns 8 hr, 4 mM | 24 hr, 4 mM ns
8 hr, 4 mM | 48 hr, 4 mM ns 8 hr, 4 mM | 48 hr, 4 mM ns
24 hr, 4 mM | 48 hr, 4 mM ns 24 hr, 4 mM | 48 hr, 4 mM ns
ns ns
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Figure 33: Comparison of FLP-K223PCK and Cre-K223PCK.
Percentage of worms with a Citrine2 fluorescence level above
that of uncaged worms. Data is the same as that found in Fig.
31 and Fig. 32, represented here to show comparisons between
FLP-K223PCK and Cre-K201PCK. Mean + SEM. ns = p>0.05;
One-way ANOVA with post-hoc Sidak’s multiple comparisons.

2.2.5 FLP-K223PCK and Cre-K201PCK Begin Excising
Within 5 Minutes of Activation

We next sought to determine how quickly the photocaged recombinases

become active after illumination with 365 nm light. This has previously been
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determined n wvitro, with excision by FLP recombinase beginning within 5
minutes, and the majority of excision events completed within 30 minutes at 23
°C, though the actual rate of excision would depend on the relative concentrations
of FLP and the substrate. On the other hand, Cre seemed very inactive at 23 °C,
with only a low level of excision occurring even after 1 hour!!, though as noted
earlier, Cre was much more active at higher temperatures, with the highest level
of activity seen at 37-42 °C. Although FLP recombinase activity has also been
measured in vivo in mammalian cells!¥!, this used a system where FLP was fused
to the ligand binding domain of the androgen receptor, which inactivated FLP in
the absence of the androgen®2?. However, activation of FLP and excision of the
DNA was very slow with this setup, with a high level of excision seen 2448 hours
after addition of the androgen, compared to < 1 hour in wvitro activity191. This
is likely due to the slow uptake of the androgen into cells, and a potentially lower
activity of FLP when fused to another protein domain. With photocaged FLP,
we would expect the rate of recombination to more closely match that found in
in vitro assays, as uncaging occurs on the second or microsecond timescale!ll.
Additionally, all FLP-K223PCK is produced prior to the uncaging event and
does not depend on expression of the protein after induction, allowing for nearly
instantaneous activation of all photocaged FLP-K223PCK proteins.

To test this, we designed PCR primers to amplify the STOP cassette. Nine
sets of primers were designed and tested with a range of annealing temperatures,
to find the best condition for this experiment (Fig. 34). The primers and primer
pairs used are found in Appendix Tables A7 and A8. In Fig. 34A, extension times
were used corresponding to the size of the excised band, which ranged from 229 bp
(Primer pair 9) to 653 bp (Primer pair 2). However, we found that using extension
times corresponding to the non-excised band (4 kb) allowed visualisation of both
the excised and non-excised bands, despite the large difference in size between the
two fragments, and therefore we used this for all other PCRs. It should be noted
that this was performed in worms expressing the recombinase from the glr-1p
promoter, and therefore in the majority of cells the FLP would not be expressed.
Due to this, non-excised DNA fragments will always be seen in high abundance,
no matter how active the FLP recombinase was. We found primer pair 5 with an
annealing temperature of 60 °C to be the best condition for detection of excision,
and this was used for all following PCRs. As these primers bound in the upstream

promoter and the downstream Citrine2 transgene, we used the same primer pair
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Figure 34:

Testing of PCR Conditions for FLP Excision. (A) PCR
performed with various primer pairs and annealing temperatures
on lysates of uncaged worms. Ladder is Hyperladder 50 bp. (B)
PCR performed with various primer pairs, with 60 °C annealing
temperature, on lysates of caged and uncaged worms. Ladder
is Hyperladder 1kb. +/- = lysates from uncaged/caged worms.
NE/E = non-excised/excised DNA. Schematic shows the PCR of
the excised and non-excised fragments, with approximate expected
sizes.

to test both FLP-K223PCK and Cre-K201PCK activities.

Next, we determined the minimum exposure time to UV to give detectable

recombinase activity (Fig. 35), which would allow us to more accurately

determine how quickly recombinase activity occurred after UV exposure. Worms

were fed on 4 mM PCK and uncaged after 1 day with the indicated exposure time

of UV light.

Worms were then allowed to recover for 4 hours to allow enough

time for the recombinases to excise the majority of the substrate. For both
FLP-K223PCK and Cre-K201PCK, we saw little activity after only 30 s of UV
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stimulation. For FLP-K223PCK, little difference was seen in the excision above
1 minute, while Cre-K201PCK showed some difference between 1 minute and 2
minutes of UV, but little difference above this. We therefore, chose to illuminate
worms for 2 minutes with UV light in all future PCR experiments. However, we
note that these PCRs are not quantitative, and therefore any values obtained from
these experiments are rough estimates. Additionally, since transgenes are present
at varying copy numbers, comparisons between strains expressing FLP-K223PCK

and strains expressing Cre-K201PCK cannot be definitively made.
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Figure 35: Minimum Time Exposed to UV for FLP-K223PCk and Cre-
K201PCK Activity.  Worms grown on PCK were exposed to
UV light for the indicated times and lysed 4 hours later. PCR
was performed to determine how much of the substrate had been
excised, and therefore how active the recombinase was. NE/E =
non-excised /excised DNA.

With optimal conditions established for uncaging of the recombinases and
detection of the excision events, we next sought to determine the time it takes for
FLP-K223PCK and Cre-K201PCK to activate and excise their target substrates.
This would provide one of the first proper in vivo characterisations of FLP and
Cre kinetics, and would give insight to researchers wishing to use these tools with
regards to the duration of experiments. Worms were grown on 4 mM PCK for
24 hours before being uncaged for 2 minutes in the UV Crosslinker. At certain
intervals, lysates were frozen by placing them in PCR tubes on a metal tube rack
on dry ice, which fully froze the samples within approximately 5-10 seconds. For
FLP-K223PCK, we observed recombination within 5 minutes of UV activation
and continuing up to 1 hour after UV activation, with little more recombination
occurring after this point (Fig. 36), which aligns relatively closely with in vitro

191

findings*?*. As expected, Cre-K201PCK activity appeared relatively low at 20

191

°C, though unlike the in vivo experiment™’*, we do see obvious recombination
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occurring earlier than 1 hour after uncaging. In all cases, a very dim band could
be seen at the same size as the excised DNA band would be expected. However,
running the PCR on the STOP cassette-containing plasmid also revealed this
band. It is therefore likely to be an artefact of the PCR itself, rather than a
sign of background activity, and may arise from short incomplete PCR fragments
annealing together at the FRT sites. Finally, we also tested the stability of the
caging group under standard lab lighting, which used fluorescent ceiling lamps.
For both recombinases, we saw no uncaging or activity of the recombinase in

worms exposed to this lighting for 4 hours.
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Figure 36: In Vivo FLP-K223PCK and Cre-K201PCK Activity. All
worms uncaged for 2 minutes after feeding on 0 mM or 4 mM PCK.
Time indicates how long after uncaging worms were frozen to stop

reaction.

‘Plasmid’ is control PCR of only the plasmid used to

generate transgenic animals. ‘-UV’ samples were frozen after 4 hr
in dark. ‘Lab’ samples were left on the benchtop exposed to room
lights for 4 hr. NE/E = non-excised /excised DNA.
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2.2.6 FLP Can Be Photocaged at the Catalytic Tyrosine

With it being possible to photocage FLP activity by replacement of the critical
K223 residue with a photocaged lysine, we next wanted to determine if the
tyrosine can also be photocaged. This would particularly be useful in future
applications where a photocaged Cre and a photocaged FLP could be used at one
time in the same system, with one being caged at the lysine residue and one being
caged at the tyrosine residue. Additionally, some photocaged variants of tyrosine,
notably ortho-nitrobenzyl tyrosine (ONBY), are considerably cheaper than PCK,
likely due to the simpler route of synthesis involved?94228  Although more recent
studies with Cre recombinase have focused on photocaging the lysine77’188’189,
the first study to photocage Cre successfully photocaged the tyrosine!®”. Given
that FLP and Cre have nearly identical mechanisms and the critical tyrosine
and lysine residues are conserved between them, it should also be possible to
photocage FLP at the critical Y343 residue.

Constructs were generated as before, but with the codon at position 343
replaced with the amber stop codon to facilitate incorporation of the photocaged
tyrosine. Instead of the PCKRS, we used an aaRS which recognises nitropiperonyl
tyrosine (NPY, NPYRS), which has been evolved from the same M. mazei PyIRS
as the PCKRS. All other components, including the plasmid containing the
tRNA and the plasmid containing the STOP cassette and citrine2 transgene,
were kept identical to those used for testing FLP-K223PCK. Multiple variants
of photocaged tyrosine exist, with slight differences in the caging group which
change the uncaging dynamics!?*. Although specific aaRS have been developed
for some of these photocaged tyrosines with improved efficiencies?2?, we find that
the NPYRS can be used sufficiently for all variants, removing the requirement
to generate new strains for each photocaged tyrosine variant tested. The
three variants we test here are nitropiperonyl tyrosine (NPY), ortho-nitrobenzyl
tyrosine (ONBY), and methylnitropiperonyl tyrosine (MNPY). The structures of
these ncAAs are shown in Fig. 37. Additionally, we also test a dipeptide of lysine
and NPY (K-NPY), as dipeptides containing the ncAA have previously been
found to improve incorporationt®. The dipeptide exploits dipeptide transporters
to improve uptake, though after uptake the dipeptide would be cleaved to give an
NPY residue. Therefore, worms feeding on NPY and worms feeding on K-NPY
will produce identical FLP-Y343NPY proteins, and any differences should only be
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due to incorporation of K-NPY as compared to NPY, and subsequent processing
of K-NPY to give the NPY monopeptide.

0\ o\
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Figure 37: Structures of Photocaged Tyrosines. Nitropiperonyl
tyrosine (NPY), Ortho-nitrobenzyl tyrosine (ONBY), and
Methylnitropiperonyl tyrosine (MNPY) structures. Caging

group is shown in blue. All three can be converted to tyrosine (Tyr)
upon illumination with 365 nm light.

With worms expressing these constructs, we performed the same assay as
before to detect FLP-mediated excision by PCR. However, due to the low
solubility of all photocaged tyrosine variants, other than K-NPY, we could only
produce NGM plates containing 0.5 mM ncAA. For K-NPY, we also produced
NGM plates containing 4 mM K-NPY, as a more direct comparison with the
previous PCK results. All experiments were performed as in Fig. 35, with worms
fed on the ncAA for 24 hours before being uncaged for the indicated time, frozen
4 hours later, lysed, and the STOP cassette analysed by PCR. We first compared
PCK and K-NPY (Fig. 38). Although we should again note that these are not
directly comparable, as the analysis is done in different strains and the PCR is not

quantitative, we find that K-NPY seems to work very effectively in photocaging

79



CHAPTER 2. PHOTOCAGED FLP RECOMBINASE FOR
SPATIOTEMPORAL GENE EXPRESSION

FLP. Photocaged FLP can be used with as little as 0.5 mM of PCK or K-NPY,
and neither strain showed background uncaging even with higher concentrations
of ncAA. As with PCK, K-NPY also showed high stability under normal lab
lighting, with no uncaging seen. With K-NPY, photocaged FLP showed very
high levels of recombination with very little UV, with near maximal uncaging
seeming to be reached at 1 minute of UV, with high recombination still seen with

less time under UV.
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Figure 38: Activity of FLP Photocaged with PCK or K-NPY After
Uncaging. Worms grown on 0.5 mM or 4 mM of PCK or
K-NPY were uncaged for the times indicated. After four hours,

worms were lysed and the excision analysed by PCR. NE/E = non-
excised /excised DNA.

We next tested the other three photocaged tyrosine variants, NPY, MNPY,
and ONBY (Fig. 39). These are much less soluble, and therefore only the
0.5 mM condition could be tested. We found MNPY and NPY groups to be
very sensitive to the 365 nm light, with strong recombination seen after only
30 s of UV exposure. On the other hand, ONBY was much less reactive, with
no visible recombination occurring with less than 1 minute of UV. None of the
three photocaged tyrosine variants uncaged under normal lab light, and no signal
was seen in the absence of the ncAA. There is little obvious difference observed
between NPY and K-NPY (Fig. 38 and Fig. 39).

Worms expressing photocaged FLP-K223 and FLP-Y343 and uncaged under
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Figure 39: Activity of FLP-Y343NPY, FLP-Y343MNPY, and FLP-
Y3430NBY. Worms grown on 0.5 mM of ncAA were uncaged
for the times indicated. After four hours, worms were lysed and the
excision analysed by PCR. NE/E = non-excised/excised DNA.

the conditions described above were also checked for expression of Citrine2 after
24 hours (Figs 40-46). In all cases, no expression of the Citrine2 transgene is
seen without feeding on the photocaged amino acid or without UV illumination.
We also see no uncaging in any case when illuminated with only 12 s of UV. All
amino acids also seem to be stable under standard lab lighting, with no transgene
expression seen. For all photocaged amino acids, bright signal is seen after 5
minutes of UV. For K-NPY, and MNPY, and NPY, 1 minute of UV results in
a comparable level of transgene expression (Figs 42, 43, 45, 46). However, with
PCK and ONBY, 1 minute of UV uncaging results in slightly dimmer expression
of the transgene (Figs 40, 41, 44). These results correlate closely with the level
of uncaging observed by excision of the STOP cassette in Figures 38 and 39.
Although we have shown that all three photocaged tyrosine variants can be
used to successfully photocage FLP, further characterisation would need to be
performed before they are used for practical purposes. Although ONBY appeared
to be the least efficient residue, it is roughly similar to PCK in its uncaging
efficiency and its low cost makes it an enticing choice for future work. As with
PCK, all photocaged tyrosine variants appear to completely block FLP activity

until uncaging.
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Figure 40: FLP-K223PCK With 0.5 mM PCK. Worms grown on 0.5 mM
PCK and uncaged by illumination with UV for indicated time. DIC
images are single slices, fluorescent images are maximum intensity
projections. Scale bars are 25 um.
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Figure 41: FLP-K223PCK With 4 mM PCK. Worms grown on 4 mM
PCK and uncaged by illumination with UV for indicated time. DIC
images are single slices, fluorescent images are maximum intensity
projections. Scale bars are 25 um.
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Figure 42: FLP-Y343NPY With 0.5 mM K-NPY. Worms grown on 0.5
mM K-NPY and uncaged by illumination with UV for indicated
time. DIC images are single slices, fluorescent images are maximum
intensity projections. Scale bars are 25 pym.
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Figure 43: FLP-Y343NPY With 4 mM K-NPY. Worms grown on 4
mM K-NPY and uncaged by illumination with UV for indicated
time. DIC images are single slices, fluorescent images are maximum
intensity projections. Scale bars are 25 ym.
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Figure 44: FLP-Y3430NBY With 0.5 mM ONBY. Worms grown on
0.5 mM ONBY and uncaged by illumination with UV for indicated
time. DIC images are single slices, fluorescent images are maximum
intensity projections. Scale bars are 25 ym.
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Figure 45: FLP-Y343MNPY With 0.5 mM MNPY. Worms grown on
0.5 mM MNPY and uncaged by illumination with UV for indicated
time. DIC images are single slices, fluorescent images are maximum
intensity projections. Scale bars are 25 pym.
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Figure 46: FLP-Y343NPY With 0.5 mM NPY. Worms grown on 0.5 mM
NPY and uncaged by illumination with UV for indicated time. DIC
images are single slices, fluorescent images are maximum intensity
projections. Scale bars are 25 um.
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2.2.7 FLP-K223PCK Used to Study Neuronal Function

A particularly useful aspect of our photocaged FLP system is the ability
to use a laser to activate FLP and drive gene expression in single cells (Fig.
20). For neuroscientists in particular, the expression of a protein such as
a channelrhodopsin, which can optogenetically activate the neuron, in single
neurons would significantly aid in the study of neuron functions. To facilitate
this we use used the set-up as described in Section 2.2.2 to express a Chrimson
channelrhodopsin, with a Citrine2 co-marker by expressing them together with
an F2A self-cleaving peptide. This is placed downstream of an FRT-flanked
STOP cassette, and driven by the maco-1p promoter, which has a consistently
high expression across all life stages, with an increase at young adult, allowing
us to perform behavioural analysis at this point in the life cycle. FLP-K223PCK
expression was driven by the g¢lr-1p promoter (Fig. 47A), which drove its

230 GLR-1 is primarily

expression in approximately 16 glutamatergic neurons
expressed in the locomotory interneurons, including AVB and PVC neurons,
which drive forward locomotion, and AVA, AVD, and AVE neurons, which drive
backwards locomotionZ3L. Ablating these neurons can lead to a loss of reversals
in the worms, as well as uncoordinated movement when moving forwards232.
Collectively, stimulation of these neurons drives a backwards movement233, which
provides an easy to score phenotype to test the activity of Chrimson as expressed
by our FLP-K223PCK system. All of these interneurons are present as bilateral
pairs!?3, though are unable to be genetically dissected.

Animals expressing these constructs were synchronised by bleaching and
grown on 4 mM PCK for 48 hours before being globally uncaged by exposure
to 365 nm light for 5 minutes. After uncaging, worms were transferred to NGM
plates supplemented with all ATR. After 24 hours, worms with visible Citrine2
signal were picked onto behaviour plates, and their behavioural responses to red
light stimulus recorded (Fig. 47B). Worms that had an average speed in the
first 2 seconds of stimulus at least 2 standard deviations above their speed in
the 2 seconds before stimulus were considered to be responders (Fig. 47C).
Under these criteria, approximately 70% of worms responded after feeding on
PCK and uncaging, compared to approximately 5% or less of worms that had
not been fed on PCK or uncaged. It should be noted however that these worms

that have not had their FLP proteins activated may not be responding to the
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Figure 47: glr-1p::FLP-K223PCK Global Response to Stimulus. A
Average velocity of worms during 5 s red light stimulus.(B)
Percentage of worms responding in each condition. Responders
are considered to be those worms whose average speed in the first
2 seconds of stimulus was at least 2 standard deviations higher
than the average speed in the 2 seconds before stimulus. Mean +
SEM. **** = p< 0.0001, One-way ANOVA with post-hoc Dunnett’s
multiple comparisons to compare all conditions to +PCK +UV
+ATR condition.

stimulus, but may for example be stationary for the majority of the time and a
small movement coincidentally during the stimulus may lead to the worm being
scored as a responder. We also find that individual worms show slightly different
behaviours, with a small number of worms moving forwards for part or all of the
stimulus time, though many of these then change direction and reverse for the
remainder of the stimulus. This is likely due to mosaicism in the expression of

the transgenes, and would likely be solved by integrating the array. Interestingly,
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although there is no further stimulus, worms expressing Chrimson show a marked
increase in velocity after the end of the 5 s stimulus compared to worms without
active Chrimson. While we did not further test this, we speculate that this may
be due to activation of the RID neuron, which forms chemical and electrical
synapses with PVC and AVB, respectively, and has been found to sustain long
periods of forward locomotionZ3?.

We next sought to use FLP-K223PCK to drive Chrimson in single neurons.
We chose to study PVC, a neuron pair located in the tail which has so far never
been genetically targeted due to a lack of PVC-specific promoters. Although
one study has attempted to express an optogenetic channel in the PVC neurons
using the overlapping promoter system with Cre recombinase!??, this proved
unsuccessful as expression was found in a number of cells other than PVC.
Another study managed to target PVC by illuminating the entire tail of the
worm?33, however this does not have high enough spatial precision to target
individually PVCL or PVCR, or individual neurons that are closely clustered
with other neurons. As mentioned previously, PVC is an interneuron within
the locomotory circuit which mediates forward movement. It is also involved in

235 and in developmental sleep, through its

the posterior harsh touch response
activation of the sleep-active neuron RIS, In addition to making possible the
expression of a transgene in the PVC neuron pair only, FLP-K223PCK could
also be used to study the individual PVCL and PVCR neurons that make up the
pair. This is particularly interesting in the sleep response, as it is known that only
PVCL is presynaptic to RIS, while PVCR is not!23:180.236 indicating differing
roles for the two PVC neurons. Additionally, only PVCL forms gap junctions
with PLML, while only PVCR forms gap junctions with PLMR236. As we found
differences in the PLM neurons during development and testing of the photocaged
Cre system?”, this also points towards differing contributions of PVCL and PVCR
in locomotion. Furthermore, both PVCL and PVCR form gap junctions with the
locomotory interneurons AVAL and AVAR, which mediate backwards locomotion.
However, while both PVCL and PVCR form two gap junctions with AVAL,
PVCL forms six gap junctions with AVAR while PVCR forms 10 gap junctions
with AVAR236. Finally, PVCR has been found to be presynaptic to both AVAL
and AVAR, while PVCL is presynaptic to neither neuron®3®, further indicating
differing roles for PVCL and PVCR in the locomotory circuit.

To study the PVCs, we sent the strain expressing FLP-K223PCK from
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the glr-1p promoter to the lab of Dr Henrik Bringmann at the Technical
University Dresden. All following data was generated by Dr Inka Busack,

Bringmann Lab, Technical University Dresden.
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Figure 48: Activation of PVC Neurons. A Circuit diagram of the
locomotory interneurons. Only PVC is activated, which drives
forward locomotion. B PVC activation in the worm. Brightfield
image is a single slice, fluorescent images are maximum intensity
projections. Scale bars are 25 um. C Average velocity of worms
during red light stimulus. All data generated by Dr Inka Busack,
Bringmann lab, TU Dresden.

These strains were fed on 4 mM PCK for 24 hours before being mounted on
an agar pad on a microscope slide. The PVCs were identified and shot with a 355
nm laser to uncage FLP (Fig 48B). After recovering for 24 hours, the behaviour
of the worms was analysed by stimulation with red light. As the ultimate goal
for the Bringmann lab is to study the PVCs’ role in sleep induction, a long (1
minute) red light stimulus was used. While this was normally done using the
ReaChR channelrhodopsin237’238, it seemed that Chrimson desensitised much
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more quickly, with the response dropping during the 1 minute stimulus (data not
shown). Regardless, as expected from only the PVCs being activated, we see a
sharp forward acceleration upon stimulation of Chrimson (Fig 48C). Thus, our
tool makes it possible to genetically target neurons which have not previously been

targetable. Work is now ongoing to determine the optimum uncaging conditions
to target PVCL or PVCR independently.

2.3 Discussion

2.3.1 Photocaged FLP Recombinase

Site-specific recombinases are powerful tools for controlling gene expression
in vivo, but lack innate spatiotemporal control mechanisms. Although several
methods have been developed to introduce spatiotemporal contr01181’184’185’239,
none have sufficiently reached the level of spatial control required to target
individual cells without high levels of off-target expression while also employing
a method for non-damaging temporal control. The development of a photocaged
Cre!®7188 was one of the first methods that introduced this high level of
spatiotemporal control. The use of photocaged Cre in higher organisms, including
C. elegans77, provided the first way to reliably drive gene expression in single cells
that could not otherwise be genetically targeted, including individual neurons
within a bilateral pair. Here, we have expanded this toolkit to include a
photocaged FLP recombinase, which we foresee being particularly useful in
neuroscience research in C. elegans, which is often hampered by a lack of cell-
specific promoters. We show this by using photocaged FLP to drive expression
of a channelrhodopsin in the PVC neurons, which do not have their own cell-
specific promoter and thus cannot be genetically targeted. Although initially
encountering issues with expression and visualisation of the channelrhodopsin
with a fused fluorescent reporter, we find that including a self-cleaving peptide to
separate the channelrhodopsin from the fluorescent reporter vastly improves the
visible signal seen, making this tool more broadly accessible for use in other labs.

Photocaged FLP was generated by replacing a catalytic lysine residue, K223,
with a photocaged lysine, PCK. The K223 residue acts as the general acid during
the recombination reaction carried out by FLP and, like its counterpart K201 in

Cre recombinase, we find that photocaging the residue completely abolishes FL.P
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activity. Uncaging the residue is a very quick reaction, requiring short exposures
to 365 nm light and uncaging within seconds or minutes, depending on the source
of light used, which restores the catalytic lysine residue and leaves a functional
FLP recombinase. If a STOP cassette is used to prevent gene expression, this
cassette can be excised in a relatively short time to allow for gene expression to
begin, though the rate of gene expression itself would depend on the transgene
being expressed, the promoter, and the age of the animal.

We go on to characterise FLP-K223PCK and determine the minimal
conditions required to use the system. Here, we find that as little as 8 hours
of feeding on PCK may be enough to generate enough photocaged FLP to drive
target gene expression after activation in almost over 90% of animals, with little
difference after feeding for a full 24 hours. Although further characterisation
would need to be done to determine if all cells can be targeted with such short a
time feeding on PCK, this result is promising as it facilitates the study of animals
at points very early in their life cycles. As little difference is seen between 8 hours
and 24 hours of feeding on PCK, it may even be possible to further reduce this
time to target even younger animals. Alternatively, unpublished observations
have shown that a gravid adult feeding on PCK can supply the egg with the
PCK, which would even allow us to drive gene expression in the embryo. We
have also determined the minimum PCK concentration required for uncaging, as
the high cost of PCK will often be the limiting factor in performing experiments
with the FLP-K223PCK system, and a low concentration would allow a large
number of experiments to be performed for relatively little cost. Here, although
we commonly use 4 mM PCK for our experiments, we find that 1 mM PCK results
in similar, or even slightly better, levels of activity. Furthermore, although not
as well characterised, we find that using 0.5 mM PCK can also lead to sufficient
FLP activity after uncaging, which would drive costs down even more and make
the tool more accessible.

The dynamics of FLP-K223PCK activity after uncaging closely follow those

191 “and provide one of the

found in in wvitro studies of wild-type FLP recombinase
first looks at the dynamics of FLP-mediated recombination in wvivo. Although
in vivo studies have been done previouslylgl, these relied on slow induction
methods, which took several hours to express FLP in sufficient quantities, limiting
the analysis of the activity of FLP itself. With our system, FLP-K223PCK is

produced in a primed state, with a brief exposure to 365 nm light causing uncaging
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and activation of FLP within seconds, which provides very accurate insight into
the dynamics of FLP-mediated recombination.

Furthermore, we have found that we can also photocage the catalytic tyrosine
of FLP, the key residue which characterises all Tyrosine-SSRs. While we did
not characterise photocaged FLP-Y343 strains further, they have the potential
to make the use of this system even more accessible, with ONBY being cheap
and commercially available. Other photocaged tyrosine variants, MNPY and
NPY, showed even greater uncaging dynamics than ONBY, with FLP becoming
active after much shorter exposure times to 365 nm light, decreasing the risk
of damaging cells when uncaging. However, neither MNPY nor NPY are
currently commercially available and are required to be custom synthesised,
which can be prohibitively expensive, though this could change as photocaged
amino acids become more mainstream and more photocaged amino acids become
commercially available, and synthesis routes are improved.

For single-cell gene expression, photocaged FLP shows a lot of promise. While
the work is ongoing, we have shown that we can activate gene expression in the
PVC neurons which do not have their own cell-specific promoter, allowing us
to study the role of PVC. Furthermore, the PVC neuron exists as a bilateral
neuron pair consisting of PVCL and PVCR, and work is now ongoing to
determine the optimum targeting conditions to drive expression in each of
these individually using the FLP-K223PCK, which would allow us to study
the individual contributions of each neuron to the worm’s behaviour for the
first time. Two-thirds of C. elegans neurons exist as bilateral pairs and the
functions of the vast majority of these pairs have never before been dissected.
However, the individual neurons within each pair often make different connections
within the C. elegans connectome, which would imply differing contributions of
each individual neuron to the overall functions of the pair. We showed this
when we developed photocaged Cre77, where we investigated the neuron pair
PLM and found that PLML and PLMR make slightly different contributions
to the tail touch response, with PLMR activation showing a much stronger
behavioural response than PLML activation. Through a collaboration with Dr
Henrik Bringmann, we are now studying the individual roles of PVCL and PVCR
in both locomotion and developmental sleep in C. elegans.

We have focused primarily on using FLP-K223PCK to express transgenes in

neurons. However, we have also briefly shown that the tool can be applied to
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other tissues, including body wall muscle and gut tissues, though in some cases
this requires further optimisation to improve the efficiency of the system. Further,
strains could be generated with FRT flanked endogenous genes, which would allow
our system to be used to switch off endogenous gene expression in specific cells.
Finally, with both photocaged FLP and photocaged Cre now developed, it could
be possible to combine both systems in a single animal to provide even greater
transgene control. For example, each photocaged SSR could be used to drive two
different optogenetic channels in two different neurons, allowing for the activation
of each neuron independently in a single animal. Alternatively, one SSR could be
used to express a neuron-activating channelrhodopsin, while the other is used in
a different neuron to express a neuron-inhibiting halorhodopsin.

The application of photocaged amino acids in Cre and FLP may be more
broadly applicable to other recombinases, especially those of the Tyrosine-SSR
class. As all recombinases in this class are defined by a catalytic tyrosine, the
photocaging of this residue is likely to have the same effect as the photocaging
of the Crel87 and FLP catalytic tyrosines. With only a few exceptions, the
majority of Tyrosine-SSRs also use a lysine residue as the general acid?40, which
we have also found to be a good candidate for photocaging in both Cre’’ and FLP.
Serine-SSRs may take a bit more work to photocage, as they share neither the
nucleophilic tyrosine of the Tyrosine-SSRs, nor do they tend to use lysine as the
general acid in the reaction. Instead, Serine-SSRs utilise serine as the nucleophile
for attacking DNA, and often use arginine as a general acid®*!. Although no
photocaged arginine has been reported in the literature so far, a photocaged serine

4242

has been reporte which could potentially be used to photocage recombinases

from the Serine-SSR class, further expanding the toolkit available to researchers.

2.3.2 SL2 and Operons

In Section 2.2.2, we attempted to place two transgenes in an operon behind a
transcriptional terminator in order to co-express them after FLP-based excision
of the terminator sequence. However, we found that expression of the second
transgene bypassed the transcriptional terminator and became expressed in a
ubiquitous pattern, despite the upstream promoter expressing only in neurons.
We have explored this further to determine the full extent of this abnormal

expression. We find that placing mKate2::SL2::Citrine2 downstream of the
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transcriptional terminator and expressing this in worms in the presence of wild-
type FLP recombinase to excise the transcriptional terminator resulted in the
expected expression pattern of both transgenes. In the absence of FLP, we would
expect not to see either transgene expressed due to the transcriptional terminator.
However, while we see no expression of the mKate2 protein, we see ubiquitous
expression of Citrine2. No ubiquitous promoter was present on our transgene
constructs, with all promoters used being the glutamatergic neuron-specific glr-
1p promoter. The reasons for the ubiquitous expression of Citrine2 despite the
transcriptional terminator are unknown.

One possibility could be cryptic promoters, either in the transcriptional
terminator sequence or the SL2 acceptor site. These promoters may be
weak enough that expression from the actual promoter on the construct may
override expression from the cryptic promoter, with the transcriptional terminator
downstream from the actual promoter biasing expression towards the cryptic
promoter. We reason that the cryptic promoter is unlikely to be in the
transcriptional terminator, however, as if this were the case we may expect to
see expression of mKate2 as well as Citrine2, and in Section 2.2.2 we would
expect no difference in Citrine2 expression patterns between Chrimson::Citrine2,
Chrimson::HL::Citrine2, Chrimson::SL2::Citrine2, and Chrimson::F2A::Citrine2,
as the cryptic promoter would precede all of these. However, a role for the
transcriptional terminator cannot be ruled out and it may be useful to test other
terminator sequences in this setup to determine if it is only the lacZ 3’UTR that
causes abnormal expression.

Therefore, if a cryptic promoter exists, it is most likely in the SL2 acceptor site.
Indeed, promoters have been found within operons, which allows for differential
expression of the genes within an operonzm. From the operon we use to co-express
transgenes, it has been noted that expression of the downstream genes, gpd-2 and
gpd-3, is much higher than that of the upstream gene mai-1 243 contrary to the
typical expression pattern of operons where the downstream genes are expressed

225 which indicates that an internal

at much lower levels than the upstream gene
promoter is likely involved. However, the same study noted that this internal
promoter is likely between mai-1 and gpd-2, as the gpd-2/3 intergenic region
alone does not allow for expression of a transgene, while the intergenic region
between mai-1 and gpd-2 could drive gene expression alone. Since the intergenic

region we use is that from between gpd-2 and gpd-3, the idea of an internal
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promoter being present is unlikely, though it is still a possibility that one could
exist but is too weak to drive expression on its own. However, if an internal
promoter were to be present, we would expect to see some expression from this
promoter wherever we used this SL2 acceptor site. Since we use this on almost
all of our genetic constructs, but only see the ubiquitous expression when placed
behind the transcriptional terminator, it is unlikely to be the case that an internal
promoter is causing the abnormal expression. It may be interesting to replace
our SL2 acceptor site with the SL2 acceptor sites from other operons, both those
with known internal promoters and those without, to determine if the effect is
specific to the gpd-2/3 intergenic region.

One interesting observation is seen when expressing FLP to remove
the transcriptional terminator. Without FLP, we see Citrine2 expression
ubiquitously. However, when FLP is present to excise the transcriptional
terminator, expression of mKate2 and Citrine2 is then restricted to only the
cells that are expressing FLP. Although this expression pattern is entirely
expected and would otherwise not be noteworthy, it raises interesting questions
when considered alongside the observation that, without FLP excision of the
terminator, expression of Citrine2 is seen ubiquitously, while expressing FLP
in only a subset of cells changes this ubiquitous expression to a localisation
expression. Why then does expression of Citrine2 in all of the other cells change,
when FLP is not expressed in these cells and the transcriptional terminator is
not being excised? This points towards an epigenetic regulation of the gene
expression, with the epigenetic effects carried through from the earliest cell
divisions to the adult worm. One interesting experiment to test this would be
to use photocaged FLP recombinase to excise the transcriptional terminator in
a subset of cells only in the adult worm. If the ubiquitous expression of Citrine2
is really due to an epigenetic factor carried through from an early life stage, we
would expect excision of the transcriptional terminator in adult worms not to
have an effect on Citrine2 expression in cells where this excision does not occur.

It should be possible to cross our ubiquitous mKate2::SL2::Citrine2 strains
with strains that have had certain chromatin-modifying proteins mutated, and
this may result in a normal expression of Citrine2 if epigenetic factors are
involved in the abnormal expression pattern. A scenario where downregulation
of chromatin-modifying proteins can cause abnormal expression patterns has

already been shown in the case of multivulva mutant worms24*. During normal
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development of the vulva, the RTK/Ras/Map signalling pathway promotes vulval
cell specification, while synMuvs, a set of genes which recruit and activate
chromatin-modifying genes, represses vulval cell specification. In multivulva
worms, mutations in the synMuv genes or the other chromatin-modifying genes
cause misexpression of germline-specific genes in somatic cells, leading to the

245 and indicating a role for epigenetics in the expression

multivulva phenotype
pattern of vulval fate-determining genes. Epigenetic modifications have been
found to be involved in determining and maintaining cell fate in all C. elegans
tissues, and likely lead to differential expression of genes in these cells?46. Tn a
similar manner, if the SL2 acceptor site is in some way interfering with chromatin-
modifying proteins during development, it could lead to abnormal expression
patterns of the transgene which could explain the ubiquitous expression we see in
our strains. By crossing these with strains defective for chromatin modulation,
we may see expression of our transgene become restricted to the pattern expected

from the promoters we use.
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Chapter 3

Tools for In Vivo Gene-Targeted

Random Mutagenesis

3.1 Introduction

3.1.1 Mutagenesis and Genetic Screening

The introduction of mutations into an organism’s genome is an important
process for both forward genetics, where genes involved in particular biological
processes can be identified, as well as reverse genetics, where the specific functions
of genes can be studied?*?. With its short generation time and hermaphroditic
lifecycle, C. elegans is particularly well-suited to genetic screens and as such has
been used for decades, with a wide range of methods developed for both forward
and reverse genetic screens.

Forward genetic screening is often the first step in identifying and studying
a biological pathway and typically involves genome-wide mutagenesis, followed
by screening for a desired phenotype and identification of the mutations.
In C. elegans, the mutagenesis step is typically done either by chemical

116,248,249 2507251, or random insertion of transposon8252.

mutagenesis , radiation
While differing in the specific types of mutations generated, these techniques
allow for the generation of mutations across the entire genome, which facilitates
identifying previously unknown genes, regardless of their position in the genome.
By screening for animals with altered phenotypes after the mutagenesis steps,
such as defective behavioural patterns, altered susceptibility to drugs, or
abnormal development and lifespan, researchers can then use genetic mapping or
whole-genome sequencing to identify the causative mutations and therefore the
genes involved in the biological pathways involved in the observed phenotypes.
Once a forward genetic screen has identified a particular gene of interest

(GOI), reverse genetics techniques can then be used as a more focused approach
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to further study the functions of that gene. While both forward and reverse
genetics involved the generation of mutations, reverse genetics involved generating
mutations only in the GOI. Therefore, the specific techniques used differs between
forward and reverse genetic screens. The mutagenesis step of reverse genetic
screens falls into two main categories, target-selected mutagenesis and gene-
targeted mutagenesis, each with their own advantages and disadvantages.
Target-selected mutagenesis utilises random genome-wide mutagenesis similar
to forward genetic screens, though with the additional step of screening for

animals where the mutations occurred in the GOIZ47.

This screening is most
commonly done by Polymerase Chain Reaction (PCR), whereby an insertion or
deletion (indel) of a large region in the GOI can be identified®®3. Animals that
give a positive hit by PCR can then be isolated and the effect of the indel can
then be studied. While relatively simple in its approach, this technique is fairly
limited as it can only reliably detect large indels, but is unsuited to detecting
single-nucleotide polymorphisms (SNP) or even small indels that would result in
a change in band size that is too small to detect by PCR.

Some studies have used whole genome sequencing to detect SNPs in libraries
of mutant strains. For example, the Million Mutant Project was a project
that generated and fully sequenced 2,000 mutagenised C. elegans strains with
over 800,000 total SNPs representing changes in all of the approximately 20,000
genes254, which could be used to isolate strains with SNPs in a GOI. However,
although this represents a colossal library to study, each gene is only represented

254 which may not be enough

by an average of eight non-synonymous SNPs
coverage to fully study a gene’s function. Additionally, the generation of this
library is a result of a collaboration between multiple labs and is both labour-
intensive and costly to reproduce, especially for individual labs that may only
desire to study mutations in a single GOI. Even if SNPs were easily detectable,
whole-genome mutagenesis is very inefficient for single-gene studies due to the low
likelihood of mutations being generated in the GOI. To put it into perspective, the
size of the C. elegans genome is approximately 100 Mb (100,000,000 bases)!20,
whereas the median gene size is less than 2,000 bases?>®. Assuming an equal
distribution of mutations across the entire genome, this gives only a 0.002%
chance of each individual mutation hitting a typical GOI. In a typical mutagenesis
study, 2-300 mutations per genome are generated, giving a 5% chance of a

single study generating mutations in a single typical GOI. Some genes, as well as
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other genomic regions such as those encoding RNAs, are even smaller, with an
even smaller chance of being hit during whole-genome mutagenesis. Additionally,
this approach requires extensive backcrossing to remove mutations occurring in
other parts of the genome, as otherwise these would interfere with analysis of the
mutant.

An alternative approach for reverse genetics studies is to use gene-targeted
mutagenesis, which gives rise to mutations only in the GOI2*7.  This is
useful to researchers interested in particular genes or pathways, as there is
no requirement to sift through a large number of irrelevant mutant strains.
These techniques primarily include the functionally-similar Zinc-Finger Nuclease
(ZFN) and Transcription Activator-Like Effector Nuclease (TALEN) systems296,
as well as the Clustered Regularly Interspersed Palindromic Repeat (CRISPR)

257,258 All three of these systems can be targeted to specific DNA

systems
sequences, where they cleave the DNA. The DNA is then repaired by the cell’s
endogenous non-homologous end joining pathway, which is fairly error-prone and
can introduce small indels at the repair site247. Alternatively, homology-directed
repair can be promoted by providing a template for repair, consisting of a DNA
fragment containing a desired mutation flanked by short DNA sequences with

259,260 This allows the introduction of very specific

homology to the cut site
mutations, including SNPs or the insertion or deletion of several base pairs at the
target site.

While a range of methods have been developed for mutagenesis in C. elegans,
limitations still remain. As can be seen, most methods in use can either randomly
mutagenise a whole genome, or they can introduce specific mutations at specific
sites in a target gene. However, it is not currently possible to introduce random
mutations at only a specific GOI, without also affecting the rest of the genome and
without having to decide which specific mutations to generate. Therefore, one
additional category of tools that would be useful to develop for genetic screening
would be those that could perform gene-targeted random mutagenesis. This
would be useful for researchers studying a GOI that is very poorly characterised,
as they would not have to decide on specific, known mutations as they would
be using the described gene-targeted approaches, but can instead utilise the
randomness of the mutagenesis to determine which specific amino acids or regions
of the gene are important for its function. Additionally, compared to genome-

wide mutagenesis methods, a gene-targeted random mutagenesis method would
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be much more efficient, as far fewer animals would have to be screened since all,
or nearly all, mutations would be in the GOI.

Furthermore, gene-targeted random mutagenesis tools could be used for
directed evolution in C. elegans. In particular, these tools could be used to
improve the efficiency of genetic code expansion in C. elegans. As discussed
in Chapter 1.2.3, a large number of improvements have been made to the
incorporation efficiency of ncAAs by generating mutations in both the tRNA
and the synthetase sequences. Additionally, mutagenesis is required to generate
synthetases that can incorporate novel ncAAs. However, the mutagenesis and
screening processes involved are generally done in E. coli, before being effectively
transplanted into C. elegans. While these developments have so far proven
effective in increasing incorporation efficiency in C. elegans, there may be lost
potential due to the differing translation mechanisms between the prokaryotic E.
coli and eukaryotic C. elegans. Instead, performing the mutagenesis and screening
directly in C. elegans may prove to yield new tRNA and synthetase variants with
much higher incorporation efficiencies than current methods.

To develop a gene-targeted random mutagenesis tool, I attempted to adapt
three other tools which have been developed in other systems for similar purposes.
The first of these tools is a Histone-bound MiniSOG26!, which has been used for
whole-genome mutagenesis in C. elegans. I planned to further develop this tool
for site-specific mutagenesis by using a Cas9 protein, which could target it to a

R262

desired genetic sequence. The next tool is named Evolv , which uses Cas9

to guide an error-prone polymerase and has been used successfully in bacteria
for continuous mutagenesis at a specific target site. Finally, the CRISPR-X?263
system uses Cas9 to guide a cytidine deaminase, which has been used for directed

evolution in mammalian cells.

3.1.2 His-MiniSOG

The mini Singlet Oxygen Generator (MiniSOG) is derived from Phototropin 2,
a blue light photoreceptor from Arabidopsis, and was developed for use as a tag for

264 This photoreceptor contains a Light-Oxygen-

light and electron microscopy
Voltage-sensing (LOV) domain, which under non-stimulated conditions is non-
covalently bound to a flavin mononucleotide (FMN) cofactor. Upon absorption

of photons, the FMN enters an excited state and subsequently forms a covalent
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bond with a cysteine residue of the LOV domain. This causes a conformational
change in the protein, leading to activation of the photoreceptor kinase activity
and initiation of signalling cascades269. In MiniSOG, this cysteine has been
mutated to a glycine, which prevents the covalent bond from being formed and
results in the energy from the excited FMN being transferred to ground state
oxygen molecules (*05) to generate singlet oxygen (109)264. This singlet oxygen
is highly reactive and can be used to oxidise diaminobenzidine to cause it to form
high-contrast precipitates, which are more easily imaged by electron microscopy.

The high reactivity of 109 has also been found to cause irreversible damage
to biomolecules including proteins and DNA, where it can cause strand breaks
and convert guanine into 8-oxo-7,8-dihydroguanine, which primarily results in

G:C to T:A transversions?

66 when resolved. This damaging feature of 109 has
led to MiniSOG being used for cell ablation studies in C. elegans. By targeting
MiniSOG to the mitochondria?6? or the cell membrane2®, a high concentration
of singlet oxygen can be generated by directing blue light at the cell, which leads
to cell degeneration and eventually death.

The DNA-damaging effect of 109 has led to MiniSOG being used as a tool
for mutagenesis. By attaching MiniSOG to a histone protein, HIS-72, to bring
it in close proximity to genomic DNA, Noma et al found that the singlet oxygen
species produced by light-activated MiniSOG could induce heritable mutations in

261 This approach was found to induce deletions, rearrangements, and

C. elegans
SNPs, which differed from those produced by chemical mutagenesis. For example,
ethyl methanesulfonate (EMS), one of the most common chemical mutagens, is
heavily biased towards G:C to A:T transitions?0?. Because of this bias, some
mutations are very unlikely to occur in EMS-based screens. For example, alanine
is encoded by GCN, where N denotes any base, and therefore it is unlikely that
EMS would cause another codon to be mutated to give rise to alanine. Other
mutations are highly likely to occur with EMS, such as nonsense mutations
resulting in AT-rich stop codons?48, which are useful for forward genetic screens
but not very useful when studying a GOI’s functions. Another common mutagen,
N-ethyl-N-nitrosourea (ENU), is less biased than EMS, but still biases towards
G:C to A:T and A:T to G:C transitions, with relatively little transversions
occurring270. His-MiniSOG, on the other hand, was found to induce almost no
G:C to A:T transitions. Instead, His-MiniSOG was found to bias more towards

G:C to T:A transversions, as expected from its use of singlet oxygen species,
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261 This gives rise to a range of possible

as well as G:C to C:G transversions
mutations not found using EMS or ENU, and so provides a good complement
to chemical mutagen-based mutagenesis. Using alanine again as an example, the
codon GGN, which encodes glycine, can be mutated to alanine, GCN, by the
His-MiniSOG, though it is very unlikely to occur using EMS or ENU.

As a development on His-MiniSOG mutagenesis, we could instead target
MiniSOG to specific GOIs, or other regions of DNA, by use of CRISPR-associated
Protein 9 (Cas9). Cas9 is a nuclease which functions as an adaptive immune
system in bacteria, integrating guide RNAs (gRNA) derived from viral genetic
material during exposure to infection and using these as a guide during future
infections to target the nuclease to invading viral particles, cleaving their DNA

or RNA and neutralising them?7!.

The ability for a researcher to provide
custom gRNA to the system has led to Cas9 being rapidly adopted as a tool for
genome editing, with thousands of papers published every year using the tool272.
One development of Cas9 is dead Cas9 (dCas9), which retains its DNA-binding
capability, but has had its nuclease activity removed by mutating the catalytic
residues in its two nuclease domains?’3. By fusing MiniSOG to this dCas9, it
should be possible to direct MiniSOG only to a desired region of DNA, including
to a GOI. There, it can be activated by blue light to generate a local population

of reactive single oxygen, leading to mutagenesis only at that locus (Fig 49).

Blue
light dCas9
| gRNA
02 02 02 9
\
T Target
A DNA

Figure 49: dCas9-MiniSOG. Dead Cas9 (dCas9) can be used to target
MiniSOG to a specified DNA (black) locus using a guide RNA
(gRNA, blue). Upon stimulation with blue light, MiniSOG generates
a local population of reactive singlet oxygen species (102). 10,
attacks guanine residues in the target DNA to mutagenise them to
a new base (red).
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3.1.3 EvolvR

The second tool I aimed to adapt to C. elegans is EvolvR, a Cas9-guided
error-prone DNA polymerase, which was developed and used successfully as a
gene-targeted random mutagenesis tool in F. coli?02. This method depends on
DNA Polymerase I (Poll), a E. coli polymerase which plays a role in DNA repair
and lagging-strand replication of chromosomal DNA by initiating replication at
sites with a single-stranded break, or nick?7. A highly error-prone version of Poll
has been generated by including the D424A, I709N, and A759R point mutations
(PolI3M). The I709N mutation is thought to increase the misincorporation of
nucleotides occurring in the substrate-binding pocket of the polymerase? while
D424A results in a loss of exonuclease proofreading activity?'® and A759R lowers
the fidelity of Poll?"7. Together, these 3 mutations result in an average rate of
mutagenesis 200,000-fold greater than wild-type PolI?77.

While the initial study that generated Poll3M was used for mutagenesis of
a Poll-dependent plasmid???, Halperin et al?52 adapted the system for use on
defined regions of chromosomal DNA by the use of Cas9. Because Poll3M is
recruited to nicked DNA, a nicking version of Cas9, nCas9, was used. nCas9
has only one of two nuclease domains inactivated, allowing it to bind to its target
DNA and cleave only a single strand27®. After nicking the target site, the PolI3M
would then bind and re-synthesise a stretch of the DNA at the GOI, introducing
random mutations in the process (Fig 50). The mutation types using this tool are
all substitutions, predominantly G:C to A:T and A:T to G:C transitions, though

with lower rates (approximately 20% of mutations) of transversions??7 .

7 and is instead

As PolI3M does not require prokaryote-specific cofactors?
recruited to the DNA by the nCas9 and the DNA nick, it should be possible to
use the system directly in C. elegans. Similarly to the dCas9-MiniSOG system,
we can provide custom gRNAs to guide nCas9-PolI3M to a GOI to be mutated.
One issue with this system is that it would be constitutively active, which would
prevent proper screening of mutants. A way around this would be to use a photo-
activatable nCas9 to prevent targeting of PolI3M during non-stimulus conditions

(Discussed further in Chapter 3.1.5).
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Figure 50: EvolvR. Nicking Cas9 (nCas9) is fused to the error-prone DNA
Polymerase I (PolI3M). nCas9 is guided to the target locus (black)
and induces a single-stranded break at the target site. After
dissociating, PolI3M recognises and binds the DNA nick and initiates
polymerase activity, introducing random mutations (red).

3.1.4 CRISPR-X

The final tool I attempted to apply to C. elegans is the CRISPR-X
system, which was developed in mammalian cells?03. This exploits the somatic
hypermutation process, which uses activation-induced cytidine deaminase (AID)
to drive mutations in antibodies during adaptation of the immune system

to foreign bodies280.

AID deaminates the cytosine in a C:G pair to uracil,
resulting in a U:G basepair which can then be replicated as either T:A or C:G.
Alternatively, the base excision repair pathway can excise uracil and replace it
with any random base, or the mismatch repair pathway can recruit an error-prone

281

polymerase at the site to introduce further mutations dCas9 was used to
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guide AID to a target, giving rise to mutation rates approximately 1,000,000-fold
higher than wild-type at the target locus, representing all possible transitions and
transversions from cytosine and guanine, as well as a low level of mutagenesis from
adenine and thymine. Like EvolvR, this system is constitutively active and would

also require photocaging of the dCas9 to prevent high background mutagenesis.

3.1.5 Photocaged Cas9

As described, all three tools depend on Cas9 to target the mutagenesis to a
specific DNA locus. Both MiniSOG and CRISPR-X tools would use dead Cas9
(dCas9), a Cas9 variant that has both nuclease domains inactivated to remove
any cleavage activity. For EvolvR, a nicking Cas9 (nCas9) is used, a variant
which has only one nuclease domain inactivate so that nCas9 can only cleave, or
nick, a single strand. In all three cases, introducing photo-control into the dCas9
or nCas9 protein would be useful in controlling when mutagenesis can occur and
preventing background mutagenesis. For this, it should be possible to photocage
dCas9 or nCas9 with the use of photocaged amino acids, which can be used to
prevent activity of a critical residue until the photocage group is removed by UV
illumination.

A photocaged Cas9 has previously been developed with a critical lysine,
K866, photocaged to prevent DNA cleavag6282. K866 is present in the HNH
domain, one of the 2 nuclease domains of Cas9, indicating a role in cleavage.
Structural studies of Cas9 support this, as binding of the gRNA to Cas9 induces
a conformational change in K866, which seems to convert the HNH domain to an
active state?83. Therefore, Cas9-K866PCK was found to be completely inactive
and unable to cleave its DNA substrate, while uncaging of the K866PCK residue
restored catalytic activity and allowed Cas9 to cleave the DNA. Since this study
photocaged the DNA cleavage activity of Cas9, it should also be possible to use
this principle to confer photo-control to nCas9, as we could photocage the HNH
nuclease domain using PCK at position K866, while the second nuclease domain,
RuvC, is completely deactivated. In this way, the photocaged protein should
be completely inactive and unable to cleave the DNA until the photocage group
is removed, which would then activate and restore only one nuclease domain,
allowing the protein to nick its substrate but not fully cleave it. By using this

photocaged nCas9 to control Poll3M localisation, we could prevent nicking and
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subsequent Poll3M activity until photo-activation, conferring temporal control
to the mutagenesis. Additionally, as translation of the full-length nCas9 product
would depend upon incorporation of PCK, a truncated version of nCas9 would be
produced during standard maintenance conditions and would be unable to bind
to the target DNA. This would introduce two layers of protection of DNA during
non-stimulus conditions, preventing background mutagenesis from occurring.

Unlike nCas9, dCas9 would not be able to be photocaged in this way. Since
K866 is involved in cleavage, it is likely that dCas9-K866PCK would still retain
DNA-binding capabilities, and therefore photocaging K866 would have no effect.
Although it would still have the benefit of preventing full-length translation of
the dCas9, it would still be preferable to also be able to block DNA binding. For
this, I have identified a number of residues as potential candidates. Firstly, K163
has already been identified as a residue which could be photocaged to prevent
activity of Cas92%2, though no further study of this residue was carried out.
K163 is present in the gRNA-binding REC I domain and is highly conserved,
indicating a likely role for it in gRNA-binding?®*. A number of residues have
also been identified which extend into the gRNA channel or make direct contact
with the gRNA, including K742, Y1013, K1097, K1123, and Y13562%4. These
residues could all be tested by using dCas9’s DNA-binding abilities to repress gene
activation, as described by Bikard et al27®. This involves targeting photocaged
dCas9 to the promoter region of a gene, such as GFP, which blocks access by RNA
polymerase and prevents or lowers expression of the gene. Successful candidates
can then be applied to the CRISPR-X system.

3.2 Results

3.2.1 dCas9-MiniSOG to Target dpy-5

I first set out to test only the MiniSOG system, as this is the only tool that
has already been shown to work in C. elegans and, since MiniSOG itself is photo-
inducible and therefore we did not need to use a photocaged dCas9, it required the
least amount of extra variables to be introduced. We designed expression plasmids
(Fig. 51A) containing NLS::dCas9::HL::mKate2::HL::MiniSOG::NLS, driven by
the germline-specific mex-5p promoter. The tbb-2 3" UTR was used, as this has

been found to aid in germline expression8®. The nuclear localisation sequences
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(NLS) were used to ensure strong localisation of the construct to the nucleus,
where mutagenesis can occur. ‘HL’ denotes Happy Linker, a 24-amino acid linker
used to spatially separate each component. Although MiniSOG itself displays
some fluorescent signal, this signal is dim264 and observation of MiniSOG’s signal
would activate the protein and mutagenise the animal, so mKate2 was added to

facilitate visualisation of transgenic animals.

mex-5p pgl-3p rpr-1p

[ 7 NLS dcas9 HL[mKate2 HL miniSOG NLS tbb-2 | [ grRNA

B
— — —
dpy-5
 — < ~
| I |
100 bp

Figure 51: Plasmid Design and Targets for dCas9-MiniSOG. (A)
MiniSOG was fused to dCas9 with an mKate2 in between. All
3 components were linked together by Happy Linker (HL). Two
nuclear localisation sequences (NLS) were placed at the N” and C’
termini to direct the protein into the nucleus. Germline promoter
mez-5p was used to drive expression. Expression of the gRNA was
driven by a dual pgl-3p and rpr-1p promoter system. (B) gRNAs
were targeted to dpy-9, either to the coding or non-coding strand
and targeting either the coding sequence, or the 5 or 3’ flanking
regions.

Also present on the plasmid is a 96 bp gRNA specific to the dpy-5 gene. This is
driven by a dual promoter system consisting firstly of the germline-specific pgl-3p
promoter followed by the RNA promoter rpr-1p. The use of the first promoter
is based on work by Sagi et al?®0, which found that using the promoter from
a protein-coding gene can support the proper expression of a tRNA. dpy-5 was
chosen as the target as mutations in this gene are semi-dominant and give rise to
the very obvious ‘dumpy’ phenotype, characterised by a short and stout body2%”.
Several gRNAs were designed, targeting either the promoter, the gene, or the
3" UTR, and targeting either the coding strand or the non-coding strand (Fig.

51B).
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While transgenic C. elegans strains were generated with these expression
constructs, no mKate2 signal could be detected. Additionally, irradiating with
blue light gave rise to no dumpy offspring (data not shown). We reasoned that
this may be due to expressing from an extrachromosomal array, which often
leads to silencing of the transgenes in germline cells2®®, likely due to protective
pathways that attempt to limit foreign DNA expression in the germline to
prevent heritable defects. One method that has been found to help in germline
expression is to integrate low copy numbers of the transgene into the C. elegans
genome?8?. We generated similar expression plasmids as before, but this time in a
backbone compatible with the Mos-1-mediated Single Copy Insertion (MosSCI)

90 which uses the Mosl transposase to integrate a single

integration sys‘cem2
copy of the expression plasmid into the genome. These strains were generated by

SunyBiotech, but still did not give visible signal (data not shown).

3.2.2 Germline Expression of Transgenes

To improve germline expression, constructs were redesigned according to

1291 which facilitate the expression of

principles described by Al Johani et a
extrachromosomal arrays in the germline. Firstly, transgenes are codon optimised
to more closely match the codon usage of C. elegans. Secondly, piwi-interacting
RNA (piRNA)-targeting sites are identified and removed using the pirScan
tool292. piRNAs are small non-coding RNAs which target mRNAs for silencing
to prevent transposons from acting within the genome, but their target sequences
can often be found in transgenes. Finally, an intron from a ribosomal protein is
placed within the first 100 bp of the transgene, and 2-3 Periodic A, /Ty Cluster
(PATC)-rich introns were added throughout the remainder of the transgene.
PATCs are characterised by short (2-5 bp) stretches of adenine and thymine
with a periodicity of 10 bp, which is approximately the length of 1 helical turn
of DNA, resulting in the A/T clusters aligning along a single face of the helix,
which causes the helix to bend??3. These regions make up 6% of the C. elegans
genome, with the majority of PATCs contained within the introns and 5’ and 3’
UTRs of coding sequences??*. A correlation was found between highly PATC-rich
genes and the expression of those genes in the germline, and it is thought that the
bending of the DNA helix by PATCs prevents nucleosome positioning294, which

is known to be involved in mediating germline expression®?. Further studies
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found that inserting PATC-rich introns into transgenes could prevent germline
silencing and drastically increase expression levels293.

As well as modifying the expression plasmids for better germline expression,
constructs were also redesigned to change the way in which MiniSOG or AID were
recruited to the target. Instead of having the protein fused directly to dCas9 or
nCas9, the SunTag system?96 was used to recruit a larger number of copies of the
proteins to the target. In this setup, the dCas9 or nCas9 is fused to a SunTag
scaffold, which consists of a repeat of 10 GCN4 epitopes. These are recognised
and bound by a single chain fragment variable (scF'V) antibody, which is fused
to the MiniSOG or the AID protein. This allows a single dCas9 or nCas9 to
recruit up to 10 MiniSOG or AID proteins, respectively, increasing the range and
extent of mutagenesis that can occur. Additionally, the SunTag scaffold can be
extended to contain between 10 and 24 GCN4 epitopes, which may allow for the
tuning of the tools to induce more or fewer mutations.

Expression plasmids for MiniSOG using the SunTag system and the
modifications for germline expression were generated. Expression plasmids were
generated for the EvolvR system with germline expression modifications, and
the K866 position of the nCas9 replaced with an amber codon to facilitate
incorporation of PCK. Gateway entry plasmids for CRISPR-X were generated
with the SunTag system and germline expression modifications, however
expression plasmids were not generated as it is still unknown if dCas9 can be
photocaged. All expression plasmids are shown in Fig. 52.

Expression plasmids for a GFP-mCherry reporter were also generated, which
would allow us to quickly test germline expression and incorporation of PCK
(Fig 53A). This reporter consists of a GFP and an mCherry gene separated by
an amber stop codon. This would be co-expressed with a tRNA /aaRS synthetase
pair to incorporate PCK.

A GFP-mCherry reporter, along with MiniSOG constructs with gRNAs
targeting dpy-5 were bombarded into the N2 strain. However, due to external
circumstances, these bombardments could not be screened for several months and
had to be kept at room temperature (18-20 °C), rather than the preferred 25 °C
for germline expression??!. Although survivors were screened and transferred to
25 °C for 1-2 generations, these did not prove to express in the germline, instead

expressing only in the intestine (Fig 53B).
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Figure 52: Redesigned Constructs for Germline Expression and

Improved Recruitment. (A) Insertion of introns for germline
expression is shown with an example gene. Within the first 100
bp, an intron from a ribosomal protein is inserted, then three
PATC-rich introns spaced throughout the remainder of the gene.
For brevity, introns are not shown in (B-D). (B) Constructs for
expression of dCas9-MiniSOG using the SunTag recruitment system
with 10 epitope sites fused to the dCas9 and each MiniSOG protein
fused to an scFV antibody. (C) Constructs for expression of
nCas9-Poll3M, with nCas9 photocaged at the K866 position to
incorporate photocaged lysine (PCK). A PCK synthetase (PCKRS)
and corresponding tRNA are included. (D) Potential constructs for
photocaged CRISPR-X system.
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Figure 53: Germline GFP-mCherry Expression. (A) Expression

constructs used to express GFP-mCherry in the germline. All
protein-coding plasmids contain the PATC-rich introns as described
previously. (B) Expression of mez5-p GFP::mCherry. Yellow dotted
outline shows the germline of the worm. GFP and mCherry signal
are seen in the intestine. Worm fed with photocaged lysine (PCK)
prior to imaging. Scale bars are 25 ym.

3.3 Discussion

The aim of this work was to develop tools that could be used for gene-
targeted random mutagenesis in C. elegans. To achieve this, I attempted to
adapt three tools that have previously been used for genome-wide mutagenesis
in C. elegans, or gene-targeted random mutagenesis in other systems. However,
I could not achieve germline expression of any transgene, and because of this the
goals of this project could not be achieved. This is not unexpected, as germline
expression is especially difficult to achieve in C. elegans due to the silencing of
both extrachromosomal transgenes and single-copy integrated transgenes, likely
used by C. elegans as a defence mechanism against foreign DNA293. Although
measures were introduced to enhance germline expression, these could not be fully
tested due to time limitations introduced by the COVID-19 lockdowns. In this
case, C. elegans strains with germline-optimised constructs could not be screened

for a long period of time after the transgenesis event and could not be kept at
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permissible temperatures, and therefore did not express properly in the germline.
While strains were eventually transferred to 25 °C, germline silencing can be

297 and expression was

inherited due to epigenetic modification of the chromatin
still not seen. A repeat of these experiments under proper conditions could still
yield strains expressing our constructs in the germline and be taken forward for
testing. Other measures could also be taken to further optimise the expression
of these constructs, including integrating single copies of the germline-optimised
constructs into the genome via MosSCI?90,

Once germline expression can be achieved, the 3 tools would require extensive
testing and characterisation. Since MiniSOG is the only system used so far in
C. elegans, and is the only 1 of the 3 that wouldn’t require the involvement
of genetic code expansion, this is likely to be the simplest to achieve. Strains
expressing the dCas9-MiniSOG system can be easily tested by targeting to dpy-J,
illuminating L4 or young adult worms with blue light, and monitoring offspring
for dumpy mutants. Sequencing of the region around dpy-5 would be done to
determine the range of mutagenesis from the target site and the types of mutants
generated, though this should be similar to the types found by Noma et al?9,
and whole-genome sequencing used to determine the off-target mutagenesis rate.
The level of mutagenesis should be easily tuneable by adjusting both the intensity
of the blue light, as well as the time of illumination. Additionally, the range of
mutagenesis could be increased or decreased by changing the number of GCN4
epitopes that make up the SunTag scaffold. Another consideration which will
need to be tested is the inclusion of an NLS on the MiniSOG protein. While this
may lead to higher mutation rates, as MiniSOG would be better positioned for
recruitment to the SunTag scaffold, it may also increase off-target mutation rates
if MiniSOG has any level of background activity. One further possibility would
be to use the Light Activated Nuclear Shuttle (LANS) system, which uses the
blue light-sensitive LOV domain with an embedded NLS and exposed NES™.
In its unstimulated state, the complex, along with any fused protein, will be
present in the cytoplasm by the NES. Upon blue light-stimulated conformational
changes, the NLS is exposed and the complex is pulled into the nucleus. Should
background activity of MiniSOG prove to be an issue, this system would prevent
it from mutagenising the genome until activated by blue light, which would cause
nuclear localisation and activation of MiniSOG within a single step.

EvolvR can also be tested immediately, though with some differences from
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MiniSOG. Firstly, it would need to be determined if the system can work at
all in eukaryotes, and for this it would need to be introduced with the nCas9
unmodified for photocaging. In this way, assuming the system works in C. elegans,
mutagenesis would be continuous and dumpy worms would arise within the first
generations. After proving that EvolvR can work, photocaged nCas9 (pc-nCas9),
with K866 replaced with a PCK, would then be used to determine if EvolvR can
be made photoinducible. Strains with these constructs would be expected to
give rise to no dumpy mutants under standard maintenance conditions (-PCK,
-UV) as well as when fed with PCK but not uncaged (+PCK, -UV). Assuming
these criteria are met, the pc-nCas9 can then be uncaged (+PCK, +UV), which
should then activate nCas9, nicking the target DNA and beginning mutagenesis
by PolI3M. The mutants would then need to be characterised to determine the
extent of mutagenesis. Since uncaging of a photocaged amino acid is irreversible,
this system would not be able to be turned off once started, but instead would
depend on the turnover and depletion of Poll3M to stop mutagenesis. However,
the extent of mutagenesis should still be somewhat controllable, as the level of
pc-nCas9 can be limited by lowering the concentration of PCK used to feed the
worms, while the level of uncaging can be controlled by varying the intensity
and time of UV illumination. Other tuning mechanisms are possible, though
would require generation of new strains. These include lowering the mutation
rate by using Poll1M (D424A only) or Poll2M (D424A, I709N), or increasing the
mutation rate by using an enhanced nCas9, whereby three mutations (K848A,
K1003A, R1060A) lower the binding affinity of Cas9, preventing it from remaining
bound after nicking and blocking access by PolI3M?262. Additionally, the "window’
in which mutations can be generated can also be increased. While the original
nCas9-PolI3M generated mutations predominantly within 20 bp of the nick site,
the introduction of a bacteriophage thioredoxin-binding domain (TBD) into the
polymerase (nCas9-PolI3M-TBD) resulted in a higher mutation rate as far as 56
bp from the nick site262.

Development of the CRISPR-X system requires more extensive work, as this
also requires the development of photocaged dCas9 (pc-dCas9). As discussed
previously, multiple candidates exist that could potentially inhibit gRNA or target
DNA binding by dCas9. While these residues may not be catalytic like K866, their
replacement with PCK may be enough to sterically hinder access to the gRNA or
DNA within the binding channels. The ability of pc-dCas9 to bind to target DNA
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can be investigated through the use of dCas9-mediated transcriptional activation

or repression in F£. coli®™3.

Briefly, the repression method involves targeting
the dCas9 to the promoter of a fluorescent reporter, which blocks access by RNA
polymerase and inhibits the expression of the fluorescent reporter. The activation
method involves fusing dCas9 to the » subunit of RNA polymerase, expressing
this in an F. coli strain which lacks the « subunit, and testing for expression of
a reporter. Successful candidates can then be applied to the CRISPR-X system
in C. elegans. Assuming it is not possible to photocaged dCas9, it could instead
be possible to use the LANS system to sequester AID in the cytoplasm until
required.

The development of a pc-dCas9 would have wider benefits beyond use for
these mutagenesis tools. The method of using dCas9 for transcriptional activation
and suppression in E. coli has also been applied to C. elegans, in this case by
fusing either an activating VP16 domain or a repressing Kriippel-associated box

298 The use of pe-dCas9 would provide a

domain to the dCas9, respectively
temporal control to the gene upregulation or downregulation, which is particularly
useful for the study of toxic or essential genes. dCas9 is also used to direct
other tools to target DNA regions, such as enzymes which can apply epigenetic

299,300 " which may benefit from greater temporal control. In all

modifications
cases, pc-dCas9 could be used with higher spatial control, as uncaging could be
done using a UV laser to activate the process in single cells.

Each of the 3 tools would have its own advantages and disadvantages, but
would also complement each other. For example, MiniSOG is likely to be the most
accessible tool, as it does not require photocaged amino acids to function. It is also
likely to be the most easily tuneable, requiring only a dimmable light source to
achieve varying rates of mutagenesis. On the other hand, MiniSOG and CRISPR-
X are likely to exhibit higher off-target mutagenesis rates than EvolvR, as they
could affect any nearby base, including those that may be genetically distant but
in close spatial proximity. Since EvolvR depends on the nick introduced by nCas9,
it should not have this issue and mutations generated by EvolvR should be much
more focused at the target site. In either case, backcrossing would still need to be
done to clean the genetic background before study of new mutant strains, though
the extent of backcrossing required would be less than if using whole-genome
or target-select mutagenesis methods. An advantage of CRISPR-X and EvolvR

over MiniSOG is the wider range of mutations they can induce, though all 3 tools
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could be used to complement each other to get the broadest coverage of mutations
possible.

Once developed, these tools have great potential for use in gene-targeted
random mutagenesis screens, a currently unutilised area in C. elegans genetics247.
This process would allow for more efficient study of gene function by allowing
researchers to generate mutations only in their GOI, perturbing the function of

that gene without the influence of the whole genome.
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Chapter 4

Materials and Methods

4.1 Plasmid Generation

All plasmids used in this thesis are described in Appendix Tables A2-AG6.
Transgenes were codon-optimised for expression in C. elegans using an online
codon optimisation tool3%1. For expression in the germline, methods developed
by Al Johani et al?9! were followed.

Genetic fragments were either obtained by restriction digest or amplification
by PCR from genomic DNA or from existing plasmids, or were purchased as
gBlocks (IDT) or GeneArt fragments (Thermo Fisher Scientific). All primers
were purchased from IDT. PCRs were carried out using Q5 HotStart High-Fidelity
2X MasterMix (New England Biolabs) or KAPA HiFi HotStart ReadyMix PCR
Kit (Roche). PCRs were performed according to manufacturer instructions
for each enzyme mix, with the annealing temperatures for each primer pair
determined using the online NEB Tm Calculator. PCR fragments were resolved
by gel electrophoresis and recovered using the Zymogen Gel Recovery Kit (Zymo
Research). Restriction digests were performed using enzymes and buffers from
New England Biolabs. Ligation of restriction enzyme digest products was
performed using Rapid T4 Ligase (Roche) and Antarctic Phosphatase (New
England Biolabs). Assembly of PCR fragments was performed using NEBuilder
2X Master Mix (New England Biolabs).

Expression plasmids were assembled via Gateway Cloning (Thermo Fisher
Scientific). Briefly, linear DNA fragments were recombined into entry vectors
(Either pDONR P4-P1r, pDONR221, or pDONR P2r-P3) using BP Clonase
to generate donor vectors. Three donor vectors were recombined with a
destination vector (pDEST R4-R3 Vector II, or modifications of this vector) to
assemble an expression plasmid using LR Clonase II Plus. Donor and expression
plasmids were transformed into NEB-5a cells (New England Biolabs) by chemical
transformation in accordance with manufacturer’s specifications. Destination

and entry vectors were grown in One Shot ccdB Survival cells (Thermo Fisher
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Scientific). Transformants were grown overnight on Terrific Broth (TB) agar
supplemented with the appropriate selection antibiotic. Individual colonies were
picked and grown overnight in TB broth supplemented with the appropriate
antibiotic, and plasmids were recovered using the QIAprep Spin Miniprep kit
(Qiagen).

Plasmids were verified by colony PCR using OneTaq HotStart 2X Master Mix
(New England Biolabs), by restriction digest, and by Sanger sequencing (Source

BioScience).

4.2 C. elegans Maintenance

The Bristol N2 strain was used as the wild-type C. elegans strain for all

16

experiments in this thesis! All transgenic strains were created in the N2

background.

C. elegans strains were maintained according to standard procedures302.
Strains were cultured on 1X nematode growth medium (NGM) agar seeded
with the FE. colt OP50 strain. For seeding, OP50 was streaked onto TB or
Lysogeny Broth (LB) agar and grown at 37 °C overnight. A single colony
was picked and used to inoculate liquid TB. The OP50 culture was grown for
approximately 24 hours, and 300 yL of the culture was used to seed each 6 cm
NGM plate. For transgenic strains, Hygromycin B (Formedium) was added to
a final concentration of 0.3 mg/ml for selection of the extrachromosomal arrays.
For both transgenic strains and wild-type N2, Gentamicin (final concentration 200
ug/ml, Formedium) and Nystatin (final concentration 50 ug/ml, Sigma Aldrich)
were added to inhibit bacterial and fungal contamination. Unless otherwise

stated, worms were maintained at 20 °C.

4.3 Bleaching of C. elegans

To clean and synchronise worms, bleaching was performed. Gravid adults
were washed off of plates with M9 and transferred into Falcon tubes. The volume
was made up to 15 mL and the tubes centrifuged at 4400 rpm for 1 minute.
Supernatant was removed using a vacuum pump. The pellet containing the gravid
adults was resuspended in 5 mL of a bleaching solution (0.6 mL dH20, 1.9 mL
sodium hypochlorite (5%), 2.5 mL NaOH (1 M)) and shaken continuously for
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up to 5 min until adult cuticles were fully dissolved and only eggs remained in
solution. Three washes with M9 were performed to remove the bleach and the
tube was gently shaken overnight at room temperature to allow for eggs to hatch
into M9 buffer.

In cases that only required the cleaning of strains, a spot bleaching method
was used. Here, a drop of bleaching solution was deposited on an unseeded region
of an NGM plate. Several gravid adults were picked into the drop where they
would be dissolved. After eggs had hatched, L1s were allowed to crawl away from

the bleach area before being picked onto a fresh NGM plate.

4.4 Freezing C. elegans for Long Term Storage

Worms were frozen at -80 °C for long term storage. Two 6 cm NGM plates
were used to grow worms until a freshly starved population of L1s was achieved.
Worms were washed from these plates with 1 mlL S Buffer and transferred to
cryovials (Thermo Fisher Scientific). 1 mL S Buffer supplemented with 30%
glycerol was added to each cryovial and mixed. 600 uL from each cryovial was
then combined in a third cryovial, and all three were placed in a polystyrene box
at -80 °C. The next day, the combined vial was thawed and worms plated on
NGM to test for survival, while the other two were stored at -80 °C.

4.5 Lysis of C. elegans for Genomic and

Extrachromosomal DNA Extraction

For PCR of genomic DNA or of extrachromosomal arrays, worms were first
lysed. 50 mL of lysis buffer (10 mL KCI (1 M), 20 mL Tris (0.1 M, pH 8.3), 500 uL
MgCly (1 M), 900 pL IGEPAL, 900 uL Tween-20, and 1 mL Gelatin (2%), made
up with dHsO) was made and stored at 4 °C. Just before lysis was performed, 1
uL of Proteinase K (2 mg/ml, Life Technologies) was added to 100 uL lysis buffer.

For lysis, individual worms were picked into 10 uL lysis solution, or 10 uL
of worms in M9 were mixed with 10 yL lysis solution. Samples were frozen
at -80 °C for 30 minutes, then incubated at 65 °C for 90 minutes, followed by
incubation at 95 °C for 15 minutes for heat-inactivation. After being cooled to

room temperature, samples were used directly for PCR or stored at -20 °C.
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4.6 Growing Concentrated HB101 for Feeding

E. coli HB101 strain was used to feed liquid cultures. The HB101 strain was
transformed with pUC18 to confer ampicillin resistance.

1 L TB was made up in each of 2 L baffled flasks and autoclaved immediately.
E. coli HB101 was streaked on TB agar supplemented with carbenicillin (200
ug/ml) and a colony used to inoculate the 1 L liquid TB supplemented with
carbenicillin (200 ug/ml). This culture was grown at 37 °C with shaking (220
rpm) for 24 hours. Cultures were transferred to 1 L centrifuge buckets and
centrifuged at 4000 g for 30 minutes at 4 °C. Supernatant was removed, and
the pellet resuspended in 15 mL M9 supplemented with Kanamycin (100 yL of
100 mg/ml stock) and Gentamicin (100 uL of 100 mg/ml stock). Resuspended

pellets were transferred to Falcon tubes and stored at 4 °C for up to 2 weeks.

4.7 Generation of Transgenic C. elegans Strains

4.7.1 Preparation of DNA for Bombardment

For each bombardment, typically three or four plasmids would be included,
with each bombardment containing a total of 10-15 yg of DNA. Each plasmid is
linearised overnight by restriction digest. Enzymes are chosen that digest only in
the backbone of the plasmid, and that can be heat inactivated. After overnight
linearisation, all plasmid and enzyme mixes are heat inactivated for 20 minutes at
80 °C. A small amount of the DNA is run on an agarose gel to verify linearisation
before all DNA for a single bombardment is mixed.

For each bombardment, we use 6 mg of 0.3-3 ym diameter gold beads
(ChemPur). Gold for all bombardments is weighed out and cleaned by vortexing
in 1 mL 70% HPLC-grade ethanol (Sigma-Aldrich) for 30 minutes. Gold is
then pelleted in a desktop mini centrifuge and washed three times with sterile
water, with each wash involving 1 minute of vortexing before pelleting the gold
and removing the supernatant. 6 mg of cleaned gold is distributed to a DNA
LoBind tube (Eppendorf), pelleted, and supernatant discarded. The gold is then
resuspended in 50 uL of linearised DNA solution. While vortexing, 50 uL of
CaCly (2.5 M) is added, then 20 uL of Spermidine (100 mM, Merck Life Sciences)

added dropwise to the solution. Mixtures were then vortexed for 30 minutes to
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allow DNA to precipitate and coat onto the gold. DNA was then pelleted and
supernatant discarded, then washed once with 300 uL 70% HPLC-grade ethanol
and once with 1 mL 100% HPLC-grade ethanol. Coated gold beats were then
resuspended in 170 pL of 100% HPLC-grade ethanol and stored at -20 °C until

use.

4.7.2 Preparation of C. elegans

N2 worms were grown on 9 cm 3X NGM plated seeded with HB101. 3X NGM
refers to NGM with 3 times the standard concentration of peptone, which allows
for thicker bacterial lawns to be grown. Worms were grown on these plates until
they starved, resulting in a dense population of L1s. These worms were washed
off the plates with S Medium and passed through a 5 um polypropylene filter
bag (Spectrum), which removed most worms larger than L1. Approximately
500 mL of L1s in S Medium was transferred to an autoclaved baffled 1 L flask.
5 mL of 100X Penicillin/Streptomycin/Amphotericin B mixture (Gibco) and 5
mL of Nystatin solution (10,000 units/mL, Sigma-Aldrich) was added to limit
contamination. Flasks were stored at 15 °C rotating at 140 rpm for up to 2 weeks
prior to bombardment.

Prior to bombardment, the liquid culture of synchronised Lls is fed with
freeze-dried OP50 (LabTIE) or concentrated HB101. Worms were kept rotating
at 15 °C until they reached the young adult stage, where they were then cleaned
by sucrose flotation. Worms were first pelleted in 4 50 mL flasks by centrifuging
at 1000 G for 1 minute and as much supernatant as possible removed. This
was repeated in the same 50 mL flasks until all worms had been pelleted. Final
pellets were resuspended in 20 mL of 0.1 M NaCl and cooled on ice. 20 ml of 60%
pre-chilled sucrose was added to each worm solution and mixed, then 5 mL of
pre-chilled 0.1 M NaCl was layered on top. These were centrifuged at 1200 G for
5 minutes at 4 °C, with the deceleration speed set to 6/9. After centrifugation,
the worms were present in a layer at the bottom of the NaCl layer, above the
sucrose. These were recovered using a glass Pasteur pipette and transferred to a
fresh Falcon tube with chilled 0.1 M NaCl. Worms were left to settle by gravity,
then the supernatant removed and fresh 0.1 M NaCl added. This was repeated
until the supernatant was completely clear.

After cleaning, 0.5-1 mL of pelleted adult worms were transferred to an
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unseeded, pre-chilled 0X NGM plate using a glass Pasteur pipette. This
plate contains no peptone, to limit bacterial and fungal contamination, and is
supplemented with 200 pg/ml Kanamycin, 400 ug/ml Carbenicillin, and 200
ug/ml Gentamicin. Worms are spread as evenly as possible across the plate,
and the plate returned to 4 °C to limit worm activity and movement until the
plates had dried, at which point they could be bombarded.

4.7.3 Biolistic Bombardment and Screening

Biolistic bombardment was performed used the Biolistic PDS-1000/He
Particle Delivery System with the Hepta Adaptor attachment (Bio-Rad). For
each bombardment one rupture disk (900 psi, Bio-Rad) and seven macrocarriers
(Inbio Gold) were washed in 100% isopropanol and allowed to dry. After
drying, macrocarriers were placed into each of the seven slots in the lower
section of the Hepta Adaptor. DNA-coated gold was then spread evenly across
each macrocarrier, and this section of the Hepta Adaptor placed into the
vacuum chamber. The chamber was depressurised until the ethanol was entirely
evaporated. The upper section of the Hepta Adaptor was then attached to the
apparatus with the rupture disk inside and secured using a torque wrench. A
stopping screen is placed in the lower section of the Hepta Adaptor, and this
section is placed into the chamber with the gold facing down. A dried 9 cm plate
containing the adult worms is placed without a lid underneath the Hepta Adaptor
in the vacuum chamber.

The vacuum chamber was depressurised until the vacuum reached 27.5 inches
of mercury, then helium fired into the top chamber until the rupture disk burst
and the DNA-coated gold was fired into the worms. The plate containing the
worms was then removed and worms allowed to recover on the plate for at least
30 minutes, after which the plate was chunked equally onto six 9 cm 3X NGM
plates seeded with HB101. After two days, once most of the eggs had hatched,
Hygromycin B was added to a concentration of 0.3 mg/ml, along with Gentamicin
(final concentration 200 ug/ml) and Nystatin (final concentration 50 ug/ml). One
day later, 50 uL of freeze-dried OP50 or concentrated HB101 was added to each
selection plate. Plates were left for two weeks for strains to establish before
screening.

After two weeks, the bombardments were screened. All screening and
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subsequent work with fluorescent animals was performed using a Leica M165FC
fluorescent stereomicroscope. Each of the six selection plates was chunked to a 9
cm 0X NGM plate supplemented with 50 uL of freeze-dried OP50 or concentrated
HB101. After allowing 1-2 days for worms to crawl out from the selection plate,
these worms were washed off the plate using M9 supplemented with 0.001% Triton
X-100 and transferred to ncAA plates.

If the transgenes allowed for visualisation of incorporation alone (For example,
in the GFP-TAG-mCherry strains), then screening was performed 1-2 days later
from the ncAA plates. Worms that showed the correct expression pattern of
the appropriate fluorescent proteins were singled onto a seeded 6 cm 1X NGM
and maintained. If the transgene only allowed for visualisation of uncaging (For
example, with the FLP and Cre strains), then worms were left on the ncAA
plate for 2 days, before being globally uncaged. 1-2 days later, worms showing
expression of the appropriate fluorescent proteins were singled onto 6 cm 1X NGM

plates.

4.8 ncAA Feeding

All ncAAs were provided to worms by dissolving into the NGM. Plates
containing photocaged amino acids were stored in the dark and only used in
dark rooms under red LED light.

Methyl-o-nitropiperonyl Lysine (PCK, My = 384.14 g/mol) was synthesised
by ChiroBlock GmbH following a synthesis protocol described by Gautier et al204.
PCK was dissolved in 0.5 M HCI before being added to molten NGM. NGM was
neutralised with equimolar NaOH.

Orthonitrobenzyl Tyrosine (ONBY, My, = 352.77 g/mol) is commercially
available and was purchased from Fluorochem. ONBY was dissolved in 5 M
NaOH before being added to molten NGM. NGM was neutralised with equimolar
HCL.

Methylnitropiperonyl Tyrosine (MNPY, My, = 374.35 g/mol) was synthesised
by NewChem Technologies as a salt with Trifluoroacetate (Final My, = 488.37
g/mol). MNPY was dissolved in 5 M HCI before being added to molten NGM.
NGM was neutralised with equimolar NaOH.

Nitropiperonyl Tyrosine (NPY, My, = 360.32 g/mol) was synthesised by
NewChem Technologies. NPY was dissolved in 5 M NaOH before being added
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to molten NGM. NGM was neutralised with equimolar HCI.

The dipeptide of lysine and NPY (K-NPY, My = 488.54 g/mol) was
synthesised by NewChem Technologies as a salt with di-Trifluoroacetate (Final
My = 716.54 g/mol). K-NPY was dissolved in water before being added to
molten NGM.

Worms were either grown on seeded 6cm NGM plates and washed onto ncAA
plates, or bleached and the L1s transferred directly to the ncAA plate. 50 uL of
freeze-dried OP50 (LabTie, dissolved in water as per manufacturer’s instructions)
was added to the ncAA plate as food. Worms grown on ncAA plates were kept
at 20 °C before uncaging.

4.9 Uncaging

4.9.1 Global Uncaging

Global uncaging was performed using a CL-1000L UV Crosslinker (UVP).
Worms would be washed from the ncAA plate and the drop placed on the inside of
an empty 35 mm plate without the lid. Worms were illuminated in the crosslinker

for 5 minutes at 5 mW/ cm?. After uncaging, worms were transferred to a fresh

6 cm seeded NGM plate.

4.9.2 Single-cell Uncaging

Single-cell uncaging was performed using a Zeiss M2 Imager with a Micropoint
Galvo module fitted with a 365 nm dye cell (Andor Technology/Oxford
Instruments). Worms were mounted on a 2.5% agar pad and immobilised in
25 mM NaNj3 in M9 buffer. Neurons were identified by the fluorescent reporter
co-expressed with photocaged FLP. The nucleus of each targeted neuron was
targeted with the laser, with each region being targeted three times with 10-
repeat firing at a power setting of 34 (Chosen so that partial bleaching could
be 0bserved77). After uncaging, worms were washed off the pad with M9
supplemented with 0.001% Triton X-100 and transferred to a seeded 6 cm NGM
plate.

Single-cell uncaging by Dr Inka Busack (Section 2.2.7) was performed using
a Nikon TiE inverted microscope with a Rapp OptoElectronic DPSL 255/14 at
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1% power. To uncage both PVC neurons, a 10 s illumination time was used.

4.10 Imaging of C. elegans

Worms were imaged using a Zeiss M2 Imager. Worms were mounted on a 2.5%
agar pad and immobilised in 25 mM NaNj3. Fluorescent images were processed
and analysed using ImageJ software.

For characterisation of FLP-K223PCK and Cre-K201PCK experiments, 50
uM Floxuridine was added to the plates before imaging to prevent new eggs from
hatching. To determine fluorescent intensity of mKate2 and Citrine2, a region
was drawn in the head of each worm from the front of the first pharyngeal bulb
to the back of the second pharyngeal bulb. The average fluorescence across the
entire region was taken, and the minimum value of fluorescence in the same region

subtracted to remove background.

4.11 Behavioural Assays

30 uL of 5 mM ATR was added to the lawn of a seeded 6cm NGM plate.
Immediately after uncaging, worms were transferred to these plates and left to
recover for 24 hours before behavioural assays were performed.

Behaviour plates were made at least 30 minutes before behaviour assays were
performed. A 17 mm copper ring was cleaned in ethanol, heated in a flame, and
deposited onto the surface of an unseeded 6 cm NGM plate. 20 uL of freeze-dried
OP50 (LabTie, prepared according to manufacturers instructions then diluted
1/40 in M9) was placed in the centre of the ring and allowed to dry. Once dried,
worms were picked into the centre of the ring and left for at least 15 minutes to
acclimatise. A maximum of 10 worms was picked onto each behaviour plate.

Tracking and stimulation of the worms was carried out using the Wormlab
system (MBF Bioscience). Chrimson was activated using the integrated 617 nm
LED at full power (74 mW /cm?). Wormlab software (MBF Bioscience) was then
used to track each worm. Where multiple tracks were generated for a single worm,
these tracks were combined into a single track. Where tracks could not be clearly
identified, for example when worms overlapped each other, tracks were discarded.

Behavioural analysis performed by Dr Inka Busack (Section 2.2.7) was done

by mounting worms in a microchamber as described by Turek et al393. Worms
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were imaged using a Nikon TiE inverted scope and Chrimson activated using a
Texas red filter. For each frame, the nose and the grinder positions were extracted

and used to calculate the velocity of the worm.

4.12 PCR Detection of FLP Excision Events

To detect FLP-mediated excision of the STOP cassette, mixed populations of
worms were grown on the relevant ncAA for 24 hours before being uncaged for
the stated times. Approximately the same number of worms were placed in each
drop for uncaging. After uncaging, 10 uL of worms in M9 were added to PCR
tubes containing 10 L lysis solution. These PCR tubes were pre-chilled on a
metal heat block placed in dry ice, which froze the solutions in approximate 5-10
s, before proceeding with lysis protocol.

After lysis, 0.5 uL of the worm lysate was used as a template for PCR with
OneTaq HotStart 2X Master Mix (New England Biolabs). A number of PCR
primer pairs were tested, with the final pair used being primers K321 and K322.
All primers tested are listed in Appendix Tables A7 and A8. All PCRs were
performed following the manufacturer’s protocol, with an annealing temperature
of 60 °C and an extension time of 4 minutes, which corresponds to the length of the

non-excised cassette. PCR products were resolved by agarose gel electrophoresis.

4.13 Statistical Analysis

All analysis of data was performed using GraphPad Prism 9. Statistical tests
used are stated in the figure legends. Unless otherwise stated, two independent
repeats of each strain were used, and each experiment on each strain was repeated

three times, to give an n = 6.
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Chapter 5
Conclusions and Future Work

This thesis described the development of optogenetic tools in C. elegans based
on the use of photocaged amino acids introduced by genetic code expansion.
Here, 1 briefly summarise each tool and discuss potential future developments
and applications of the tools.

In Chapter 2, I developed a photo-activatable FLP recombinase by
incorporating photocaged amino acids into the active site. This tool was then
used to drive gene expression with an extremely high level of spatiotemporal
control and with an activation efficiency unattainable by other tools previously
developed for the purpose. Using the photo-activatable FLP, we have shown
that individual cells can be targeted using a laser, and it would be possible
to selectively activate individual cells or any desired combination of cells which
cannot be genetically targeted by other methods. Although this can be used to
drive the expression of any desired transgene, we focus on using photo-activatable
FLP to drive expression of a channelrhodopsin, which allows us to then study
the behaviour and function of specific neurons. We show this by expressing the
Chrimson channelrhodopsin in the PVC neurons, a neuron pair which does not
have its own cell-specific promoter, allowing us to study the function of PVC
without interference from other neurons. Work is now ongoing in a collaboration
with the Bringmann lab at TU Dresden to target the individual PVCL and PVCR
neurons, which would allow us to determine the individual contributions of each
of these neurons within the neural circuit.

In this thesis, we focused on using photo-activatable FLP recombinase to drive
transgene expression from an extrachromosomal array introduced by biolistic
bombardment. However, it may also be possible to use our tool to knockout
endogenous gene expression. By introducing FRT sites flanking an endogenous
gene, it would be possible to target FLP to remove that gene from the genome in a
spatiotemporal manner, allowing for the study of the gene’s function in particular
cells and at particular timepoints.

While the majority of the work focused on the use of photocaged lysine, we
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briefly showed that photocaged tyrosine can also be used to cage FLP activity.
Because variants of photocaged tyrosine, particularly ortho-nitrobenzyltyrosine,
are much cheaper than photocaged lysine, it would be useful to further
characterise the use of photocaged tyrosine to determine its effectiveness in caging
FLP activity.

Additionally, the use of photocaged tyrosine to cage FLP would allow us
to use both photocaged FLP and photocaged Cre’’ in a single system, by
using photocaged tyrosine for one and photocaged lysine for the other. For
this, two different codons would be required for incorporation, as well as two
mutually orthogonal aaRS/tRNA pairs. Work published by Xi et al™® showed
that quadruplet codons can be used to incorporate non-canonical amino acids in
C. elegans, which drastically increases the coding space available for genetic code
expansion, allowing us to incorporate multiple amino acids at one time. Based on
work by Willis and Chin?!, work is now ongoing in our lab to develop a mutually
orthogonal aaRS/tRNA pair, with promising results already seen using the
PleS/tRNAPyl pairs from Methanosarcina mazei and Methanomethylophilus
alvus in conjunction, or those from Methanosarcina mazei and the methanogenic
archaeon 1SO/-G1 (Greiss lab, unpublished data). These pairs, along with
the quadruplet codons, should make it possible to incorporate two unique non-
canonical amino acids at two unique sites in a single animal. Using this,
photocaged FLP and photocaged Cre could be caged separately and used to drive
expression of two different transgenes in two different cells or groups of cells.
For example, expression of a neuron-inactivating halorhodopsin and a neuron-
activating channelrhodopsin could be driven in two neurons in a circuit at the
same time, allowing for greater control in the activation and inhibition of the
neural circuit and facilitating deeper dissection of neural circuits than previously
possible.

The development of photo-activatable FLP recombinase raised further
questions in other areas, particularly in the mechanisms of the SL2 acceptor
site in operons. As previously discussed, the most likely cause is an epigenetic
factor in the regulation of the SL2 acceptor site. Therefore, it would be useful
to cross the strains generated here with strains that are defective in a number of
chromatin-modifying genes, which may help to answer if an epigenetic factor is
causing the abnormal expression, and determine which pathways are involved.

In Chapter 3, I attempted to develop optogenetic tools for gene-targeted
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random mutagenesis. These tools, if fully developed, could be used for reverse
genetics screens and directed evolution experiments in a more efficient way than
current tools allow. However, as noted, I was unable to drive expression of our

291 were taken to

transgenes in the germline without silencing. While measures
negate germline silencing, these proved unsuccessful. However, this is most likely
due to disruptions caused by the COVID-19 lockdowns, which prevented us from
adequately screening our strains after transgenesis. Therefore, repeating the
transgenesis under proper conditions and with timely screening may yield animals
expressing the transgenes in the germline. Alternatively, combining the germline
expression measures described in the chapter with single-copy genome insertions
may increase the likelihood of successful germline expression. Once developed,
these tools would be useful in the study of a gene of interest, as multiple mutations
in the gene could be generated to study which parts of the gene are important
for particular functions. Additionally, it could be possible to use these tools
for directed evolution. For example, I discussed in Chapter 1 the importance of
PyIRS and tRNAPY! evolution in improving incorporation rates and orthogonality
for genetic code expansion experiments. However, for C. elegans genetic code
expansion, evolution of PylRS/ tRNAPY! is done in bacteria, then transplanted
into C. elegans. While this is often enough to improve PleS/tRNAPyl in C.
elegans, different mechanisms between eukaryotes and prokaryotes may mean
that it is not finding as many beneficial modifications as possible. With these
optogenetic gene-targeted mutagenesis tools, PyIRS or tRNAPY! could be targeted
and evolved directly in C. elegans, with strains generated after mutagenesis being
tested for improved efficiencies. Although this would still be slower than directed
evolution in bacteria, it may prove to increase the effectiveness of PylRS and
tRNAPY! in eukaryotes in a more efficient way.

Development of a new photocaged Cas9 would be useful for these mutagenesis
tools, but would also have wider uses. Although a photocaged Cas9 has previously
been developed?®2, this involved caging the cleavage activity of Cas9. Therefore,
this method would not work for caging dead Cas9 (dCas9), as no cleavage activity
is involved. It would therefore be useful to photocage the gRNA- or DNA-binding
activity of Cas9, which would then be capable of photocaging dCas9. As described
in the chapter, dCas9 is used to guide a variety of effector proteins to a specified
genomic locus, and the caging of dCas9 could be useful to impart spatiotemporal

control on this activity.

131



CHAPTER 5. CONCLUSIONS AND FUTURE WORK

This thesis has focused primarily on applying genetic code expansion to
incorporate photocaged amino acids into FLP recombinase and into tools for
mutagenesis in C. elegans. However, genetic code expansion is a rapidly evolving
field, and, especially in C. elegans, a relatively underutilised method which
could be applied to solving a wide range of problems. Much of the work in
C. elegans has focused on using photocaged amino acids to confer photocontrol

T1,78,156  and many more possibilities lie in this area. However, a

onto proteins
large number of other types of non-canonical amino acid exist, which have so far
not been applied to C. elegans research. For example, those non-canonical amino
acids that introduce permanent or cage-able post-translational modifications can
be used to study the use of the modifications in C. elegans proteins, while others,
such as photocrosslinking amino acids, could be used to study protein-protein
and protein-nucleic acid interactions??. The current capabilities of genetic code
expansion are extensive, and the further development of novel non-canonical
amino acids could lead to even more functionalities imparted into proteins, which

would help to advance our understanding and control of biological functions.
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Appendix

In Table A1, all transgenic C. elegans strains generated during this study are
listed. Strains generated by me are given the designation ‘KB’ followed by a
number. All KB strains used here are generated by biologistic bombardment into
the N2 wild-type strain. All strains are listed with a description of all genetic
constructs introduced, followed by the designations of each specific plasmid
introduced, as well as the amount in yg of the plasmid linearised and coated
onto gold beads prior to bombardment. SGO7 was generated by SunyBiotech
using the MosSCI integration method.

In Table A2, all expression constructs are listed. All constructs were generated
by Multisate Gateway cloning with three entry vectors and one destination vector.
All plasmids named ‘KB’ were generated by myself, ‘AT’ by Ailish Tynan, ‘IR’
by Inja Radman, ‘SE” or ‘SG’ by Sebastian Greiss, ‘LD’ by Lloyd Davis, ‘ZX’ by
Zhiyan Xi, ‘JOS’ by Jack O’Shea, and ‘AX’ by Andromachi Xypnitou. pCFJ150
was generated by Frokjeer-Jensen304.

All destination and entry vectors are listed in Tables A3, A4, A5, and
A6. If generated by myself, a brief description on how each construct was
generated is also included. pDEST pDONR R4-R3 Vector 1I, pDONR P4-Plr,
pDONR221, and pDONR P2r-P3 are standard destination and entry vectors sold
by Invitrogen.

Table A7 lists all primers used for cloning and for the FLP excision experiment

Table A8 lists the primer pairs used for the FLP excision experiment, as well

as the expected excised DNA size.
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Table A2: Expression plasmids generated by Gateway cloning.

Entry vectors

Name Destination vector

pDONR P4-P1r | pDONR221 | pDONR P2r-P3
AT11 | SE80 IR157 KB126 SG606
IR&7 Not known.
KB175 | pCFJ150 KB121 SE106 AX35
KB222 | pDEST R4-R3 Vector 11 | KB207 KB204 KB205
KB223 | SE80 KB207 KB203 KB193
KB301 | SE114 AX67 SGT743 KB299
KB313 | pDEST R4-R3 Vector 11 | ZX204 KB257 SE306
KB319 | pDEST R4-R3 Vector II | ZX58 KB257 SE306
KB320 | SE80 7X58 SE153 SG606
KB332 | pDEST R4-R3 Vector 11 | SE77 LD222 LD287
KB364 | pDEST R4-R3 Vector II | IR91 KB257 1R322
KB379 | pDEST R4-R3 Vector II | ZX58 KB257 1R322
KB381 | SE80 SG639 SE154 SG606
KB382 | pDEST R4-R3 Vector II | SG639 KB257 1R322
KB389 | pDEST R4-R3 Vector II | IR157 SE17 1R322
KB392 | pDEST R4-R3 Vector II | IR91 KB258 1R322
KB413 | KB408 IR91 LD222 KB399
KB437 | pDEST R4-R3 Vector II | SE7T7 LD222 KB402
KB438 | pDEST R4-R3 Vector 11 | IR157 KB257 1R322
KB443 | pDEST R4-R3 Vector II | SE77 LD222 KB431
KB450 | pDEST R4-R3 Vector II | AX67 LD222 KB442
KB454 | pDEST R4-R3 Vector II | SE7T7 LD222 KB442
KB459 | pDEST R4-R3 Vector II | SE7T7 LD222 KB449
KB462 | pDEST R4-R3 Vector II | SE7T7 SG365 KB442
KB463 | pDEST R4-R3 Vector II | IR157 KB321 1R322
KB474 | KB407 IR157 LD222 KB469
KB475 | TR98 IR157 KB258 7ZX114
KB476 | pDEST R4-R3 Vector II | IR157 KB468 SE239
SE174 | TR98 IR157 SE154 SG606
SE247 | TR98 IR91 SE154 SG606
SE333 | SE8S0 LD400 SE153 SG606
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Table A3: Destination plasmids used to generated expression
constructs.
Name Description Source
ttTi5605 left recomb;
pCFJ150 | Unc-119p::CB-Unc-119(+); | Frekjeer-Jensen et al304
ttTi5605 right recomb
TR98 rps-0::hygR in pDEST R4- | Radman et all®!
R3 Vector II backbone
KB407 SL2::mCitrine in pDEST | Made from JOS13 (bglll::SL2::GFP::NLS) and SE239
R4-R3 Vector II backbone (mCitrine). JOS13 was opened up by PCR with K286
and K289. mCitrine2 was isolated from SE239 by PCR
with K285 and K288. Fragments were assembled by
NEBuilder
KB408 SL2::Citrine2 in pDEST | Made from JOS13 (bglll::SL2::GFP::NLS) and SE308
R4-R3 Vector backbone (Citrine2).JOS13 was opened up by PCR with K286
and K289. C(litrine2 was isolated from SE239 by PCR
with K290 and K291. Fragments were assembled by
NEBuilder
pDEST Standard pDEST backbone | Invitrogen
R4-R3
Vector 11
SE80 sur-op::hygR in pDEST R4- | Generated by Sebastian Greiss
R3 Vector backbone
SE114 let-858 3’UTR in pDEST | Generated by Sebastian Greiss
R4-R3 Vector backbone
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Table A4: Entry plasmids in the pDONR P4-Plr (Position 1)

backbone.
Name Description Source
AX67 eft-3p Generated by Andromachi Xypnitou
IR91 snb-1p Generated by Inja Radman
IR157 glr-1p Generated by Inja Radman
KB121 mex- Made from KB119 and AX15. KB119 was opened up

op::sv4ONLS::dCas9::HL

by restriction digest with Ascl. mex-5p was isolated
from AX15 by PCR with K52 and K53. Fragments
were assembled by NEBuilder.

KB207 mex-5p mez-5p was isolated from AX15 by PCR with
primers K84 and K85. Fragment was inserted into
pDONR P4-P1r by BP reaction

LD400 mec-4p Generated by Lloyd Davis

SE77 maco-1p Generated by Sebastian Greiss

SG639 elt-2p Generated by Sebastian Greiss

7X204 mec-7p Generated by Zhiyan Xi

7X58 myo-3p Generated by Zhiyan Xi
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Table A5: Entry plasmids in the pDONR221 (Position 2) backbone.

Name Description Source
KB126 Smadj::MmNPYRS Made by inserting Smad4 NES into LD184. LD184 was
opened up by PCR with primers S430 and S431. Smad4
was inserted by NEBuilder of this fragment with primer
S434
KB203 Smad4::MmPCKRS (With | Made by Golden Gate cloning between KB194, KB188,
PATC-introns) KB189, and KB190, digested with Bsal. KB194 is
Smadj::MmPCKRS with Golden Gate acceptor sites
at each intron position. KB188, KB189, and KB190
each contain a PATC-rich intron (Sequence provided by
Christian Frgkjeer-Jensen?91)
KB204 GFP::TAG (With PATC- | Made by Golden Gate cloning between KB195 and
introns) KB188, digested with Bsal. KB195 is GFP::TAG with
Golden Gate acceptor sites at the intron position. KB188
contains a PATC-rich intron (Sequence provided by
Christian Frgkjeer-Jensen?91)
KB257 FLP_G5D_K223TAG::HA::egl- Made from SE13 by opening plasmid with primers S674
18NLS and S675 and re-ligating the plasmid using NEBuilder to
insert the G5D mutation
KB258 FLP_G5D_WT::HA::eql-13NLS Made from SE14 by opening plasmid with primers S674
and S675 and re-ligating the plasmid using NEBuilder to
insert the G5D mutation
KB321 FLP_G5D_Y343TAg::HA::eql- Made from KB258 by opening plasmid with primers S667
18NLS and S668 and re-ligating the plasmid using NEBuilder to
insert the Y343TAG mutation
KB468 mKate2::HA Made by amplifying mKate2 from KB264 with primers
558 and K307
LD222 FRT LacZ 3°UTR_FRT Generated by Lloyd Davis
SE17 Cre_.K201TAG::HA::egl-13NLS Generated by Sebastian Greiss
SE106 mKate2::HL::MiniSOG::egl- Generated by Sebastian Greiss
18NLS
SE153 PKla::MmPCKRS Generated by Sebastian Greiss
SE154 Smad4::MmPCKRS Generated by Sebastian Greiss
SG365 LoxP_LacZ 3’UTR_LoxP Generated by Sebastian Greiss
SGT743 FRT_let-858 3’UTR_-FRT Generated by Sebastian Greiss
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Table A6: Entry plasmids in the pDONR2r-P3 (Position 3) backbone.

Name Description Source
AX35 pgl-8p::rpr-1p::gRNA (dpy-5 Generated by Andromachi Xypnitou
centre)

TR322 SL2::mKate2 Generated by Inja Radman

KB193 thb-2 3’'UTR Made by isolating tbb-2 terminator from SE106 by PCR
with primers K110 and K111 and inserting fragment into
pDONR P2r-P3 by BP reaction

KB205 mCherry (With PATC-introns) | Made by Golden Gate cloning between KB191, KB189,
and KB190, digested with Bsal. KB191 is mCherry with
Golden Gate acceptor sites at the intron position. KB189
and KB190 each contain a PATC-rich intron (Sequence
provided by Christian Frokjeer-Jensen?91)

KB299 mCherry:HA::eql-13NLS Made by inserting ATG start sequence into SG79

KB399 Chrimson Made by isolating Chrimson from KB362 with primers S691
and K269 and inserting it into pDONR P2r-P3 by BP
reaction

KB402 Chrimson::Citrine2::HA : :eql- Made from KB362 and SE308. KB362 was opened by PCR

18NLS with primers K242 and K243. Citrine2 was isolated from

SE308 by PCR with primers K244 and K245. Fragments
were assembled by NEBuilder

KB431 Chrimson::F2A::Citrine2::HA KB402 was opened up with primers K304 and K305. F24
was inserted as primer S420 by NEBuilder

KB442 Clitrine2::HA Clitrine2 was isolated from KB402 by PCR with primers
K306 and L145. Fragment was inserted into pDONR P2r-
P3 by BP reaction

KB449 Chrimson::HL::Citrine2::HA KB402 was opened up with primers K309 and K310 and
HL inserted as primer K308 By NEBuilder

KB469 mKate2::HA mKate2 isolated from KB264 with primers S114 and K314
and fragment inserted into pDONR P2r-P3 by BP reaction

LD287 Chrimson::mKate2::HA Generated by Lloyd Davis

SE150 rpr—]p::tRNAC] 5 Generated by Sebastian Greiss

SE239 SL2::mClitrine Generated by Sebastian Greiss

SE306 SL2::mEGFP Generated by Sebastian Greiss

SG606 let-858 3°UTR Generated by Sebastian Greiss

7ZX114 SL2::CFP Generated by Zhiyan Xi
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Table A7: Primers used for cloning and excision experiments

Name Description Sequence

K52 Pmex-5.FOR CTTTGTATAGAAAAGTTGTAatatcagtttttaaaaaattaaaccataa
aacaaataatataaccca

K53 Pmex-5.REV getgtattttttgtetaccttacgettettetttggeatttttetetgt

K84 Pmex-5 attB.FOR GGGGACAACTTTGTATAGAAAAGTTGTAatatcagtttttaaaaaa
ttaaaccataaaacaaataatataaccca

K85 Pmex-5 attB.REV GGGGACTGCTTTTTTGTACAAACTTGTtctctgtctgaaacattca
attgattatcgataaaattaattaagag

K110 tbb-2 pos3.FOR GGGGACAGCTTTCTTGTACAAAGTGGTAgataaatgcaagatectt
tcaagcattce

K111 tbb-2 pos2.FOR GGGGACAACTTTGTATAATAAAGTTGTgacttttttcttggegeca
caataaagtttcctcet

K242 Chrimson.REV TTTCGATACCATTCCTCCTGGCGCGCCTCCTCCGGC

K243 Chrimson.FOR AGCTCTACAAGTACCCATATGATGTCCCAGACTAC

K244 Citrine2.FOR, AGGCGCGCCAGGAGGAATGGTATCGAAAGGaGAGGA
aTTATTTAC

K245 Citrine2.REV TATGGGTACTTGTAGAGCTCtcCCATTCCGAGGG

K269 Chrimson(stop).R GGGGACAACTTTGTATAATAAAGTTGTTTAGACTGTA
TCCTCATCTTCCTCTTCCAC

K285 SE305.239-JOS13.R TTTCGTCTACGGCTCATCTTGTAGAGCTCGTCCATTCC

K286 JOS13-SE305.R ACCTTTAGAAACCATtttttctaccggtacageagttteec

K288 SE239-JOS13.F gtaganaaaATGGTATCGAAAGGCGAGGAG

K289 JOS13-SE239_308.R CCTTTcGAtACCATtttttctaccggtacageagtttece

K290 SE308_JOS13.R TCGTCTACGGCTCATCTTGTAGAGCTCTCCCATTCC

K291 SE308_JOS13.F accggtagaaaaaATGGTATCGAAAGGAGAGG

K304 Chrimson_ F2A.REV | TGCTTGACTCCGGATCCTGGGACTGTATCCTCATC
TTCCTC

K305 Chrimson_F2A.FOR | GTCGAGTCCAACCCAGGACCAATGGTATCGAAAGG
aGAGG

K306 attB3_Citrine2.F GGGGACAGCTTTCTTGTACAAAGTGGTAAAAAAATG
GTATCGAAAGGAGAGGAATTATTTACTG

K307 attBl_mKate.F GGGGACAAGTTTGTACAAAAAAGCAGGCTTaaaaaA
TGTCCGAGCTCATCAAGGAGAACATG

K308 Happy Linker ATCTTGGGGGCTCCATCTGGTGGCGGCGCTACGGCC
GGTGCTGGGGGAGCCGGAGGTCCAGCCGGTTTGATT

K309 HLtoKB402.R ACCAGATGGAGCCCCCAAGATGGCTGGGTCGACTGT
ATCCTC

K310 HLtoKB402.F GCCGGAGGTCCAGCCGGTTTGATTATGGTATCGAAA

GGaGAGGAaATTATTTACTGG
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Table A7: Primers used for cloning and excision experiments

Name Description Sequence

K314 attR1_mKate.F GGGGACAGCTTTCTTGTACAAAGTGGTAaaaaaATG
TCCGAGCTCATCAAGGAG

K319 Excision.FOR1 agctcaagttgatgtgaccaga

K320 Excision.REV1 ACGAGGATTGGAACGACACC

K321 Excision.FOR2 tgtttccgattectttttaacgtct

K322 Excision.REV2 CATGTGGTCTGGGTAACGGG

K323 Excision.FOR3 tcegattectttttaacgtettet

K324 Excision.REV3 GAGGATTGGAACGACACCAGT

L145 attB3 37 GFP 1et858 | GGGGACAACTTTGTATAATAAAGTTGatacggattcgea

R tttgecaag

S58 HA attB2R GGGGACCACTTTGTACAAGAAAGCTGGGTTTAAGCGTAG
TCTGGGACATCATATG

S114 HA attB3R GGGGACAACTTTGTATAATAAAGTTGTTTAAGCGTAGTC
TGGGACATCATATGG

S420 F2A attB2F GGGGACAGCTTTCTTGTACAAAGTGGTACCAGGATCCGG
AGTCAAGCAAAC

5430 MmPyIRS NEB F ATGGACAAGAAGCCACTCAACAC

S431 MmPyIRS NEB R CATTTTTGCAGCCTGCTTTTTTGTACA

S434 Smad4 MmPyIRS AAAAGCAGGCTGCAAAAATGGGAATCGACCTCTCCGGA
CTCACCCTCCAAATGGACAAGAAGCCACTCAA

S667 FLP Y343 TAG R gatggcggteatttggtgeet CTAggtggtacggecgacggcggaggcacgetty

S668 FLP Y343 TAG F gtaccaccTAGacccaccaaatcaccgccatcccagac

S674 FLP G5D F acaattcgACatcctetgeaagaccecaccaaag

S675 FLP G5D R cttgcagaggatGTcgaattgtggcatttttagectg

S691 Chrimson attB2F GGGGACAGCTTTCTTGTACAAAGTGGTAAAAAATGGC

CGAACTCATCTCATCG
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Table A8: Primer pairs used for excision experiments

Pair | Primer 1 | Primer 2 | Excised length (bp)
1 K319 K320 466
2 K319 K322 653
3 K319 K324 464
4 K321 K320 235
5 K321 K322 422
6 K321 K324 233
7 K323 K320 231
8 K323 K322 418
9 K323 K324 229
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