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Abstract

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR
associated (Cas) proteins build adaptive immunity against mobile genetic elements
(MGEs) in prokaryotes. The memory of previously encountered MGEs is established
by DNA capture and integration into CRISPR loci catalysed by Cas1-Cas2 adaptation
complexes. Casl is thought to have evolved from enzymes called casposases, which
belong to a novel class of transposases. A previous study showed casposases integrate
into target molecules single and double stranded DNA containing terminal inverted
repeats (TIRs). In this project, in vitro biochemical assays showed that the substrate
flexibility of Acidoprofundum boonei casposase extends to random integration of DNA
without TIRs, including integration of a functional gene.

The DNA substrate tolerance of casposases may make them useful as a tool for
biotechnology applications that require targeted DNA integration activity. Casposase-
Cas9 fusions were engineered to investigate the targeting of DNA integration to
specific DNA sites. The fusion proteins were able to form an R-loop with target DNA
and demonstrated RNA-guided DNA integration in vitro. Full-site RNA-guided DNA
integration products were not detected and DNA integration into some non-specific
DNA sites was observed. Expression of fusion proteins in Escherichia coli cells could
target both chromosomal and plasmid /lacZ gene but casposase catalysed DNA
integration was not detected. Casposase-Cas9 fusions might be a useful prototype of
a genome editing tool for targeted DNA insertion that is independent of homology-

directed DNA repair.



In addition, the project investigated alternatives to casposase-Cas9 fusions. A
casposase-dCasX fusion construct yielded protein that could not be successfully
purified. A tyrosine recombinase, IntP™3® integrase, was fused to dCas9 and
successfully purified. However, RNA-guided recombination between homologous
sequences was not detected. Future work will require a deeper understanding of the

low sequence specificity recombination activity of IntP™3,



Layperson summary

DNA, the genetic material in living organisms, is like a digital memory storing
information for cell activity. In some bacteria, the DNA also stores information about
invaders such as hostile viruses and this information is used in fighting against viral
infection of the matching virus. This defence system is called CRISPR-Cas system and
CRISPR is the stretch of DNA that would generate guide sequences, which direct Cas9
protein to cut matching DNA. The Cas9 protein is a molecular scissors and it can be
mutated to become a DNA binding protein. CRISPR-Cas systemes, in particular CRISPR-
Cas9, are simple yet powerful tools for introducing desirable changes into the genetic
information of an organism. In this project, the Cas9 or mutated Cas9 proteins were
tethered to a casposase protein to investigate programmable DNA insertion that does
not require the host cell’s processing. This was because we showed that casposase
could insert different DNA into random DNA sites. By fusing casposase to Cas9,
targeted DNA integration into a user-defined target site was observed but DNA
integration into random sites remained a big problem. Thus, this project showed a
potential prototype of a programmable DNA insertion tool that requires further

improvements.
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Chapter 1

1. Introduction
1.1. CRISPR-Cas system

1.1.1. Overview of CRISPR systems

Viruses caninfect and replicate within prokaryotes. They are estimated to be ten times
more abundant in the biosphere than their prokaryotic hosts and they act as a
selective pressure to drive their hosts’ evolution (Bikard and Marraffini, 2012).
Prokaryotes have evolved countermeasures to prevent the invasion of mobile genetic
elements (MGEs) such as viral DNA/RNA, transposons and plasmids. These can be
grouped into innate immunity and adaptive immunity. The prokaryotic innate
immunity mechanisms include modification of surface receptors, restriction
modification and abortive infection systems. While these innate immunities are non-
specific and recognises only generic features of invaders, the prokaryotic Argonaute
based innate immunity and CRISPR-Cas adaptive immunity are nucleic acid-guided
defence systems that target specific sequence (Barrangou et al., 2007; Koonin and
Krupovic, 2015). In particular, the prokaryotic adaptive immunity can generate
memory of previously encountered invaders so it confers a rapid, robust response
upon reinvasion. CRISPR-Cas systems are the only one known prokaryotic adaptive
immune system thus far (Koonin, 2017).

CRISPR stands for clustered regularly interspaced short palindromic repeats and the
direct repeats are separated by DNA sequences called spacers that are derived from
previously invading MGEs (Jansen et al., 2002; Mojica et al., 2005) (Figure 1A). Unlike
human adaptive immune system, the immunological memory stored in the CRISPR

locus is heritable and is passed on to progeny after division (Barrangou et al., 2007).



Upstream of the CRISPR is a region called leader, which contains the promoter for
transcription of the CRISPR array. Adjacent to the CRISPR array, a cluster of CRISPR
associated (CAS) genes is often found and they encode proteins catalysing and
regulating adaptive immunity. The CRISPR-Cas mediated defence can be divided into
three stages: adaptation, crRNA expression and interference (Marraffini and
Sontheimer, 2010) (Figure 1B). Upon the invasion of foreign DNA, the DNA is degraded
by the host RecBCD enzyme or CRISPR effector complex. In adaptation, the degraded
DNA forms prespacer substrates that are recognised by the Cas1-Cas2 complex and
are integrated into the CRISPR locus as spacers. The integrated spacers provide a
memory of prior encounters with MGEs that through crRNA expression and
interference, CRISPR Cas systems destroy the same or similar MGE in future
encounters. During the expression stage, the CRISPR array is transcribed into a long
precursor CRISPR RNA (pre-crRNA) which is then processed by Cas protein and/or
other host factors to generate matured crRNA. Finally, a single crRNA is loaded onto
Cas protein(s) to form a crRNA-effector complex. During interference, the first step in
target search is finding and recognising a 2—6 bp protospacer adjacent motif (PAM).
After the recognition of the correct PAM, the crRNA begins base pairing with the target.
If the target DNA or RNA molecules are complementary to the spacer in the crRNA,
the effector complex will degrade the target. Because the PAM is absent in spacers in
the CRISPR array, it plays a role in discriminating between self and non-self in CRISPR-

Cas immune systems (Jackson et al., 2017).
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Figure 1. Overview of CRISPR-Cas mediated adaptive immunity.

(A) Genomic structure of CRISPR locus. The grey diamond shapes represent the CRISPR
repeats and the coloured boxes represent spacers. The leader sequence is upstream
of the CRISPR array and a cluster of cas genes is associated with the array. (B) CRISPR-
Cas adaptive immunity involves three stages: adaptation, expression and interference.
During adaptation, a new spacer from a foreign source is integrated into the CRISPR
array. In expression, the long CRISPR array is transcribed and processed to give rise to
individually matured crRNA. In the interference stage, the crRNA assembles with Cas
proteins to form effector complex which recognises specific foreign nucleic acids by
sequence complementarity to the crRNA and degrades it. Adapted with permission
from AAAS and from Jackson, S. A., McKenzie, R. E., Fagerlund, R. D., Kieper, S. N.,
Fineran, P. C.,, & Brouns, S. J. (2017). CRISPR-Cas: Adapting to change. Science,
356(6333).



1.1.2. Classification

CRISPR-Cas systems have been found in 85% sequenced archaeal genomes and in 40%
bacterial genomes (Makarova et al., 2020). They are divided into six types according
to their signature genes presentin the cas gene cluster and are further divided into 33
subtypes by gene compositions and architectures of the CRISPR-Cas loci. These six
types are grouped into two classes based on the architecture of the effector complex
in the interference stage (Figure 2). In class 1 systems (types I, lll, IV), the effector
complexes, comprising multiple subunits of different Cas proteins, bind crRNA and
process the target whereas in class 2 (types Il, V, VI), the effector complexes employ a
single multi-domain Cas protein (Makarova et al., 2015). The signature protein in type
| systems is Cas3, a protein containing helicase and nuclease domains that is recruited
to the Cascade complex and carries out DNA degradation (Sinkunas et al., 2011). In
type lll systems, the signature protein is Cas10 that produces cyclic oligoadenylate for
signal transduction and cleaves single-stranded DNA (ssDNA) in a Cascade-like
complex called Csm or Cmr complex depending on the sub-type (Jung et al., 2015;
Kazlauskiene et al.,, 2017). In type IV systems, the signature protein is an
uncharacterised protein called Csfl and interestingly there are often no detectable
associated CRISPR arrays found in these systems (Wright et al., 2016). In class 2
systems, Cas9 is the signature protein in type Il systems and it possesses multiple
domains for target DNA recognition and cleavage (Nishimasu et al., 2014). Similar to
type ll, type V systems also utilise a large single endonuclease, Cas12, that targets and
cleaves dsDNA with the aid of crRNA (Dong et al., 2016). In type VI systems, the
signature protein Cas13 exclusively targets RNA. It is a single effector protein that has

two HEPN domains; one for target RNA cleavage and one for non-specific trans-RNA



cleavage that is activated by target binding (Abudayyeh et al., 2016; Meeske et al.,

2019).
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Figure 2. Modular organisation of different types of CRISPR-Cas systems.

The core Cas proteins in each type were coloured light yellow and the ancillary
proteins were coloured in green. Dispensable or missing components in some variants
are indicated by dashed outlines. In type Il systems, crRNA processing and maturation
is catalysed by RNase Ill (coloured in grey), a non-Cas protein from the host. In some
type Il variants, Cas10 and ancillary proteins containing CRISPR-associated Rossman
fold (CARF) domain and Higher Eukaryotes and Prokaryotes Nucleotide-binding (HEPN)
domain function in signal transduction and non-specific RNA cleavage. Figure adapted
from (Koonin and Makarova, 2019).

Apart from the CRISPR-Cas core proteins that contribute to adaptive immunity, many
ancillary proteins have been found associated with various subsets of CRISPR-Cas
systems (Athukoralage et al., 2018; Makarova et al.,, 2015, 2020). Computational
analysis of these CRISPR-linked ancillary proteins predicts their functions in signal
transduction pathways and in membrane association (Shmakov et al., 2018). This
suggests some CRISPR-Cas variants might play other roles beyond adaptive immunity
(Faure et al., 2019). Indeed, experimental results demonstrated Cas10 in Csm effector
complexes from CRISPR type IlI-A systems catalyses the synthesis of cyclic
oligoadenylate (cOA) molecules upon binding of the crRNA-Csm complex to the target

RNA (Kazlauskiene et al., 2017; Niewoehner et al.,, 2017). These cOA second



messengers bind to a CRISPR-associated Rossman fold (CARF) domain in the Csm6
protein, a CRISPR-linked protein, and allosterically activate the non-specific RNase
activity of a Higher Eukaryotes and Prokaryotes Nucleotide-binding (HEPN) domain in
the Csmé6. This indiscriminate RNA cleavage causes growth arrest of the host cell and
allows more time for the Cas10 DNase activity to degrade invading MGEs (Rostg@l and
Marraffini, 2019). Then a CRISPR ancillary ring nuclease containing a CARF domain
degrades the cOA molecules acting as an off-switch for the signal transduction
pathway and the cell resumes normal once the invading MGE has been cleared from

the cell (Athukoralage et al., 2018).

1.1.3. The detailed mechanism of CRISPR-Cas systems

1.1.3.1. Adaptation

The success of CRISPR-Cas systems in defending invasion is not only due to the existing
spacer records obtained from previous invaders, but also owing to the acquisition of
new spacers to expand the arsenal. The spacer acquisition is mainly catalysed by the
universally conserved Casl-Cas2 complex despite the divergence of CRISPR-Cas
systems. The X-ray crystal structure of Escherichia coli Cas1-Cas2 complex illustrates
that two Casl dimers are connected by a central Cas2 dimer forming a Cas14-Cas2;
complex (Nufiez et al., 2015a). Each Casl dimer carries the active site for spacer
integration while the Cas2 dimer only confers structural stability to the complex
(Nufiez et al., 2014). The fact that cas1 and cas2 genes present in nearly all CRISPR-
Cas systems suggests that the ancestor of CRISPR-Cas systems encoded an integrase
and the prokaryotic adaptive immune system began with the insertion of foreign

sequences (Jackson et al., 2017). Indeed, once spacers from MGEs are stored in the



host’'s genome, distinct effector modules which can utilise this information are
recruited to the locus and give rise to different types of CRISPR-Cas systems.

Prior to spacer integration, protospacers in MGEs need to be processed into
prespacers for binding to Cas1-Cas2 complex. The acquisition of spacers from MGEs
that are encountered the first time is called naive adaptation. During the naive
adaptation, DNA of MGEs is degraded into small pieces and the ones containing the
PAM sequence are recognised and bound to Cas1-Cas2 complex. Stalled replication
forks occurred during DNA replication can lead to double stranded break (DSB), of
which the repair is initiated by RecBCD complex. It was suggested that during the
repair, RecBCD complex degrades DNA to an upstream Chi site to generate prespacers
for Cas1-Cas2 complex. The acquisition of spacers from the host genome is deleterious
so the adaptation bias towards MGEs is achieved by the higher frequency of stalled
replication forks for MGEs during DNA replication and smaller numbers of Chi sites in
MGEs (Levy et al., 2015). Other than naive adaptation, type | systems show an
additional measure called priming to acquire spacers from previously encountered
foreign MGEs using an existing spacer. Priming occurs for both perfectly matched
spacers and mismatch containing spacers and this enables efficient defence against
fast replicating MGEs and highly divergent MGEs. During priming, the crRNA-Cascade
complex binds to a DNA target and recruits Cas3 to the non-target strand unwinding
the dsDNA in a 3’ to 5’ direction. Then the Cas1-Cas2 complex is recruited to the
unwound DNA and leads to acquisition of new spacers distal to the initial priming site
(Amitai and Sorek, 2016). Although RecBCD complex and Cas3 both produce ssDNA
degradation products, it was shown that Cas1-Cas2 complex captures ssDNA ina PAM-

dependent manner and facilitates the pairing to a complementary DNA strand leading



to precursor duplex DNA with long 3’ overhangs (Kim et al.,, 2020). In systems
containing Cas4 protein, the Cas4 nuclease tightly interacts with Casl to form a Cas4-
Cas1-Cas2 complex (Lee et al., 2019). The Cas4 trims the Cas1-Cas2 bound prespacer
to the correct size up to a PAM sequence (Figure 3). In some systems, Cas4 remains
bound to Casl during spacer integration and ensures the correct orientation of DNA
integrated into the CRISPR array (Lee et al., 2018; Shiimori et al., 2018). In CRISPR-Cas
systems devoid of Cas4 such as type I-E, a host 3’ to 5’ exonuclease DnaQ or ExoT are
used to trim the exposed part of prespacer that is not protected by Cas1-Cas2 binding.
The trimming of prespacer 3’ overhangs is asymmetric that the PAM containing 3’
overhang is slightly longer than the non-PAM 3’ overhang, because a C-terminal tail of
a non-catalytic Cas1 subunit interacts with the PAM and protect it from degradation

(Kim et al., 2020; Ramachandran et al., 2020; Wang et al., 2015).

Cas4 containing systems Cas4 lacking systems

Casl ‘wedge’
PAM sensing site

3!

Figure 3. Prespacer processing in CRISPR systems containing or lacking Cas4.
Schematic diagram showing Cas4 dependent (left) and Cas4 independent (right)
prespacer processing in CRISPR-Cas systems. In CRISPR-Cas systems containing Cas4,
Cas4 interacts with Casl and cleaves the 3’ overhangs at the PAM site. In Cas4
independent prespacer processing, a host exonuclease such as DnaQ trims the 3’
overhangs of a Cas1-Cas2 (green) bound prespacer to the correct size. Prespacer (red)
is splayed at both ends in the Cas1-Cas2 complex and the double fork structure is
stabilised by a Cas1 tyrosine ‘wedge’ (blue triangle) at each end.



The adaptation process can be divided into three steps: substrate capture by Casl-
Cas2 complex, recognition of CRISPR array and integration into CRISPR array.
Depending on the type of systems, the process may require help of other Cas proteins
or host proteins. Because adaptation in different types of CRISPR systems is similar
and most of the knowledge of spacer acquisition has been gained from studying the E.
coli type I-E system, here we focus on the adaptation mechanism of this system. The
crystal structure of E. coli Cas1-Cas2-prespacer complex reveals that the protospacer
is splayed into a double fork structure with the double stranded region lying on the
central Cas2 dimer and the 3’ single stranded overhangs being inside the Cas1 subunits
(Nufiez et al., 2015a) (Figure 3). The crystal structure supports previous work (Nufiez
et al., 2014) that Cas2 does not contribute to catalytic activity of spacer integration.
The Cas2 subunit forms a large part of the ‘arginine clamp’ which interacts and
stabilises the phosphate backbone of the duplex region of the protospacer. At both
ends of the duplex region, there is a tyrosine residue from Casl acting as a wedge to
stabilise the unwinding and bend the 3’ overhang into the Cas1 catalytic active site. In
addition to the stacking interaction, the fixed distance between two Cas1 wedges also
acts as a molecular ruler to dictate the length of the new spacer. The 3’ single stranded
overhang is stabilised by an arginine channel in each catalytic Cas1 subunit.

The recognition of CRISPR repeat is accomplished by the Casl-Cas2-prespacer
complex having a strong affinity to the palidromic motif in the repeat. It has been
observed that new spacers are strictly inserted into the leader end of CRISPR array in
vivo, however, in vitro study using Cas1-Cas2 complex alone resulted in integration at
every CRISPR repeat in type | systems (Nufiez et al., 2015b). Indeed, diverse

mechanisms are used to ensure the recognition of the leader-proximal CRISPR repeat



by the Cas1-Cas2 complex in different CRISPR types and subtypes. For example, an
integration host factor (IHF) heterodimer binds to the leader sequence in type I-E
systems and it sharply bends DNA at the leader region (Nufiez et al., 2016). This
recruits the Cas1-Cas2-prespacer complex to the leader-repeat junction by allowing
interaction between a non-catalytic Casl subunit and upstream leader sequence
(Figure 4). It was also shown that the IHF-a subunit might directly interact with a Cas1
subunit and this interaction play a part in efficeint spacer integration (Wright et al.,
2017). In type Il systems, the recognition of the leader-repeat junction solely relies on
a region of intrinsic sequence called leader anchoring site which is immediately
upstream of the first CRISPR repeat (Kim et al., 2019b; McGinn and Marraffini, 2016).
The orientation of the Cas1-Cas2-prespacer complex is determined by the PAM at the
3’ end in one of the prespacer strands and the PAM is detected by the PAM sensing
site in a Cas1 subunit (Wang et al., 2015). After the binding to the CRISPR repeat, the
hydroxyl group (-OH) of the non-PAM 3’ overhang makes the first nucleophilic attack
at the leader-repeat boundary to form a half-site intermediate (Figure 4). Then the
PAM region of the PAM containing 3’ overhang is released by a Casl subunit and
trimmed by an exonuclease such as DnaQ or ExoT to remove the PAM. This fully
processed 3’ overhang makes the second nucleophilic attack at the repeat-spacer
boundary to form a full-site integration product (Kim et al., 2020). During this process,
the CRISPR repeat is duplicated and the single stranded region is repaired by host

proteins such as DNA polymerase and ligase (Jackson et al., 2017).
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Figure 4. E. coli CRISPR type I-E Cas1-Cas2 catalysed spacer integration.

Schematic diagram showing steps of spacer integration. IHF sharply bends the leader
sequence and recruits the Cas1-Cas2 to the leader-proximal repeat. The Cas1-Cas2
complex catalyses the first nucleophilic attack at the leader-repeat junction by the
non-PAM 3’ overhang. Then the PAM containing 3’ overhang is further trimmed by an
exonuclease and the processed 3’ overhang makes the second nucleophilic attack at
the repeat-spacer boundary. During the process, the repeat is duplicated and the
single-stranded regions are repaired by host DNA polymerase and ligase. Figure
adapted from (Lau et al., 2019).
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1.1.3.2. Biogenesis of crRNA

The CRISPR-Cas system is a RNA-guided system that recognises and cleaves specific
nucleic acids. The action of nuclease activity of the effector complex requires the
matured crRNA which contains a spacer sequence for target recognition and part of
repeat seugnece for effector complex binding. During expression, the CRISPR array is
transcribed into a long pre-crRNA from the promoterin the leader sequence. Then the
pre-crRNA is processed by endoribonucleases to generate individual functional
crRNAs. In most type | and type Il systems, the long pre-crRNA is processed by Cas6
proteins (Behler and Hess, 2020). In types I-D, I-E and I-F, palidromic sequences within
a CRISPR repeat form a hairpin structure that recruits Cas6 binding (Charpentier et al.,
2015; Gesner et al., 2011; Kunin et al., 2007) (Figure 5). Cas6 specifically cleaves at the
base of the hairpin located at the 3’ end resulting in a crRNA containing 8 nucleotides
of the repeat sequence at the 5’ end, a complete spacer in the middle and a hairpin
structure of repeat sequence at the 3’ end (Wakefield et al., 2015). In other type | and
type lll systems that lack stable hairpin structures in pre-crRNA, the Cas6 protein
recognises and cleaves within the repeat sequence to yield individual crRNA. The
crRNA is then loaded into the interference effector complex and undergoes further
maturation through trimming of the 3’ end by an unknown ribonuclease (Charpentier
et al.,, 2015).

In type Il systems, the processing of pre-crRNA requires trans-activating crRNA
(tracrRNA) which has sequence complementarity to the repeat region of pre-crRNA
(Deltcheva et al., 2011). Cas9 promotes the tracrRNA binding to pre-crRNA and this
recruits the host RNase lll to cleave at the duplex region resulting in a spacer sequence

flanked by part of repeat sequence at both ends (Karvelis et al., 2013) (Figure 5). The
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5’ end of crRNA is cleaved within the spacer sequence by an unknown nuclease to
generate matured crRNA containing 20 nucleotides spacer-derived guide seqeunce
and around 20 nucleotides of repeat seugence at the 3’ end forming a partial duplex
structure with the antirepeat sequence on the tracrRNA. The tracrRNA has three stem
loop structures that play an important role in stabilising the crRNA-Cas9 complex
(Nishimasu et al., 2014). In type V and VI systems, the single interference effector
proteins Cas12 and Cas13 also possess catalytic activity for crRNA processing in
addition to crRNA-guided target cleavage (East-Seletsky et al., 2016; Swarts et al.,

2017).
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Figure 5. Biogenesis of crRNA in different types of CRISPR-Cas systems.

CRISPR array is transcribed from the leader sequence into a long pre-crRNA. In type |-
D, I-E, I-F systems, Cas6 protein cleaves at repeat sequence (orange triangle), which
forms a hair pin structure, to generate individual crRNA. In other type | and Ill systems
except I-C, Cas6 cleaves within the repeat sequence (orange triangle). The crRNA is
further cleaved at the 3’ end by an unknown nuclease (yellow triangle). In type Il
systems, tracrRNA binds to the repeat sequence in pre-crRNA facilitated by Cas9 and
this triggers cleavage of the RNA duplex region (green triangle) by RNase Ill. The
resulting crRNA is further cleaved by an unknown nuclease at the 5’ end (yellow
triangle) to give matured crRNA for interference. In type V systems that lack tracrRNA
and in type VI systems, the repeat sequence in pre-crRNA forms a secondary structure
that recruits Cas12 or Cas13 effector protein for crRNA processing. The 3’ end of crRNA
was processed by unknown nucleases (yellow triangle).

1.1.3.3. Interference

The formation of crRNA-effector complex allows target searching, which is started
with recognition of a protospacer adjacent motif (PAM). Single molecule studies have
shown that crRNA-effector complexes from types |, Il and V search for target DNA via

facilitated diffusion (Dillard et al., 2018; Globyte et al., 2019; Jeon et al., 2018).
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Facilitated diffusion is a combination of three-dimensional (3D) diffusion and one-
dimensional (1D) sliding or hopping along the DNA and it is a common strategy for
many site-specific DNA binding proteins such as transcription factors and Argonaute
proteins (Cui and Joo, 2019; Halford, 2004). However, a study using single-molecule
fluorescence resonance energy transfer (smFRET) revealed that the E. coli Cascade
complex sampled DNA merely through 3D diffusion (Xue et al., 2017). Another study
using Thermobifida fusca Cascade, which is also from type I-E systems, showed 1D
diffusion along the DNA and identified a Cas8 protein in the Cascade complex is
important in facilitated diffusion (Dillard et al., 2018). A structure-based multiple
sequence alignment showed that the T. fusca Cas8 protein contains a positive channel
formed by conserved lysine/arginine residues on the outer surface and this positive
channel is disrupted in E. coli Cas8, probably explaining the discrepancy in DNA
searching of these two Cascade complexes. After the optimal PAM binding, crRNA
forms duplex with the target strand leading to the destruction of MGEs. The PAM
recognition precedes the crRNA-target duplex formation, thus preventing from
targeting the CRISPR locus in the host’s genome (Xiao et al., 2017).

The CRISPR-Cas systems are divided into six types due to the diversity of effector
complexes during the interference stage. The effector complex of types |, lll and IV
systems consist of multiple Cas proteins while types Il, V and VI systems employ a
single Cas protein with multiple domains. In addition to the architecture of the
effector, the diversity of CRISPR types comes from the target recognition and
mechanism of action. For instance, types |, Il and V recognise DNA but types Il and VI
recognise RNA targets (Jackson et al., 2017). Here, we focus on CRISPR-Cas systems

that target and degrade DNA, i.e. types |, Il and V systems.
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In E. coli type I-E system, Casb6 protein remains bound to the 3’ hairpin structure of the
crRNA after crRNA maturation and this may help the recruitment of other Cas proteins
to form the Cascade complex. Six Cas7 proteins polymerise along the crRNA and a Cas5
protein caps the 5’ end of the crRNA (Jackson et al., 2014). The surveillance complex
also includes two small subunits (Cse2 in E. coli) lying in the middle of the complex and
one large subunit Cas8, also known as Csel, next to the Cas5 protein. A crystal
structure of crRNA-Cascade complex bound to dsDNA revealed that the PAM in the
DNA is recognised in double stranded form and Cas8 is responsible for PAM
recognition (Hayes et al., 2016) (Figure 6). Upon optimal PAM recognition, a glutamine
wedge of Cas8 is inserted underneath the PAM sequence causing the bending and
unwinding of dsDNA. The same research group later presented two cryo-electron
microscopy (cryo-EM) snapshots of crRNA-Cascade complex bound to dsDNA showing
an R-loop intermediate and a full R-loop formation (Xiao et al., 2017). In the R-loop
intermediate snapshot, only 11 base pairs (bp) next to a PAM sequence in the target
DNA are unwound forming a partial R-loop with crRNA compared with 32 bp in full R-
loop formation. This PAM-proximal region contains the seed sequence that
determines the specificity of CRISPR systems. Single point mutations inside the seed
region can severely decrease the affinity of the crRNA-complex to the target DNA
while mutation outside the seed region can be tolerated (Semenova et al., 2011).
When the seed region matches to the crRNA, the R-loop propagates and extends to
form a full R-loop. Upon the full R-loop formation, the Cascade complex undergoes
conformational changes by rotating the Cas8 large subunit and sliding the Cse2 dimer.
This recruits a Cas3 protein which nicks the non-target strand of the R-loop using a HD

nuclease domain (Figure 6). Then a helicase domain of the Cas3 utilises ATP to unwind
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the dsDNA by a DNA reeling mechanism while the Cas3 remains bound to the Cascade
complex. The helicase domain feeds the single-stranded non-target strand to the HD
nuclease domain, which degrades the ssDNA in a 3’ to 5’ direction (He et al., 2020;

Huo et al., 2014; Loeff et al., 2018).
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Figure 6. Target DNA cleavage during interference stage of CRISPR type I-E system
in E. coli.

In E. coli type I-E system, the DNA surveillance Cascade complex comprises of Cas5
(green), Casb (orange), six Cas7 (blue), Cas8 (pink), two Cse2 (yellow) proteins and
crRNA. After identifying the correct PAM (yellow line) and checking the target
sequence complementary to the spacer in crRNA, a full R-loop is formed. This recruits
the helicase/nuclease Cas3 (red), which nicks the non-target strand for binding. The
helicase domain of Cas3 unwinds dsDNA and degrades the non-target strand
intermittently. A crystal structure of E. coli Cascade forming a full R-loop with target
DNA (PDB: 5H9E) is shown on the right with the same colour code of Cascade
described in the schematic diagram except the non-target strand being grey and
crRNA being red. The target DNA was unwound after the PAM (orange) and the target
strand (black) base paired with the crRNA (red).
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In type Il systems, the RNA-guided target recognition and degradation are
accomplished by a single protein, Cas9. The Streptococcus pyogenes Cas9 (SpCas9) is
the best characterised Cas9 protein in type Il systems and its structural studies
provides extensive insights into the molecular mechanisms of RNA-guided DNA
binding and cleavage. Cas9 has a bilobed structure comprising of a recognition (REC)
lobe and a nuclease (NUC) lobe connected by an arginine-rich bridge helix (Nishimasu
et al., 2014) (Figure 7A). The REC lobe consists of three alpha helical domains (REC1-
3) and it is responsible for nucleic acid recognition. The NUC lobe is formed by an HNH
nuclease domain, a RuvC nuclease domain and a PAM-interacting (Pl) domain that
recognises 5'-NGG-3' PAM in SpCas9.

Different Cas9 orthologs recognise different PAM sequences and their Pl domains
share a similar protein fold despite of low sequence similarity. Structural studies of
these Cas9 orthologs revealed that different PAM specificities are caused by different
PAM-interacting residues in the Pl domain (Nishimasu et al., 2015). By comparing the
structure of apo-Cas9 with single guide RNA (sgRNA, crRNA connected with tracrRNA
by a tetranucleotide loop) bound Cas9, it depicts that Cas9 undergoes drastic
conformational changes upon binding to the sgRNA. A cleft appears between the REC
lobe and NUC lobe for accommodating the sgRNA and the position of REC1-3 domains
is rearranged. Cas9 makes extensive interactions with the repeat-antirepeat partial
duplex and stem loop 1in the sgRNA. The stem loops 2 and 3, on the other hand, make
fewer contacts with Cas9 (Jiang and Doudna, 2017). Experimental evidence shows that
mutations changing the structure of the repeat-antirepeat duplex or stem loop 1
significantly decrease the Cas9 function whereas mutations or deletion of stem loops

2 and 3 only marginally affect the Cas9 function (Jinek et al., 2012; Nishimasu et al.,
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2014). This suggests stem loops 2 and 3 are not essential to the Cas9 function but they
stabilise the sgRNA-Cas9 complex.

The binding of sgRNA turns Cas9 from an inactive state to an active DNA surveillance
complex. A crystal structure of sgRNA-Cas9 complex illustrates that the seed region of
sgRNA is preordered into an A-form conformation facilitating the formation of RNA-
DNA heteroduplex (Jiang et al., 2015a) (Figure 7B). In addition, the two arginine
residues in the Pl domain that interacts with the 5'-NGG-3’' PAM are pre-positioned
upon sgRNA binding, thus making Cas9 ready for target DNA searching and binding.
Similar to type | systems, Cas9 first scans for the correct PAM to rapidly identify
potential targets from a long DNA molecule. Then the dsDNA is bent and unwound
from the seed region and a perfect complementarity between the seed region and
target DNA leads to a full R-loop formation (Jiang et al., 2016). Upon the full R-loop
formation, Cas9 undergoes conformational changes which position the HNH active
site towards the target strand. As the HNH domain connects to the RuvC domain via a
loop linker, the linker also undergoes conformational changes bringing RuvC active
site close to the non-target strand (Figure 7B). Both nuclease domains cleave their
corresponding strand of the dsDNA 3 bp from the PAM site giving rise to a blunt ended

DSB (Jiang and Doudna, 2017; Nishimasu and Nureki, 2017).
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Figure 7. SpCas9 catalysed target DNA cleavage in CRISPR type II-A system.

(A) Domain organisation of SpCas9 containing a REC lobe and a NUC lobe connected
by a bridge helix (BH, pink). In type Il systems, the interference effector only contains
one Cas9 protein. SpCas9 contains multiple domains: REC1-3 (grey), HNH (green),
RuvC (blue) and PI (orange). (B) Schematic diagram showing sgRNA-Cas9 forms an R-
loop with PAM containing target DNA and cuts the target DNA. The colour code of
each domain is the same as in (A) and crystal structures at different steps are shown
on the right. In the sgRNA-Cas9 binary structure (top right, PDB: 4ZT0), only the seed
region of guide RNA is shown because the non-seed nucleotides were disordered. In
the sgRNA-Cas9-dsDNA ternary structure (bottom right, PDB: 5F9R), it illustrates that
the PAM (yellow) in target DNA (black) is recognised in duplex form and the HNH
nuclease domain is placed close to the target DNA strand. This conformational change
activates the HNH and RuvC nuclease domains that cleave the target strand and non-
target strand respectively creating a blunt-ended DSB 3 bp upstream of the PAM.
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In CRISPR-Cas type V systems, subtype V-A is the best characterised and studied most.
The effector protein Casl2a (formerly known as Cpfl) contains a bilobed structure
formed by a REC lobe and a NUC lobe similar to Cas9 in type Il systems. The N-terminal
REC lobe consists of the REC1 and REC2 domains. The C-terminal NUC lobe consists of
the RuvC, wedge (WED), Pl and target strand loading (TSL) domains (Dong et al., 2016)
(Figure 8A). The TSL domain is also known as nuclease (NUC) domain but this domain
is actually responsible for presenting the target strand to the catalytic site rather than
target strand cleavage (Liu et al., 2019).

After transcription of pre-crRNA, the repeat region in each crRNA forms a pseudoknot
structure recruiting Cas12a and leading to subsequent processing and maturation of
crRNA in the WED domain in Casl2a (Swarts et al., 2017). In the Casl12a-crRNA
complex, a seed sequence containing five PAM-proximal nucleotides is preordered
into A-form facilitating target DNA binding. The target DNA binding is initiated by
recognition of a T-rich PAM in Casl12a (Yamano et al., 2017). A crystal structure of
Francisella novicida Casl2a showed that a loop-lysine helix-loop region in the PI
domain contains three conserved residues, K667, K671 and K677, which involve in
PAM recognition and target DNA unwinding immediately after the PAM (Stella et al.,
2017). The unwound target DNA strand forms a partial R-loop with the seed sequence
in crRNA acting as a checkpoint as mismatches in the seed sequence are intolerant
(Fonfara et al., 2016). The full complementarity between the seed sequence and
target strand enables the formation of a full R-loop, which induces conformational
change to allosterically activates Cas12a (Stella et al., 2018). Three protein segments
called ‘REC linker’, the ‘lid" and ‘REC finger’ start to interact with crRNA when R-loop

is formed. Notably, in Cas12a-crRNA complex, the ‘lid” in the RuvC domain contains
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residues interacting with the catalytic residues, thus restricting access of DNA
substrates to the catalytic site. Once a stable R-loop is formed, the ‘lid" switches to
interact with crRNA to open the catalytic site and other residues in the RuvC domain
interact with the catalytic residues to stabilise the open conformation of the catalytic
site.

Cas12 relies on one nuclease domain, RuvC, to generate a DSB at target DNA so the
cleavage of target strand and non-target strand takes place sequentially. When the
target DNA forms a R-loop with crRNA, the displaced non-target strand is stabilised by
residues in the Pl domain and by a positively charged groove in the RuvC domain that
guides the non-target strand to the catalytic site (Stella et al., 2017). Therefore, the
non-target strand is cleaved first (Stella et al., 2018; Swarts and Jinek, 2018) (Figure
8B). Cas12 cleaves the target strand downstream of the R-loop generating a staggered
DSB with 5-nt 5’ overhangs. To achieve this, the target DNA downstream of the R-loop
needs to unwind probably by fraying of the nicked DNA (Ferreira et al., 2015) and
structures of Cas12b and Cas12e (CasX) showed that the target strand is bent sharply
to enter the catalytic site mediated by the TSL domain (Liu et al., 2019; Yang et al.,
2016). After generating a DSB, Cas12a releases the cleaved PAM-distal target DNA
while it remains bound to the PAM-proximal cleaved product (Stella et al., 2018).
Because the ‘REC linker’, ‘lid" and ‘Rec finger’ are still interacting with the partial R-
loop, the catalytic site remains open and is solvent exposed to allow access of ssDNA.
This accounts for a non-specific single-stranded DNase activity of Cas12a upon target
binding (Chen et al., 2018). The ssDNA trans-cleavage activity of Cas12a may help the
cell to degrade MGEs during transcription and clear ssDNA phages more rapidly. It was

shown that new crRNA displaces the partial R-loop in Cas12a to terminate the non-

22



specific ssDNA trans-cleavage activity and reset the Cas12a to target new DNA (Stella

et al., 2018).
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Figure 8. Cas12 catalysed cis- and trans-cleavage of ssDNA in CRISPR type V systems.
(A) Domain organisation of Cas12a containing a REC lobe and a NUC lobe connected
by a bridge helix (BH, pink). In type V systems, the interference effector only contains
one Casl12 protein. Cas12a contains multiple domains: REC1-2 (grey), WED (purple),
RuvC (blue), Pl (orange) and TSL (green). (B) Schematic diagram showing target binding
activates Casl2a cis- and trans-cleavage of ssDNA and recycling of Casl2a by new
crRNA. The colour code of each domain is the same as in (A). The Cas12-crRNA forms
an R-loop with target DNA. A crystal structure of F. novicida Cas12a forming R-loop
with dsDNA is shown and the RuvC catalytic residues are shown as sticks and
highlighted with a red circle (top right, PDB: 611K). The formation of the full R-loop
induces conformational changes to activate the RuvC nuclease domain, which cleave
the non-target strand first. Then the target strand bends sharply to enter the RuvC
catalytic site for cleavage. A crystal structure of Alicyclobacillus acidoterrestris Cas12b-
crRNA-tracrRNA binding to a target strand illustrates that the target strand bends
sharply to enter the RuvC catalytic site highlighted with a red circle (bottom right, PDB:
5U30, the REC domain is omitted for clarity). Cas12 generates a staggered cut with 5’
overhangs and the PAM-distal cleaved product is released. Cas12 remains associated
with the PAM-proximal R-loop and stays activated. The accessible catalytic site
catalyses ssDNA cleavage non-specifically and this is stopped by new crRNA displacing
the R-loop.

1.1.4. Evolutionary origin of CRISPR systems

Given that class 1 and class 2 CRISPR-Cas systems contain fundamentally different
effector modules, it is believed that they have evolved independently and through
repeatedly recruiting genes from different MGEs to contribute to adaptive immunity
(Koonin and Makarova, 2019). For instance, casposons from a novel DNA transposon
family have given rise to the highly conserved adaptation module and CRISPR repeats
(Krupovicetal., 2017). Casposon transposition is catalysed by a Cas1 homologue called
casposase, which is suggested to be the ancestor protein of Casl. Upon insertion of
an ancestral casposon, it generates a 15-bp target site duplication (TSD) that serves as
the ancestral CRISPR repeats (Hickman and Dyda, 2015). Casposon is described more
in section 1.2.2.

In class 1 systems, it is evident that type | and type Il systems share common ancestry

because of the architecture of the effector complex. The Cascade complex in type |
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and Csm or Cmr complexes in type Ill all consist of multiple Cas7 subunits as backbone,
a Cas5 protein, small subunits and a large subunit (Nishimasu and Nureki, 2017). It is
suggested that type Il systems are more related to the ancestral state of CRISPR
systems and have given rise to types | and IV because they shows complex gene
composition containing diverse ancillary genes (Makarova et al., 2020). In addition,
this assumption fits a model that the ancestor of the CRISPR-Cas effector module
originated from a stress response system analogous to abortive infection systems
(Short et al., 2018). This putative stress response system contained a Casl0
homologue containing a cyclic oligoA polymerase palm domain (a variant of RNA
recognition motif, RRM) and proteins containing one or both domains of CRISPR-
associated Rossman fold (CARF) and a Higher Eukaryotes and Prokaryotes Nucleotide-
binding (HEPN) domain (Koonin and Makarova, 2019). This system was proposed to
function analogously to the signal transduction pathway identified in most of the type
lll systems. The details of the signal transduction pathway are described in section
1.1.2. In brief, cyclic oligoadenylate (cOA) molecules produced by the palm domain of
the Cas10 homologue in response to phage infection was bound by the CARF domain
containing protein leading to allosteric activation of the indiscriminate RNases activity
from the HEPN domain (Kazlauskiene et al., 2017; Niewoehner et al., 2017). This would
then result in cell growth arrest or programmed cell death (Rostgl and Marraffini,
2019). The ancestral class 1 CRISPR-Cas system was proposed to result from the
merging of two modules: the adaptation module along with CRISPR repeats from
immobilised casposon and the type lll-like effector module from the stress response
system. Then the system evolved through domain duplication and divergence of the

RRM domain in the Cas10 homologue and recruitment of more ancestral cas genes
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from MGEs to give rise to ancestral type lll systems. Then the ancestral type Il systems
lost the signal transduction pathway and gave rise to type | systems by recruiting Cas3
helicase and nuclease and replaced Cas10 with Cas8 as the large subunit. Type IV
systems probably originates from multiple gene loss of the ancestral type Ill systems
(Koonin and Makarova, 2019; Makarova et al., 2020).

In class 2 CRISPR-Cas systems, although Cas9 from type Il and Cas12 from type V
systems share a RuvC domain, this domain shows very low sequence similarity
between the two proteins. Outside of this RuvC domain, the two proteins shares no
sequence similarity so they are not homologous and have evolved independently.
Even within the same type, it was proposed that Cas12 from different subtypes have
evolved independently from different RuvC domain containing TnpB nucleases
encoded by IS605-like transposons (Shmakov et al., 2015). This is because Cas12 from
different subtypes contains unrelated N-terminal regions and distinct target strand
loading (TSL) domains. For type Il systems, Cas9 was found homologous to IscB
proteins encoded by a distinct family of IS605 transposons called insertion sequences
Cas9-like (ISC) (Chylinski et al., 2014; Kapitonov et al., 2016). The IscB proteins are
TnpB-like proteins with an HNH nuclease domain inserted into a RuvC domain and

they are the likely ancestors of Cas9.

1.2. Casposon

1.2.1. Transposable elements

Transposable elements (TEs) are DNA sequences that are capable of moving from one
location to another location within a genome. They are found in virtually all organisms

and can make up a large fraction of the genome. For example, 45% of the human
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genome is comprised of TEs (Munoz-Lopez and Garcia-Perez, 2010). The movement
of TEs within a genome creates genetic diversity of the species and TE insertions can
influence the host’s fitness by inserting into a gene or affecting expression of
surrounding genes. TEs have helped shaping genome architecture and evolution by
causing chromosomal rearrangements, insertions, deletions and horizontal gene
transfer (Chandler, 2017). TEs can be divided into two classes according to their
mechanisms of transposition. Class 1 TEs, also known as retrotransposons, mobilise
via a ‘copy and paste’ mechanism that is catalysed by reverse transcriptases.
Retrotransposons are first transcribed into an RNA intermediate, which is then reverse
transcribed to cDNA for insertion elsewhere in the genome. Class 2 TEs, also known as
DNA transposons, mostly mobilise via a ‘cut and paste’ mechanism that does not
involve an RNA intermediate and is catalysed by transposases (Bourque et al., 2018).
During transposition, transposases are recruited to terminal inverted repeats at both
ends of the transposon and excise the transposon from the genome. Then the
transposon bound transposase makes a stagger cut at a target site elsewhere in the
genome and ligates the transposon to the sticky ends of the target site. Finally DNA

polymerase fills the gap generating target site duplication.

1.2.2. Casposon gave rise to the CRISPR adaptation module and CRISPR repeats

Spacer acquisition is the foundation of CRISPR-Cas adaptive immunity and Casl is
required in this step. As Casl is so important for the system, it was thought that Cas1
was exclusive to the CRISPR-Cas system and Cas1 was used as a marker to identify new
CRISPR-Cas systems. However, a comparative genomic study discovered that two

groups of Cas1 homologues are not associated with any CRISPR systems (Makarova et
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al., 2013). It was subsequently found out that one group of stand-alone Casl
homologues are associated with family B DNA polymerases (PolBs). By analysing the
genomic loci containing casl homologue and polB, it revealed that these loci are
flanked by terminal inverted repeats (TIRs) and target site duplication (TSD) (Figure
9A), which are the hallmark of integrated DNA transposons. Thus, these Casl
homologue containing DNA transposons are termed ‘casposons’ and the authors put
forward that casposon played a crucial role in the origin of CRISPR-Cas system
(Krupovic et al., 2014).

It was then experimentally shown that the Casl homologue encoded by an
Acidoprofundum boonei casposon integrated TIR-derived substrates and the results
suggest that casposons utilise these Casl homologues for transposition. These Casl
homologues are therefore called ‘casposases’ (Hickman and Dyda, 2015). Indeed,
casposase catalyses the insertion of casposon in a similar way to spacer insertion
catalysed by the Cas1-Cas2 adaptation complex in CRISPR-Cas systems (Figure 9B). It
was shown that casposase has a target site preference which requires a 24-30 bp
sequence upstream of the target site and this resembles the requirement of the leader
sequence upstream of the CRISPR array in CRISPR-Cas systems (Béguin et al., 2019;
Hickman et al., 2020). This ‘leader’ sequence varies according to different casposon
families, which will be discussed in more details in section 1.2.4. For family 2
casposons, the ‘leader’ sequence lies in the 3’ distal region of different tRNA genes
(Krupovic et al., 2017). This ‘leader’ sequence recruits casposase to the target site and
defines the ‘leader’-target site boundary in the first nucleophilic attack by the 3'-OH
group of the casposon catalysed by casposase (Béguin et al.,, 2016). The second

nucleophilic attack occurs at the ‘leader’-distal region a fixed distance from the first
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attack and this distance is dictated by the spanning sequence of casposase (Hickman
and Dyda, 2015). Casposase generates a TSD upon casposon integration which
resembles the CRISPR repeat duplication during adaptation. The resemblance of the
two systems emphasises their evolutionary relationships that CRISPR-Cas systems

evolved from an immobilised ancestral casposon.
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Figure 9. Casposase catalyses casposon integration similar to spacer acquisition in
CRISPR-Cas system.

(A) Schematic representation of genome organisation of a general family 2 casposon.
TSD: target site duplication. TIR: terminal inverted repeat. PolB: family B DNA
polymerase. HNH: HNH endonuclease. HTH: helix-turn-helix protein. (B) Comparison
of Cas1-Cas2 complex catalysed spacerintegration in E. coli CRISPR-Cas type I-E system
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(left) with casposon integration catalysed by casposase from family 2 casposons (right).
The Cas1-Cas2 complex is recruited to the leader-proximal repeat by IHF bending the
leader sequence. Casposase is recruited at a target site downstream of the 3’ end of a
tRNA gene by sequence recognition. The first nucleophilic attack occurs at the leader-
repeat boundary in the CRISPR-Cas system and at the tRNA-target site boundary in
casposon integration. The second nucleophilic attack occurs at the opposite strand of
the target DNA distal to the leader or tRNA gene. The ssDNA gaps are repaired by host
polymerase resulting in duplication of the CRISPR repeat or target site. Adapted from
Lau, C. H., Reeves, R., & Bolt, E. L. (2019). Adaptation processes that build CRISPR
immunity: creative destruction, updated. Essays in biochemistry, 63(2), 227-235.

1.2.3. Comparison of casposase structure to Casl structure

A recent study revealed a X-ray structure of Methanosarcina mazei casposase bound
to DNA mimicking post-integration product (Hickman et al., 2020) (Figure 10A). The
DNA used in crystallography contained a 14-bp double-stranded target region and two
8-nt 5’ overhangs at each side representing post-nucleophilic attacks by 3'-OH group
of casposon ends. Casposase forms a tetramer around the DNA and two single-
stranded casposon ends are in a channel leading to the active site in two catalytic
casposases (Figure 10A). When the post-integration structure of casposase is
compared with that of CRISPR-Cas type I-E Cas1-Cas2 complex in E. coli (Figure 10B),
the mode of DNA binding by casposase resembles that of CRISPR Cas1 but they differ
that Cas2 is required by Casl to stabilise the binding of double-stranded region of
integrating spacer (Hickman et al., 2020). When the catalytic monomers of the two
structures are compared, the C-terminal a-helical domains of two proteins align very
well and the single-stranded casposon end after the nucleophilic attack resembles
single-stranded region of the integrating spacer (Figure 10C). The conserved catalytic
residues of the two proteins are in the same position relative to the covalently joined
single-stranded DNA (Figure 10C and Appendix 2). The non-catalytic subunits of

casposase interacts with the target DNA and the interacting residues mostly locates in

30



the C-terminal region (Figure 10D). This interaction between target DNA and non-
catalytic subunits is also observed in CRISPR Cas1 and most of the interacting residues
are in the C-terminal region too (Figure 10E). The Cas2 dimer that bridges two Casl
dimers interacts with both the duplex region of the integrating spacer and the target
DNA. It seems that in the evolution of CRISPR adaptation module, the recruitment of
Cas2 into the ancestral Casl tetramer does not only fix the spacer length by the
molecular ruler mechanism, but it also increases the length of target site. This is
supported by the fact that CRISPR repeats are generally longer than target sites of

casposases (Hickman and Dyda, 2014).
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Figure 10. Structure of M. mazei casposase and comparison to E. coli CRISPR Cas1
(A) M. mazei casposase forms tetramer around DNA mimicking post-integration
complex (PDB: 60PM). Orange subunits are catalytic casposases and yellow subunits
are non-catalytic. The DNA contains double-stranded target site region (green) and 5’
overhangs representing casposon ends after nucleophilic attacks (pink). (B) E. coli
CRISPR type I-E Cas1-Cas2 hexamer bound to DNA mimicking full-site integration (PDB:
5VVK). The brown object is a Cas2 dimer. Cyan subunits are catalytic Casl and light
blue subunits are non-catalytic. The DNA contains integrating spacer (red) with ssDNA
joining part of the target site (yellow) representing post-integration state. (C)
Alignment of DNA (pink-green) bound catalytic casposase subunit (orange) from (A)
to DNA (red-yellow) bound catalytic Cas1 subunit (cyan) from (B). Right, enlarged view
superimposing of catalytic casposase active site residues (orange) with the catalytic
Casl residues (blue). Pink and red parts of DNA represent nucleophilic attack strand
and green and yellow parts of DNA represent target DNA strand. (D) Non-catalytic
casposase subunits in the casposase tetramer interact with target DNA. The
interacting residues in a non-catalytic casposase subunit in (A) are shown as sticks and
coloured black. The colour code is the same as (A). (E) Non-catalytic Cas1 subunits and
a Cas2 dimerin the Cas1-Cas2 complex interact with target DNA (PDB: 5VVJ) using the
same colour code as (B). The interacting residues are shown as sticks and coloured
black in a non-catalytic Cas1 and blue in the Cas2 dimer. Images were created using
PyMOL.

1.2.4. Classification of casposons

All casposons encode casposase and DNA polymerase PolB. Because of this, they are
suggested to be self-synthesising DNA transposons but it lacks experimental evidence
showing the function of PolB in casposons. Casposons are divided into four families
based on gene contents, taxonomic distribution and casposase phylogeny (Krupovic
et al., 2017). Family 1 casposons are distinct from the other three families that they
are exclusively found in the archaeal phylum Thaumarchaeota and the PolBs they
encode are protein-primed PolBs that are closely related to those in archaeal viruses
(Krupovic et al., 2014). One defining feature of family 2 casposons is that casposases
they encode contain additional C-terminal helix-turn-helix (HTH) domain compared
with those in other families (Hickman and Dyda, 2015). Family 2 casposons are

widespread in Euryarchaeota and family 3 is exclusive to bacteria. The PolBs encoded
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by both families are RNA-primed PolB (Makarova et al., 2014). Family 4 casposons are
newly identified in some species of euryarchaeon Methanosarcina mazei that also
contains family 2 casposons (Krupovic et al., 2016). Apart from casposase and PolB,
families 2, 3 and 4 also share genes encoding an HNH endonuclease and a protein
containing an HTH domain. The function of the HNH endonuclease and HTH protein
remain elusive.

Casposons from different families are integrated into different genomic loci
representing different target site preferences of the encoding casposases. Family 1
casposons are found in the 3’ region of the gene encoding aEF-2. Both families 3 and
4 casposons target intergenic regions. Family 2 casposons are found in intergenic
regions or 3’ end of tRNA genes (Krupovic et al., 2017). Biochemical characterisation
of casposases from family 2 casposons illustrated that A. boonei casposase specifically
targets the 3’ end of tRNA-Pro gene and M. mazei casposase targets the tRNA-Leu

gene (Béguin et al., 2016, 2019; Hickman et al., 2020).

1.3. Genome engineering

1.3.1. Gene targeting mediated by homologous recombination

Genetics research employs two opposing strategies of forward and reverse genetics,
which has significantly improved our knowledge of the roles of genes in different
processes such as cellular metabolisms, development and diseases. Forward genetics
involves linking of the observed phenotype to specific gene mutation(s), thus
determining the function of gene(s). Reverse genetics requires certain prior
knowledge of a gene such as DNA sequence and involves introducing user-defined

mutations into specific sites of the gene to cause a phenotypic change. From that, the
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function of the gene or of a domain in the gene is deduced (Gurumurthy et al., 2016).
While forward genetics works in situations of a phenotype controlled by a gene,
reverse genetics is advantageous over forward genetics in more complexed
phenotype that is governed by more than one gene.

The understanding of DNA repair by homologous recombination (HR) has built the
foundation of reverse genetics. It was shown that the his3 gene in vyeast,
Saccharomyces cerevisiae, was knocked out by transforming a plasmid containing
homologous sequence to the chromosomal his3 gene (Scherer and Davis, 1979). This
gene replacement mediated by homologous recombination is also known as gene
targeting and extensively used in yeast leading to the generation of the yeast deletion
collection (Giaever and Nislow, 2014). The gene targeting strategy developed in yeast
inspired the development of recombineering in bacteria and gene targeting in mouse
embryonic stem cells (Urnov, 2018; Zhang et al., 1998). An important study done by
Mario R. Capecchi’s group showed that the hprt gene in mouse embryonic stem (ES)
cells was knocked out by gene targeting by replacing one of the exons with a selection
marker (neo’) (Thomas and Capecchi, 1987). However, the targeting efficiency was
very low that only 1 in 950 neomycin resistant colonies showed desired targeted gene
replacement. Subsequently, the same group developed a strategy of positive-negative
selection to enrich homologous targeting events (Mansour et al., 1988). A targeting
vector contains a positive selectable marker, neo”, within the homology arms for
selecting successful integration of the targeting vector (Figure 11). The targeting
vector also contains a negative selectable marker, HSV-tk, outside the homology arm
for selecting against random insertion of the targeting vector. Cells resulting from

random insertion of the targeting vector express herpes simplex virus thymidine
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kinase from the HSV-tk gene that makes the cells sensitive to ganciclovir and FIAU.
This improved gene targeting strategy became one of the main methods in generating
a collection of mouse ES cell lines that has every gene in the genome knocked out
(Collins et al., 2007). The significance of this kind of research was recognised by the
award of the 2007 Nobel Prize in Physiology or Medicine being awarded to Mario R.
Capecchi, Martin J. Evans and Oliver Smithies, for gene targeting in mouse ES cells.

Gene targeting is a very powerful tool but it also has limitations. The gene targeting
efficiency is limited by homologous recombination efficiency, which is extremely low
and confined to specific cell types and cell cycle (Horii and Hatada, 2016). By using
gene targeting only, conditional genome modification cannot be achieved and this can

lead to embryo lethality in transgenic mice containing knockout of an essential gene.
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Figure 11. Gene targeting strategy using positive-negative selection.

neo’
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A targeting vector contains a positive selectable marker (neo’) flanked by homology
arms (red) targeting to the genome and a negative selectable marker (HSV-tk) outside
the homology arm. In gene targeting, a neo” gene flanked by homology arms replaces
a gene of interest or an exon by homologous recombination. Because HSV-tk is not
integrated into the genome, cells with the gene targeted genome are resistant to
neomycin and FIAU. In random integration, the whole linear vector including HSV-tk
is integrated into the genome making the cells sensitive to FIAU.
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1.3.2. Site-specific recombination

Conservative site-specific recombination is a type of genetic recombination between
a pair of short DNA sequences catalysed by site-specific recombinases (SSRs). Each
DNA sequence contains a pair of inverted repeats for recruiting a dimer or two
monomers of recombinases (Figure 12A). The inverted repeat pair is separated by the
cross-over site where the DNA breakage occurs and this asymmetric sequence could
determine the polarity of the recombination site. Site-specific recombination differs
from homologous recombination that the process does not require long stretches of
DNA homology in the two SSR binding sites and a single protein SSR does all the jobs,
i.e. catalyses DNA cleavage, strand exchange and DNA religation. The outcomes of
site-specific recombination are predictable and include integration, deletion and
inversion depending on the location and orientation of the two recombination sites
(Figure 12B). SSRs catalysed site-specific recombination reactions are generally more
specific and more efficient than other genome engineering tools such as gene
targeting and targeted nucleases (Olorunniji et al., 2016). However, the use of SSRs in
genome manipulation requires pre-integration of SSR binding site(s) into the target
genome that is normally done by gene targeting mentioned in section 1.3.1. By
combining gene targeting and conservative site-specific recombination, cell type
specific and temporal control of genome modification can be achieved in vivo (Ahn

and Joyner, 2004; Lagace et al., 2007).
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Figure 12. Outcomes of SSR catalysed site-specific recombination.

(A) Schematic representation of a recombination site in site-specific recombination.
Grey arrowheads represent a pair of inverted repeats that recruit recombinases. The
inverted repeats are separated by the cross-over site where the DNA breakage occurs.
(B) Site specific recombination can result in insertion, deletion and inversion
depending on the location and orientation of the recombination sites (black and blue
boxes).

SSRs perform a variety of biological functions including integration and excision of
mobile genetic elements and controlling gene expression in some bacteria (Grindley
et al., 2006). They are classified into two families, tyrosine recombinases and serine
recombinases, according to the conserved amino acid residue that makes the
nucleophilic attack to DNA and forms a covalent bond with the DNA during the
recombination reaction. Although they both catalyse DNA recombination, the two
families showed no structural or sequence similarity and displayed different
mechanisms of action during strand exchange. When SSRs bind to inverted repeats in
a recombination site to form a dimer, the two recombination sites are paired to form

a synaptic complex through protein-protein interaction of SSRs. For tyrosine
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recombinases, they generate a single-stranded break at each recombination site and
join the ssDNA between the two recombination sites to form a Holliday junction
intermediate (Figure 13). The Holliday junction is resolved by a second round of ssDNA
breakage and rejoining. Examples of widely used tyrosine recombinase systems in
genome engineering are Cre-loxP from the E. coli bacteriophage P1 and Flp-FRT from
S. cerevisiae 2 plasmid (Gaj et al., 2014). For serine recombinases, the enzymes are
modular containing a N-terminal catalytic domain, which is responsible for core site
recognition and catalysing recombination, and a C-terminal DNA binding domain for
binding to the inverted repeat. After the formation of the synaptic complex, serine
recombinases generate a DSB at each recombination site and strand exchange is
completed by a 180° rotation of two subunits followed by rejoining of the DNA strands
(Li et al., 2005) (Figure 13). Because serine recombinases contain separate catalytic
and DNA binding domains, their catalytic domains were fused to other DNA binding
proteins to achieve DNA recombination at user-defined sites (Akopian et al., 2003;

Standage-Beier et al., 2019). This is discussed in more details in section 1.3.4.
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Figure 13. Strand exchange mechanisms of two different families of SSRs.

Tyrosine recombinases cut and exchange one DNA strand at each recombination site
to form a Holliday junction intermediate. The Holliday junction is resolved by cutting
and exchanging the other pair of DNA strands. Serine recombinases generate a DSB in
each recombination site and the broken DNAs are swapped between the two
recombination sites by a 180° rotation of two subunits.

1.3.3. Genome editing by targeted endonucleases

A key discovery leading to the era of genome editing using endonucleases was that a
DSB generated by a rare endonuclease, I-Scel could be repaired precisely from a donor
DNA by homology-directed repair (HDR) in mitotic dividing mammalian cells (Rouet et
al., 1994). The study also showed the DSB could be repaired by the error-prone non-
homologous end joining (NHEJ) pathway leading to small insertions/deletions (indels).
Subsequent studies showed that the efficiency of gene targeting was enhanced by I-
Scel induced DSBs and hereafter, these genome engineering techniques relying on
DSB repair were collectively termed genome editing (Choulika et al., 1995; Donoho et
al., 1998; Rocha-Martins et al., 2015). Early genome editing techniques utilised
meganucleases, a family of naturally occurring rare cutting restriction enzymes, laid

the foundation of genome editing strategies used today including gene correction,
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insertion and disruption (Figure 14). However, meganucleases such as I-Scel
recognises an 18-bp sequence that is hard to find in the genome. Thus, early genome
editing required pre-integration of the enzyme recognition site into the genome

limiting the potential of the tool (Silva et al., 2011).
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Figure 14. Endonucleases generated DSBs are repaired by two competing pathways
leading to different outcomes.

DSBs generated by endonucleases in genome editing are repaired by either error-
prone non-homologous end joining (NHEJ) resulting in small indels (red asterisk) and
gene knockout or repaired by homology-directed repair (HDR) using donor DNA to
introduce precise point mutation and gene insertion (red box).

Discoveries of the zinc-finger DNA binding domain and the catalytic domain of Fokl

revolutionised genome editing (Li et al., 1992; Miller et al., 1985). The crystal structure
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of a DNA bound Zif268 protein containing three zinc fingers showed that each zinc
finger recognises a 3-bp sequence and the amino acid residues that interact with the
bases were identified (Pavletich and Pabo, 1991). Since then, researchers mutated zinc
fingers for binding to different DNA triplet sequences (Choulika et al., 1995). By linking
several zinc fingers into an array, it generates a DNA binding domain that recognises
user-defined sequences of nX3-bp long where n is the number of zinc fingers in the
array. The first zinc finger nuclease (ZFN) was constructed by fusing a Fokl catalytic
domain to a DNA binding domain containing three zinc fingers (Kim et al., 1996). The
efficiency of this ZFN was lower than the wild-type Fokl because Fokl dimerisation is
required for efficient double-strand break (Bitinaite et al., 1998). Thus, subsequent
ZFNs were designed to work in pair that the zinc finger domain of each ZFN bind to
the opposite DNA strand to allow dimerisation of Fokl in the middle (Figure 15A). The
drawback of ZFNs is the unpredicted specificity or unexpected failure in target DNA
binding arising from neighbouring zinc fingers influencing DNA binding specificity
(Garton et al., 2015).

Transcription activator-like effector nucleases (TALENs) provides an alternative to
ZFNs and they were developed by fusing a Fokl catalytic domain to a transcription
activator-like effector (TALE) DNA binding domain. TALE proteins are naturally
occurring proteins secreted by Xanthomonas bacteria to help bacterial infection of
plants. They bind to promoter sequences of the host plant cell and activate gene
expression leading to programmed cell death (Rémer et al., 2007). It was shown that
TALE proteins bind DNA through a tandem repeat domain of each TALE repeat
containing 34 residues. Each repeat contains two adjacent hypervariable amino acid

residues called repeat variable diresidue (RVD) (Moscou and Bogdanove, 2009). The
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crystal structure of a DNA bound TALE protein revealed that each TALE repeat forms
two alpha helices linked by a RVD containing loop where the second RVD residue
interacts with a DNA base in a base-specific manner and the first RVD residue stabilises
the RVD-containing loop (Deng et al., 2012). Therefore, altering the RVD can affect the
specificity for each of the four DNA bases and the RVD codes for each base were
deciphered (Boch et al., 2009; Cong et al., 2012). A TALEN can target any sequences
by assembly of TALE repeats containing corresponding RVDs (Figure 15B). TALENs are
advantageous over ZFNs that TALE repeats are easier to design than zinc finger motifs
and the DNA binding specificity of TALE is more predictable and reliable (Gupta and

Musunuru, 2014).
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Figure 15. Mechanisms of target DNA recognition and cleavage of ZFNs, TALENs and
Cas9.

(A) Schematic representation of a DSB generated by a pair of ZFNs. The DNA binding
domain in this figure binds a 12-bp sequence with each zinc finger (light blue)
recognises 3 bp. A pair of ZFNs bind to the opposite DNA strands allowing dimerisation
of Fokl (dark blue) and efficient DNA cleavage in the middle (yellow triangle). (B)
Schematic representation of a DSB generated by a pair of TALENs. The TALEN shown
here contains 14 TALE repeats (pink) in tandem and each repeat recognise a single
base specifically. A pair of TALENs bind to the opposite DNA strands allowing
dimerisation of Fokl (dark blue) and efficient DNA cleavage in the middle (yellow
triangle). (C) Schematic representation of a DSB generated by Cas9-sgRNA. Cas9-
sgRNA binds to a PAM (red) containing target DNA that is complementary to the guide
sequence in sgRNA (green). Then Cas9 generates a DSB 3 bp upstream of the PAM
(yellow triangle).
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The discovery of CRISPR loci and subsequent characterisation of the interference
effector protein SpCas9 from type Il systems revolutionised the genome editing field
again (Lander, 2016). The DNA recognition and binding of Cas9 is dependent on a
crRNA-tracRNA dual RNA molecule. Cas9 generates a blunt ended DSB at a PAM
containing DNA sequence that is complementary to the crRNA (Figure 15C). Details of
target DNA binding and cleavage by Cas effector proteins are described in section
1.1.3.3. The CRISPR-Cas9 system was further simplified by linking crRNA and tracrRNA
to form a single guide RNA (sgRNA) (Jinek et al., 2012). Cas9 is advantageous over ZFNs
and TALENs that by simply changing the guide sequence in sgRNA, Cas9 can be
retargeted to a new DNA sequence allowing for multiplexing. ZFNs and TALENSs, on the
other hand, require reconstruction of the DNA binding domain, which is time
consuming (Gupta and Musunuru, 2014). Although Cas9 requires a PAM sequence in
the target DNA for binding, researchers have identified different Cas9 variants that
recognise different PAMs (Hu et al., 2018). In addition, Cas12 interference effector
proteins from type V systems show completely different PAM specificity making them
a new potential genome editing tool (Dong et al., 2016). However, it was later shown
that Cas12 is not ideal as a targeted endonuclease because it cleaves ssDNA non-
specifically when it binds to target DNA. However, this indiscriminate ssDNA cleavage
activity has been exploited as a reporter in Cas12-based high sensitivity nucleic acid
detection tool (Chen et al., 2018; Gootenberg et al., 2018).

The biggest concern regarding using targeted nucleases in genome editing is the off-
target effect. Cas9 can tolerate a few mismatches outside the seed region and still cuts

DNA (Zhang et al., 2015). Increased specificity can be achieved by fusing catalytically
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inactive dCas9 to Fokl and the fusion protein works similarly to ZFNs and TALENs
(Guilinger et al., 2014). For in vivo genome editing, it was shown that directly deliver
Cas9-sgRNA RNP complex into cells along with donor DNA increases editing efficiency

and specificity by limiting the working time-window (Shapiro et al., 2020).

1.3.4. Cas proteins expand research tools

The RNA-guided DNA targeting activity of CRISPR-Cas9 has inspired the development
of many Cas9 chimeric proteins, expanding molecular research tools. Because DSBs
are repaired predominantly by the error-prone NHEJ and precise editing requires HDR,
one of the goals of Cas9 chimeras is to efficiently edit the genome without causing a
DSB. A recent study on the fusion of dCas9 to a catalytic domain of Tn3 resolvase, a
serine recombinase, showed the fusion protein is able to perform RNA-guided site-
specific deletion and insertion despite of low efficiency of integration (0.08%)
(Standage-Beier et al., 2019). In order to integrate a large DNA fragment without
inducing DSBs, RNA-guided DNA transposition was performed by fusing dCas9 to
transposase (Bhatt and Chalmers, 2019) or by using CRISPR associated transposases
found in naturally occurring Tn7-like transposons (Klompe et al., 2019; Strecker et al.,
2019). Precise point mutations can be introduced into the genome using base editors
without causing DSBs. Current base editors are able to convert Cto T, Ato G and Cto
G in a narrow editing window and they were developed from fusions of nickase Cas9
(nCas9) to adenine deaminase or cytosine deaminase enzymes (Gaudelli et al., 2017;
Kim et al., 2019a; Komor et al., 2016). These base editors showed editing efficiency

ranging from 11% to 75% in different targets and cell lines.

47



In addition to directly edit the genome, Cas9 chimeras can also edit the epigenome
and regulate gene expression. At the beginning, CRISPR activation (CRISPRa) tools
were dCas9 fusions to a single transcription activator such as Vp64. Subsequent
development of CRISPRa tools involved fusing transcription activators p65 and Rta to
the Vp64 moiety of dCas9-Vp64 to further increase the expression level of target
genes (Chavez et al., 2015). Similarly, targeted gene repression was achieved by fusing

dCas9 to a transcription repressor KRAB domain (Qi et al., 2013).

1.4. Aims of the project

Casposases are Casl homologues that are found in a novel family of transposons
named casposons. It is suggested that ancestral casposon gave rise to CRISPR
adaptation module and CRISPR repeats, which means casposases might be the
ancestral state of Casl. | was interested in how casposases differ from Casl in terms
of substrate specificity.

The characterisation of A. boonei casposase showed it can integrate a wide variety of
DNA substrates. | attempted to exploit this promiscuous substrate specificity of
casposase in targeted integration by fusing it to SpCas9 mutants from a type II-A
system or dCasX from a type V-E system. We wondered if a Casposase Cas9 fusion
protein can achieve targeted integration in a one-step process to bypass HDR (Figure
16). Fusion proteins were studied biochemically to investigate RNA-guided DNA

integration property.
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Figure 16. A hypothesis of casposase-Cas9 fusion protein can bypass HDR to achieve
targeted DNA insertion.

A recent study biochemically characterised a tyrosine recombinase, IntP™3 integrase
and illustrated that the enzyme catalysed low sequence specificity recombination.
Therefore, in a parallel study, the Int’P™3 integrase was fused to dCas9 to investigate

RNA-guided recombination between homologous sequences.
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Chapter 2

2. Materials and Methods

2.1. Molecular cloning

2.1.1. Polymerase chain reaction (PCR)

All primers used for polymerase chain reactions (PCRs) listed in appendix 1 were
purchased from Sigma-Aldrich (St. Louis, Missouri, US) at 0.05 umole scale and were
delivered purified by desalting. All DNA polymerases were purchased from New
England Biolabs (NEB, Ipswich, Massachusetts, US). Vent® DNA Polymerase was used
to amplify DNA fragments for cloning and PCR reactions were performed with 1 unit
of Vent® DNA Polymerase, 1x ThermoPol Reaction Buffer (20 mM Tris-HCI pH 8.8, 10
mM KCl, 2 mM MgSO4, 10 mM (NHa)2S04, 0.1% Triton® X-100), 200 uM dNTP mix (NEB)
and 0.5 uM of forward and reverse primers. OneTag® Hot Start DNA Polymerase was
used to amplify double-stranded DNA fragments for an integration assay and amplify
DNA fragments after an integration assay. PCR reactions were made the same as Vent
PCR reactions except with 1 unit of OneTaqg® Hot Start DNA Polymerase and 1x OneTaq
Standard Reaction Buffer (20 mM Tris-HCI pH 8.9, 22 mM KCl, 1.8 mM MgCly, 22 mM
NH4Cl, 0.05% Tween® 20, 0.06% IGEPAL® CA-630). PCR amplification programmes
(Table 2.1 and Table 2.2) were carried out using an Applied Biosystems® Veriti™ 96-
Well Thermal Cycler. The annealing temperature of each primer pair was calculated
using the NEB Tm calculator (https://tmcalculator.neb.com/#!/main). PCR products
were resolved on a 0.7% agarose gel containing 0.5 pg/ml ethidium bromide (EtBr,
Sigma-Alrich) in 1x Tris-borate-EDTA (TBE) buffer (89 mM Tris, 89 mM boric acid, 2

mM EDTA) and visualised on a UV-transilluminator (Syngene, Bangalore, India). The
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correct sized band was excised and DNA was gel purified by QlAquick® Gel Extraction

Kit (Qiagen, Hilden, Germany) following manufacturer’s instructions.

Table 2.1. Thermocycling conditions for a Vent PCR

Step Temperature (°C) Time
Initial denaturation 95 2 min
95 15s
30 cycles 55-65 20s
72 60s per kb
Final extension 72 5 min
Table 2.2. Thermocycling conditions for a OneTaq PCR
Step Temperature (°C) Time
Initial denaturation 94 30s
94 15s
30 cycles 45-68 20s
68 60s per kb
Final extension 68 5 min

2.1.1.1. Overlap extension PCR

The first round of PCR included amplification of casposase gene and cas9 gene

respectively. The genomic DNA of Aciduliprofundum boonei T469 was purchased from

Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ,

Braunschweig, Germany). The A. boonei CRISPR-associated endonuclease Casl,

casposase gene (NCBI gene ID: 8827333) was PCR amplified by Vent® DNA Polymerase

using Assem Casp F and Assem Casp R primers (see Appendix 1). The cas9 gene was
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amplified from pMJ806 (Addgene, Watertown, Massachusetts, U.S.) using Assem Cas9
F and Cas9 pDuet R primers. The PCR products were run on agarose gel and the correct
sized DNA was gel purified as described in 2.1.1. Equal molar amounts of purified
products from the first round of PCR reactions were mixed and used as template for
the second round of PCR reaction. Primers Assem Casp F and Cas9 pDuet R were used
and the extension time was lengthened corresponding to the total length of the fusion

product.

2.1.2. Restriction digestion and DNA end modification

All restriction enzymes used in this work were purchased from NEB. DNA was digested
with 1 unit of restriction enzymes in 1x CutSmart® Buffer (NEB, 20 mM Tris-acetate pH
7.9, 50 mM Potassium acetate, 10 mM Magnesium acetate, 100 pug/ml BSA) at 37°C
for one hour. The digested PCR products were purified by QlAquick® PCR purification
Kit (Qiagen). For the digestion of backbone vectors, 1 unit of alkaline phosphatase
from calf intestinal (CIP, NEB) was added to the reaction at the end of digestion and
incubated at 37°C for 30 min. The digested plasmid vectors were then run on 0.7%

agarose gel and purified by QlAquick® Gel Extraction Kit (Qiagen).

2.1.3. Ligation and transformation

A total of 100 ng of DNA containing 3:1 molar ratio of insert: vector was incubated
with 1 pL of T4 DNA Ligase (NEB) in 1x T4 DNA Ligase Reaction Buffer [SO mM Tris-HCI
pH 7.5, 10 mM MgCl2, 10 mM dithiothreitol (DTT), 1 mM adenosine triphosphate
(ATP)] at 16°C overnight. Then the ligation mix was chemo-transformed into DH5a

(see section 2.1.6.1).
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2.1.4. Site-directed mutagenesis

Site-directed mutagenesis was based on PCR to generate insertions, deletions and
substitutions in plasmid DNA. PCR reactions were performed with 1 unit of Q5® High-
Fidelity DNA Polymerase (NEB), 1x Q5 Reaction Buffer (25 mM TAPS-HCI pH 9.3, 50
mM KCI, 2 mM MgCl;, 1 mM B-mercaptoethanol), 200 uM dNTP mix and 0.5 uM of
forward and reverse primers and 2 ng of template plasmid DNA. The PCR amplification
programme was shown in table 2.3. After Q5 site-directed mutagenesis PCR, the
template plasmid was degraded by Dpnl (NEB) at 37°C for one hour. The linear PCR
product was added with 5’ phosphate by T4 Polynucleotide Kinase (NEB) in 1x T4 DNA
Ligase Reaction Buffer at 37°C for 30 min and re-circularised by T4 DNA Ligase at 16°C
overnight. The ligated plasmid was transformed into chemically competent DH5a. (see

section 2.1.6.1).

Table 2.3. Thermocycling conditions for a Q5 PCR

Step Temperature (°C) Time
Initial denaturation 98 30s
98 10s
25 cycles 50-72 20s
72 30s per kb
Final extension 72 2 min

2.1.5. Vectors

The DNA sequences of constructed plasmids were verified by Sanger sequencing
performed by Source BioScience, Nottingham, U.K., and plasmids were purified from
a single colony by QlAprep® Spin Miniprep Kit (Qiagen) following manufacturer’s

instructions. The A. boonei casposase gene was PCR amplified and inserted into
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pPACYC-Duet plasmid between BamHI and Pstl restriction sites. The resulting plasmid
pCHL2 encodes casposase protein with a N-terminal His tag. Q5 site-directed
mutagenesis PCR was used to generate pCHL13 and pCHL14 using pCHL2 as a template.
pCHL13 and pCHL14 encoded a casposase active site mutant H242A and D254A
reactively. The 38 bp terminal inverted repeats (TIRs) of A. boonei casposon were
inserted at both ends of amp® gene in pET-14b to generate pCaspamp plasmid
containing a mini-casposon. The vectors constructed for chapter 3 are listed in table
2.4.

For fusion proteins, the genes encoding SpCas9 and SpdCas9 were amplified from
pMJ806 and pMJ841 respectively that were purchased from Addgene. The
appropriate gene was inserted into pCHL2 downstream of the casposase gene
between Pstl and Notl restriction sites. The sequence between the casposase stop
codon and cas9/dcas9 was replaced by different linkers using Q5 site directed
mutagenesis PCR. The flexible linkers comprised either the 16-residue
‘SGSETPGTSESATPES’ ‘XTEN’ sequence (Guilinger et al., 2014), 18-residue (GGS)s or
24-residue (GGS)s sequence. The vectors constructed for chapter 4 were listed in table
2.4.

A DNA fragment of 250 bp from pACYC-Duet containing integration sites A and B (see
section 4.2.5) was inserted into pMA-T using GeneArt® Gene Synthesis service
(Thermo Fisher) and the resulting plasmid was called pABwt. Another plasmid pABmut
was also synthesised and it contained the same sequence as pABwt except 15 bp
flanking integration sites A and B were mutated to random sequences.

In order to detect full-site integration of oligonucleotide duplex, a pCHL2 plasmid with

the insertion of mini-casposon was used and called pCHL41. This pCHL41 was derived
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from a mini-casposon integration assay and was resistant to both ampicillin (amp) and
chloramphenicol (cm). The chloramphenicol resistance gene (cm®f) in pCHL41 was
inserted with 67 bp at the start of the gene and this caused frameshift inactivating the
gene. The 67 bp sequence included 32 bp DNA sequence flanking the fusion protein
integration site (site B, see section 4.2.5). The resulting plasmid was called pCHL42.
The sgRNA expressing plasmid pgRNA-bacteria conferring ampicillin resistance was
purchased from Addgene. Q5 mutagenesis PCR was used to insert guide sequence
targeting to Escherichia coli lacZ gene into pgRNA-bacteria to generate pglacZ. The
sglacZ RNA expressing locus was PCR amplified and subcloned into pCDF-1b between
Pstl and Xbal sites to generate a sgRNA expressing plasmid, sglacZ smR, conferring
spectinomycin resistance.

For high-fidelity (hf) fusion proteins, three rounds of Q5 mutagenesis PCR were used
to introduce substitutions, K848A, K1003A, R1060A in a His-MBP-Cas9 plasmid
pMJ806 (Addgene). The hfcas9 gene was subcloned into pCHL2. A (GGS)s linker was
inserted to replace the sequence between casposase stop codon and hfcas9 by Q5
PCR to generate a plasmid pCHL29 encoding a Casp-hfCas9 fusion protein. H840A was
introduced into cas9in pCHL29 to generate pCHL30 turning hfCas9 into hfnCas9. D10A
was introduced into ncas9 in pCHL30 to generate pCHL31 turning hfnCas9 into
hfdCas9. A Pstl restriction site was introduced into the hf-fusion protein plasmids and
sglacZ RNA expressing locus was subcloned into the Pstl site to generate a plasmid
expressing both hf-fusion protein and sgRNA.

For experiments in human cells, proteins need to contain a nuclear localisation signal
(NLS) for transport of the protein into the nucleus. A pNLS-His-Strepll plasmid

containing 6xHis tag-NLS-restriction sites-NLS-Strep-tag® Il was constructed by a
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BBSRC DTP student (Mr Andrew Cubbon). pNLS-Cas9 containing cas9 gene inserted
between Pstl and Notl was also made by Andrew Cubbon. Casp-hfnCas9 and Casp-
hfdCas9 genes from pCHL30 and pCHL31 were subcloned into pNLS-His-Strepll
between Pstl and Eagl sites respectively.

The gene encoding casposase from pCHL2 was subcloned into pNLS-His-Strepll
between EcoRl and Sall sites to generate pNLS-Casp. pET 2C-T10-dCasX was purchased
from Addgene and dcasX gene was subcloned into pNLS-Casp between Sall and Eagl
sites. A (GGS)s linker was inserted to replace the sequence between casposase stop
codon and dCasX by Q5 PCR to generate a casposase-(GGS)s-dCasX fusion protein,
Casp-dCasX. The vectors constructed for chapter 5 were listed in table 2.5.

An integrase from Thermococcus nautili plasmid pTN3 (Int’™3, NCBI gene ID:
17125032) was codon-optimised for expression in E. coli and the gene fragment was
synthesised using GeneArt® Gene Synthesis service. The Int?P™3 fragment was cloned
into pACYC-Duet between BamHI and Pstl sites to generate pCHL11. Then dcas9 gene
from pMJ841 was subcloned into pCHL11 downstream of the Int’P™3 gene between
Pstl and Notl restriction sites. The sequence between the Int?™3stop codon and dcas9
was replaced by a (GGS)s linker using Q5 site directed mutagenesis PCR and then
another round of Q5 mutagenesis PCR was used to insert a Strep-tag® Il sequence at
the C terminal end of the protein. The resulting plasmid pCHL49 encoded a His-tagged
and Strepll-tagged fusion protein Int’™3-dCas9. To test the inversion and deletion
activity of IntP™3, a Xhol restriction site was first introduced into a pUC19 plasmid
downstream of the amp® gene. The lacZa gene in pUC19 was PCR amplified and a Xhol
site was added at both ends of the gene fragment. After Xhol digestion and T4 ligation

(NEB) of the gene fragment and the Xhol site containing pUC19 plasmid, the resulting
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plasmids contained two lacZa fragments facing either in the same direction or in the

opposite direction.

Table 2.4. Plasmids constructed and used in chapter 3 and 4

Plasmid

pCHL2

pCHL5

pCHL6

pCHL7

pCHLS8

pCHL9

pCHL10

pCHL13

pCHL14

pCHL20

pCaspamp

pABwt

pABmut

Feature

casposase in pACYC-Duet
casposase-(GGS)s-Cas9 in pACYC-Duet
casposase-(GGS)s-Cas9, Casp-Cas9 in pACYC-
Duet

casposase-XTEN-Cas9 in pACYC-Duet
casposase-(GGS)s-dCas9 in pACYC-Duet
casposase-(GGS)s-dCas9, Casp-dCas9 in
pACYC-Duet

casposase-XTEN-dCas9 in pACYC-Duet
casposaset?4?A in pACYC-Duet

casposaseP?** in pACYC-Duet
casposaseP?>*A-(GGS)s-dCas9 in pACYC-Duet
amp® gene flanked by 38 bp A. boonei
casposon TIR

250 bp from pACYC-Duet including integration
sites A and B from fusion protein integration
assay was inserted in pMA-T.

Same as pABwt except integration sites A and

B were mutated to random sequences

Antibiotic resistance

chloramphenicol
chloramphenicol

chloramphenicol

chloramphenicol
chloramphenicol

chloramphenicol

chloramphenicol
chloramphenicol
chloramphenicol

chloramphenicol

ampicillin
ampicillin
ampicillin
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psglacZl

psglacZ1

smR

psglacZ2

psglacZ2

smR

pCHL27

pCHL29

pCHL30

pCHL31

pCHL35

pCHL36

pCHL37

sgRNA targeting to the middle position of E.
coli lacZ gene in pgRNA-bacteria

sgRNA targeting to the middle position of E.
coli lacZ gene in pCDF-1b

sgRNA targeting to the start position of E. coli
lacZ gene in pgRNA-bacteria

sgRNA targeting to the start position of E. coli
lacZ gene in pCDF-1b

His-MBP-hfCas9 (K848A, K1003A, R1060A) in
pMJ806

casposase-(GGS)s-hfCas9, Casp-hfCas9 in
pACYC-Duet

casposase-(GGS)s-hfnCas9  H840A, Casp-
hfnCas9 in pACYC-Duet
casposase-(GGS)s-hfdCas9, Casp-hfdCas9 in
pACYC-Duet

Casp-hfCas9, sgRNA targeting lacZ (sglacZ1) in
pACYC-Duet

Casp-hfnCas9, sgRNA targeting lacZ (sglacZ1) in
pACYC-Duet

Casp-hfdCas9, sgRNA targeting lacZ (sglacZ1) in

pACYC-Duet

ampicillin

spectinomycin

ampicillin

spectinomycin

kanamycin

chloramphenicol

chloramphenicol

chloramphenicol

chloramphenicol

chloramphenicol

chloramphenicol
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pCHL41

pCHLA2

pCHL50

pNLS-Cas9
pNLS-
hfnCaspoR
pNLS-

hfdCaspoR

pCHL2 with the insertion of mini-casposon

pCHL41 with 67 bp insertion immediately
downstream of cm® start codon

Casp-hfdCas9, sgRNA targeting lacZ (sglacZ2) in
pACYC-Duet

His-NLS-Cas9-NLS-Strep in pACYC-Duet
His-NLS-Casp-hfnCas9-NLS-Strep in pACYC-
Duet

His-NLS-Casp-hfdCas9-NLS-Strep in  pACYC-

Duet

Table 2.5. Plasmids constructed and used in chapter 5

Plasmid
pNLS-
Casp
pNLS-
dCaspoX
pCHL11

pCHL43

Feature

His-NLS-casposase-NLS-Strep in pACYC-Duet

His-NLS-Casp-dCasX-NLS-Strep in pACYC-Duet

IntP™3 in pACYC-Duet
lacZa gene inserted downstream of amp® gene
in pUC19, same orientation as the original

lacZa

ampicillin and

chloramphenicol

ampicillin

chloramphenicol

chloramphenicol

chloramphenicol

chloramphenicol

Antibiotic resistance

chloramphenicol

chloramphenicol

chloramphenicol

ampicillin
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pCHL44 lacZa gene inserted downstream of amp® gene ampicillin
in pUC19, opposite orientation as the original
lacZa

pCHL49 His-IntP™3-dCas9-Strep in pACYC-Duet chloramphenicol

2.1.6. Bacterial cell strains

The details of cell strains are listed in table 2.6. DH5a was used in cloning and used in
transforming plasmids after an integration assay. L-arabinose inducible T7 RNA
polymerase strain BL21-Al was used in protein expression for protein purification and
in vivo assays. EB286 was used to generate CLO03 by P1 transduction. CLO03 and

EB377 were used in in vivo assays.

Table 2.6. E. coli cell strains used in this project
Strain Features

DH5a F—, $80/acZAM15, A(lacZYA-argF)U169, recAl, endAl, hsdR17(rK-,

mK+), phoA, supE44, \—, thi-1, gyrA96, relAl

BL21-Al F—, ompT, hsdSB (rB—, mB-), gal, dcm, araB::T7RNAP-tetA
EB286 Wild type K-12 MG1655, AlaclYZA::FRT

CLo03 Wild type K-12 MG1655, AlaclYZA::FRT, araB::T7RNAP-tetA
EB377 Wild type K-12 MG1655 background, araB::T7RNAP-tetA
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2.1.6.1. Making chemocompetent cells and chemical transformation

Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast extract, 1% NaCl, 2mM NaOH)
was inoculated with one cell colony and it was incubated at 37°C with shaking
overnight. Fresh LB with inoculation of a hundredth of overnight culture was grown at
37°C with shaking until optical density at 600 nm wavelength (ODeoo) reached 0.4-0.6.
The cells were pelleted and resuspended in ice-cold 0.1 M CaCl;, to a fifth of LB’s
volume. After incubation on ice for one hour, cells were pelleted again. The cells were
resuspended in ice-cold 0.1 M CacCl, and 30% glycerol to a fifth of LB’s volume. The
cells can be used directly for transformation or flash frozen for storage at -80°C.

For transformation of chemically competent E. coli, 100 uL competent cells were
mixed with 20-100 ng of plasmid DNA and incubated on ice for 5 min. Then the cells
were heat shocked at 42°C for 1 min following incubation on ice for 5 min. LB was
added to the cells to a final volume of 1 mL and the culture was grown at 37°C for one
hour. The cells were resuspended in 100 pL of LB and spread on a LB agar plate (1.5%
w/v agar in LB) containing appropriate antibiotics. The details of antibiotics used are

listed in table 2.7.

Table 2.7. Antibiotics used in this project

Antibiotic Working concentration Supplier
Ampicillin 50ug/mL Sigma
chloramphenicol  25ug/mL Sigma
Kanamycin 50ug/mL AppliChem
Spectinomycin 50ug/mL Sigma
Tetracycline 10pug/mL AppliChem
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2.1.6.2. Making electrocompetent cells and electroporation

An overnight culture was set up in LB. Super optimal broth (SOB, 2% tryptone, 0.5%
yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM MgS04) was inoculated
with a hundredth of overnight culture and grown at 37°C with shaking until ODgoo of
0.5-0.7 was reached. Cells were pelleted and resuspended in ice-cold sterile 10%
glycerol in the same volume as SOB and this procedure was repeated twice. After cells
were spun down and the supernatant were poured off, residual 10% glycerol was used
to resuspend the cell pellet. The cells can be used directly for electroporation or flash
frozen for storage at -80°C.

Electrocompetent cells were mixed with DNA and transferred to a cold 1mm
electroporation cuvette. The cells were electroporated using an electroporator that
was set at 1.8 kV, 200 ohms and 25 pF. Super optimal broth with catabolite repression
(SOC, SOB + 20mM glucose) was added to the cells to a final volume of 1 mL and
incubated at 37°C for one hour. The cells were pelleted and spread on LB plate

containing appropriate antibiotics.

2.1.6.3. P1 transduction of genes between E. coli strains

The procedure of P1 transduction was followed using a protocol from Thomason et al.,
(2007). To generate CLO03, BL21-Al was used as a donor strain. Overnight culture of
BL21-Al was diluted 100-fold in LB containing 0.2% of glucose and 5 mM CacCl, and was
grown at 37°C for 45 min. A volume of 100 pL P1vir was added to the culture and
incubated for three hours to lyse cells. A few drops of chloroform were added, and
the culture was spun down. The supernatant containing P1vir-BL21-Al was collected

and stored at 4°C.
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Overnight culture of a recipient strain EB286 was pelleted and resuspended in one-
half original culture volume of sterile P1 salts solution (10 mM CaClz, 5 mM MgSQa).
Resuspended cells in 100 pL P1 salts solution were mixed with 10 uL of P1vir-BL21-Al
and incubated at room temperature (RT) for 30 min. The cells were added with 1mL
LB and 200 plL of 1 M sodium citrate and incubated at 37°C for one hour. The cells
were spun down and resuspended in 100 plL of LB before spreading on a LB agar plate
containing 5 mM sodium citrate and 5 pg/ml tetracycline. The plate was incubated at
37°C overnight and a single colony was streaked on a new plate the next day. This was

repeated a second time to remove residual P1 phage.

2.2. Protein expression and purification

2.2.1. Recombinant protein expression by classical induction and cell harvesting

A single colony of BL21-Al harbouring plasmid for expression of a target protein was
used to inoculate 50 mL LB containing antibiotics to establish an overnight culture.
The overnight culture was diluted 100-fold and grown in two litres of LB containing
antibiotics at 37°C until ODeoo reached 0.6. Protein expression was induced by addition
of L-arabinose and isopropyl-B-D-thiogalactopyranoside (IPTG) to a final
concentration of 0.1% (w/v) and 0.5 mM respectively. The culture was incubated at
18°C overnight. Cells were pelleted at 4,000 rpm for 10 min and resuspended in buffer
containing 25 mM Tris pH 7.5, 500 mM NaCl, 20 mM imidazole and 1x protease
inhibitor cocktail (Roche, Basel, Switzerland). The resuspended cells were stored at -
80°C. Proteins used in all assays in this study were purified from expression by classical

induction because auto-induction did not work.
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2.2.2. Recombinant protein expression by auto-induction

The procedure of auto-induction was followed using a protocol from Studier (2005).
An overnight culture of BL21-Al harbouring plasmid for expression of a target protein
was prepared as described in 2.2.1. The overnight culture was diluted 100-fold in one
litre of ZYM-5052 medium (1% tryptone, 0.5% yeast extract, 25 mM Na;HPO4, 25 mM
KH2PO4, 50 mM NH4Cl, 5 mM NazS0s4, 2 mM MgS0a4, 0.5% glycerol, 0.05% glucose,
0.2% o-lactose, 0.05% L-arabinose, 0.2x trace elements) containing antibiotics. The
culture was grown at 37°C for eight hours and then at 25°C for 24 hours. Cells were

harvested as in section 2.2.1.

2.2.3. Recombinant protein purification

Resuspended cells were thawed and sonicated on ice for 3 min for every 5 mL with
10s pulses. The lysed cells were incubated with DNase | (Sigma-Aldrich) on ice for 20
min and centrifuged at 35,000 g for 30 min at 4°C. A 5 mL HiTrap® Chelating High
Performance column (GE Healthcare, Chicago, lllinois, U.S.) was connected with a
AKTA start protein purification system (GE Healthcare) and charged with NiCl,
followed by equilibration with cell resuspension buffer. The soluble protein fraction in
supernatant was loaded onto the column and washed with the cell resuspension
buffer. Proteins were eluted by a linear gradient from 0% to 100% Ni buffer B (25 mM
Tris pH 7.5, 500 mM NacCl, 400 mM imidazole, 10% glycerol) and a graph of absorbance
at 280 nm (Azs0) against eluted fractions was given by the AKTA start system. Eluted
fractions was run on 8% SDS polyacrylamide gel for analysis (For SDS-polyacrylamide
gel electrophoresis, SDS-PAGE, see section 2.3). Fractions containing the desired

protein were dialysed at 6°C against heparin buffer A (25 mM Tris pH 7.5, 150 mM
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NaCl, 10% glycerol) overnight. Then the protein sample was loaded onto a 1 mL
HiTrap™ Heparin HP column (GE Healthcare) and washed by heparin buffer A. The
proteins were eluted by a linear gradient from 0% to 100% heparin buffer B (25 mM
Tris pH 7.5, 1 M NaCl, 10% glycerol). Fractions containing desired protein were
identified using Coomassie staining of a 8% SDS-PAGE gel, and these fractions were
concentrated by a Microsep™ Advance centrifugal device (VWR, Radnor, Pennsylvania,
U.S.) with 100 kDa molecular weight cut off (MWCO) for fusion proteins and 10 kDa
MWCO for casposase. The buffer was also exchanged at this step to storage buffer (25
mM Tris pH 7.5, 500 mM NaCl, 15% glycerol) and the concentrated proteins were
stored at -80°C. All purified proteins were listed in table 2.8.

The purification step of Cas9 and dCas9 was the same as above. After the heparin
column, the protein sample was added with 1 mg of TEV protease (Sigma-Aldrich) and
was dialysed at 6°C against TEV buffer (25 mM Tris pH 8.0, 500 mM NaCl, 10% glycerol)
overnight to remove the MBP tag. The cleaved protein sample was concentrated by
100 kDa MWCO Microsep™ Advance centrifugal device and then subjected to size
exclusion chromatography on a HiPrep™ 16/60 Sephacryl® S-300 HR column (GE
Healthcare) using the protein storage buffer. SDS-PAGE was run for analysis and
fractions containing the protein with correct size were concentrated by a centrifugal
device and stored at -80°C.

For purification of NLS-Cas9 and Int’™3-dCas9, which contained an addition C-terminal
strep-tag® Il, the pH of all buffers was pH 8.0. Proteins eluted from a 5 mL NiCl,
charged HiTrap® Chelating High Performance column was run through 2 mL of Strep-
Tactin® Macroprep® resin (IBA Lifesciences, Gottingen, Germany). The column was

washed with buffer W (100 mM Tris pH 8.0, 300 mM NaCl) and protein was eluted
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with buffer E (100 mM Tris pH 8.0, 300 mM NaCl, 5mM desthiobiotin). Fractions

containing the protein with correct size were concentrated and stored at -80°C.

Table 2.8. Proteins purified in this study
Expressing

Protein

Casposase

Casposaset?42A

CasposaseP?3%A

Cas9

dCas9

Casposase-
(GGS)e-Cas9
Casposase-
(GGS)g-Cas9
(Casp-Cas9)
Casposase-XTEN-
Cas9

Casposase-

(GGS)e-dCas9

plasmid
pCHL2

pCHL13

pCHL14

pMJ806

pMJg41

pCHL5

pCHL6

pCHI7

pCHL8

Purification steps

NiCl; column then heparin column

NiCl; column then heparin column

NiCl; column then heparin column

NiCl; column, heparin column, TEV protease
cleavage, S-300 gel filtration column

NiCl; column, heparin column, TEV protease
cleavage, S-300 gel filtration column

NiCl; column then heparin column

NiCl; column then heparin column

NiCl; column then heparin column

NiCl; column then heparin column
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Casposase- pCHL9 NiCl; column then heparin column
(GGS)s-dCas9

(Casp-dCas9)

Casposase-XTEN- pCHL10 NiCl; column then heparin column
dCas9
CasposaseP?3%A- pCHL20 NiCl, column then heparin column

(GGS)s-dCas9

Casp-hfCas9 pCHL29 NiCl; column then heparin column
Casp-hfnCas9 pCHL30 NiCl; column then heparin column
Casp-hfdCas9 pCHL31 NiCl; column then heparin column
NLS-Cas9 pNLS-Cas9 NiCl; column then Strep-Tactin® resin
NLS-Casp- pNLS-hfnCaspoR NiCl; column then heparin column
hfnCas9

NLS-Casp- pNLS-hfdCaspoR NiCl; column then heparin column
hfdCas9

Casp-dCasX pNLS-dCaspoX NiCl; column then Strep-Tactin® resin
IntP™N3 pCHL11 NiCl> column then heparin column
IntP™3.dCas9 pCHL49 NiCl> column then Strep-Tactin® resin

2.3. SDS-PAGE and western blot

Protein containing samples were mixed with 4x SDS loading buffer (120 mM Tris pH
6.8, 8% SDS, 20% glycerol, 0.5% bromophenol blue) and 30 mM DTT, boiled at 95°C

for 10 minutes and were run through an 8% SDS polyacrylamide gel in buffer (25 mM
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Tris, 190 mM glycine, 0.1% SDS) at 140V for 70 min. To visualise proteins present, gels
were stained using staining buffer (10% acetic acid, 40% methanol, 1 g/L brilliant blue
R-250) and de-stained using de-staining buffer (10% acetic acid, 20% methanol).

For western blotting, proteins in the gel were transferred onto an Amersham Hybond
Polyvinylidene fluoride (PVDF) membrane (GE Healthcare). The wet transfer process
was carried out in transfer buffer (25 mM Tris, 190 mM glycine, 5% methanol) at 30 V
at 6°C overnight. The membrane was blocked with 5% milk in TBST buffer (20 mM Tris
pH 7.5, 150 mM NaCl, 0.1% Tween 20) at RT for one hour following three washes with
TBST. Then the membrane was incubated with 1:1000 biotin-conjugated anti-6xHis
antibody (Invitrogen, Carlsbad, California, U.S.) in TBST containing 5% BSA and 0.05%
sodium azide at RT for one and a half hours. The membrane was washed with TBST
three times and subsequently incubated with 1:3000 HRP-conjugated anti-biotin
antibody (Cell Signaling Technology, Danvers, Massachusetts, U.S.) in TBST containing
5% skimmed milk at RT for one hour. After three washes of TBST, the proteins on the
membrane were visualised using Immobilon® Forte Western HRP Substrate (Merck
Millipore, Burlington, Massachusetts, U.S.) to capture and the chemiluminescence in

a Fujifilm LAS-3000 Imager (Fujifilm, Minato City, Tokyo, Japan).

2.4. Measurement of protein and oligonucleotide concentration
The concentration of purified proteins and oligonucleotides was determined using the

Beer—Lambert law as shown below:

A
eXxl

CcC =

Where c is the concentration and A is the absorbance at 280 nm (Azs0) for protein and

at 260 nm (Aze0) for DNA and RNA. The Azso and Aze0 were measured by a NanoDrop™
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spectrophotometer (Thermo Scientific, Waltham, Massachusetts, U.S.). L is the path
length in cm and the value is 1 in this case. € is the extinction coefficient which of
proteins was calculated using protein amino acid sequences and ExPASy ProtParam
(https://web.expasy.org/protparam/) and of oligonucleotides was calculated using
oligonucleotide sequences and OligoAnalyzer (Integrated DNA Technologies,

https://eu.idtdna.com/calc/analyzer/).

2.5. Generation of nucleic acid substrates

2.5.1. Oligonucleotides

Synthetic oligonucleotides were purchased from Sigma at 0.2 pmole scale and
delivered purified by High-performance liquid chromatography. Oligonucleotides

used in this project were listed in table 2.9.

Table 2.9. Oligonucleotides used in this project.
Oligonucleotides used in human cells are highlighted with the bases showing

introduced mutations.

Name Sequence from 5’ to 3’

Cy5 MW14 /Cy5/CAACGTCATAGACGATTACATTGCTACATGGAGCTGTCTAGAGG

ATCCGA

MW14 CAACGTCATAGACGATTACATTGCTACATGGAGCTGTCTAGAGGATCCG
A

MW12 TCGGATCCTCTAGACAGCTCCATGATCACTGGCACTGGTAGAATTCGGC

PM16 TGCCGAATTCTACCAGTGCCAGTGAT

EW3 TCGGATCCTCTAGACAGCTCCATGTAGCAATGTAATCGTCTATGACGTT
G
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CL1

CL2

CL3

Cy5 PM32
Cy5 LE30 top
LE30 top
Cy5 LE30 atk
LE30 atk

Cy5 TK24
TK24

TK25

FAM TK24

CL4

CL5
CLé
CL7
ssODN

for

Cas9

EGFP CaspoR

oligo

CGGTCACGTCTATCCCCACTACGAGGAGAGTCTTGAGTGTAAAATTGT
/Cy5/AGGGGATGTATATATATCCCCCTCCTCGTAGTGGGGATAGACGT
GACCG

ACAATTTTACACTCAAGACT

/Cy5/TGTAATCGTCTATGACGTT
/Cy5/GGGGATATATATACATCCCCTCTTAAGTTC
GGGGATATATATACATCCCCTCTTAAGTTC
/Cy5/GAACTTAAGAGGGGATGTATATATATCCCC
GAACTTAAGAGGGGATGTATATATATCCCC
/Cy5/GCAGTCCCCTCGCCTCAGCTACGCTCGT
GCAGTCCCCTCGCCTCAGCTACGCTCGT
CGTAGCTGAGGCGAGGGGACTGCTGGGC
/6-FAM/GCAGTCCCCTCGCCTCAGCTACGCTCGT
GCCGAATTCTACCAGTGCCAGTGATCATGGAGCTGTCTAGAGGATCCG
A

GCAGTCCCCTCGCCCAGTACGCTCG
CGTACTGGGCGAGGGGACTGCTGGG
GGGTAACGCCAAGGGTTTTCCCAGTC
AGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGT
GACCACCCTGAGCCACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCAC
ATGAAGCAGCACGACTTCTTCA

TAGCGGCTGAAGCACTGCACGCCGTGGCT
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site B hairpin  ATCAGCGCTAGCGGAGTGTATACTGGCTTACTATGTTGGCACTGATGAG
GGTGTCAGTGAAGTGCTTCATGTGGCGAAAGCCACATGAAGCACTTCA
CTGACACCCTCATCAGTGCCAACATAGTAAGCCAGTATACACTCCGCTA

GCGCTGAT

2.5.2. Assembly and purification of short double-stranded substrates

To make double-stranded DNA substrates containing Cyanine5 (Cy5) labelling, 5uM of
C5 oligo was mixed with 6uM unlabelled oligo(s) in annealing buffer (10 mM Tris pH
7.5, 50 mM NaCl, 1 mM EDTA). The mixture was heated at 95°C for 10 min and slowly
cooled down to RT. The annealed substrate was separated from the unannealed oligos
by running the mixture on an 8% native polyacrylamide gel in 1x TBE buffer. Substrate
containing band was cut out and eluted in elution buffer (20 mM Tris pH 8.0, 50 mM
NacCl).

Unlabelled double-stranded DNA substrates were made from mixing equal molar
concentrations of complementary oligos in annealing buffer. The mixture was heated
to 95°C for 10 min and cooled to RT for at least three hours. The substrates were
stored at -20°C and the concentration of DNA substrates was measured at Ago using

NanoDrop™ spectrophotometer (see section 2.4).

2.5.3. Generation of Cas9 sgRNA
The ssDNA in table 2.10 was amplified by PCR to generate dsDNA containing a T7

promoter, a guide sequence and a scaffold of the sgRNA. Then the sgRNA was
transcribed from the dsDNA by a HiScribe™ T7 High Yield RNA Synthesis Kit (NEB). The

reaction was treated with RNase-free RQ1 DNase (Promega, Madison, Wisconsin, U.S.)
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to remove the template DNA and the sgRNA was run on a pre-run 8% polyacrylamide,

7M urea denaturing gel in 1x TBE buffer at 10 W for two and a half hours. The sgRNA

was visualised by UV shadowing and the band was excised for elution in RNase-free

water at 4°C for 24 hours prior to ethanol precipitation (see section 2.6). The

concentration of sgRNA was measured at Axso (see section 2.4).

Table 2.10. ssDNAs that were used to generate Cas9 sgRNA.
Bases in red were T7 promoter sequence and bases in light blue were spacer DNA

sequence.
Name

sgMW14 ssDNA

sgpACYC ssDNA

sgpUC19 ssDNA

sgpCHL42 ssDNA

sgEGFP HDR ssDNA

Sequence from 5’ to 3’

TAATACGACTCACTATAGG TTT
TAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTAT
CAACTTGAAAAAGTGGCACCGAGTCGGTGCTT
TAATACGACTCACTATAGG GTT
TTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTA
TCAACTTGAAAAAGTGGCACCGAGTCGGTGCTT
TAATACGACTCACTATAGG GTT
TTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTA
TCAACTTGAAAAAGTGGCACCGAGTCGGTGCTT
TAATACGACTCACTATAGG GTT
TTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTA
TCAACTTGAAAAAGTGGCACCGAGTCGGTGCTT
TAATACGACTCACTATAGG GTTTT
AGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATC

AACTTGAAAAAGTGGCACCGAGTCGGTGCTT
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sgEGFP CaspoR ssDNA TAATACGACTCACTATAGG GTTTT
AGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATC

AACTTGAAAAAGTGGCACCGAGTCGGTGCTT

2.6. Ethanol precipitation of nucleic acid

One tenth volume of 3 M sodium acetate, pH 5.2 was added to DNA and 3 times
volumes of 100 % absolute ethanol was added to the mix. After overnight storage at -
20°C, the mix was centrifuged at 13,000 rpm for 30 min at 4°C. The supernatant was
discarded and the pellet was washed with 70 % ethanol followed by centrifugation at
13,000 rpm for 30 min at 4°C. The supernatant was discarded and the pellet was air-

dried followed by resuspension in sterile distilled water.

2.7. Protein biochemical assays

2.7.1. Disintegration

Fluorescent DNA fork 3 substrate was formed by annealing a 5’ Cy5 labelled MW 14 to
unlabelled MW12 and PM16. Fork casposon was generated by annealing Cy5 labelled
CL2 to CL1 and CL3. The disintegration assay was carried out by incubating proteins
(concentrations indicated in the relevant figures) with 25 nM fork substrates in an
integration buffer (final concentration of 25 mM Tris pH 7.5, 106 mM KCI, 50 pg/ml
BSA, 5 mM MnClz, 2 mM DTT, 9% glycerol) for 1 hr at 37°C. The reaction was then
guenched by incubating with proteinase K stop buffer to a final concentration of 10
mM Tris pH8, 24 U proteinase K (Invitrogen), 20 mM EDTA at 37°C for 30 min.
Formamide loading dye (80 % formamide, 0.25 % orange G, 20 % glycerol) and 100

nM unlabelled MW 14 were added to reactions and the samples were heated at 95°C
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for 10 min. Reaction products were run on a pre-run 20% 7 M urea polyacrylamide gel
in 1x TBE at 7 W for two hours. The gel was analysed by a fluorescent image analyser

FLA-3000 (Fujifilm).

2.7.2. DNA oligos integration

Integration assays which contained fluorescent DNA substrates, were carried out by
incubating 150 nM proteins with 100 nM fluorescent DNA substrates and 150 ng
plasmid DNA in an integration buffer (see section 2.7.1) for one hour at 37°C. In the
case of Cas9 fusion proteins, three-fold molar excess of sgRNA was first incubated with
the fusion proteins at RT for 10 min to form RNP complexes. Target plasmid was then
added to the RNP complexes and incubated at 37°C for 20 min. DNA substrates were
added and the reaction was incubated at 37°C for one hour before being quenched by
proteinase K stop buffer at 37°C for 30 min. Reaction products were run on a 0.8 %
agarose gel in 1X TBE at 120 V for 70 min. The gel was imaged using an Amersham
Typhoon Biomolecular Imager (GE Healthcare) to detect Cy5 signal for observing assay
products. After this step the gel was stained with ethidium bromide to observe all DNA
by a UV-transilluminator (Syngene). Bands corresponding to DNA from integrated
plasmids were excised and DNA extracted using Qiagen gel extraction kit. PCR
reactions were carried out as described in section 2.1.1 to amplify integrated region
for assessment on a 0.8 % agarose gel. Bands corresponding to DNA from targeted
integration were excised and DNA extracted followed by sending to Sanger
sequencing.

In integration reactions using site B hairpin as a target, 150 nM proteins were first

incubated with 450 nM sgpACYC RNA followed by incubation with 450 nM site B
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hairpin. Cy5 labelled DNA substrate TK2425 at 30 nM was added and incubated at 37°C
for up to 60 min followed by proteinase K treatment at 37°C for 30 min. Reaction
products were heated at 95°C for 10 min and run on 10% polyacrylamide, 7 M urea
denaturing gel in 1x TBE at 10 W for two and a half hours. The gel was imaged by
Amersham Typhoon Biomolecular Imager to detect a band shift corresponding to DNA
integration.

For integration assays using unlabelled DNA substrates, the plasmid DNA was ethanol
precipitated as described in section 2.6 after proteinase K treatment to remove
proteins from reactions. Plasmid DNA was then electroporated into E. coli to select for
integrated plasmid following the method described in section 2.1.6.2, or PCR reactions
were carried out to detect integrated products as described in section 2.1.1. When a
target plasmid pUC19 was used, a blue/white screening was carried out when the
integrated plasmids were transformed into E. coli. The transformed cells were plated
on LB agar plates containing antibiotics, 20 pg/ml X-gal, 1 mM IPTG. The plates were

incubated at 37°C overnight and blue and white colonies appeared the next day.

2.7.3. Integration of longer DNA molecules

The amp® gene was amplified from pCaspamp and by using different primers, the
amp® gene was flanked by A. boonei casposon TIRs (primers: Caspamp F and Caspamp
R) or Aatll restriction site at both ends (primers: AmpR F and AmpR R). After Aatll (NEB)
restriction digestion of the amp” gene, the resulting amp® gene had 4 nucleotides 3’
overhangs at both ends. Integration reactions were carried out in a 1:1 molar ratio of
plasmid: insert. Proteins at 150 nM were incubated with 150 ng pACYC-Duet and 45
ng long DNA molecules in 1x integration buffer at 37°C overnight. In the case of Cas9

fusion proteins, three-fold molar excess of sgRNA was first incubated with the fusion
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proteins at RT for 10 min to form RNP complexes. Target plasmid was then added to
the RNP complexes and incubated at 37°C for 20 min. Long DNA molecules were added
to reactions and incubated at 37°C overnight. The plasmid DNA was ethanol
precipitated as described in section 2.6 after proteinase K treatment of reactions.
Then resuspended plasmid DNA was electroporated into E. coli DH5a. as described in
section 2.1.6.2 to select for integrated plasmid products or PCR reactions were carried
out to detect integrated products using OneTag® Hot Start DNA Polymerase (see
section 2.1.1). If the plasmid was purified from reactions using Casp-Cas9, the plasmid

was ligated using T4 DNA ligase before electroporation.

2.7.4. Casposon excision assay

Casposase at 150 nM was incubated with 150 ng pCaspamp, 1x integration buffer at
37°C for one hour. The reaction was then quenched by incubating with proteinase K
stop buffer at 37°C for 30 min. Reaction products were run on a 0.8% agarose gel in
1x TBE at 120 V for 70 min. The gel was stained with ethidium bromide to detect

excised mini-casposon by a UV-transilluminator.

2.7.5. Fluorescence anisotropy measurements

A two-fold serial dilution of casposase ranging from 0 to 900 nM was incubated with
3 nM of 6-FAM labelled single-stranded TK24 or 6-FAM labelled TK24 annealed to TK25
(TK2425) in an integration buffer. After 10 min, the fluorescent polarisation of the
labelled substrates was measured by EnVision™ multilabel plate reader (PerkinElmer,

Waltham, Massachusetts, U.S.). The EnVision™ plate reader was set at 480 nm for
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excitation and at 535 nm for emission scanning. The millipolarisation unit (mP) was
calculated using the formula shown below:
mP = 1000 x [(lv—Gln) / (Iv+ Gln)]

Where Iv and |h are parallel and perpendicular emission intensity measurements
corrected for background (buffer only), G is G-factor.

Millipolarisation values at different casposase concentrations were normalised to the
substrate only control (0 nM casposase) to obtain the values of change in mP. The
values of change in mP were plotted against logio scale of casposase concentrations
and the equilibrium dissociation constant Kq was identified at the 50% of change in

mP.

2.7.6. Electrophoretic Mobility shift assays (EMSAs)

A concentration titration of casposase (0, 25, 50, 75, 150, 250 nM) was incubated with
25 nM of Cy5 labelled fork substrates (fork 3 and fork casposon) in a binding buffer
(final concentration of 25 mM Tris pH 7.5, 106 mM KCI, 50 pg/ml BSA, 5 mM EDTA, 2
mM DTT, 9% glycerol) at 37°C for 20 min. Reactions were loaded on a 5% native
polyacrylamide gel and run at 120 V for two hours. The gel was imaged by Amersham
Typhoon Biomolecular Imager to detect a band shift.

For binding to double-stranded MW14 (Cy5 MW14+EW3), proteins (casposase, Cas9
and fusion proteins) at concentrations (75, 150, 300, 500, 1000 nM) were incubated
with three-fold molar excess of sgMW14 RNA at RT for 10 min to form RNP complexes.
Then 25 nM of Cy5 labelled dsMW14 and 75 nM unlabelled dsMW12 (MW12+CL4)

were added to the RNP complexes in a binding buffer at 37°C for 20 min. Reactions
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were loaded on an 8% native polyacrylamide gel and run at 120 V for two hours. The
gel was imaged by Amersham Typhoon Biomolecular Imager to detect a band shift.

For binding to pUC19, a concentration titration (40, 75, 150 and 300 nM) of casposase,
dCas9, Casp-dCas9 were incubated with three-fold molar excess of sgpUC19 RNA at
RT for 10 min. Then 150 ng of pUC19 and 100 nM of dsMW12 were added and
incubated in a binding buffer at 37°C for 20 min. Reactions were run on a 0.8% agarose
gel in 1x Tris-acetate-EDTA (TAE) buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA)

at 10 V overnight.

2.7.7. Assay for R-loop formation

A concentration titration (75, 150, 300, 500, 1000 nM) of Cas9, dCas9 and fusion
proteins were incubated with three-fold molar excess of sgMW14 RNA at RT for 10
min to form RNP complexes. Then 25 nM of Cy5 labelled dsMW14 and 75 nM
unlabelled dsMW12 were added to the RNP complexes in a binding buffer at 37°C for
20 min. Subsequently, a proteinase K stop buffer was added to remove proteins and
reactions were loaded on an 8% native polyacrylamide gel and run at 120 V for two
hours. The gel was imaged by Amersham Typhoon Biomolecular Imager to detect a
band shift.

Cas9 and Casp-hfdCas9 fusion protein at 150 nM was first incubated with 450 nM
sgpACYC RNA followed by incubation with 450 nM site B hairpin at 37°C for 20 min.
Then, a proteinase K stop buffer was added to remove proteins and reactions were
loaded on an 10% native polyacrylamide gel and run at 120 V for two hours. DNA was
stained by Diamond™ Nucleic Acid Dye (Promega) and visualised by a UV-

transilluminator.
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2.7.8. DNA recombination assays catalysed by IntP™3

IntP™3 at concentrations 0, 500, 2500 nM was incubated with pCHL43 in a
recombination buffer containing 25 mM Tris pH 8.0, 300 mM KCI, 1 mM DTT, 5 mM
MgS04 at 65°C for three and a half hours. Then the reaction was added with a
proteinase K stop buffer and incubated at 37°C for 30 min. Reactions that used pCHL43
for detecting deletion were run on a 0.8% agarose gel in 1X TBE at 120 V for 70 min.
The gel was stained with ethidium bromide to detect excised fragments by a UV-
transilluminator.

For IntP™3-dCas9, 300 nM of fusion protein was incubated with 900 nM sgpUC19 RNA
at RT for 10 min. Then the RNP complex was incubated with pCHL43 or pCHL44 in a
recombination buffer at 37°C overnight. Reactions that used pCHL43 for detecting
deletion were run on a 0.8% agarose gel in 1X TBE at 120 V for 70 min. The gel was
stained with ethidium bromide to detect excised fragments by a UV-transilluminator.
In reactions using pCHL44 for detecting inversion, plasmids were ethanol precipitated
as described in section 2.6 and PCR was carried out to detect inversion using OneTaqg®
Hot Start DNA Polymerase as described in section 2.1.1. PCR products was run on a

0.8% agarose gel and stained with ethidium bromide.

2.7.9. Gel analysis and statistical analysis of experiments

The band intensity on gels was quantified using ImageJ (National Institutes of Health,
Bethesda, Maryland, U.S.) and normalised to a control on each gel. Graphs were
plotted using GraphPad Prism version 8.4.0 (GraphPad Software, San Diego, California,
U.S.). Statistical tests were also performed using GraphPad Prism. A one-way ANOVA

was used to determine statistical differences among the means of two or more groups
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with one factor. A two-way ANOVA was used to determine statistical differences

among the means of two or more groups with two factors.

2.8. Invivo assays in bacteria

2.8.1. Casposon excision assay

E. coli strain EB377 was transformed with pCHL41 that contained a mini-casposon, an
amp® gene flanked by A. boonei casposon TIRs. The pCHL41 also encoded a casposase
gene and cm”® gene. The transformed cells were plated on a LB agar plate containing
25 pg/ml chloramphenicol, 0.1% L-arabinose and 0.5 mM IPTG. The plate was
incubated at 37°C for 2 days and then colony PCR was carried out to detect excision

of mini-casposon.

2.8.2. Miller assay

For in vivo targeting lacZ gene on a plasmid, E. coli strain CLO03 was transformed with
a pRC7 plasmid containing /ac operon and a plasmid encoding a sglacZ RNA and a
protein. For in vivo targeting lacZ gene on a chromosome, E. coli strain EB377 was
transformed with a plasmid encoding a sglacZ RNA and a plasmid encoding a protein.
A single colony was inoculated into 5mL LB containing antibiotics to establish an
overnight culture. The overnight culture was diluted 100-fold in 5 mL fresh LB
containing antibiotics and grown at 37°C until ODeoo reached 0.2. Then inducers (0.1%
L-arabinose and 0.5 mM IPTG final concentration) were added to the culture to induce
protein expression and the culture was grown until ODggo reached 0.6.

Cells were pelleted and resuspended in Z buffer (60 mM Na;HPO4, 40 mM NaH2POa,

10 mM KCI, 1 mM MgS0a, 50 mM B-mercaptoethanol). The cells were diluted 10°, 107,
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108-fold using Z buffer and 10puL of diluted cells were spotted on agar plates containing
antibiotics to check cell viability.

The protocol of Miller assay was modified from the original protocol (Miller, 1972).
Cells were pelleted and resuspended in the same volume of cold Z buffer. The ODgoo
of cells in Z buffer was recorded. Cells were diluted two-fold in Z buffer to a final
volume of 1 mL and the diluted cells were permeabilised with 100 pL chloroform and
50 puL 0.1% SDS. Then 200 pL of 4 mg/mL ONPG in phosphate buffer (60 mM NaxHPOa,
40 mM NaH;POa, pH 7.0) was added to the cells and incubated at 28°C for 12 min.
Reactions were stopped by adding 0.5 mL 1 M Na;COs. Reactions were centrifuged to
remove debris and chloroform and ODa20 and ODssp of the supernatant was recorded.

The Miller unit was calculated as shown in the equation below.

OD420 - 1.75 X ODSSO

: 1 = X
Miller units = 1000 T X VX ODgqp

Where T is the reaction time in min, 12 in this case and V is the volume of culture used

in the assay in mL, 0.5 in this case.

2.8.3. DNA integration assays

For casposase in vivo DNA integration, EB377 was transformed with pCHL2. A single
colony was picked to establish an overnight culture. A fresh culture was set up using
the overnight culture and grown to ODepo=0.6. Inducers at final concentrations of 0.5
mM IPTG and 0.1 % L-arabinose were added to the cells for protein expression and
the culture was grown for three hours. The cells were then made electrocompetent

as described in 2.1.6.2 and 150 ng of mini-casposon was electroporated into cells.
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After one-hour recovery in SOC, cells were plated on LB agar plate containing 50 pg/ml
ampicillin and 25 pg/ml chloramphenicol.

For Casp-Cas9 fusion proteins, the cells were cultured and induced protein expression
as in Miller assay (section 2.8.2). The cells were made electrocompetent at ODe0o=0.6
(section 2.1.6.2). For short oligo duplex integration, 3 uM final concentration of duplex
DNA was electroporated into cells. For mini-casposon integration, 150 ng of mini-
casposon was electroporated into cells. After one-hour recovery in SOC, cells were
diluted 10’-fold if the integrated product could not be selected for and cells were
spread on plates containing the same antibiotics. For mini-casposon integration, all

cells were spread on plates containing the same antibiotics plus 50 pug/ml ampicillin.

2.9. Experiments using human cells

2.9.1. Preparation of human cell-free extracts

Human osteosarcoma U20S cells were seeded on four 10 cm petri dishes in Dulbecco’s
Modified Eaglr Medium (DMEM, Lonza, Basel, Switzerland) supplemented with 2 mM
L-glutamine, 10% fetal bovine serum (FBS), 1x pen/strep (10 U/mL penicillin and 10
ug/mL streptomycin) and incubated at 37°C, 5% CO,. When the cell density reached
70-80% confluency, the cells were washed with phosphate buffered saline (PBS,
Sigma-Aldrich) and incubated with trypsin-EDTA solution (0.5 g/L trypsin, 0.2 g/L
EDTA-4Na, Sigma) at 37°C for 5 min to detach cells. The DMEM complete medium was
added to inhibit trypsin reaction and cells from 4 dishes were pooled together and
centrifuged at 300 g for 10 min. The cell pellet was resuspended in hypotonic buffer
(20 mM HEPES pH7.5, 5 mM KCl, 1.5 mM MgCl;, 1 mM DTT) containing 1x protease

inhibitor cocktail. Cells were pelleted again and resuspended in 500 pL of hypotonic
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buffer and incubated on ice for 15 min. A 1 mL syringe and a 25G needle were used to
homogenise cells with 20 strokes. The cell lysate was left on ice for 60 min to allow
release of nuclear proteins and then centrifuged at 12,000 g for 15 min. The

supernatant containing proteins was aliquoted and stored at -80°C.

2.9.2. Generation of a GFP expressing cell line

U20S cells at low passage number was seeded in a 6-well plate. When the cell
confluency reached 70-90%, the medium was changed to fresh one. pEGFP-c1 plasmid
was a gift from Ronald Chalmers’s lab and it was transfected into U20S cells using
lipofectamine 3000 (Invitrogen). In brief, 2.5 ng pEGFP-c1 diluted in Opti-MEM
medium (Gibco, Thermo Fisher, Waltham, Massachusetts, U.S.) and 3.75uL of
lipofectamine 3000 reagent diluted in Opti-MEM medium were mixed together and
incubated at RT for 10 min. Then the lipid-DNA complex was added to cells dropwise
and incubated at 37°C, 5% CO,. After 2 days incubation, successful transfection and
GFP expression was inspected under a fluorescent microscope. The medium was
changed to DMEM complete medium containing 400 pug/mL G418 (geneticin, Sigma)
to select for the plasmid. The cells were transferred in a T25 flask after reaching 70-

90% confluency and subsequently transferred to a T75 flask.

2.9.3. Ribonucleoprotein (RNP) transfection into cells

2.9.3.1. Neon transfection system

RNP complexes were electroporated into U20S cells by Neon transfection system
using a 10 pL kit (Thermo Fisher) and following manufacturer’s instruction. NLS-Cas9

at 13.7 pmoles was incubated with 15 pmoles of sgeGFP HDR RNA at RT for 10 min.
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Then 1 ug of single-stranded oligodeoxynucleotide (ssODN) for Cas9 was added to the
RNP complex and reaction volume was filled up to 7.5 uL using resuspension buffer R
from the 10 uL kit. For NLS-Casp-hfnCas9 and NLS-Casp-hfdCas9 proteins, 1 pmol of
proteins were incubated with 1 pmol of sgEGFP CaspoR RNA. The hfnCas9 fusion
protein RNP complex was added with 0.5 pg of EGFP oligo for nCaspoR. The hfdCas9
fusion protein RNP complex was added with 0.5 ug of TK2425.

GFP expressing U20S cells at 70-90% confluency was trypsinised and resuspended in
DMEM complete medium. Cell number was counted by using a haemocytometer and
2 million cells were transferred into an Eppendorf tube. Cells were centrifuged at 300
g for 10 min to remove medium and washed with PBS. Cells were spun again to
remove PBS and resuspended in resuspension buffer R. Then 2x10° cells in 5 uL were
mixed with 7.5 pL of RNP complexes and 10 pL of each RNP-cell mix was
electroporated in a 10 pL Neon tip at 1230 V, 10 ms, 4 pulses. The electroporated cells
were transferred into a well in a 24-well plate and cultured in DMEM complete
medium without antibiotics pen/strep and G418. The cells were inspected 24 hours

post-transfection.

2.9.3.2. jetCRISPR® transfection reagent

RNP complex at 330 nM was prepared as described in 2.9.3.1 at RT for 10 min in 50 pL
of serum-free DMEM medium. Then 1 pug of ssODN for Cas9, 0.5 ug of EGFP oligo for
nCaspoR, 0.5 ug of TK2425 were added to NLS-Cas9, NLS-Casp-hfnCas9, NLS-Casp-
hfdCas9 RNPs respectively. JetCRISPR® reagentin 1.2 uL (Polyplus, New York, U.S.) was
added to the RNPs and incubated at RT for 15 min. Each RNP sample was dispensed in

a well in a 24-well plate and then 1.5x10° GFP expressing U20S cells in DMEM
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complete medium were added into wells and mixed. The plate was incubated at 37°C

and analysed after 24 hours.

2.9.4. T7 endonuclease | assay

When post-transfected cells in a 24-well plate reached 60-80% confluency, pEGFP-c1
plasmid was purified from cells using QlAprep® Spin Miniprep Kit (Qiagen). A EGFP
DNA fragment was PCR amplified from the purified pEGFP-c1. Then 200 ng of PCR
products were heated at 95°C for 10 min and slowly cooled to room temperature. T7
endonuclease | (NEB) was added to the reannealed PCR products and incubated at
37°C for 30 min before running on a 0.8% agarose gel to detect cleavage of PCR

products.
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Chapter 3

3. Biochemical characterisation of A. boonei casposase
3.1. Introduction

Recent studies suggested that the CRISPR repeat and adaptation module originated
from a novel type of DNA transposons called casposons (Krupovic et al., 2014).
Casposons encode a Cas1l homologue called casposase that shows integrase activity
and catalyses casposon transposition (Hickman and Dyda, 2015). Casposase integrates
casposon in a similar way to CRISPR spacer integration carried out by the Cas1-Cas2
complex. The terminal inverted repeats (TIR) at both ends of a casposon allow
casposase to bind and the 3’ ends are used in nucleophilic attack during transposition.
Family 2 casposons are frequently found within 3’ end of tRNA genes which plays
similar role as leader sequence in CRISPR locus. Recent biochemical studies showed
that A. boonei and M. mazei casposase preferentially targets the 3’ end of tRNA-Pro
gene and tRNA-Leu gene respectively (Béguin et al., 2016; Hickman et al., 2020). If
there is no preferred target site, A. boonei casposase will integrate randomly (Hickman
and Dyda, 2015). Upon casposon integration, a 14-15 bp target site is duplicated
similar to expansion of CRISPR repeat.

How Cas1-Cas2 complex mediates spacer acquisition has been extensively studied in
the CRISPR immune systems (lvancié¢-Bace et al., 2015; Modell et al., 2017; Staals et
al., 2016), however, much remains unknown for casposons as only A. boonei and M.
mazei casposases have been biochemically characterised. There is no in vivo study of
casposons thus far but recent mobility of casposons was detected by analysing the
genome of 62 M. mazei strains (Krupovic et al., 2016). Here we studied A. boonei

casposase in more depth via biochemical assays and expressed A. boonei casposase in
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recombinant E. coli to try to establish an understanding about how casposase
mediates integration in vivo. From this, we can understand more about the

evolutionary relationship of casposase and CRISPR Cas1.

3.2. Results

3.2.1. A. boonei casposase structure and purification

A. boonei casposase was the first casposase biochemically characterised but there is
no crystal structure of A. boonei casposase to date (Hickman and Dyda, 2015). Thus its
protein monomer structure was predicted by RaptorX (Kallberg et al., 2012). The
predicted structure was largely similar to the published M. mazei casposase structure
(Hickman et al., 2020) (Figure 17A). The misalignment at the N-terminal domain might
be owing to conformational change induced when M. mazei casposase bound to a
DNA substrate. The C-terminal domain containing the active site of the two proteins
aligned very well, but M. mazei casposase structure lacked a C-terminal HTH domain,
because the loop containing the HTH domain was disordered. The A. boonei casposase
predicted structure was also aligned to CRISPR type I-E Casl from E. coli for
comparison (Figure 17B). Overall, the predicted structure of A. boonei casposase was
very similar to CRISPR Cas1 which also contains a N-terminal B-strand domain and a C-
terminal a-helical domain. In addition, casposase contains all four highly conserved,
previously identified Casl catalytic residues (Nufez et al., 2014) and these four
catalytic residues E168, H242, D254, E257 are in the same position superimposed on
E. coli Cas1 structure (Figure 17B and Appendix 2). However, casposases from family
2 casposons contain an additional long disordered loop of about 70 amino acids at the

C-terminal compared with CRISPR Casl (Hickman and Dyda, 2015; Krupovic et al.,
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2014). This loop contains a helix-turn-helix (HTH) domain that might play a role in

integration (Hickman et al., 2020).
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Figure 17. Comparison of A. boonei predicted structure to published M. mazei
casposase and E. coli Cas1 structures.

(A) RaptorX predicted structure of A. boonei casposase (orange) was aligned to
published M. mazei casposase structure (purple, PDB: 60PM). (B) RaptorX predicted
structure of A. boonei casposase (orange) was aligned to the structure of E. coli Casl
monomer(Cyan, PDB: 3NKD). The inset showed enlarged view superimposing
casposase active site residues (orange) with those in E. coli Cas1 (blue). The images
were created using PyMOL.
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His-tagged wild-type A. boonei casposase and its active site mutants H242A and D254A
were purified as described in section 2.2.3. Briefly, the protein was purified by Ni%*
charged column as shown in figure 18A, followed by elution from a heparin column.
The protein containing fractions were pooled and concentrated. Western blot of anti-
6xHis proteins confirmed the purified protein was His-tagged casposase and the

casposase comprised 85% of the total protein purified (Figure 18B and 18C).
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Figure 18. Purification of casposase and active site mutants.

(A) A. boonei casposase expressed in E. coli BL21-Al strain was purified through Ni?*
charged column (left) and then heparin column (right). Fractions containing mostly
the target protein were pooled together and spin concentrated after the heparin
column. FT: flow through. WT: wash through. (B) Western blot of anti-6xHis proteins
confirmed the purified protein was His-tagged casposase. (C) Casposase"?4A and
casposaseP?* active site mutants were purified the same as the wild-type. The
concentrated proteins were run on a SDS gel to check purity.
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3.2.2. Casposase-catalysed DNA disintegration

CRISPR Casl is an integrase and it can perform disintegration, the reverse reaction of
integration, of a fork substrate (Rollie et al.,, 2015). Giving that casposase is
homologous to Casl and itself is an integrase (Hickman and Dyda, 2015), it was
expected that A. boonei casposase can carry out disintegration of a DNA substrate
(fork 3: MW14+MW12+PM16). During disintegration, the -OH group at the 3’ end of
the oligonucleotide PM16 bound to the fork initiated a nucleophilic attack to the
phosphodiester backbone of MW14 resulting in the release of 5’ end of MW 14 (Figure
19A). Casposase was incubated with fork 3 and two buffers containing different
divalent metal ions were tested (Figure 19B). The result showed that casposase
catalysed disintegration much more effectively in the presence of 5 mM Mn?* than in
the presence of 5 mM Mg?* and disintegration product was seen at 25 nM of
casposase. Therefore this Mn?* buffer was used in subsequent assays for casposase in
this study. This result was consistent with previous studies which showed higher
enzymatic activity in Mn?* for A. boonei casposase and Pseudomonas aeruginosa Cas1
(Hickman and Dyda, 2015; Wiedenheft et al., 2009). On the other hand, casposase™?42A

D254A

and casposase active site mutants cannot carry out disintegration confirming the

role of these catalytic residues (Figure 19C).
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Figure 19. A. boonei casposase catalyses disintegration.

(A) Schematic diagram showing the disintegration reaction of the DNA substrate fork
3. (B) Analysis of divalent metal ion usage by A. boonie casposase. Casposase at
concentrations of 0, 25, 50, 75, 150, 250 nM was incubated with 25 nM fork 3
substrate either in MgCl; buffer (10 mM Tris pH 7.5, 10% glycerol, 50 mM NacCl, 5 mM
MgCl,, 1 mM DTT, 50 ug/ml BSA) or MnCl, buffer (25 mM Tris pH 7.5, 9% glycerol, 106
mM KCI, 5 mM MnCl;, 2 mM DTT, 50 ug/ml BSA) at 37°C for one hour. Disintegration
activity was observed by the production of a shorter Cy5 labelled product. (C)
Disintegration reaction carried out by 150 nM wild-type casposase and active site
mutants casposase™?#?A and casposaseP?* incubating with 25 nM fork 3 DNA

substrate in integration buffer (MnCl buffer in (B)).
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Fork 3 comprising of random sequences was successfully disintegrated by casposase,
this prompted us to compare the disintegration efficiency of fork 3 to a new DNA
substrate, fork casposon containing sequences from A. boonei casposon (Figure 20A).
The duplex region of the fork casposon contained a 15 bp target site duplication (TSD)
found in A. boonei casposon and the single stranded region contained 21 nucleotides
of the left end terminal inverted repeat (LE TIR) of native casposon. The result showed
fork casposon was significantly poorer disintegrated by casposase compared with fork
3 (Figure 20B). The smearing above the uncleaved CL2 substrate from the gel was
reannealed fork because there was no unlabelled CL2 added to compete with the Cy5
labelled CL2. Quantification of disintegration reactions illustrated that casposase
activity reached a plateau at 75 nM of protein concentration (Figure 20C). It was
observed that the maximum percentage of fork 3 disintegration was 30% whereas
only 6% for fork casposon. This discrepancy might arise from the sequence specificity
of casposase for nucleotides at the 3’ end of the attacking strand and nucleotides at
the target sites. Similar observations were made in CRISPR Casl catalysed

disintegration (Rollie et al., 2015).
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Figure 20. Disintegration of two different DNA fork substrates.

(A) Structure of fork 3 (top) and fork casposon (bottom). For fork casposon, the target
site duplication (TSD) was highlighted in red and the 21 nucleotides left end terminal
inverted repeat (LE TIR) was highlighted in blue. The red star represented the Cy5 end
label. (B) Casposase at concentrations of 0, 25, 50, 75, 150, 250 nM was incubated
with 25 nM fork 3 and fork casposon in integration buffer at 37°C for one hour. (C)
Quantification of casposase disintegration of fork 3 to fork casposon from part (B).
N=2. Error bars represent standard error of the mean. Two-way ANOVA was
performed to determine statistical significance between fork 3 integration and fork
casposon. *: p-value <0.05, **: p-value<0.01, ns: non-significant.

To explain the difference in disintegration of fork 3 and fork casposon, casposase
bound to the two fork substrates were loaded on native polyacrylamide gels to detect
whether there was a difference in binding affinity (Figure 21). However, no complex
of casposase bound to DNA migrated into the gel for both substrates and the fork
substrates were trapped in wells at high concentration of casposase. Therefore, it was
unclear why fork casposon gave less product and it may be that the TSD and LE TIR
sequence were in favour of integration rather than disintegration thus shifting the
equilibrium.

Overall, A. boonei casposase showed better disintegration when using fork 3 as a
substrate than fork casposon. As there is no known sequence motif on fork 3 for
casposase binding, we next reasoned that casposase may be able to bind to random

sequences to perform integration similar to CRISPR Cas1.
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Figure 21. Electrophoretic mobility shift assay (EMSA) of casposase binding to fork 3
and fork casposon.

Casposase at concentrations of 0, 25, 50, 75, 100, 250, 500 nM was incubated with 25
nM fork 3 (left) and 25 nM fork casposon (right) respectively in binding buffer
containing EDTA. After 20 min at 37°C, the reaction was loaded on 5% native PAGE gel
and binding was observed by a band shift.

3.2.3. Casposase-catalysed short oligonucleotides integration

A. boonei casposase is a DNA integrase and it was shown integrating oligonucleotides
into pUC19 (Hickman and Dyda, 2015). Integration of oligonucleotides generates a
plasmid product that is nicked/relaxed from single-end integration, compared with
supercoiled plasmid prior to integration, or linearised product from double-end

integration at adjacent locations (Figure 22).
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Figure 22. A cartoon shows casposase integrated ssDNA and dsDNA oligos into a
plasmid leading to different conformations of the plasmid.

Green circle represented casposase and red star represented the Cy5 label at the 5’
end of oligos.

Previous studies showed A. boonei casposase integrated both ssDNA and dsDNA
derived from the left end terminal inverted repeat (LE TIR) of the casposon into a
plasmid (Béguin et al., 2019; Hickman and Dyda, 2015). By combining this and
disintegration results that showed casposase catalysed disintegration at random
sequences, we used a 30-bp sequence derived from the LE TIR of the casposon (dsLE30)
and its equivalent ssDNA (LE30 atk) as a ‘standard’ to compare casposase catalysed
integration of dsDNA and ssDNA oligos with and without TIR sequences. Casposase
but not the active site mutant catalysed insertion of most of these DNAs, with or
without TIR, into the pACYC-Duet plasmid identified by the Cy5 label of each oligo
being detectable on agarose gels at positions corresponding to nicked and linearised
plasmid (Figure 23). The result showed that casposase can integrate single-stranded
LE30 atk (Figure 23 lane 7) and this was consistent with previous study which used

single-stranded LE26 (Béguin et al., 2019). However, the complementary strand to
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LE30 atk, LE30 top was not integrated (Figure 23 lane 6). A 19-nucleotide (nt) PM32
was a poor substrate for integration compared with LE30 atk whereas a 28-nt TK24
and a 50-nt MW14 were integrated well (Figure 23 lanes 3, 4, 7, 9). Quantification of
band intensity corresponding to Cy5 inserted plasmid showed two-fold increase in
integration efficiency for TK24 and MW14 by compared with LE30 atk (Figure 24A).
However, one-way ANOVA with multiple comparison to LE30 atk showed no statistical

significance.
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Figure 23. Casposase-catalysed ssDNA and dsDNA oligonucleotides integration into
PACYC-Duet.

The reaction contained 150 nM casposase incubating with 100 nM of Cy5 labelled
oligos and 150 ng of pACYC-Duet for one hour at 37°C. For the no protein control and
casposaseP?* mutant, TK24 ssDNA was used. The gel was scanned to visualize
integration of the fluorescent oligos (left) followed by staining with ethidium bromide
(right).

The ssDNA oligos were aligned to see if there were any nucleotides playing a role in
substrate recognition and integration by casposase (Figure 24B). As the nucleophilic

attack occurred at the 3’ end of the oligos, we reasoned that the important nucleotide
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lay at the 3’ end. The alignment showed the terminal nucleotide at the 3’ end (-1
position) can be variable but nucleotides at -2 and -3 position from the 3’ end might
involve in substrate recognition. The incompetent oligos PM32 and LE30 top both

lacks a cytosine at -3 position and they both contained thymidine at the -2 position.
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Figure 24. Analysis of casposase-catalysed ssDNA oligos integration.

(A) Quantification of casposase catalysed ssDNA integration based on the gel shown
in figure 23 and the band intensity was normalised to LE30 atk to obtain relative
integration efficiency. Error bars represent standard error of the mean. N=3. (B)
Sequence alignment of different ssDNA oligos. The red box highlighted the nucleotides
at -2, -3 position from the 3’ end which may play a role in substrate binding.

In nature, ssDNAs are usually bound by single-stranded DNA binding protein (SSB),
which protects ssDNAs from nuclease degradation (Pal and Levy, 2019). We tested if

casposase can displace SSB from ssDNA oligo and perform integration (Figure 25).
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TK24 pre-bound with SSB was incubated with casposase and pACYC-Duet. From the

Cy5 scanning gel, SSB did not impede casposase ssDNA integration.
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Figure 25. Casposase catalyses ssDNA integration in the presence of SSB.

Different concentrations of casposase at 0, 20, 40, 75, 150, 300 nM were incubated
with either 100 nM of TK24 ssDNA (lanes 1-6) or 100 nM TK24 pre-bound with 500 nM
SSB (lanes 7-12) and 150 ng pACYC-Duet for one hour at 37°C. SDS at 1% final
concentration was added to the proteinase K stop buffer to release TK24 from SSB.
The gel was scanned to visualize integration of the fluorescent TK24 (left) followed by
staining with ethidium bromide (right).

For casposase-catalysed dsDNA oligos integration, dsLE30 was used as a ‘standard’
and its integration efficiency was compared with other dsDNA substrates (Figure 23
lanes 5, 8, 10). TK2425 (TK24 annealed to TK25) contained 5-nt 3’ overhangs at both
ends and its integration efficiency was significantly higher than dsLE30 with a four-fold
increase (Figure 26A and 26B). Another dsDNA substrate, dsMW14 (MW14 annealed
to EW3) was integrated more efficiently than dsLE30 showing a two-fold increase in

efficiency, albeit with no statistical significance.
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TK2425 GCAGTCCCCTCGCCTCAGCTACGCTCGT 3’

3’ CGGGTCGTCAGGGGAGCGGAGTCGATGC

dsLE30 GAACTTAAGAGGGGATGTATATATATCCCC 3’
S 3’ CTTGAATTCTCCCCTACATATATATAGGGG

dsMW14 _ CAACGTCATAGACGATTACATTGCTACATGGAGCTGTCTAGAGGATCCGA 3’
3’ GTTGCAGTATCTGCTAATGTAACGATGTACCTCGACAGATCTCCTAGGCT

Figure 26. Analysis of casposase-catalysed ssDNA and dsDNA oligos integration.

(A) Quantification of ssDNA and dsDNA integration by casposase based on the gel
shown in figure 23 and the band intensity was normalised to dsLE30 to obtain relative
integration efficiency. Error bars represent standard error of the mean. N=4. One-way
ANOVA with multiple comparison was performed to determine statistical significance.
*: p-value <0.05, **: p-value<0.01, ns: non-significant. (B) Sequence of different
dsDNA oligos.

When the integration efficiency of ssDNA was compared with equivalent dsDNA, the
efficiency of blunt ended dsDNA oligo products was decreased, consistent with
previous study (compare Figure 23 lanes 7 with 8,9 to 10 and Figure 26) (Béguin et al.,
2019). TK2425 was integrated as effectively as TK24 because the dsDNA substrate
contains 5-nt 3’ overhangs which is favoured by casposase (compare Figure 23 lanes 4
with 5 and Figure 26) (Hickman et al., 2020). The integration results of TK24 and

TK2425 were consistent with anisotropy measurements that showed similar binding
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affinities of casposase to ssDNA and dsDNA versions of TK2425 (K4q=49 nM, Figure 27)

suggesting the 3’ overhangs might help the protein binding to the substrate.

200
-0~ TK24

- TK2425

-
(2]
T

Change in fluorescence
polarisation (mP)
—
(4] (=]
T 5

T

[ [
1 10 100 1000
log [casposase, nM]

o
-

Figure 27. Fluorescence anisotropy data showing casposase bound to TK24 as
effective as TK2425.

The dissociation constant Kq for both substrates was 49 nM. Error bars represent
standard error of the mean. N=4.

3.2.4. Casposase-catalysed Long DNA integration

Previous studies showed A. boonei casposase integrates the kanamycin resistance
gene into a plasmid when it is flanked by TIR sequences from the casposon (Béguin et
al., 2016; Hickman and Dyda, 2015). Here, a similar assay was carried out to test if
casposase could integrate a 1.2 kb ampicillin resistance gene (amp®) encoding -
lactamase as part of a mini-casposon with TIR ends. From the short oligonucleotides
integration assay, it was observed that casposase could catalyse integration of random
sequences into a plasmid and it preferred duplex oligo containing 3’ overhangs over
blunt-ended duplex. Therefore, amp® with 4-nt 3’ overhangs and blunt-ended amp®
were also tested. Casposase at 150 nM was incubated with 150 ng pACYC-Duet and

45 ng of linear amp® gene with different 3’ ends (flanked by TIRs, blunt-ended without
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TIRs, 4-nt 3' overhangs) overnight. Product plasmids were ethanol precipitated and
PCR amplified to detect integration product (Figure 28A and 28B). The result showed
casposase could integrate all three long DNA substrates as determined by PCR analysis
of the products. The PCR products identified on the agarose gel differed because the
amp® without TIRs (Figure 28B lanes 3 and 4) was the shorter version of mini-

casposon (lane 2) and had 100 bp deletions at both ends.
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Figure 28. Casposase-catalysed Integration of linear ampicillin resistance gene into
a plasmid.

(A) A cartoon showing the integration reaction and subsequent PCR reaction for
detecting integration product. Green circle represented casposase and red arrows
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represented PCR primers. (B) PCR reactions showing the linear DNA with or without
TIR was integrated into the plasmid. The band size of amp® no TIR (amp® blunt and
amp® 3’ overhangs) was smaller because it was the shorter version of amp® with TIR
(mini-casposon).

The PCR reaction in figure 28B amplified both single-end integration product and
double-end integration product. As only double-end integration would result in a
complete plasmid, plasmids purified from the integration were electroporated into E.
coli DH5a to select for full-site integration (Figure 29A). Integration efficiency of amp”
gene was determined by the number of ampicillin and chloramphenicol resistant
colonies divided by the number of chloramphenicol resistant colonies which assumed
all plasmids were transformed (Figure 29B). Although PCR result showed amp® with 3’
overhangs was covalently attached to the plasmid, there was no ampicillin resistant
colony observed after transforming into DH5a (Figure 29, Table 3.1 and Appendix 3).
This suggested integration of amp® with 3’ overhangs was single-end integration. For
the long DNA substrates mini-casposon and blunt-ended amp® without TIRs, it was
observed that mini-casposon with TIRs flanking was integrated five times more
efficiently than amp® without TIRs (Table 3.1 and Appendix 3). This suggested the TIRs

at both ends might help casposase to capture the DNA substrates for integration.
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Long DNA substrates mini-casposon ampR® blunt amp® 3' overhangs

Chloramphenicol
plate

10 pL from 1mL
transformed cells

Chloramphenicol +
ampicillin plate

500 pL from 1 mL
transformed cells

Colony
number on i
Long DNA Colony number  Total transformed u Integ-ratlon
el on cm plate for cells per mL cm and amp efficiency
10 pL of cells plate for 1 mL
of cells
mini-casposon 3200 3.20%x10° 4 1.25%10°5
ampR blunt 6560 6.56x10° 2 3.05x106
R
e 6912 6.91x105 0 0
overhangs

Figure 29. Transformation of long DNA inserted plasmids into DH5« gives colonies.
(A) Plasmids resulting from casposase-catalysed long DNA integration were
electroporated into E. coli DH5a and transformed cells were spread on
chloramphenicol plates to calculate total successfully transformed cells and on
chloramphenicol and ampicillin plates to detect full-site integration products. (B) The
colony number from (A) on each plate was used to calculate integration efficiency of
each long DNA substrate. Cm: chloramphenicol. Amp: ampicillin.

Table 3.1. Integration efficiency of each long DNA substrate.

Integration
efficiency  Repeat1 Repeat 2 Repeat 3 Average
Substrates
mini-casposon 1.25x10° 7.30x10°® 8.65x10°® 9.48x10°®
amp® blunt 3.05x10°® 0 2.31x10°® 1.79x10°
amp® 3’ overhangs 0 0 0 0
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The plasmids pACYC-Duet with mini-casposon or amp® blunt insertion were purified
from ampicillin and chloramphenicol resistant colonies and were digested by a unique
restriction cutter BamHI to check the plasmid size (Figure 30A). The gelillustrated that
the plasmid size increased from 4 kb to around 5 kb and this increase in size matched
to the size of the mini-casposon and amp® blunt thus confirming the insertion of long
DNA substrates. Next, the plasmids inserted with mini-casposon and amp® blunt were
sequenced from the integrated amp® gene across both ends to determine the precise
integration sites and target site duplications (Figure 30B-D). The sequencing data
confirmed casposase did not require TIRs for integrating long DNA substrates but
integrates the substrates into different locations. After the integration, a 15-bp target
site was duplicated as observed in previous studies (Béguin et al., 2016; Hickman and
Dyda, 2015). From 10 sequenced mini-casposon integrated pACYC-Duet (Appendix 4),
it was observed that the mini-casposon was integrated into different locations (Figure
31A). Therefore, a DNA logo plot was generated to identify if there was a sequence
motif for casposase target site recognition (Figure 31B). The plot revealed that the first
nucleotide of the target site (nucleotide 16 in the DNA logo plot) and the second
nucleotide upstream of the target site (nucleotide 14) were conserved that it can only

be eitheraGoraT.
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Figure 30. Sequencing results verified the insertion of ampR with or without TIR into
PACYC-Duet after transformation and purification of the integrated plasmid.

After integration of mini-casposon and amp® blunt into pACYC-Duet, the plasmids
were ethanol precipitated and resuspended in dH,0. The plasmids were transformed
into E. coli DH5a and plasmids were purified from ampicillin resistant colonies. (A) The
purified plasmids were cut by a unique cutter BamHI to check the size. The border at
both ends of mini-casposon (B) and amp® blunt (C) was sequenced across to determine
the precise integration site and target site duplication (TSD, highlighted region). LE TIR:
left end terminal inverted repeat. RE TIR: right end terminal inverted repeat. LE seq
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and RE seq were sequencing primers used. (D) Comparison of 38 bp terminal sequence
at both ends of mini-casposon with that of amp” blunt. Only the 3’ nucleophilic attack
strands are shown. (D) DNA logo plot of pre-integration site generated from 10
sequenced mini-casposon integration sites in pACYC-Duet. Nucleotides 1-15 were
upstream sequence and nucleotides 16-30 were target site which would be duplicated
after integration. Nucleotides 31-45 were downstream sequence. The sequence of
individual site was listed in supplementary data 3.
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Figure 31. Amp® was integrated into different locations of the plasmid by casposase.
(A) Location of integration sites of mini-casposon (black arrows) and amp® blunt
without TIRs (red arrow) in pACYC-Duet. Ten mini-casposon integrated pACYC-Duet
plasmids were sequenced and one for amp® blunt. Direction of arrows indicates the
direction of insertion of the 3’ -OH of the left end nucleophilic attack strand into the
plus strand or the minus strand. (B) DNA logo plot of pre-integration site generated
from 10 sequenced mini-casposon integration sites in pACYC-Duet. Nucleotides 1-15
were upstream sequence and nucleotides 16-30 were target site which would be
duplicated after integration. Nucleotides 31-45 were downstream sequence.

3.2.5. Casposase cannot integrate casposon in vivo in E. coli

There has been no published in vivo study of casposase up to date. Comparative
genomic analysis of 62 strains of M. mazei provided evidence of recent mobility of

casposons thus showing some of these casposons are active (Krupovic et al., 2016).
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However, there is no evidence showing whether casposon is mobilised via copy-and-
paste or cut-and-paste mechanism. For cut-and-paste mechanism, casposase needs
to excise casposon from one location first and insert it into another location. However,
it was shown that casposase could not excise mini-casposon out of the plasmid both
in vitro and in vivo (Figure 32A and 32B). As casposon encodes other proteins such as
the uncharacterised endonuclease protein and family B polymerase, casposon
transposition may require the endonuclease protein for cut-and-paste mechanism or
require the family B polymerase for self-synthesising copy-and-paste mechanism.

To test if heterologously expressed casposase can catalyse in vivo DNA integration in
E. coli, linear mini-casposon (amp® gene flanked by TIRs) was electroporated into cells.
EB377, MG1655 strain with an inducible T7 RNA polymerase, transformed with
casposase plasmid pCHL2 was grown to mid-log phase (ODspo=0.6) and then the cells
were induced to express casposase for three hours. Cells were then electroporated

with 150 ng of mini-casposon but no colonies grew on ampicillin agar.
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Figure 32. Casposase could not excise mini-casposon out of a vector.

(A) pCaspamp containing TIRs flanking the amp® gene and its parental plasmid pET-
14b were incubated with 150 nM casposase at 37°C for one hour. The plasmid was
then run on agarose gel to detect release of mini-casposon at 1.2 kb. (B) E. coli EB377
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strain was transformed with pCHL41 which contained casposase gene and mini-
casposon in pACYC-Duet. The transformed cells were plated on chloramphenicol agar
plate containing 0.5 mM IPTG and 0.1% L-arabinose for protein expression. After two
days incubation, colony PCR was carried out to detect excision of mini-casposon. The
2.7 kb PCR band resulted from unexcised pCHL41. If mini-casposon was excised, a new
PCR product at 1.4 kb would appear.

3.3. Discussion and conclusion

The adaptation complex of CRISPR-Cas systems builds the foundation of adaptive
immune system as it generates a library of previously encountered invading MGEs.
Casl protein is an important part of the adaptation complex as it catalyses spacer
integration into a CRISPR locus (Nufiez et al., 2014). Phylogenetic studies suggested
that CRISPR adaptation module has arisen from casposon and the casposon encoded
Casl homologue, casposase may be ancestral to Cas1 proteins (Krupovic et al., 2014;
Makarova et al., 2018). Indeed, it was shown that casposase catalyses substrate
integration in a similar way to CRISPR spacer acquisition (Béguin et al., 2016, 2019).
The casposase from family 2 casposons in A. boonei and M. mazei was shown to have
atarget site preference for the very 3’ end of host tRNA gene. The 3’ end of tRNA gene
contains sequence motif for recruiting casposase and the first four nucleotides of the
target site allows the casposase to ‘see’ the border and integrate substrates precisely.
If the 3’ end of tRNA gene and target site are absent, the substrates were integrated
into random locations (Béguin et al., 2019; Hickman et al., 2020). These observations
are consistent with CRISPR adaption in which a new spacer is predominantly
integrated into the leader-proximal repeat. The leader sequence of a CRISPR locus
contains sequence motif or is bound by a host protein to form a structure to recruit
the adaptation complex (Kim et al., 2019b; Nufiez et al., 2016). Although structure

analysis of casposase and Casl monomer showed similar domain organisation and
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high degree of overlapping of active site residues (Figure 17B), the two proteins form
different complexes. Casposase functions on its own by forming a homotetramer
during integration (Hickman et al.,, 2020) and our results showed casposase can
integrate DNA substrates with different lengths. On the other hand, a Cas2 dimer is
required to bridge two Cas1 dimers for efficient spacer integration and the Cas2 dimer
acts as a molecular ruler for precise spacer length (Nufiez et al., 2015c). This suggests
during evolutionary transformation from casposase to CRISPR Cas1, Cas1 has acquired
the ability to bind to Cas2 meanwhile lost the ability to bind to long DNA substrates.
A recently characterised CRISPR type V-C Casl may provide an evolutionary
intermediate step between casposase and Cas1 because most type V-C systems lack a
cas2 gene and their Casl forms a homotetramer for integration (Wright et al., 2019).
The Casl phylogenetic analysis also showed type V-C Casl formed a branch rooted
near casposase branch (Makarova et al., 2018). Experimental evidence illustrated that
the V-C Casl could integrate spacers into the CRISPR locus in vitro but many off-target
sites were seen (Wright et al., 2019).

Casposons are a new superfamily of DNA transposons which are flanked by TIRs at
both ends (Krupovic et al., 2014). The N-terminal HTH domain of transposases
specifically binds to an internal region of TIRs to initiate transposition (Munoz-Lopez
and Garcia-Perez, 2010; Ramakrishnan et al., 2019). Unlike most transposases, the
casposase encoded by A. boonei casposon does not strictly rely on TIR for integration
and can integrate random sequences, especially for short oligonucleotides (Figure 23).
This promiscuous substrate binding property has passed to Casl and laid the
foundation of CRISPR adaptation. From the ssDNA integration, the results showed the

-2 and -3 nucleotides from the 3’ end might play a role in casposase substrate
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recognition (Figure 24B). This observation was consistent with a previous study that
showed anything other than cytosine in the -3 position abolished substrate integration
(Béguin et al., 2019). For short dsDNA integration, it was observed that a substrate
with 3’ overhangs was better incorporated into the plasmid (Figure 26) and this was
also observed for the CRISPR Cas1-Cas2 adaptation complex (Nuiez et al., 2015a). For
long DNA integration, casposase resembles transposases showing higher integration
efficiency for DNA flanked by TIRs at both ends (Table 3.1). Because there was no
native target site for casposase in the plasmid used in this study, casposase integrated
substrate randomly into the plasmid. This level of target site flexibility may help the
spreading of casposon during horizontal gene transfer when its preferred integration
site is absent or mutated. Our results showed casposase was not very active in
integrating mini-casposon into pACYC-Duet and this was due to the lack of casposase
native target site. A recent study showed A. boonei casposase activity dropped to 10%
when casposase integrated a TIR derived dsDNA oligonucleotide into a plasmid lacking
a casposase target site (Béguin et al., 2019). From 10 mini-casposon integration sites,
we identified two nucleotides at the upstream-target site border might play a role in
target site recognition of casposase in the absence of native target site while there is
no high sequence specificity at the target site-downstream border (Figure 31B). This
is consistent with CRISPR adaptation in which the leader-repeat border dictates the
first nucleophilic attack and the second nucleophilic attack is dictated by a molecular
ruler mechanism (Goren et al., 2016). A previous study also generated a DNA logo blot
from 20 mini-casposon integration sites in pUC19 by A. boonei casposase (Hickman
and Dyda, 2015). This DNA logo plot showed no pattern of the nucleotide frequency

at each position, whereas our DNA logo plot showed a G or T is frequently found at
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the upstream-target site border. To better understand the sequence motif at the
upstream-target site border recognised by casposase, a larger sample size will be
needed to draw a more accurate conclusion.

Our results showed casposase alone was not able to excise mini-casposon from a
vector. To understand how casposon is mobilised, other common proteins encoded
by casposons should be studied. The question remains as to whether the family B
polymerase encoded by casposons can replicate the casposons and what the roles of
the casposon-associated endonuclease and putative DNA binding proteins are. To test
whether casposase was active in vivo, integration experiments were performed in vivo
by transforming linear mini-casposon into E. coli. Although electroporation was
chosen as a high transformation efficacy method. The resulting lack of in vivo
integration may well be due to rapid degradation of linear DNA inside the cell due to
the RecBCD nuclease (Wiktor et al., 2018). Expression of a A bacteriophage protein
Gam which inhibits RecBCD complex may allow casposase in vivo integration to be

seen (Wilkinson et al., 2016).
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Chapter 4

4. Biochemical characterisation of casposase-Cas9 fusion
proteins

4.1. Introduction

The programmable targeting capacity of the CRISPR-Cas9 system and its ease of use
has made it a useful tool for genetic modification of genomes. Cas9 generates a site-
specific DNA double-strand break (DSB) at the R-loop it forms during an interference
reaction, initiating insertion of user-defined DNA sequence by homology-directed
repair (HDR) catalysed by host cell’s enzymes (Jiang et al., 2013; Jinek et al., 2012).
Although targeted DNA insertion by CRISPR-Cas9 and HDR is achievable, this approach
has several limitations. Firstly, HDR is at low efficacy and can sometimes trigger
unpredictable genome rearrangement (Guirouilh-Barbat et al., 2014). Secondly, DSBs
can be repaired by competing pathways other than HDR such as non-homologous end
joining (NHEJ) and alternative end joining, resulting in various mutations at the site
(Jiang et al., 2015b). Thirdly, in eukaryotic cells HDR enzymes is confined to S and G2
phases of the cell cycle meaning the approach is limited in non-dividing cells (Nami et
al., 2018). Strategies have sought to overcome these HDR related limitations utilising
small molecules to inhibit NHEJ pathway or upregulate HDR pathway (Chu et al., 2015;
Cubbon et al., 2018; Song et al., 2016). Other strategies have been developed due to
the fact that RNA-guided DNA binding capacity remains functional when Cas9 and its
mutants are fused to other proteins. These include covalently tethering DNA repair
template to Cas9 or fusing Cas9 to CtIP, a protein involved in early step of HDR (Aird

et al., 2018; Charpentier et al., 2018).
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Targeted gene insertion can be also achieved in a HDR independent manner by
exploiting targeted integration of transposon (Feng et al., 2010). Recent studies
reported a dCas9-transposase fusion protein and two natural systems in which Tn7-
like transposons encode CRISPR-Cas proteins (Bhatt and Chalmers, 2019; Klompe et
al., 2019; Strecker et al., 2019). The CRISPR ribonucleoprotein (RNP) complex forms a
R-loop with target sequence then recruits Tn7 transposase to direct transposon
integration at a fixed distance downstream of the R-loop. From chapter 3, we showed
A. boonei casposase integrated a wide range of DNA substrates without TIRs and it
was promiscuous in target site recognition in the absence of native target site. This
makes casposase a potential DNA integration tool to by-pass HDR if the integration
can be programmable. By fusing casposase to Cas9 protein, we reasoned that
casposase integrates DNA substrates at a defined site near the R-loop formed by

sgRNA-Cas9 RNP complex.

4.2. Results

4.2.1. Cloning of fusion protein genes

Cas9 protein is a versatile tool in protein engineering as different effector proteins
fused to Cas9 or its mutants, nCas9 and dCas9, could bind to DNA in a sgRNA-guided
manner. These proteins can be fused to Cas9 at the N-terminal or C-terminal (Bhatt
and Chalmers, 2019; Guilinger et al., 2014; Komor et al., 2016). We therefore fused
casposase to the N-terminal of S. pyogenes Cas9 (Figure 33). Three flexible linker
sequences were tested: 18 amino acids long (GGS)e, 24 amino acids long (GGS)s and

the 16 amino acids SGSETPGTSESATPES sequence called (‘XTEN’, Guilingeretal., 2014).
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N-terminal ICasposase Cas9/dCas9

6xHis tag Linker

-7 S~s

(GGS)6:GGSGGSGGSGGSGGSGGS

(GGS)g: GGSGGSGGSGGSGGSGGSGGSGGS

XTEN: SGSETPGTSESATPES

C-terminal

Figure 33. Schematic structure of casposase-Cas9/dCas9 fusion protein.

The sequence of three different linkers were shown.

To generate the fusion protein gene construct, we first utilised overlap extension PCR

as described in 2.1.1 (Figure 34). In brief, the casposase gene and cas9 gene were

amplified separately with the casposase reverse primer containing 20 base pairs (bp)

complementary sequence to the cas9 forward primer. For the second round of PCR,

the casposase and cas9 PCR fragments were used as template. The two fragments

were annealed by the complementary sequence during denaturing step in the first

cycle and then the 3’ end was extended by the polymerase to generate a fusion

construct which can be amplified by the casposase forward primer and cas9 reverse

primer.
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Figure 34. Schematic diagram showing generation of casposase-cas9 protein fusion
DNA construct by overlap extension PCR.

Figure 35A showed amplification of the 1.2 kb casposase and 4.1 kb cas9 gene. The
correct gene fragments were gel purified and used as template in overlap extension
PCR using casposase forward primer Assem Casp F and cas9 reverse primer Cas9
pDuet R (Figure 35B). The fusion construct is 5.3 kb and a band around 5 kb was
observed after analysis using agarose gel electrophoresis. The correct sized DNA
fragment was gel purified and subject to another round of PCR to obtain more DNA
for restriction digestion and subsequent molecular cloning steps. However, re-
amplification of the fusion construct gave rise to smearing and no specific band was
observed (Figure 35C). This suggested the 5 kb band from figure 19B might be non-

specific product. The overlapping region between casposase and cas9 fragments was
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only 20 bp and this might be too short for effective annealing of the two fragments.
The second round of PCR illustrated in figure 34 would be impeded by the dsDNA
fragment formed by ssDNA reannealing to the fully complementary strand. To solve
this, Gibson Assembly method could be used. It involves addition of a 5 to 3’
exonuclease that creates ‘sticky’ ends at the overlapping region of the two double-

stranded fragments, thus helping the annealing of the two gene fragments.
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Figure 35. Construction of casposase-cas9 fusion by overlap extension PCR.

(A) Amplification of casposase and cas9 genes. (B) Amplification of casposase-cas9 by
overlap extension PCR using casposase and cas9 PCR product as template. (C) Re-
amplification of casposase-cas9 from purified DNA from (B).

To construct fusion gene of casposase and cas9, we switched the strategy to multistep
cloning as described in 2.1.5. The casposase gene was first inserted into pACYC-Duet
to generate pCHL2 (Figure 36A). The cas9 or dcas9 gene was then inserted
immediately downstream of the casposase gene (Figure 36B). The linker sequence was

inserted between casposase and cas9/dcas9 by Q5 site-directed mutagenesis PCR.
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The plasmid at the end of each cloning step was sequenced to verify that genes were

in-frame without mutation.
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Figure 36. Insertion of casposase and cas9/dcas9 genes into pACYC-Duet in two
cloning steps.

(A) pCHL2 (pACYC-Duet with casposase insertion) and pACYC-Duet were linearised by
BamHI digestion. (B) pCHL2 with cas9 or dcas9 insertion were cut by Pstl and Notl to
release the cas9 or dcas9 fragment.

4.2.2. Fusion protein expression and purification

The casposase-Cas9 fusion protein comprises 1811 amino acids with a molecular
weight (MW) estimated to be 210 kDa. In general, the proportion of soluble protein
decreases dramatically when E. coli expresses a recombinant protein at MW above 60
kDa at 37°C (Susanne Graslund et al., 2008). Protein mis-folding and precipitation
result in protein expressed in insoluble form thus reducing the yield. To improve the
yield of protein, protein induction should be carried out at lower temperature to
achieve slower protein synthesis which allows more time for new translated proteins
to fold properly (San-Miguel et al., 2013; Susanne Graslund et al., 2008). Therefore,
different induction protocols were tested to overexpress the fusion protein Casp-

(GGS)s-Cas9 (Figure 37). The pilot overexpression results showed auto-induction did
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not work for the fusion protein while classical IPTG induction showed fusion protein
expression. Overnight expression of Casp-(GGS)s-Cas9 at 18°C by IPTG induction gave
relatively good amount of protein so this induction protocol was chosen for expressing

and purifying proteins.
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Figure 37. Optimisation of expression protocol of Casp-(GGS)s-Cas9 fusion protein.
BL21-Al transformed with pCHL6 was cultured and induced protein expression using
classical IPTG induction protocol as described in 2.2.1. After protein induction, the
cultures were incubated at different temperatures for different lengths of time. The
expression of Casp-(GGS)s-Cas9 protein was auto-induced as described in 2.2.2. The
culture was incubated at 37°C for eight hours in auto-induction medium and then
incubated at 25°C for 24 hours. Fusion protein expression was analysed by running 6
uL of each induced sample on an 8% SDS gel. An enlarged view focusing on the 100-
250 kDa region was shown on the right.
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The Casp-Cas9/dCas9 fusion proteins were purified through Ni?* column and heparin
column as described in 2.2.3 (Figure 38A). The Cas9/dCas9 proteins with N-terminal
maltose-binding protein (MBP) tag were first purified through Ni%* column and heparin
column. Then the MBP tag was removed by TEV protease and the de-tagged
Cas9/dCas9 were purified through S-300 gel filtration column (Figure 38B). All purified
and concentrated proteins were analysed by SDS-PAGE to check the protein purity
(typified in figure 38C). Fusion proteins and Cas9/dCas9 showed obvious smaller
contaminant bands while casposase did not. As these proteins were all purified the
same way through Ni?* column and heparin column and the larger contaminants
above 46 kDa were absent in casposase, we believed the contaminant bands were

protein degradation product arising from proteolysis (Wingfield, 2015).
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Figure 38. Protein purification of fusion proteins and Cas9/dCas9.

(A) Purification of Casp-(GGS)s-Cas9 through Ni?* column and heparin column. Desired
protein containing fractions were pooled and run through the next column or
concentrated for storage. (B) Purification of Cas9. (Top) The MBP tagged Cas9 was
purified Ni?* column and heparin column. (Bottom) The de-tagged Cas9 was purified
through S-300 gel filtration column. (C) SDS gel showing all purified proteins. The ‘6’
and ‘8" between Casp and Cas9/dCas9 represents the (GGS)s and (GGS)s linkers.

4.2.3. Fusion proteins retain casposase activity

The functionality of Casp-Cas9/dCas9 fusions was first tested through disintegration
catalysed by the casposase moiety, because disintegration activity was sensitive for
detecting assays using 25 nM casposase compared with 75 nM casposase needed for
integration (Figures 20 and 25). Disintegration activities of the purified fusion proteins
with different linkers sequences were compared under the same conditions, described
in section 3.2.2 (Figure 39). Reactions were carried out using excess amount of fusion
proteins at 150 nM along with a positive control using casposase and negative controls
using Cas9 and dCas9. While casposase cleaved fork 3 as expected, it was observed
that apo-Cas9 cleaved the Cy5 labelled MW14 at multiple sites (Figure 39 lane 5). This
was consistent with a previous study showing S. pyogenes Cas9 cleaves ssDNA in an
RNA-independent manner (Sundaresan et al.,, 2018). dCas9 was inactive in DNA
cleavage because the HNH and RuvC nuclease domains are inactive. All fusion proteins
demonstrated disintegration activity proving that the casposase moiety in fusion
proteins was functional. The low disintegration activity in Casp-(GGS)s-Cas9 might be
due to poor protein quality from purification (lane 7). Smaller cleavage products in
Casp-(GGS)s-Cas9 corresponded to Cas9 non-specific cleavage because of the same
band pattern (lanes 5 and 8). However, Casp-XTEN-Cas9 and Casp-XTEN-dCas9

showed novel smaller cleaved products compared with casposase and Cas9 (lanes 4,
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5,10 and 11). This suggested the two proteins were contaminated by nuclease during
purification. Casp-(GGS)s-Cas9 and Casp-(GGS)s-dCas9 contained the same linker
sequence and exhibited similar disintegration activity comparable with casposase
among all tested candidates (lanes 2, 3, 4 and 8). Comparison of disintegration activity
on fork 3 over a range of protein concentrations further confirmed fully functional
casposase activity from Casp-(GGS)s-dCas9 (Figure 40A and 40B). Thus, all subsequent
assays were done using fusion proteins containing the (GGS)s linker sequence and
proteins were named Casp-Cas9 and Casp-dCas9. The protein sequences of the two

fusion proteins were shown in Appendix 5.
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Figure 39. Fusion proteins-catalysed disintegration of a DNA fork substrate.

All proteins at 150 nM were incubated with 25 nM DNA fork 3 substrate at 37°C for
one hour. The Casp-(GGS)s-dCas9 reaction was run on a denaturing acrylamide gel (left,
lanes 1-3) and the rest of fusion proteins were run on the other gel (right, lanes 4-11).
Anirrelevant lane was removed from the right gel, as indicated by a black line between
lanes 10 and 11. The ‘6’ and ‘8’ between Casp and Cas9/dCas9 represents the (GGS)s
and (GGS)s linkers.
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Figure 40. Casp-(GGS)s-dCas9 catalysed disintegration as effective as casposase.

(A) Quantification of disintegration activity of Casp-(GGS)s-dCas9 compared with
casposase. Proteins at 0, 25, 50, 75, 100, 250 nM were incubated with 25 nM fork 3 at
37°C for one hour. N=3. Error bars represents standard error of the mean. (B) A
representative gel for quantification in (A).

4.2.4. Fusion proteins retain Cas9 activity

Cas9 functionality of fusion proteins was tested through R-loop formation by providing
fusion proteins with sgRNA. A target DNA dsMW14 comprising MW14 and EW3
contains a PAM sequence 5'-TGG for the recognition of sgRNA-Cas9/dCas9 RNP
complex (Figure 41A). R-loop formation between sgMW14 and dsMW14 by fusion
proteins, Casp-Cas9 and Casp-dCas9, was readily detected after de-proteinising the
reactions (Figure 41B lanes 10 and 12). The R-loops were confirmed to be genuine by

treatment with RNase H, which degrades RNA in RNA-DNA hybrids (Figure 41B lanes
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15 and 16). Measurement of R-loop formation over a range of protein concentrations
identified that the efficiency of R-loop formation was similar for Cas9 compared with
the fusion proteins (Figure 42). However, only 15% of total DNA substrate was
accommodated into R-loop at the highest protein concentration; this is thought to be

because of instability of R-loop structures after removal of proteins by proteinase K.
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Figure 41. Fusion proteins formed R-loop with target DNA in the presence of sgRNA.
(A) Schematic diagram showing the R-loop formed between dsMW14 and sgMW14 by
Cas9 and fusion proteins. dsMW14 contains a PAM 5'-TGG labelled in orange.
Nucleotides labelled in blue in the sgMW14 RNA are targeting sequence and two 5’
terminal guanines in red are by-product after in vitro transcription by T7 RNA
polymerase. (B) A gel showing fusion proteins formed R-loop with dsMW14 in the
presence of sgMW14. Proteins at 150 nM were first incubated with or without 450
nM sgMW14 and then incubated with 25 nM Cy5 labelled dsMW14 at 37°C for 20 min.
Reactions were treated with proteinase K before running on gels. Irrelevant lanes
were removed from gel on the left, as indicated by a black line between lanes. The gel
on the right shows the R-loop formed by Casp-dCas9 was degraded by RNase H.
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Figure 42. Fusion proteins formed R-loop as effective as Cas9.

(A) Quantification of R-loop formation by Casp-Cas9 and Casp-dCas9 compared with
Cas9. Error bars represented standard error of the mean. N=3. (B) Representative gels
showing R-loop formation, used in quantification in (A). Protein concentrations were
at 75, 150, 300, 500 and 1000 nM. Protein concentration was at 300 nM in no sgRNA
controls.

Next, we tested if fusion of casposase to Cas9/dCas9 might influence target DNA
binding by the Cas9/dCas9 moiety. The R-loop formation assay was repeated but
without proteinase K treatment. In contrast to similar R-loop formation efficiency for
Cas9 and fusion proteins (Figure 42A), the migration of DNA-protein complexes into a
polyacrylamide gel for Casp-Cas9 and Casp-dCas9 was significantly altered, compared

with Cas9 and dCas9 (Figure 43). At 1000 nM protein concentration, only 3% and 11%
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of target DNA formed stable R-loops with Casp-dCas9 and Casp-Cas9 RNPs
respectively compared with more than 50% of stable R-loop formation in Cas9 and
dCas9. The difference in DNA-protein complex formation between fusion proteins and
Cas9/dCas9 might result from casposase binding to DNA at multiple sites leading to
very large complexes observed as ‘in well’ aggregates (Figure 43B lanes 13-17, 20-24,
26-30). Because dsMW14 is small (50 bp), casposase binding to dsMW14 would
destabilise the R-loop. The binding of casposase to dsMW14 might be transient
because no DNA-casposase complex migrated into the gel at any protein

concentrations (lanes 13-17).
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Figure 43. DNA bound fusion protein complexes migrated differently compared with
Cas9 and dCas9.

(A) Quantification of target DNA binding assay by Casp-Cas9 and Casp-dCas9
compared with Cas9 and dCas9. Error bars represented standard error of the mean.
N=3. (B) Representative gels showing target DNA binding assay by different proteins,
used in quantification in (A). Protein at 75, 150, 300, 500 and 1000 nM concentrations
were incubated with three-fold molar excess of sgMW14 and then 25 nM Cy5 labelled
dsMW14 was added at 37°C. Reactions were directly run on gels after 20 min
incubation. Irrelevant lanes were removed from gel, as indicated by a black line
between lanes. Protein concentration was at 300 nM in no sgRNA controls.

DNA target binding assays using the DNA oligo duplex dsMW14 might be interfered
by non-specific binding of the casposase moiety in fusion proteins. We therefore
tested R-loop formation using pUC19 plasmid as target DNA (Figure 44). Both sgRNA
bound dCas9 and Casp-dCas9 were effective at forming R-loops in pUC19 DNA while
casposase could not, as expected. We conclude that Cas9 and dCas9 were able to form

R-loops with target DNA in the presence of sgRNA when fused to casposase.

Casposase dCas9 Casp-dCas9
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Figure 44. Casp-dCas9 and dCas9 formed R-loop with pUC19 plasmid in the presence
of sgRNA.

Casposase, dCas9 and Casp-dCas9 at concentrations 40, 75, 150 and 300 nM were first
incubated with three-fold molar excess of sgpUC19 RNA and then incubated with
pUC19 at 37°C for 20 min. The dCas9 and casp-dCas9 RNP complexes formed R-loops
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with pUC19 observable as plasmid up-shifts in ethidium bromide stained agarose gel.
Irrelevant lanes were removed from gel, as indicated by a black line between lanes. R-
loop formed by casp-dCas9 was shown as a cartoon on the right of the gel. The orange
pentagon represents sgRNA-bound dCas9 and green sphere represents casposase.

4.2.5. Invitro sgRNA-guided short oligo integration

A. boonei casposase randomly integrates DNA into plasmids that lack its native target
site, the 3’ end of tRNA-Pro gene (Béguin et al., 2016; Hickman and Dyda, 2015). The
above results demonstrated Casp-Cas9 and Casp-dCas9 fusion proteins contain
functional casposase moiety and are able to form R-loop with target DNA in the
presence of sgRNA (Figure 39 and 41B). Next the fusion proteins were tested if they
can integrate DNA oligos guided by RNA when the R-loop is formed from sgRNA. The
steps used to test this were shown in figure 45A. A sgRNA (sgpACYC) targeting to a
plasmid pACYC-Duet was first incubated with fusion proteins to form RNP complexes
followed by incubating with the target plasmid for specific binding and R-loop
formation by the fusion proteins. DNA oligonucleotides TK24 and TK2425 were added
for integration (Figure 45B and 45C). Specific binding and R-loop formation by fusion
proteins was confirmed by ethidium bromide staining because only when Casp-Cas9
bound to sgRNA generated a DSB in the target plasmid and gave a linear product
(Figure 45C lane 3). Fluorescence imaging to detect the Cy5 end-label of TK oligos
showed fusion proteins integrated both TK24 ssDNA and TK2425 dsDNA into the
plasmid forming single-end and double-end integration products (Figure 45B lane 3
and 45C lanes 2-5). DNA integration was catalysed by the casposase moiety in fusion
proteins because an active site mutation D254A in the casposase moiety abolished
DNA integration (Figure 45B lane 4). Fusion proteins catalysed TK2425 integration into

the plasmid both in the presence and absence of sgRNA because Casp-Cas9 and Casp-
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dCas9 retained casposase activity to integrate DNA into random sites. This integration
activity into random sites is indistinguishable from sgRNA targeted integration by

plasmid DNA electrophoresis.
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Figure 45. Fusion proteins integrated DNA oligonucleotides into pACYC-Duet.

(A) Schematic diagram showing fusion protein catalysed targeted DNA integration. (B)
Integration of 100 nM TK24 ssDNA into plasmid pACYC-Duet by 150 nM casposase and
Casp-dCas9 at 37°C for one hour. Casp-dCas9 containing casposase active site
mutation D254A could not perform integration. sgACYC was added in all samples. (C)
Fusion proteins Casp-Cas9 and Casp-dCas9 at 150 nM were incubated with or without
450 nM sgpACYC RNA. A target plasmid pACYC-Duet was added for 20 min incubation
and then 100 nM TK2425 was added for incubation at 37°C for one hour. Integration
of dsTK24 into pACYC-Duet was assessed using ethidium bromide to indicate
supercoiled, linear and nicked plasmids (right), and fluorescence to detect Cy5 labelled
TK2425 that was single end (SE) or double end (DE) integrated (left).

To identify if sgRNA guided DNA integration for fusion proteins, plasmids purified from
integration reactions were amplified across the targeting region using a primer
annealing to pACYC-Duet close to the targeting region and a primer annealing to
integrated substrate TK24 or TK25 (Figure 46A and 46B). PCR reactions using TK24 or
TK25 gave the same band pattern and band intensity suggesting integration of TK2425
was not biased to either orientation. PCR reactions from DNA integration by fusion
proteins without sgRNA gave a wide range of PCR products indicating random
integration of the DNA substrate (Figure 46B lanes 3-4 and 7-8). The band intensity of
a DNA band at about 400 bp was strong suggesting that it might correspond to a DNA
integration hotspot recognised by casposase. Hereafter, this hotspot was referred to
as ‘site A’. For reactions using Casp-Cas9 and sgpACYC, PCR products were confined to
about 300 bp, consistent with expected product from targeted integration (lanes 5-6).
This integration site corresponded to sgRNA targeting was referred as ‘site B’
hereafter. In reactions using Casp-dCas9, there was substantially more ‘site B’ PCR
product in reactions containing sgpACYC than reactions without sgpACYC (lanes 7-10).
However, Casp-dCas9 still randomly integrated DNA in the presence of sgpACYC

depicted by a wide range of PCR products. The reason why PCR reactions of Casp-Cas9
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with sgpACYC gave confined products is because the Cas9 moiety generated a DSB at
the targeting region preventing extension after the break site in subsequent PCR.

DNA in bands corresponding to site A and site B integration was gel extracted and
sequenced to determine exact sites of integration (Appendix 6). Sequencing results
showed Casp-Cas9 and Casp-dCas9 bound to sgpACYC integrated DNA into site B
located 26 bp downstream of the targeting region (Figure 46C). On the other hand,
the DNA integration hotspot in the absence of sgpACYC, site A, was located 54 bp

upstream of the targeting region.
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Figure 46. sgRNA-guided DNA integration by fusion proteins into pACYC-Duet.

(A) A schematic diagram showing PCR reactions amplifying integrated plasmid for
detection of targeted integration. PCR reactions used a primer TK24 or TK25 to anneal
integrated DNA, and a primer R to anneal pACYC-Duet. (B) Integrated plasmid
products were PCR amplified to determine integration sites of TK2425. DNA bands,
referred to as A and B, were gel extracted and sequenced (data shown in Appendix 6).
(C) A schematic diagram showing TK2425 integration sites close to the targeting region
of sgRNA in pACYC-Duet. Red arrows indicate the insertion of TK24 or TK25 between
the two bases. R represents the PCR primer p15A ori R or sequencing primer SPIN seq.
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To ensure integration into site B was guided by sgRNA rather than cryptic sequence
preference of casposase, DNA sequence flanking site B was mutated. Site A was also
mutated to act as a control to see if mutation can abolish DNA integration hotspot.
pAB plasmid was synthesised comprising 250 bp DNA sequence from pACYC-Duet
containing sgpACYC targeting site, site A and site B. Another plasmid pABmut was also
synthesised being identical to pAB except for randomly mutated 15 bp DNA sequences
flanking sites A and B. pAB and pABmut were used as target plasmids to compare
integration of TK2425 by Casp-Cas9 in the presence and absence of sgpACYC (Figure
47A). Results of reactions using pAB were consistent with reactions using pACYC-Duet.
TK2425 DNA substrate was largely integrated into the DNA hotspot site A by Casp-
Cas9 in the absence of sgpACYC but integration site of TK2425 shifted to site B in the
presence of sgpACYC (Figure 47A lanes 1-4). In reactions using pABmut plasmid,
integration into mutated site A was barely seen in the absence of sgpACYC and was
totally lost in the presence of sgpACYC (lanes 5-8). However, TK2425 was still
integrated into mutated site B, indicated as B’ on the gel, in the presence of sgpACYC.
Sequencing of the integration product into mutated site B confirmed DNA inserted 26
bp downstream of the targeting region, the same distance as insertion into site B in
PACYC-Duet (Figure 47B and Appendix 7). These results suggested the site A in pACYC-
Duet was a casposase preference site and DNA integration into site B was governed
by sgRNA targeting. Therefore, we conclude that casposase-catalysed DNA integration
can be guided by sgRNA targeting when tethered to Cas9 or dCas9, despite the

accompanying random integration from the casposase moiety.
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Figure 47. sgRNA-guided TK2425 integration by fusion proteins into pAB and
pPABmut.

(A) Casp-Cas9 with or without sgpACYC was incubated with pAB and pABmut
respectively for TK2425 DNA integration. Integrated plasmid products were purified
and PCR amplified to determine integration sites of TK2425. DNA bands A and B
corresponded to site A and B integration products respectively. The DNA band B’
corresponded to integration into mutated site B. DNA in the bands were gel extracted
and sequenced (data shown in Appendix 7). (B) A schematic diagram showing
sgpACYC-guided TK2425 integration site in pABmut. Red arrows indicate the insertion
of TK24 or TK25 between the two bases. R2 represents the PCR primer and sequencing
primer pUC19 ori R2.

The above PCR results confirmed that Casp-Cas9 and Casp-dCas9 catalysed targeted
half-site integration, i.e., the integration of TK2425 at site B in one DNA strand in the
presence of sgpACYC. We next examined if sgRNA-fusion protein complexes catalyse
full-site integration, integration of both 3’ ends of TK2425 DNA at site B in two DNA

strands. For this, integration reactions were conducted using a site B hairpin DNA
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substrate, which would result in different product size based on type of integration.

The 154-nt long single-stranded oligo folds back on itself to form a 75 bp double

stranded region from pACYC-Duet, which contains a sgpACYC target site and site B

(Figure 48A). This site B hairpin DNA substrate was capable of forming a R-loop with

sgpACYC by Cas9 and Casp-dCas9 (Figure 48B). Next, time course integration reactions

were performed to detect full-site integration and determine the location of the first

nucleophilic attack (Figure 48C). However, the results showed that Cy5 labelled TK24

was not integrated into the site B hairpin as there was no band up-shift observed. The

inability of integrating DNA substrate into the site B hairpin might be explained by the

double-stranded region being too short.
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Figure 48. No integration was observed into site B hairpin by casp-hfdCas9.
(A) A schematic diagram showing a R-loop formed between a site B hairpin DNA
substrate and sgpACYC RNA. A targeting sequence on the non-target strand was
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labelled in red in the site B hairpin and a red arrow indicated an expected insertion of
TK24 or TK25 at site B between the two guanines labelled in yellow. sgpACYC was
labelled in blue and the first two guanine at the 5’ end was added after in vitro
transcription by T7 RNA polymerase. (B) R-loop formation between site B hairpin and
sgpACYC by Cas9 and Casp-hfdCas9. Proteins at 150 nM were first incubated with or
without 450 nM sgpACYC and then incubated with 450 nM site B hairpin at 37°C for
20 min. Reactions were treated with proteinase K before running on 10%
polyacrylamide gels followed by visualisation using Diamond™ Nucleic Acid Dye. (C)
Casp-hfdCas9 did not catalyse TK2425 integration into site B hairpin. Casp-hfdCas9
was incubated with site B hairpin as described in (B) and 30 nM Cy5 labelled TK2425
was added for incubation at 37°C. Reactions were stopped at 5, 15 and 60 min after
addition of TK2425 and run on 10% polyacrylamide denaturing gel.

4.2.6. Invitro sgRNA-guided long DNA integration

Results above demonstrated fusion proteins are able to integrate a DNA oligo duplex
TK2425 into site B, 26 bp downstream of the R-loop formation by sgRNA. We then
tested if integration of a long DNA molecule can be guided to site B by sgpACYC. Mini-
casposon, which was ampicillin resistance gene amp® with the flanking of TIRs at both
ends, was chosen to be the long DNA substrate because it was better integrated by
casposase than those without TIRs (Table 3.1). The method was the same as for assays
targeting short oligo integration except that 45 ng of mini-casposon in a 1:1 molar
ratio of vector: insert was used (Figure 49A). Integrated plasmid products were
ethanol precipitated and used as a template for PCR reactions to detect mini-casposon
integration (Figure 49B). As expected, casposase gave the same PCR product, seen in
previous assay in figure 28 lane 2, at approximately 550 bp (Figure 49B lane 2).
Sequencing of this PCR product confirmed mini-casposon integrated into site A
(Appendix 8). Fusion proteins with sgpACYC gave an additional band at about 480 bp
which corresponded to site B integration identified by DNA sequencing (Figure 49B

lanes 3-4 and Appendix 8).
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The above PCR reaction results could not distinguish single-end integration products
from double-end integration products as mentioned in section 3.2.4. Therefore,
purified integration plasmid products were electroporated into DH5a. to select for
double-end integration plasmid products that conferred ampicillin resistance.
Plasmids were purified from limited number of ampicillin resistant colonies and none
of these showed integration at site B. The reason why a few colonies were recovered
might be that integrated product plasmids were damaged during purification making
them hard to transform. From purified plasmids, we observed integration at site A and
elsewhere in pACYC-Duet. This off-target integration likely resulted from the
casposase moiety competing with the Cas9/dCas9 moiety for binding to target plasmid
because it is unlikely to find a sgRNA off-target site in pACYC-Duet with a few
mismatches to the sgRNA and next to a PAM. In two integrated plasmids purified from
reactions using Casp-Cas9 with sgpACYC, we observed deletions of up to 800 bp at one
end of mini-casposon-plasmid junction. This might be caused by an error prone repair
process during repair of the DSB generated by Cas9. Because the Cas9 moiety
generates a DSB at target site resulting in unpredictable repair outcomes, further

characterisation of Casp-Cas9 was discontinued.
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Figure 49. Fusion proteins catalysed gene insertion can be guided by sgRNA.
(A) A cartoon showing the targeted gene integration catalysed by fusion proteins and
the resulting products. (B) PCR reactions showing the mini-casposon was integrated
into the pACYC-Duet by casposase and fusion proteins. Integrated plasmid products
were purified and PCR amplified to determine integration sites of mini-casposon. DNA
bands A and B corresponded to site A and B integration products respectively.

4.2.7. Construction of high-fidelity fusion proteins and testing for sgRNA-guided DNA
oligo integration

To rule out the possibility of off-target integration due to sgRNA-Cas9/dCas9, three
mutations were introduced into Cas9 to increase the Cas9 specificity (Slaymaker et al.,
2016). These mutations were K848A, K1003A and R1060A (Figure 50). The K848

residue in the HNH domain interacts with sgRNA while K1003 and R1060 in the RuvC
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domain interact with non-target DNA strand to stabilise a R-loop. Neutralisation of
these positively charged residues destabilises the R-loop and encourages
rehybridization of the two DNA strands. A stable R-loop would require more stringent

base pairing between the target DNA strand and sgRNA.

Figure 50. Crystal strucutre of DNA-sgRNA-Cas9 ternary complex

Cryo-EM structure of S. pyogenes Cas9 bound to sgRNA and double stranded target
DNA (PDB: 5Y36). The RuvC domain was coloured cyan and the HNH domain was
coloured green. A R-loop was formed among sgRNA (red), target DNA strand (pink)
and non-target DNA strand (yellow). Three residues, K848, K1003 and R1060,
stabilising the R-loop were labelled and shown as sticks. The image was created using
PyMOL.

High-fidelity (hf) Cas9 containing the three mutations mentioned above was made and
fused to casposase to generate Casp-hfCas9. From Casp-hfCas9, H840A mutation was
introduced in the hfCas9 moiety to generate Casp-hfnCas9. D10A mutation was then
introduced to the hfnCas9 moiety to generate Casp-hfdCas9 protein. The hf fusion
proteins were purified the same as previous fusion proteins and a summary gel was

shown in figure 51.
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Figure 51. Summary SDS gel showing high-fidelity fusion proteins.

Purified hf fusion proteins were tested for targeted short DNA oligo integration. High-
fidelity fusion proteins at 150 nM were incubated with 450 nM sgpACYC followed by
incubation with 150 ng pACYC-Duet and 100 nM TK2425. Integrated plasmid products
were ethanol precipitated for use in PCR reactions to detect sgRNA-guided DNA
integration (Figure 52). The results showed TK2425 DNA substrate was integrated into
site B by all hf fusion proteins in the presence of sgpACYC (lanes 3-5). However,
integration into site A was also observed in the presence of sgpACYC suggesting the
off-target integration in these assays and the assays in figures 46 and 49 are driven by
autonomous activity of the casposase moiety in fusion proteins. Nevertheless, future

in vitro assays were carried out using hf fusion proteins.
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Figure 52. TK2425 was integrated into site B by high-fidelity fusion proteins in the
presence of sgpACYC.

Proteins pre-incubated with sgpACYC were incubated with pACYC-Duet for TK2425
DNA integration at 37°C for one hour. Integrated plasmid products were purified and
PCR amplified to determine integration sites of TK2425. Primers used in PCR reactions
were TK25 and R. DNA bands A and B corresponded to site A and B integration
products respectively.

4.2.8. Casp-hfdCas9 catalysed In vitro full-site integration was not detected

Casp-Cas9 and Casp-dCas9 fusion proteins catalysed short DNA oligo integration
(Figure 45) detectable by fluorescence imaging of Cy5 labelled DNA substrate TK2425.
Although PCR reactions detected sgRNA-guided integration of TK24 and TK25 at site B
(Figure 46B), it was not clear whether the integration of the double-stranded TK2425
was half-site or full-site. To detect in vitro full-site integration, a reporter plasmid
pCHL42 was constructed based on a previous study (Wright et al., 2019) (Figure 53).
pCHL42 contains an extra 67 bp DNA sequence comprising sgRNAS target sequence
and site B flanking sequence from pACYC-Duet at the beginning of a chloramphenicol
resistance (cmf) gene encoding chloramphenicol acetyltransferase. This extra

sequence makes the cm® gene out of frame and pCHL42 does not confer resistance to

145



chloramphenicol. The open reading frame of the cm® gene would be restored by a 65
bp (50 bp dsMW14 plus 15 bp TSD) insertion or 44 bp (29 bp CL5/6 plus 15 bp TSD)
insertion resulted from full site integration of dsMW14 or CL5/6 respectively. Casp-
hfdCas9 at 150 nM was first incubated with 450 nM sgRNAS followed by incubation
with 150 ng pCHL42 and 200 nM dsMW 14 or CL5/6. Integrated plasmid products were
purified and transformed into DH5a to select for chloramphenicol resistant colonies.
The result showed no colony grew on the chloramphenicol plate suggesting the DNA
substrates were not integrated or the sgRNA-guided integration was half-site

integration.
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Figure 53. Schematic diagram showing chloramphenicol resistance gene structure of
a reporter plasmid pCHL42.

A 67 bp DNA sequence (highlighted) containing sgRNAS target sequence (blue box)
and site B for sgRNA-guided integration was inserted into the beginning of a cm” gene
in pCHL41. This made the cm® gene out-of-frame with an early stop codon (red star)
so the resulting plasmid pCHL42 confers only ampicillin resistance. Full-site integration
at site B (grey box) of dsMW14 and CL5/6 would result in 65 (50 bp dsMW14 plus 15
bp TSD) and 44 bp (29 bp CL5/6 plus 15 bp TSD) insertion into cm® gene restoring the
open reading frame.
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4.2.9. Casp-hfnCas9 catalysed ssDNA integration and DNA replacement were not
detected

Previous results showed casposase and Casp-dCas9 were able to integrate a ssDNA
oligonucleotide into a pACYC-Duet plasmid (Figures 25 and 45B). We therefore
hypothesised a genome editing strategy in which casp-hfnCas9 fusion protein can
introduce a base substitution or small insertion/deletions (Figure 54A). To test this,
pUC19 was used as a target plasmid and blue/white screening was used as a reporter
to detect successful gene editing. Casp-hfnCas9 at 150 nM was first incubated with
450 nM sgpUC19 RNA that targets the 5’ end of a lacZa gene in pUC19. The RNP
complex was then incubated with 150 ng pUC19 to form a R-loop and the functional
RuvC domain in the nCas9 moiety of the Casp-hfnCas9 generated a single-strand break
at a site three bp upstream of the PAM on the non-target strand (Figure 54A red
arrow). Then a ssDNA oligonucleotide CL7 at 200 nM, which contains the same
sequence as the non-target strand except for an additional adenine, was added for
sgpUC19-guided integration. According to the sgpACYC-guided site B integration, CL7
would be integrated 26 bp downstream of the PAM. After integration, CL7 might
displace the top strand that was cleaved at both ends and bind to the bottom strand
by complementary base pairing except for insertion of one additional adenine.
Successfully integrated CL7 might be used as a template to repair the mismatch in the
integrated plasmid products inside a cell. This would introduce a one-bp insertion into
the lacZa gene causing a frameshift and early termination in translation. This would
be detected by transforming products into DH5a that would grow as white colonies
when grown on agar containing X-gal and IPTG, because a-complementation of the

chromosomal B-galactosidase gene by pUC19 would be lost (Ullmann, 1992). The
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results showed white colonies on the X-gal plate but these white colonies did not grow
after re-streaking on a new plate suggesting satellite colonies (Figure 54B). One
possible reason for the lack of positive outcome from this assay might be because the
ssDNA oligo CL7 contains a guanine and thymine at the -3 and -2 position from the 3’
end that might be disfavoured by casposase (Figure 24B). There were also several
uncertainties in this experiment, for example, displacement of non-target strand by

CL7 and DNA repair using CL7 as template.
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Figure 54. Casp-hfnCas9 catalysed ssDNA integration and DNA displacement were
not detected.

(A) Schematic diagram showing Casp-hfnCas9 catalysed sgRNA-guided ssDNA
integration and non-target strand cleavage in lacZa gene in pUC19. The sgRNA
targeting sequence on the non-target strand in lacZa gene was labelled in red with a
PAM in yellow and the sgpUC19 RNA was labelled in blue. Casp-hfnCas9 generated a
single-strand break at the non-target strand (red arrow). A single-stranded oligo CL7
would be integrated into a site 26 bp from the PAM in a sgRNA-dependent manner
(blue arrow). The integrated CL7 might displace a partial plasmid sequence cleaved at
both ends on the top strand and bind to the complementary sequence on the bottom
strand with one mismatch. (B) A blue/white screening to detect Casp-hfnCas9
catalysed CL7 integration and CL7 replacement of plasmid sequence. White colonies
would correspond to positive results.
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4.2.10. Casp-Cas9 catalysed DNA integration in vivo was not detected in E. coli cells

To assess if Casp-Cas9 fusions could catalyse DNA integration in vivo using E. coli cells,
the protocol for expression of the fusion proteins was modified from that used for
protein purification. This was because cells at ODgpo=0.6 needed to be made electro-
competent for transformation of linear DNA substrates. According to the optimised
protein expression protocol for in vivo integration, fusion protein expression was
induced at ODegpo=0.2 and lasted until ODgpo=0.6. Western blotting using anti-6xHis
antibody confirmed that Casp-dCas9 protein was stably expressed in E. coli EB377

strain, which is K-12 MG1655 carrying a T7 RNA polymerase gene (Figure 55).
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Figure 55. Casp-dCas9 expression using expression protocol for in vivo integration
was confirmed by western blotting.

E. coli strain EB377 was transformed with pCHL9 for Casp-dCas9 expression and
psglacZ2 for sgRNA expression. EB377 harbouring an empty vector (EV) was used as a
control. Cells were induced protein expression at ODeo0=0.2 and were harvested for
SDS-PAGE at ODgpo=0.6. Casp-dCas9 expression was confirmed by western blotting
using anti-6xHis antibody.
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We next tested if fusion proteins could bind to target DNA in a sgRNA-dependent
manner in vivo. Two sgRNAs targeting to a lacZ gene, which was either on a plasmid
or on a chromosome, were tested and B-galactosidase activity was measured by Miller
assays as a read-out (Figure 56A). E. coli strain CLO03, K-12 MG1655 with /ac operon
deletion and inducible T7 RNA polymerase production was transformed with pRC7, a
very low copy number plasmid containing the lac operon. Then cells were respectively
transformed with pCHL35, pCHL37 and pCHL50 for expressing fusion proteins and
sglacZ RNA on the same plasmid. Miller assays showed co-expression of fusion
proteins and sglacZ resulted in a large decrease in B-galactosidase activity (Figure 56B).
The relative Miller unit dropped to nearly zero in cells expressing Casp-hfCas9-sglacZ1
because repair of the DSB generated by hfCas9 led to insertions/deletions in the lacZ
gene. It was observed that the targeting efficiency of sglacZ2 was better than sglacZ1
consistent with previous studies showing that different sgRNAs targeting to the same
gene show different editing efficiency (Doench et al., 2014; Xu et al., 2017). The
difference in sgRNA targeting efficiency might be explained by the stability of R-loops
formed between target DNA and sgRNA. Cells expressing Casp-hfdCas9-sglaczZ2
showed nearly five-fold reduced [-galactosidase activity compared with cells
expressing only Casp-hfdCas9. Similar observations were noted in Miller assays using
BL21-Al strain for chromosomal lacZ targeting (Figure 56C). The target efficiency of
Casp-dCas9-sglacZ2 was the same as dCas9-sglacZ2 that they both caused five-fold
decrease in B-galactosidase activity compared with cells harbouring an empty vector.
In addition, it was observed that cells expressing fusion protein and sglacZl on
different plasmids showed lower B-galactosidase activity than those expressing fusion

protein and sglacZ1 on the same plasmid. This might be explained by the amount of
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sglacZ1 present in cells due to the difference in copy number of the sglacZ1 expressing
plasmids. To conclude, sglacZ2 bound fusion proteins effectively target lacZ gene on a

plasmid or on a chromosome.
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Figure 56. Fusion proteins specifically bound to lacZ gene in the presence of sglacZ

RNA revealed by Miller assays
(A) Schematic representation of targeting sites of sglacZ1 and sglacZ2 RNA in lacZ gene.

(B and C) Miller assays confirmed fusion proteins targeting of lacZ gene on an
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extremely low copy number plasmid pRC7 (B) or on the chromosome (C). Miller units
were normalised to a ‘empty vector’ (EV) control that lacks protein encoding genes.
Columns coloured in black represent controls. Blue columns represent samples using
sglacZ1 and red columns represent sglacZ2 samples. One-way ANOVA with multiple
comparison to EV control was performed to determine statistical significance. ***: p-
value ranges from 0.0001 to 0.001, ****: p-value < 0.0001, ns: non-significant. (B) E.
coli CLO03 strain harbouring pRC7 was transformed with a plasmid encoding protein
only, sglacZ RNA only or encoding both protein and sglacZ RNA. N=2. (C) E. coli BL21-
Al strain was transformed with plasmids for individually expressing proteins and sglacZ
RNA. An exception was pCHL37 that expresses both Casp-hfdCas9 and sglacZ1. N=3.
Error bars represent standard error of the mean.

We next extended this method by introducing TK2425 (3 uM) by electroporation into
CLOO3 cells expressing a fusion protein and sglacZ1 that targets lacZ gene on pRC7.
One microliter of cells was lysed after recovery from electroporation and was used in
PCR as template to detect both half-site and full-site integration (Figure 57A). Targeted
integration by sglacZ1l bound hf fusion proteins was expected to give a 1.2 kb PCR
product when primers lacZ F and TK24 or TK25 were used. PCR reactions using TK24
did not show DNA amplification while PCR reactions using TK25 showed the expected
DNA band at 1.2 kb. However, DNA sequencing followed by a BLAST search revealed
non-specific binding of TK25 and lacZ F primers to E. coli chromosomal DNA (Appendix
9). The remaining electroporated cells after recovery were diluted 10’-fold and plated
on X-gal agar plate for blue/white screening (Figure 57B). Cells expressing Casp-
hfCas9-sglacZl showed white colonies that are consistent with a lacZ gene that has
been disrupted. Colony PCR suggested the lacZ gene was deleted in these cells upon
repair of hfCas9 generated DSB (Figure 57C). Cells expressing casposase, Casp-
hfnCas9-sglacZl or Casp-hfdCas9-sglacZl all showed blue colonies on X-gal plates

representing intact /acZ gene that was verified by colony PCR (Figure 57B and 57C).
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Figure 57. In vivo TK2425 integration was not detected.
(A) Liquid culture PCR reactions of cells transformed with TK2425 did not detect in vivo
TK2425 integration. CLO03 harbouring pRC7 and expressing casposase or fusion
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proteins with sglacZl were electroporated with 3 uM of TK2425. After one-hour
recovery in SOC, cells were diluted 100-fold in sterile distilled water and one pL of
lysed cells was used in PCR as template. Primers used were TK24 and lacZ F (lanes 1-
5), TK25 and lacZ F (lanes 6-10). (B) Blue/white screening of cells transformed with
TK2425. Cells electroporated with TK2425 in (A) were plated on agar plates containing
X-gal for blue/white screening. Blue colonies corresponded to intact /acZ gene and
white colonies corresponded to edited /acZ. (C) Colony PCR showed cells expressing
Casp-hfCas9-sglacZ1 had lacZ gene deleted. Colonies appeared on X-gal plates in (B)
were picked for colony PCR to amplify lacZ gene using lacZ F and lacZ R primers. ‘No
lacZ' control was from a colony of CLOO3 and ‘no protein’ control was from CLO03
harbouring pRC7.

We repeated the in vivo integration assay targeting lacZ on pRC7 using dsMW14 as
DNA substrate (Figure 58). Cells expressing casposase or Casp-hfdCas9-sglacZ2 were
electroporated with three uM dsMW 14 and plated on X-gal agar plates for blue/white
screening. Full-site integration of dsMW14 would result in frameshift of the lacZ gene
giving white colonies on a X-gal plate. However, we observed no white colonies from

cells expressing Casp-hfdCas9-sglacZ2 (Figure 58).
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Figure 58. In vivo dsMW14 integration was not detected by blue/white screening.

E. coli CLO03 strain harbouring pRC7 and expressing casposase or Casp-hfdCas9-
sglacZ2 were electroporated with 3 uM of dsMW14. Cells were plated on agar plates
containing X-gal for blue/white screening. Blue colonies corresponded to intact lacZ
gene and white colonies corresponded to edited /acZ.
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The in vivo TK2425 integration experiments were next repeated to target
chromosomal lacZ of E. coli EB377 strain that is K-12 MG1655 carrying T7 RNA
polymerase gene. Because sglacZ2 RNA showed better targeting efficiency than
sglacZl (Figure 56C), cells expressing sglacZ2 RNA and hf fusion proteins were
electroporated with 3 uM of TK2425. One microliter of cells after recovery was lysed
and diluted 100-fold for PCR amplification of the whole lacZ gene (Figure 59A and 59B).
The results showed cells expressing Casp-hfCas9-sglacZ2 gave a product just below
500 bp indicating deletion of the lacZ gene (Figure 59B lane 4). Cells expressing Casp-
hfnCas9-sglacZ2 and Casp-hfdCas9-sglacZ2 both gave a product at 3.3 kb
corresponding to intact /acZ gene. DNA of the 3.3 kb bands were extracted and
subjected to a second round of PCR to detect TK2425 integration (Figure 59C).
However, we did not observe a DNA band at 300 bp that would correspond to sglacZ2-

guided integration.
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Figure 59. Liquid culture PCR did not detect in vivo Tk2425 integration.

(A) Schematic representation of sglacZ2 targeting site in lacZ gene and primers used
in PCR reactions. (B) Amplification of lacZ gene after electroporating 3 uM TK2425 into
EB377 expressing different proteins and sglacZ2. Primers used were lacl F and lacZ R
and the expected product is at 3.3 kb. ‘No electroporation’ control was EB377
expressing Casp-hfdCas9 and sglacZ2 before electroporation of the TK2425 substrate.
‘No protein’ control was EB377 containing pACYC-Duet empty vector and sglacZ2
expressing plasmid. (C) The second round of PCR using DNA extracted from the 3.3 kb
product in (B) did not detect TK24 or TK25 integration. Primers used were TK24 and
lacl F or TK25 and lacl F. If targeted integration occurred, the expected product size
would be 300 bp.
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EB377 cells after recovery of electroporating TK2425 into cells were plated on agar
plate containing X-gal (Figure 60A). The result was consistent with the above PCR
results that cells expressing Casp-hfCas9-sglacZ2 gave white colonies representing
disrupted lacZ gene. Cells expressing Casp-hfnCas9-sglacZ2 and Casp-hfdCas9-sglacZ2
gave blue colonies representing functional B-galactosidase. Colony PCR was carried
out to detect TK2425 integration, in case TK2425 integration did not change the open
reading frame resulting in functional B-galactosidase (Figure 60B and 60C). Two
rounds of PCR were carried out to increase the PCR specificity. Results of the first
round of PCR were consistent with the blue/white screening results that cells
expressing Casp-hfnCas9 and Casp-hfdCas9 showed an expected product at 3.3 kb
(Figure 60B lanes 3-5). The second round of PCR using DNA extracted from the 3.3 kb
band did not show sglacZ2-guided TK2425 integration that should have given a
product at 300 bp (Figure 60C).

We also tested if a mini-casposon (150 ng) could be integrated into the chromosomal
lacZ of EB377 cells expressing Casp-hfnCas9-sglacZ2 or Casp-hfdCas9-sglacZ2. Cells
were plated on agar plates containing ampicillin and X-gal to detect targeted
integration, but no colonies were observed. Our inability to detect in vivo DNA
integration by the casposase moiety in fusions with Cas9 might be owing to different
reaction conditions compared with in vitro assays or rapid degradation of linear DNA

substrate by host’s RecBCD complex.

159



A

Casp-hfCas9-sglacz2 Casp-hfnCas9-sglacz2 Casp-hfdCas9-sglacZ2

—

()] (o))
% A
(1]
g 3
(o) M) M)} E £
29 ©B £ £
T (@O (ONONE] o Q
O O C C T 0 7]
= 4= Y= Y= 4= (] (4]
<E ££ 5 o v
a2 o0 LW w
88 388 SHEL
OO NANANAN
kb
bp
4 & ba
o W N |3 o . ey
-
-
e __Wwwe 400| =
300
200
100
1% 2 3 4 5 g s

Figure 60. Colony PCR did not detect in vivo TK2425 integration.

(A) Blue/white screening of cells transformed with TK2425. EB377 expressing high
fidelity fusion proteins and sglacZ2 were electroporated with 3 uM of TK2425. Cells
were diluted 10’-fold and plated on X-gal agar plate. Black arrows indicate the location
of colonies. (B) Colonies seen in (A) were picked for PCR to amplify the entire lacZ gene.
Primers used were lacl F and lacZ R and the expected product was 3.3 kb long. (C) DNA
of the 3.3 kb band in (B) was extracted and subjected to second round of PCR to detect
TK24 or TK25 integration. Primers used were TK24 and lacl F or TK25 and lacl F.
sglacZ2-guided integration product was 300 bp long.

4.2.11. In vivo gene editing trials in a human cell line

The Casp-Cas9 high-fidelity fusion proteins were also tested for their activities in a
human osteosarcoma U20S cell line. Before assessing activities in vivo, we first
assayed for DNA integration catalysed in cell-free extracts (CFE) of the U20S cells, to

mimic in vivo conditions more closely than in vitro assays containing only a few defined
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components. Previous in vitro DNA integration assays were conducted in the presence
of 5mM Mn?* that is scarce in living cells (Bischof et al., 2019; Varga et al., 2005). Thus,
a more physiologically relevant divalent cation Mg?* was used as an alternative.
Casposase at 150 nM concentration was incubated with 250 ng of pACYC-Duet and
100 nM Cy5 end-labelled TK2425 in a reaction buffer containing 5 mM Mn?* or 5 mM
Mg?* and in the presence or absence of 18 ug of U20S CFE (Figure 61). Casposase
integrated the DNA substrate less effectively in Mg?* than in Min?* (Figure 61A and 61B
lanes 3-4, 7-8) and this was consistent with the previous results seen in casposase-
catalysed disintegration (Figure 19B). The DNA integration efficiency was decreased in
the presence of U20S CFE probably due to large amount of proteins present. However,
these assays indicated that casposase is active at integrating DNA using Mg?*in human
CFE, albeit at lower efficiency. This suggests the casposase moiety in fusion proteins

might be functional under in vivo conditions.
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Figure 61. Casposase catalysed in vitro DNA integration in the presence of human
cell-free extract.

(A) Quantification of band intensity from TK2425 DNA integration catalysed by
casposase in different reaction conditions. The band intensity was normalised to
reactions using MnCl; buffer and without cell-free extract to obtain relative
integration efficiency. Error bars represent standard error of the mean. N=3. One-way
ANOVA with multiple comparison was performed to determine statistical significance.
*: p-value <0.05, **: p-value<0.01, ns: non-significant. (B) A representative gel for
quantificationin (A). Casposase at 150 nM was incubated with 250 ng pACYC-Duet and
100 nM Cy5 labelled TK2425 at 37°C for one hour in MnCl; containing integration
buffer used in previous in vitro assays or in the same buffer with 5 mM MgCl,
substituting for 5 mM MnCl,. The reactions were also repeated in the presence of 18
ug of U20S CFE. Integration of TK2425 into pACYC-Duet was assessed using ethidium
bromide to indicate supercoiled, linear and nicked plasmids (right), and fluorescence
to detect Cy5 labelled TK2425 that was integrated in to the plasmid (left).
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To test Casp-Cas9 for genetic editing in eukaryotic cells, it was necessary to add a
nuclear localisation signal to the protein sequence for protein import into the cell
nucleus (Kosugi et al., 2009). High-fidelity fusion proteins Casp-hfnCas9 and Casp-
hfdCas9, and additionally unfused Cas9, were sub-cloned into pNLS-His-Strepll
plasmid so the proteins contain N-terminal 6xHis tag followed by an NLS and C-
terminal NLS followed by a Strep-tag® Il (Figure 62A). NLS-Cas9 was purified through
Ni2* column followed by Strep-Tactin® resin (Figure 62B). It was observed that NLS-hf
fusion proteins did not bind to Strep-Tactin® resin (data not shown) probably because
the Strep-tag® Il was not exposed on the protein surface. Therefore, the NLS-hf fusion
proteins were purified through Ni?* column followed by heparin column as previous
fusion proteins. A summary SDS polyacrylamide gel of purified NLS containing proteins

was shown in figure 62C.
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Figure 62. Purification of NLS containing proteins for in vivo gene editing in human

cells.

(A) Schematic representation of NLS containing protein construct. (B) Purification of
NLS-Cas9 through Ni?* column followed by Strep-Tactin® resin. Elution fractions
between two black lines were pooled together. (C) Summary SDS polyacrylamide gel

of purified NLS containing proteins.
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The in vivo gene editing assays in human cells utilised EGFP as a reporter. Thus, before
carrying out in vivo gene editing assays, an EGFP expressing cell line was generated by
transfecting pEGFP-c1 plasmid into an U20S cell line. The transfected cells were
cultured in the presence of 400 pg/mL of G418 antibiotic for more than two weeks to
select for cells harbouring the EGFP expressing plasmid. Cells were subsequently
cultured in 200 pg/mL of G418 for plasmid maintenance while minimising its effect on
cells. At the end of selection, cells were imaged at four different locations under a
fluorescence microscope and the average percentage of EGFP expressing cells in the

population was 57% (Figure 63).

Figure 63. Image of EGFP expressing U20S cells.

A representative image of U20S cells transfected with pEGFP-c1 plasmid taken at four
different locations. Green cells were successfully transfected cells expressing EGFP
and dark cells were non-transfected cells. The EGFP gene on the pEGFP-c1 plasmid
was used as a target for experiments utilising NLS-Cas9, and the NLS-Casp-Cas9 fusions.

The readout for successful DNA integration that edits the EGFP gene in cells was EGFP
conversion to BFP resulting from the integrated DNA conferring two amino acid

substitutions, T66S and Y67H (Glaser et al., 2016) (Figure 64A). The results could be
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guantified by flow cytometry to measure the editing efficiency. Cas9 mediated HDR
using a ssODN was used as a positive control (Figure 64B). Cas9 generates a DSB three
bp from a PAM in the EGFP gene and the DSB would be repaired using a ssODN with
60 base homology arms at both ends flanking the cut site as a template. The ssODN
introduces two base substitutions, 194C > G and 196T > C, in close proximity to the
Cas9 cut site. For gene editing using casposase-Cas9 mediated recombination
(CaspoR), Casp-hfnCas9 and Casp-hfdCas9 might integrate a single-stranded EGFP
CaspoR oligo 26 bp in the 3’ direction from the PAM (Figure 64C). The EGFP CaspoR
oligo carries the same DNA sequence as the antisense strand of EGFP gene except for

two different bases at the 3’ end for base substitutions mentioned above.
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EGFP 1 MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICT 50
||||||||||||||||||||||||||||||||||||||||||||||||||

BFP 1 LFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICT 50

EGFP 51 TGKLPVPWPTLVTTLITYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIF 100
CEPEEEEEEEEEE = EEEEEE T e e ey

BFP 51 TGKLPVPWPTLVTTLSHGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIF 100

EGFP 101 FKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHN 150
CEEEEEEEEEECE e e e e e e e e e e =1 r

BFP 101 FKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHN 150

EGFP 151 VYIMADKQKNGIKVNFKIRHNIEDGSVOLADHYQONTPIGDGPVLLPDNH 200
COLEEEEEEEEEr - PEEEEE e e e e e e e = |

BFP 151 VYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQONTPIGDGPVLLEPDSH 200

EGFP 201 YLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK 239
|||||||||||||||||||||||||||||||||||||||

BFP 201 ALSKDPNEKR EFVTAAGIT 239

IECa ssODN for Cas9
57 CCCTGGCCCACCCTCGTGACCACCCTGAg ACGGCGTGCAGTGCTTCAGCCGCTACCCC « 3
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ooe ooe

3 GGGACCGGGTGGGAGCACTGGTGGGACTGGATGCCGCACGTCACGAAGTCGGCGATGGGG 57
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Figure 64. Conversion of EGFP to BFP by Cas9 mediated HDR using a ssODN or Casp-
Cas9 fusions mediated ssDNA integration.

(A) Protein sequence alighment between EGFP and BFP by EMBOSS Needle. Two
amino acids indicated by a red box correspond to the difference in the fluorescence
excitation and emission spectra of the proteins. (B) CRISPR-Cas9 mediated HDR using
a ssODN as a template to convert EGFP to BFP. Only the targeting sequence of sgEGFP
HDR is shown. A black arrow indicates the Cas9 cleavage site. (C) Casposase-Cas9
mediated recombination (CaspoR) using a ssDNA oligo that converts EGFP to BFP. The
reaction utilised casp-hfnCas9 or casp-hfdCas9 and sgEGFP CaspoR that shows only
the targeting sequence. The EGFP CaspoR oligo would introduce two base
substitutions which are shown in lower case if the oligo was integrated.

167



For both gene editing strategies, RNP complexes were first assembled in vitro and
delivered into cells by electroporation using two methods, the Neon transfection
system (Thermo Fisher), and by RNP transfection using jetCRISPR® transfection
reagent. Because the Neon transfection system requires high concentration of RNP
complexes containing 1 uM proteins and purified proteins and sgRNAs were not sterile,
severe contamination of EGFP expressing U20S cells was observed 24 hours after
electroporation. On the other hand, the jetCRISPR® transfection method required
lower concentration of RNP complex for transfection. For Cas9 mediated gene editing,
NLS-Cas9-sgEGFP HDR RNP complex (30 nM) and ssODN for Cas9 (1 pg) were
transfected into 1.5X10° EGFP expressing U20S cells. However, in this preliminary
analysis of CaspoR mediated gene editing, a final concentration of 3 nM NLS-hf fusion
protein RNP complexes and EGFP CaspoR oligo (1 ug) were transfected into cells. This
was because of low quantity of purified NLS-hf fusion proteins. Plasmid pEGFP-c1 was
purified from transfected cells by QIAGEN miniprep kit 48 hours after transfection. A
530 bp EGFP DNA fragment flanking the two sgEGFP targeting sites was PCR amplified
using primers EGFP F and EGFP R (Figure 65A). The PCR products from cells transfected
with different RNP complexes were heated and slowly cooled to room temperature
for re-hybridisation. These reannealed products were treated with T7 endonuclease |
that catalyses DNA DSBs at DNA mismatches (Figure 65B). If the EGFP gene was
successfully edited, the 530 bp product would give two fragments at 230 bp and 300
bp after the T7 endonuclease | treatment. However, no expected bands were

observed for all RNP complexes indicating the EGFP gene was not edited.
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Figure 65. The EGFP gene in pEGFP-c1 plasmid was not edited by NLS-Cas9 or NLS-hf
fusion proteins in vivo.

(A) PCR amplification of a 530 bp EGFP DNA fragment from pEGFP-c1 purified from
cells transfected with RNP complexes comprising different NLS-proteins and sgEGFP
RNA. (B) T7 endonuclease | assays detected no editing of the EGFP gene in pEGFP-c1.
PCR products in (A) were reannealed and treated with T7 endonuclease | at 37°C for
30 min to detect DNA mismatches.

4.3. Discussion and conclusion

Precise programmable genome editing has long been sought after by researchers.
Although targeted DSBs repaired that are repaired by HDR can introduce desired
mutations, it occurs at low efficiency. In the past, targeted DSBs were achieved by
ZFNs and TALENSs that have limitations (Urnov, 2018). After the discovery of CRISPR-
Cas systems, CRISPR-Cas9 was soon employed in genome editing as it offers several
advantages over TALENs and ZFNs, such as easy target design and multiplexed editing
(Gupta and Musunuru, 2014). Because target recognition in CRISPR systems relies on

R-loop formation between RNA and target DNA and not protein-DNA recognition, it
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makes gene editing more cost-effective and less time-consuming by just synthesising
guide RNA. In addition, Cas9 utilises two nuclease domains, HNH domain and RuvC
domain, that cleave the target DNA strand and non-target strand respectively.
Introducing mutations of active site residues to one or both nuclease domains has
generated nCas9 and dCas9 (Nishimasu et al., 2014). By fusing different effectors to
Cas9 mutants that serve as programmable DNA binding domain, fusion proteins could
play different roles in genome editing, for example base editors, or in epigenome
editing to regulate gene transcription (Gajula, 2019; Komor et al., 2016; Thakore et al.,
2016).

In chapter 3, considerable substrate flexibility of A. boonei casposase was observed as
the enzyme integrated a variety of DNA substrates with or without TIRs. Thus,
casposase was fused to Cas9 and Cas9 mutants to test if casposase-catalysed DNA
integration could be targeted to specific DNA sites by sgRNAs. If this worked, this
would offer potential for genome editing by inserting user-defined DNA sequences
into user-defined target sites obviating the need for generating DSBs and subsequent
HDR. Indeed, several studies have reported targeted insertion of transposon into
specific DNA loci by fusing transposases to DNA binding proteins, such as zinc-finger
proteins and dCas9 (Bhatt and Chalmers, 2019; Feng et al., 2010). Recent discoveries
also revealed that naturally existing CRISPR-associated Tn7-like transposases catalyses
sgRNA-guided DNA transposition (Klompe et al., 2019; Strecker et al., 2019). Here we
demonstrate the casposase and Cas9 moieties of a fusion protein were both active.
Fusion proteins were capable of integrating DNA substrates without TIRs and forming
R-loop with target DNA in the presence of sgRNA. On top of these, it was observed

that fusion protein-catalysed DNA integration could be guided by sgRNA to a site 26

170



bp from the Cas9 PAM. In vitro DNA integrations of a 33-nt TK2425 oligo and a 1.2 kb
mini-casposon into this sgRNA-guided site were only detected by PCR amplification
and were not observed after transforming integrated products into E. coli. This might
be explained by low transformation efficiency of cells or because the sgRNA-guided
full-site integration occurred at very low efficiency.

Random DNA integration was still observed, even though sgRNA was added to the
fusion proteins. This off-target effect most likely arose from the casposase moiety due
to lack of casposase native target tRNA-Pro gene (Béguin et al., 2016) rather than off-
target R-loop formation by the Cas9 moiety. This was confirmed by similar results
being observed between Casp-Cas9/dCas9 and Casp-hfCas9/hfdCas9. In addition, a
four kb plasmid pACYC-Duet unlikely has multiple sgRNA-Cas9 off-target sites. We
reasoned that some of the random DNA integration products were due to ‘free’
casposase present in the purified fusion protein stocks (Figures 38C and 51). The 210
kDa fusion proteins were susceptible to degradation in E. coli during protein synthesis
(Wingfield, 2015). To improve this, MBP tag can be fused to current fusion proteins
because the naturally occurring MBP tag helps fusion protein solubility and is
suggested to protect fusion protein from proteolytic degradation (Peti and Page,
2007). If the yield of fusion proteins was increased, a high-resolution size exclusion
chromatography column could be used in the final step of protein purification to
remove the ‘free’ casposase. The rest of the random integration products resulted
from the casposase moiety competing with the sgRNA-Cas9 moiety for DNA binding.
The target specificity of fusion proteins might be improved by directed evolution that

has been used in expanding CRISPR-Cas9 PAM recognition (Chen et al., 2019).
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Casp-hfdCas9 and Casp-hfnCas9 might serve as prototypes for further studies because
DSBs generated by active Cas9 lead to unpredictable mutations. The reasons in vivo
integration by fusion proteins was not detected was the same as those for casposase
described in chapter 3. The casposase moiety might require other proteins from the
casposon for in vivo activity. Further fundamental biology studies of casposase and
casposon could help the fusion protein design and integration strategies. As a
naturally occurring protein, casposase is not very active because this is harmful to the
host. Fusion proteins comprising hyperactive casposase might be useful in

biotechnology and this might be achievable by directed evolution of casposase.
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Chapter 5

5. Testing potential alternatives to Casp-Cas9 for HDR
independent DNA integration
5.1. Introduction

The widely used S. pyogenes Cas9 is a relatively large protein of 1,366 amino acids and
it becomes even larger when fused to an effector. This is problematic because large
recombinant proteins are normally poorly expressed with low protein solubility in
bacteria (Wingfield, 2015), and in mammalian cells large protein size creates a delivery
challenge due to limited packaging capacity of viral gene delivery systems or reduced
RNP transfection efficiency (Adli, 2018). Therefore, smaller Cas9 variants and
alternative non-Cas9 interference enzymes from natural CRISPR-Cas systems are
being scrutinised for applications in genetic editing. One example is Cas12, a protein
from CRISPR type V systems that induces HDR after generation of DSBs (Téth et al.,
2016), and although of similar molecular weight to Cas9 (160 kDa) it has a distinct DNA
cleavage mechanism that generates staggered DSBs. It was shown that five bp sticky
ends generated by Cas12a facilitate precise integration of exogenous DNA into the
target genomic locus, thus providing a new method for targeted gene knock-in (Li et
al., 2019). Cas12 also offers different targeting capabilities because PAM sequences
targeted by Cas12 proteins are predominantly T-rich compared with the G-rich Cas9
PAM (Safari et al., 2019). However, it was revealed that a Cas12a-crRNA complex
bound to the complementary target DNA triggers non-specific ssDNA trans-cleavage
activity and non-specific dsDNA nicking in trans (Chen et al., 2018; Murugan et al.,
2020). This characteristic makes Cas12a less suitable for genome editing than Cas9 but

is exploited in nucleic acid detection (Gootenberg et al., 2018).
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A Deltaproteobacterial CasX protein (also known as Casl2e) illustrated a unique
protein domain and distinct sgRNA folds compared with Cas9 and Cas12a (Liu et al.,
2019). CasX protein is less than 1,000 amino acids, generates staggered DSBs and
showed minimal trans-cleavage ssDNA activity after target binding. We therefore
raised the interesting proposition of fusing casposase to catalytically dead CasX (dCasX)
to test for sgRNA-guided DNA integration and to compare with Casp-dCas9.

Precise programmable genome manipulation can be also achieved by targeted
recombination catalysed by non-CRISPR enzymes, called site-specific recombinases
(SSEs). They catalyse DNA cleavage, strand exchange and DNA re-ligation (Karimova
et al., 2016). Because site-specific recombination does not induce cell intrinsic DNA
repair pathways, the outcomes of genome manipulation are highly predictable and do
not contain undesired mutations. It also offers advantages over targeted nucleases
that it results in not only DNA integration and excision but also inversion. However,
the use of site-specific recombinase in genome editing has been limited by the
presence of rare pseudo-recognition sites of the recombinase in the host genome or
pre-introduction of the recognition site into the host genome by homologous
recombination (Gaj et al., 2014). To expand the targeting scope of SSEs, researchers
have fused hyperactive catalytic domain of serine recombinases to DNA binding
protein such as zinc-finger proteins and dCas9 (Akopian et al., 2003; Chaikind et al.,
2016; Standage-Beier et al., 2019). Recently, an archaeal integrase belonging to
tyrosine recombinases from Thermococcus nautili plasmid pTN3 (Int°™3), was shown
to catalyse low sequence specificity recombination akin to homologous
recombination, albeit with lower efficiency than site-specific recombination (Cossu et

al., 2017) (Figure 66). This inspired us to fuse IntP™3 to dCas9 to test if sgRNA-guided
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DNA binding of the dCas9 moiety could increase the efficiency of Int’™3-catalysed

recombination between two homologous sequences.

RE Recombination RE
* I ( ': Additional bands
| on gel after

lacZ250 lacZa restriction digest

Figure 66. Int’™3-catalysed low sequence recombination described in previous work.
IntP™3 catalysed inversion of a linear DNA substrate between two lacZa segments, one
full-length and one 250 bp, in the opposite orientation. Inversion of the DNA substrate
was detected by appearance of new DNA bands on gel after restriction digest. RE
represents a restriction enzyme cutting site.

5.2. Results

5.2.1. Casp-dCasX was successfully expressed in E. coli cells but was not purified well.

To construct a casposase-dCasX (Casp-dCasX) fusion, the casposase gene was first
inserted into a pNLS-His-Strepll plasmid generated by a BBSRC DTP student (Mr
Andrew Cubbon). The vector backbone pNLS-His-Strepll was chosen because the
fusion protein generated by this DNA construct is flanked by NLS sequences for protein
import into the eukaryotic cell nucleus and flanked by two protein tags that facilitate
protein purification (Figure 67A). The dcasX gene was then inserted immediately
downstream of the casposase gene and a (GGS)s linker sequence was inserted
between the casposase and dCasX genes by Q5 site-directed mutagenesis PCR. The
protein was successfully expressed in E. coli BL21-Al strain demonstrated by western
blotting (Figure 67B). Casp-dCasX was purified by a BBSRC DTP rotation student (Mr
Ashley Parkes) as part of his training and protein fractions eluted from a Ni?* column

showed most Casp-dCasX did not bind to the column (Figure 67C). However, because
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the eluted Casp-dCasX was too diluted, it was not observed on an SDS gel after

purification through a heparin column or Strep-tactin® resin.
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Figure 67. Difficulties in purification of a Casp-dCasX fusion protein

(A) Schematic representation of Casp-dCasX gene construct. (B) Casp-dCasX at 168 kDa
was successfully expressed in E. coli BL21-Al strain revealed by western blotting. BL21-
Al harbouring pdCaspoX plasmid was cultured at 37°C until ODepo=0.6. Protein
expression was then induced and cultured at 18°C overnight. Cells were lysed and run
on SDS gel followed by western blotting using anti-6xHis antibody. BL21-Al harbouring
PNLS (empty vector, EV) was used as a negative control and harbouring pNLS-
hfdCaspoR expressing the 214 kDa NLS-Casp-hfdCas9 as a positive control. (C)
Purification of Casp-dCasX through a Ni?* column.
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5.2.2. Purification of IntP™3 and IntP™3-dCas9.

A codon-optimised Int’?™3 gene (NCBI gene ID: 17125032) for expression in E. coli cells
was synthesised by GeneArt® and inserted into pACYC-Duet to generate pCHL11. The
plasmid was transformed into BL21-Al for Int°’™3 expression and purification. IntP™3
was purified by a summer vacation undergraduate student (Miss Dora Barisic) through

a Ni%* column followed by a heparin column (Figure 68).

Ni2* column Heparin column
Pooled Pooled
kDa fractions kDa fractions
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Figure 68. Purification of IntP™3,
Purification of Int’™3 through a Ni%* column followed by a heparin column. Elution
fractions between two black lines were pooled together.

The gene encoding dCas9 was inserted into pCHL11 immediately downstream of the
casposase gene followed by insertion of a (GGS)s linker between the two genes and a
Strep-tag® Il encoding sequence into the 3’ end of the fusion gene construct to
generate pCHL49 (Figure 69A). The fusion protein IntP™3-dCas9 endoed by pCHL49
was purified by Dora Barisic through a Ni?* column followed by Strep-Tactin® resin and
the identity of purified proteins were confirmed by western blotting (Figure 69B and

69C).
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Figure 69. Purification of Int’™3-dCas9.
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(A) Schematic representation of Int’™3-dCas9 protein construct. (B) Purification of
IntP™3-dCas9 through a Ni%* column followed by Strep-Tactin® resin. Elution fractions
between two black lines were pooled together. (C) Western blot using anti-6xHis
antibody confirmed the identity of purified Int’P™3 and Int°™3-dCas9. The 215 kDa
IntP™3-dCas9 and 54 kDa Int’™3 were at the right size using 210 kDa Casp-dCas9 and

50 kDa casposase as markers.

5.2.3. Int’™3 activity was not detected in the IntP™3-dCas9 fusion protein.

Low sequence specificity recombination activity of IntP™3 was assessed by a plasmid

containing two lacZa segments in the same orientation (pCHL43) or in the opposite
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orientation (pCHL44). pCHL43 with both lacZa segments facing in one direction was
used to detect deletion catalysed by IntP™3 (Figure 70A). High concentrations of
archaeal protein IntP™3 at 500 and 1000 nM were incubated with pCHL43 at 65°C for
three and a half hours. We did not observe smaller DNA products corresponding to
deletion of pCHL43 through agarose gel electrophoresis (Figure 70B lanes 2-3).
However, larger DNA products were observed instead in these reactions and they
might be multimers of pCHL43 plasmid resulting from sequential integration. The
band intensity of multimers was reduced at 1000 nM of IntP™3 compared with that at
500 nM suggesting self-inhibition due to high concentration of Int’™3, This was
confirmed by there being no detectable DNA multimers observed when using 2500
nM of Int?™3 (Figure 70C).

For reactions using Int?™3-dCas9 fusion protein, 900 nM sgpUC19 targeting to the two
lacZa genes on pCHL43 was first incubated with 300 nM Int’™3-dCas9 at room
temperature for 10 min. Because the IntP™3-dCas9 fusion protein contains bacterial
protein moiety dCas9, which is not active at 65°C, the Int?™3-dCas9-sgpUC19 RNP
complex was incubated with pCHL43 at 37°C overnight. However, analysis by gel
electrophoresis of reaction products illustrated no detectable DNA products resulting

from neither deletion nor sequential integration of pCHL43 (Figure 70B lane 4).
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Figure 70. Int?™3 did not catalyse deletion between two lacZa genes in pCHL43.

(A) Schematic diagram of deletion catalysed by Int’™3-dCas9 between two lacZa
genes in pCHL43. Yellow arrow represents lacZa gene. Red pentagon represents dCas9
moiety and light orange sphere represents Int’™3, (B) Agarose gel electrophoresis of
recombination reactions showed no deletion products but multimers of plasmids
were seen in IntP™3, IntP™3-dCas9 at 300 nM was first incubated with 900 nM sgpUC19
before incubating with pCHL43 at 37°C overnight. For Int’P™3, reactions were carried
out at 65°C for 3.5 hours. (C) Self-inhibition was seen at 2500 nM of IntP™3,

The plasmid pCHL44 with both lacZa segments facing in the opposite direction was
used to detect inversion catalysed by Int’™3 similar to previous work (Cossu et al.,
2017) (Figure 71A). Int?™3 and IntP™3-dCas9-sgpUC19 were incubated with pCHL44 as

described in above reactions using pCHL43. Reaction products were ethanol
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precipitated followed by PCR amplification to detect inversion products. However, the

results showed no inversion products in all samples (Figure 71B).
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Figure 71. IntpTN3 did not catalyse inversion in pCHL44.

(A) Schematic diagram of inversion catalysed by Int’™3-dCas9 between two lacZa
genes in pCHL44. PCR primers used subsequent PCR amplification were shown in black
arrow. Amp RE and lacZa 2 R were used in a positive control. Amp LE and lacZa 2 R
were used to detect inversion. (B) Agarose gel electrophoresis of PCR reactions of
recombination products showed no inversion products. Lane 1 was a positive control
to show PCR reactions worked. IntP™3-dCas9 at 300 nM was first incubated with 900
nM sgpUC19 before incubating with pCHL44 at 37°C overnight. For Int’™3, reactions
were carried out at 65°C for 3.5 hours.

5.3. Discussion and future work

S. pyogenes Cas9 is widely used in genome editing and biotechnology but Cas9
variants or other Cas single interference proteins may also be effective by showing
different targeting scope and smaller protein molecular weight. Here, we fused
casposase to a recently characterised catalytically inactive CasX (Cas12e) protein from
a CRISPR type V-E system. CasX is composed of just less than 1,000 amino acids and it
recognises a PAM sequence of TTCN compared with an NGG PAM for Cas9 (Liu et al.,

2019). Although the fusion protein Casp-dCasX was expressed in E. coli, its purification
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was unsuccessful. The SDS gel of elution fractions from a Ni?* column revealed that
most of the Casp-dCasX was found in the unbound fraction (Figure 67C). Formation of
inclusion bodies in cells by aggregated Casp-dCasX might account for the inability to
bind a Ni?* column. To improve this, a MBP tag facilitating recombinant protein
solubility (Peti and Page, 2007) can be fused to Casp-dCasX to help with protein
purification.

Targeted genome editing can be also achieved by site-specific recombinases, in
addition to targeted nucleases. Attempts have been reported to fuse a catalytic
domain of serine recombinases to dCas9 to expand the targeting scope but the
catalytic domain still requires a minimal recombinase core sequence near a sgRNA
targeting site for binding and function (Chaikind et al., 2016; Standage-Beier et al.,
2019). A recently characterised tyrosine recombinase IntpTN3 showed catalysing
inversion between two lacZa segments without the need for attachment sites
mimicking homologous recombination (Cossu et al., 2017). The efficiency of this low
sequence specificity recombination is much lower than site-specific recombination
between native attachment sites. Thus, we tethered Int’P™3 to dCas9 to see if the
efficiency of low sequence specificity recombination could be increased by sgRNA
targeting. Our results showed the purified IntP™3-dCas9 fusion protein might be
inactive because no multimers of plasmid were observed after incubating with pCHL43
compared with reactions using wild-type IntP™3, For Int’™3, no inversions or deletions
were detected between two identical lacZa genes on the same plasmid but multimers
of plasmid were observed after running recombination products on gels. The plasmid
multimers were probably produced by sequential integration by Int?™3 that occurred

outside of the two lacZa genes. The same observation was also noted in previous work
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when incubating IntP™3 with another plasmid pBR322 (Cossu et al., 2017). Although
IntP™3 is able to catalyse low sequence specificity recombination, the protein might
still have a preference binding site or sequence motif that needs further analysis. A
hyperactive mutant of IntP™3 might be more suitable than the wild-type in

biotechnology and this could be generated by directed evolution.
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Chapter 6

6. Final discussion

Recent studies suggested the CRISPR repeats and the adaptation machinery originated
from ancestral casposons (Hickman and Dyda, 2015; Krupovic et al., 2014, 2017). As
casposons encoded casposases are CRISPR Cas1l homologues, it was suggested that
casposases are more closely related to the ancestral state of Casl. Here, we
biochemically characterised A. boonei casposase and tried to elucidate the
evolutionary link between casposases and Casl. Our results showed A. boonei
casposase did not only integrate ssDNA and dsDNA oligos derived from the casposon
TIR as shown in a recent study using the same casposase (Béguin et al., 2019), but it
also integrated dsDNA oligos with different sequences and different lengths. Our
results were partly consistent with another study that M. mazei casposase specifically
integrated random ssDNA and dsDNA into a plasmid containing the native target site
of the M. mazei casposase (Hickman et al., 2020). The DNA integration activity was
abolished in the absence of M. mazei casposase target site, whereas A. boonei
casposase can integrate DNA into random sites in the absence of the target site.
Therefore, M. mazei casposase is more site-specific than that of A. boonei. Our results
support the idea that ancestral casposase gave rise to CRISPR Casl because the
promiscuous DNA substrate integration activity of the ancestral casposase has passed
onto the CRISPR Casl. However, during the evolutionary transformation, there were
changes in protein-protein interactions that fixed the integrating DNA length making
Cas1 specialise in short spacer integration. The recently discovered type V-C and V-D

adaptation modules lack Cas2 in these systems and type V-C and V-D Casls serve as
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an evolutionary intermediate between casposase and Casl. A type V-C Casl was
shown active in spacer integration as a homotetramer in vitro (Wright et al., 2019).
The integrating spacer length of type V-C and V-D Casls is shorter than other CRISPR
adaptation complexes that contain Cas2. As Cas1 further evolved, there were changes
in protein-protein interactions that favoured Cas2 binding over tetramerization
(Hickman et al., 2020). This Cas2 recruitment has increased the integrating DNA length.
Casposons are a novel type of transposons and the integrase they encode, casposase,
functions as transposases (Hickman and Dyda, 2015; Krupovic et al., 2014). Our results
also showed A. boonei casposase is able to integrate long DNA substrates longer than
1 kb into a plasmid lacking a target site. These long DNA substrates can be flanked
with casposon TIRs or without, although the integration efficiency is much lower for
those without TIRs. This promiscuous substrate capturing is unusual for a transposase
because transposable elements are selfish and TIRs flanking the transposable
elements allow specific binding of transposases (Ichikawa et al., 1987; Szab¢ et al.,
2010). Since the integration of long dsDNA without TIRs flanking was carried out in
vitro and DNA substrates was provided in a linear form, in vivo characterisation is
required to answer the role of this activity in physiological conditions.

Targeted DNA insertion can be achieved not only by the HDR-mediated pathway or
site-specific recombinase, it can be also achieved by targeted transposition (Urnov,
2018). This involves fusing a transposase to a DNA binding protein such as zinc-finger
protein or CRISPR interference effector protein (Bhatt and Chalmers, 2019; Feng et al.,
2010). This project investigated the potential of using casposase to achieve targeted
DNA insertion by fusing it to Cas9. Our results showed the Cas9 component in the

fusion proteins worked perfectly that it is able to specifically target plasmid and
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chromosomal DNA in the presence of sgRNA. Although the casposase component in
the fusion proteins is able to integrate DNA substrates at a fixed distance to the sgRNA
targeting site of the Cas9 component, we could not prove the targeted integration was
full-site integration. Another limitation of these fusion proteins was the DNA
integration into random sites even in the presence of sgRNA. Therefore, A. boonei
casposase may not be the suitable fusing component for the sgRNA-guided DNA
insertion. Recent studies revealed there are natural occurring Tn7-like transposon
systems exploiting CRISPR Cas proteins for targeted transposition (Peters et al., 2017).
The CRISPR crRNA-effector protein complex in these Tn7-like transposons only binds
to target DNA without inducing target degradation and it directly binds TniQ that
recruits TnsABC transposition protein complex. The characterised Tn7-like
transposons utilise either a CRISPR type | Cascade variant complex or a CRISPR type V-
K effector protein, Casl12k (Klompe et al., 2019; Strecker et al., 2019). The two
independent studies showed these CRISPR-associated Tn7-like transposons can
achieve around 50% insertion frequency and with more than 50% on-target specificity.
These Tn7-like transposons may serve a better targeted DNA insertion tool that does

not require homology-directed repair.
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8. Appendix 1

Primers used in this study

Primer name

Sequence from 5’ to 3’

Casp pDuet F

GATGGATCCTATGAACCCTCTTTTAGTTAGTGG

Casp pDuet R

GCCCTGCAGCTATTTTAATTTACTCTTTACCTTCCC

Casp H242A F

TGGTTTTTTGGCAGAACTAGCTTCCTCTAAGAC

Casp H242A R

ATCGATGGGTCTAGACCTAC

Casp D254A F

TCTTGTATATGCACTTCAAGAGCTTTTTAGG

Casp D254AR

GGGGTCTTAGAGGAAGCT

Cas9 pDuet F

GGCCGGCTGCAGATGGATAAGAAATACTCAATAGGCTTAG

Cas9 pDuet R

TAAATGCGGCCGCTCAGTCACCTCCTAGCTGA

Assem Casp F

CGGCTGCAGATGAACCCTCTTTTAGTTAGTGG

Assem Casp R

GGAGCCTCCCGAGCCACCTTTTAATTTACTCTTTACCTTCCC

Assem Cas9 F

AAGGTGGCTCGGGAGGCTCCATGGATAAGAAATACTCAATAGGC

Casp-GGS6-Cas9
F

GGAGGTAGCGGTGGGTCAGGCGGTTCGATGGATAAGAAATACTC
AATAG

Casp-GGS6-Cas9
R

GGAGCCTCCCGATCCGCCACTGCCACCTTTTAATTTACTCTTTACCT
TCC

Casp-GGS8-Cas9
F

GGTGGGTCAGGCGGTTCGGGAGGCAGTGGTGGAAGCATGGATA
AGAAATACTCAATAG

Casp-GGS8-Cas9
R

ACTACCACCACTTCCGCCAGACCCTCCAGATCCGCCTTTTAATTTAC
TCTTTACCTTCC

Casp-XTEN-Cas9 F

AGTGAGTCTGCCACTCCGGAATCGATGGATAAGAAATACTCAATA
G

Casp-XTEN-Cas9 F

GGTCCCAGGCGTTTCTGAGCCGGATTTTAATTTACTCTTTACCTTC
C

Cas9 H840A F

TGATGTCGATGCCATTGTTCCAC

Cas9 H840A R

TAATCACTTAAACGATTAATATCTAATTC

Cas9 D10AF

ATAGGCTTAGCTATCGGCACAAATAG

Cas9 D10AR

TGAGTATTTCTTATCGCTTCC
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Cas9 K848A F

AAGTTTCCTTGCGGACGATTCAATAGACAATAAG

Cas9 K848A R

TGTGGAACAATGTGATCG

Cas9 K1003A F

GAAATATCCAGCGCTTGAATCGGAGTTTG

Cas9 K1003A R

TTAATCAAAGCAGTTCCAAC

Cas9 R1060A F

GATTCGCAAAGCGCCTCTAATCGAAACTAATG

Cas9 R1060A R

TCTCCATTTGCAAGTGTAATTTC

p15A ori R

CGTGATGCTTGTCAGGGGGGCGGAGCCTATGGAAAAACG

SPIN seq

GCGGAGCCTATGGAAAAACG

Caspamp LEF

GGGATGTATATATATCCCCGATAAGCTTTAATGCGGTAG

Caspamp LER

CTCTTAAGTTCCCTTTTCAGATGATAAGCTGTCAAACATG

Caspamp RE F

CTCTTAAGTTCCCTTTTTATATCAAAAAGGATCTTCACC

Caspamp RER

GGGATATATATATATCCCCATCTCATGACCAAAATCC

Caspamp F GGGGATATATATACATCCCCTCTTAAGTTCCCTTTTCAGATGATAA
GC

Caspamp R GGGGATATATATATATCCCCTCTTAAGTTCCCTTTTTATATCAAAAA
GGATCTTCACC

AmpR F TTCTTAGACGTCAGGTGGCAC

AmpRR TATTAGACGTCGAGTAAACTTGGTCTGACAGTTACC

LE seq GATAATACCGCGCCACATAGC

RE seq ATGGTAAGCCCTCCCGTATC

T7F TAATACGACTCACTATAGG

sgRNAR AAGCACCGACTCGGT

sglacZ1F TTGAAACCCAGTTTTAGAGCTAGAAATAGC

sglacZ1R TATTGGCTTCACTAGTATTATACCTAGGAC

sglacZ2 F TGTAAAACGAGTTTTAGAGCTAGAAATAGC

sglacZ1R ACGTCGTGACACTAGTATTATACCTAGGAC

SgRNA F ATTCTACTGCAGCCGAAAAGTGCCACCTGAC

sgRNA R2 TCAAAACTGCAGTCTAGACTCGAGTAAGGATC

pCHL42 cmR F

GGCACTGATGAGGGTGTCAGTGAAGTGCCCGGGCATTTTAGCTTC
CTTAGC
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pCHL42 cmR R

AACAGGAGGTGCCACTCCCTACCCATCAGCAGATGAGAAAAAAAT

CACTGGATATAC
pUC19 ori R2 GCACGAGGGAGCTTCCAGGGGGAAACGC
lacl F CAGGGCCAGGCGGTGAAGGGCAATCAGC
lacZR TTTGTCGACTTATTTTTGACACCAGACCAACTGGTAATGG
CaspoR R TAAAACGGCCGAGTCACCTCCTAGCTGACTCAA
EGFP F GTCAGATCCGCTAGCGCTAC
EGFP R GCGGATCTTGAAGTTCACCT
Casp SallR TAAAAGTCGACTTTTAATTTACTCTTTACCTTCCC
dCasX Sall F TAAAAGTCGACGAGAAGCGTATTAACAAGATTCGTAAG
dCasX Eagl R TAAAACGGCCGCAGCATTCGGCTTCCAGACCTC

Casp-GGS8-dCasX
F

GGTGGGTCAGGCGGTTCGGGAGGCAGTGGTGGAAGCGAGAAGC
GTATTAACAAG

Casp-GGS8-dCasX

ACTACCACCACTTCCGCCAGACCCTCCAGATCCGCCTTTTAATTTAC

R TCTTTACCTTCC
IntpTN3 F ATCGTAGGATCCAATGGTTAAAAGCGGTGG
IntpTN3 R AAACAGCTGCAGTTACAGTTCCAG

IntpTN3-GGS8-
dCas9 F

GGTGGTTCAGGTGGCAGCGGAGGGTCAGGAGGCTCTATGGATAA
GAAATACTCAATAG

IntpTN3-GGS8-
dCas9 R

GCTGCCGCCACTACCTCCGGACCCTCCGGATCCACCCAGTTCCAG
AATACCCAG

Strep insert F

TCCACAGTTTGAGAAGTGAGCGGCCGCATAATGC

Strep insert R

TGAGACCAAGAAGAGCCGTCACCTCCTAGCTGACTCAAATC

pUC Xhol insert F

CTCGAGACAGTTACCAATGCTTAATC

pUC Xhol insert R

CAGACCAAGTTTACTCATATATAC

lacZ Xhol F AAAATGCTCGAGATGACCATGATTACGCCAAGCTTG
lacZ Xhol R AAAATGCTCGAGCTATGCGGCATCAGAGCAG
lacZza 2 R CGCTCAGTGGAACGAAAACTC
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9. Appendix 2

CLUSTAL multiple sequence alignment by MUSCLE of Casls from different CRISPR
types and casposases from family 2 casposons. Residues highlighted in yellow are
active site residues. A * (asterisk) indicates positions which have a single, fully
conserved residue. A : (colon) indicates conservation between groups of strongly
similar properties - scoring > 0.5 in the Gonnet PAM 250 matrix. A . (period) indicates
conservation between groups of weakly similar properties - scoring =< 0.5 in the

Gonnet PAM 250 matrix.

Ecoli @ ——mmm————— MTWLPLNPIPL-—-—-—-— KDRVSMIFL----- QYGQIDVIDGAFVLIDKTG
VC Casl MDOGNQTIENQTINCDQHPDELWTWKSNKRGSRVSVWLPYEFSQAKKIPRSKKWSVAYNGG
Strthe @ ————————————- MAGWRTVVV-—-——- NIHS-KLSY-—-—-—-- KNNHLIFR-—————— NSYK
Sulsol = ——mmm———————= MISVRTLVI-—-—-—-- SEYGAYVYV—-———— KKNMLVIK-—-—-——-—— KGDK
Metsp2 0 @ —-—————————————= MKLLLL----- NGHGINMHV-—-—--- DGAKLHIKDGRESTTEEPQ
Metmaz =0 —mm————————————= MKLLLL---—-- NGHGINMHV-—-—--- DGAKLHIKDGRESTTEEPQ
Metmet = 0—-—--————————-—-———- MKLLLL---—-- NGHGINMRV-—-—--- DNAKLHIKDGRETTTEEPQ
Metbur = 0---—--———-————-——= MKLLLL----- NGHGINMRV-—-—--- DGAKLHIKDGRESATEDPQ
Aciboo 0 0—mmmmmmm———————— MNPLLV-—-—-—- SGYGISINV-—-——— DKRKLVIRE-—-——-—— KGKQ
Metarv = —--m———————————— MNPLLI---—-- QOGFGTRISV-—-—-—- EKRRLKIS-————-—- TETN
Ecoli IRTHIP--VGSVACIMLEPGTRVSHAAVRLAAQVGTLLVWVGEAGVRVYASGQP-GGARS
VC Casl SIEFDLKETDL--IMFYGATGELPLEFLDDASKNGVMILIHRRNVLOPYVEYPSVIGDEE
Strthe TEMIHLSEIDI--LLLETTDIVLTTMLVKRLVDENILVIFCDDKRLPTAFLTPYYARHDS
Sulsol KVEISPSEVDE---ILITVSCSISTSALSLALTHGISVMFLNSRETPWGILLPSIVTETV
Metsp2 EYIFSPKRIDIDSIIIYGKRGNLTFEAVRWLIKHNVQVTILNWNGKLLTTMLPP-ESTNV
Metmaz EYVEFSPKRIDIDGIIIYGKSGNLTLEATIRWLIKHNVQVSILDWNGKLLTTMLPP-ESTNL
Metmet EYVESPKRMDIDSIIVYGQSGSLSFEAIRWLIKHNIQITILDWNGKLLTTMLPP-ESTNV
Metbur EYVEFSPKRIDIDSIVVYGRSGSLSFEAIRWLIKHNVQVTMLDWNGKELTTMLPS-ESTNV
Aciboo VHEFYPHQINYDSLITEGYYGNISFEAIRWLMKHNITVSVLNWNGNLLSVEFLPK-EPING
Metarv DYEFYPHQIDHDTIVIDGEFTGNISFEAMRWIMKHKINLTLLDWNGNLLGTWMPK-ETSVG
Ecoli DKLLYQAKLALDEDL----RLKVVRKMFELRFGEPAP-—-—---—---———————————————
VC Casl DILTKQIQFRTNERK----RLYIAKTLIKKRLENMGSTIPISAPLLRQLS-—————————
Strthe SLOIARQIAWKENVKCEVWTAITAQKILNQSYYLGECSFFEKSQSIMELYHGLERFDPSN
Sulsol KTKKAQYEAIVVRKD----N-RYGEEIISSKIYNQSVHL----KYWARVTGTKNDYKELL
Metsp2 KTKFAQYHAFEDQET----RLEIAKKFIEAKFDKSKTVLDFLSQRYPQIKFDVSDELTKL
Metmaz RTKFAQYHAFEDKEA----RLEIAKKFIEAKFYKSKAVLDFLSQRYPEINFDILDGLTKL
Metmet KTKFAQYHAYEDQES—----RIKLAKKFIEAKISKSEAVLDYLKQRYPEIEYDESDDKAKL
Metbur KTKFAQYHAYEDQDA----RVKLARKFIEAKFYKSEAVLDYLKQRYPEIEYDESVDKGKL
Aciboo KLKIRQYEIYINEKE----RLKIAEKILEEKIRKSENMLYELSEYYPEIEHIKVKKRIEK
Metarv KLRVKQYAKYLDPTT----RYNIAYQITKEKVKKSCNLLTELSDYYEELDKSEIEEAFIN
Ecoli  ——mmm———————= ARRSVEQLRGIEGSRVRATYALLAKQY-———— GVTWNGRRYDPKDWE
vC Casl = —mmmmmmm—m—— - AAKSIDEVRAIEANTTARYWNKWYENL-—-—-— NIETTRR-—-——-———-—
Strthe R~ EGHSARIYFNTLF-——————— GNDFTRE-—-——-——-——
Sulsol D= KDEPAAARVYWONISQLLPK---DIGFDGR-—-—-———-— D
Metsp2 K-—- DGKSIRELMGIEGGLAWKYWNEFSKAIPK---EYDFCSR-IDQYRRP
Metmaz K-—- DVKSTREILGVEGTLAGKYWIEFSKAVPK---EYDFCNR-IDQFRRA
Metmet E-——————- KVKSIRDILGVEGGVAWKYWNEYAKAVPK---GYDFKAR-TDNYTRA
Metbur E-———————- NAKSVREILGIEGGVASKYWNEYSKAIPD---EYDFRAR-TDNNARA
Aciboo EEKLKRDMELKEENKPKLSYLLMYEGRVAQIYWKELSKIFNKLYPEFNFTSRSTKSYSWN
Metarv E--YTGEVAYNKKEQHDINKIMVYEAKTAKAYWDRLTKVENKLYPDFRFTGRRNKSNSWN

* .
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Ecoli

VC Casl
Strthe
Sulsol
Metsp2
Metmaz
Metmet
Metbur
Aciboo
Metarv

Ecoli

VC Casl
Strthe
Sulsol
Metsp2
Metmaz
Metmet
Metbur
Aciboo
Metarv

Ecoli

VC Casl
Strthe
Sulsol
Metsp2
Metmaz
Metmet
Metbur
Aciboo
Metarv

Ecoli

VC Casl
Strthe
Sulsol
Metsp2
Metmaz
Metmet
Metbur
Aciboo
Metarv

—-—KGDTINQCISAATSCLYGVTEAAILAAGYAPAIGEFVHTGKPLSEV---YDIADIIKE-
——KDHPINSALDAGSKFIYGVILRWLVFHREFSPNHGFMHQ--PTSYPSLVYDLMEPEFRYM
——SDNDINAALDYGYTLLLSMFAREVVVCGCMTQIGLKHANQFNQFN-LASDIMEPEFRPI
VDGTDQFNMALNYSYAILYNTIFKYLVIAGLDPYLGFIHKDRPGNES-LVYDEFSEMFKPY
VGPGDMVNTMLNYGYSLLESECLRAINSVGMDIHVGFLHEMTPSKNS-LAYDLQELFRFEL
MGSGDMINTMLNYGYSLLEAECLKAINSVGLDTHVGFLHEMAPSKNS-LAYDLQEPFRET
SNAGDKVNVMLNYGYALLESECLRAINSVGLDAHVGEFLHEMNQSKYS—-LAYDLQEPEFRET
SNSGDKVNVMLNYGYALLESECLRAINSVGLDAHVGEFLHEMNPSKNS-LAYDLQEPERET
MNASDEINALLNYSYALLESMIRKHINAVGLDPSIGFLHELASSKTP-LVYDLQELFRWV
MNASDEINALLNYGYAILEAQIRRPINAMGLDPAMGY LHEMKGSGAP-LVYDLQELYRWL

Kool . : *ox *:
————————————————— DTVVPKAFEIARRNPGE-—---—-—---—--PDREVRLACRDIFRSS
IENVCSAAWKRGERENSKIV-—=———— ALSLSFLKEELDKPCYVPATRQYVRKKNLLHGA
IDRIVYQ—-————-— NRHNNFV-=-————————————— KIKKELFSIFSETYLYNGKEMYLSN
IDFLLVRALRSG-——————=———=———— FRLKVKGG-LIEENSRGDLAKLIRKGMEE-——-—

VDLAVISLVESGAMESKDFIRTENYNLRLKPTGARKIVNEEFSSMLNKKVNYQGKESTWSY
VDLAVISLIESGAMESKDFIRTENYNLRLKPTGARKIVNEEFSNTLNKKVSYQGKESTWSY
VDLAVMNLIEKGAMDNKDEFVRTESFSLRLRPTGARKVTEEEFNSVMNGKVEYRKKNSSWGS
VDLAVMNLIEKEVMDSKDFIRTESFSLRLKPTGARKVTDKENSMMNGKVEYRKKNSSWGS
SDLSVIQLLEDKKLKKSSEFIVTENYHIRLKPQTSKLLVEKEFKLNMNKKYEVGKKRYTLET
IDLSVIQLLEEKKLKKNDFIVTENYHLRLREATAKKLIERIKLNEFNLKAPYKNONYTYEN

KTLAKLIPLIEDVLAAGEI----QPPAPPEDAQPVAIP-—————————————————————
VL----- ALRSYLIGDMRKLVFPSEGVP-NGGRPIKASYKLPGSMYDVGRK--———---—~
I----VSDYTKKVIKALNQLGEEIPEFRI-————-——————————————— -
----NVKEESDH----------- NPKTLIQATRAHAVK-———-——=———————————————

VIFLKVRELAHYLTSKKEKLDEVKPEYEIERVDSYDIRQKILNISYVDWKKLGEFSKGTLH
VIFLKVRELAHYLTSKKEKLDFTKPEYEIERIDSYDIRQKILSISYVDWKKLGFSKGTLH
VLLFKVRELSHHLVGKRKTVEFKNPSYKIERHDSDDMRKKILDMSYTEWKKLGEFSKGTLH
VLLVKARELSHQLVGKRKTIEFSKPVYVVERDDSNLLRKRI IDMPYVEWKKMGFSKGTLH
IMENTVRSLGKYILGKSNTLKFEIPYIRIEHIEP-ELTEKILKMT PEERKARGINKSTLW
ILIDQVQQOFANFIQDKNKTVEFTTPDIMVNRDDPSDVRDALLKMT PAERKKLGISKTTLW

-LASSIREGKEYRGFKLVM-—-——-——————————
YMKONAMSDKPEFTLNSHVLERVNKWEALVSSQK
YMKONAKSDKPFTLNAHVLERVNKWEALVSSQOR
YLKONAKSNKPFTLNAHVRERLDHWITG-—-—-—-—
YMKONAKSDLPFTLNGHVKERLENWE-——-——-——
YOKKKLAQGKSIKVYGKVKSKLK-—————————
YMOKNLREGKRIKIYEKSKGKLNSTKT-—-—-—-—--—

Ecoli: E. coli MG1655 CRISPR type I-E Cas1
VC_Cas1: CRISPR type V-C Casl found in mouse gut metagenome

Strthe: Streptococcus thermophilus CRISPR type II-A Cas1
Sulsol: Sulfolobus solfataricus P2 CRSIPR type I-A Cas1
Metsp2: Methanosarcina sp. 2.H.A.1B.4 casposase

Metmaz: Methanosarsina mazei strain 3.F.A.1A.1 casposase

Metmet: Methanococcoides methylutens casposase

Metbur: Methanococcoides burtonii casposase

Acidboo: Aciduliprofundum boonei casposase

Metarv: Methanocella arvoryzae casposase
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10.Appendix 3

Raw data for constructing table 3.1. Repeat 1 was shown in figure 29B.

Repeat 2:
Colony
Colony number Total transformed number on Integration
Long DNA v b
on cm plate for cells per mL cm and amp efficiency
substrates
10 plL of cells plate for 1 mL
of cells
mini-casposon 4110 4.11x10° 3 7.30x10¢
amp® blunt 3500 3.50x105 0 0
R 3’
e 3810 3.81x10° 0 0
overhangs
Repeat 3:
Colony
T Colony number Total transformed number on Integration
. on cm plate for cells per mL cm and amp efficiency
substrates
10 plL of cells plate for 1 mL
of cells
mini-casposon 3470 3.47x105 3 8.65%10°¢
amp® blunt 8650 8.65%10° 2 2.31x10°¢
R
sl 5912 5.91x10° 0 0
overhangs
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11.Appendix 4

Ten pre-integration sites identified from ten sequenced mini-casposon integration

sites in pACYC-Duet. These 10 sites were used to generate the DNA logo plot in figure

29D. Bases in red represented target site which would be duplicated after integration.

5!

5!

5!

5!

5!

5!

5!

TCAAATGCCTGAGGTTTCAGCAAAAAACCCCTCAAGACCCGTTTA

TCAAATGCCTGAGGTTTCAGCAAAAAACCCCTCAAGACCCGTTTA

TAGCTGAACAGGAGGGACAGCTGATAGAAACAGAAGCCACTGGAG

TCCGGCGGTGCTTTTGCCGTTACGCACCACCCCGTCAGTAGCTGA

TTAATGTAAGTTAGCTCACTCATTAGGCACCGGGATCTCGACCGA

GCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGA

AAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATA

GTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAAC

ACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACG

ATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGTTG
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12.Appendix 5

Protein sequences of fusion proteins were shown below with A. boonei casposase
sequence coloured in green and Cas9/dCas9 sequence coloured in brown. The fusion

proteins contained a (His)s tag at the N-terminal and a (GGS)s linker.

Protein sequence of Casp-Cas9:

MGSSHHHHHHSQDPMNPLLVSGYGISINVDKRKLVIREKGKQVHEFYPHQINYDSLIIEGYYGNI
SFEAIRWLMKHNITVSVLNWNGNLLSVFLPKEPINGKLKIRQYEIYINEKERLKIAEKILEEKIRKSE
NMLYELSEYYPEIEHIKVKKRIEKEEKLKRDMELKEENKPKLSYLLMYEGRVAQIYWKELSKIFNKL
YPEFNFTSRSTKSYSWNMNASDEINALLNYSYALLESMIRKHINAVGLDPSIGFLHELASSKTPLV
YDLQELFRWVSDLSVIQLLEDKKLKKSSFIVTENYHIRLKPQTSKLLVEKFKLNMNKKYEVGKKRYT
LETIMFENTVRSLGKYILGKSNTLKFEIPYIRIEHIEPELTEKILKMTPEERKARGINKSTLWYQKKKLA
QGKSIKVYGKVKSKLKGGSGGSGGSGGSGGSGGSGGSGGSVIDKKYSIGLDIGTNSVGWAVITD
EYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEM
AKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLA
LAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLE
NLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYAD
LFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSK
NGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAIL
RRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASA
QSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK
TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLT
LTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGF
ANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMG
RHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQ
NGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK
NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDE
NDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYG
DYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKG
RDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAY
SVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGR
KRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEF
SKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVL
DATLIHQSITGLYETRIDLSQLGGD
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Protein sequence of Casp-dCas9:

MGSSHHHHHHSQDPMINPLLVSGYGISINVDKRKLVIREKGKOQVHEFYPHQINYDSLIIEGYYGNI
SFEAIRWLMKHNITVSVLNWNGNLLSVFLPKEPINGKLKIRQYEIYINEKERLKIAEKILEEKIRKSE
NMLYELSEYYPEIEHIKVKKRIEKEEKLKRDMELKEENKPKLSYLLMYEGRVAQIYWKELSKIFNKL
YPEFNFTSRSTKSYSWNMNASDEINALLNYSYALLESMIRKHINAVGLDPSIGFLHELASSKTPLV
YDLQELFRWVSDLSVIQLLEDKKLKKSSFIVTENYHIRLKPQTSKLLVEKFKLNMNKKYEVGKKRYT
LETIMFENTVRSLGKYILGKSNTLKFEIPYIRIEHIEPELTEKILKMTPEERKARGINKSTLWYQKKKLA
OGKSIKVYGKVKSKLKGGSGGSGGSGGSGGSGGSGGSGGSIVIDKKYSIGLAIGTNSVGWAVITD
EYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEM
AKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLA
LAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLE
NLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYAD
LFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSK
NGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAIL
RRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASA
QSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK
TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLT
LTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGF
ANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMG
RHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQ
NGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK
NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDE
NDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYG
DYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKG
RDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAY
SVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGR
KRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEF
SKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVL
DATLIHQSITGLYETRIDLSQLGGD
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13.Appendix 6

Sequencing data of purified DNA from excised bands corresponding to site A and site
B integration products in figure 46B. The highlighted regions are the complementary

strand of integrated TK24 or TK25.

Casp-Cas9 catalysed TK24 insertion into site A in the absence of sgpACYC

5'[6GTGCTTTTGCCGTTAC GCACCACACGAGC GTAGCTGAGGCGAGGGGACTGC

Casp-Cas9 catalysed TK24 insertion into site B in the presence of sgpACYC

5 [CATGAAGCACTTCACTGACACCACGAGCGTAGCTGAGGCGAGGGGACTGC

Casp-dCas9 catalysed TK24 insertion into site A in the absence of sgpACYC

5'|6GGTGCTTTTGCCGTTACGCACCACACGAGCGTAGCTGAGGC GAGGGGACTGC

| )

Casp-dCas9 catalysed TK25 insertion into site A in the presence of sgpACYC

5'|CATGAAGCACTTCACTGACACCGCCCAGCAGTCCCCTCGCCTCAGCTACG

b
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14.Appe

ndix 7

Sequencing data of purified DNA from excised bands corresponding to site B and

mutated site B integration products in figure 47A. The highlighted regions are the

complementary strand of integrated TK25. The sequencing quality of mutated site B

fragment was poor around the insertion site. Thus, some bases of the TK25

complementary strand were masked by other bases.

Casp-Cas9 with sgpACYC catalysed TK25 insertion into site B in pAB

51

TGAAGCACTTCACTGACACCGCCCAINCAGTCCCCTCGCCTCAGCTACG

Casp-Cas9 with sgpACYC catalysed TK25 insertion into mutated site B
pABmut

GAAGCACTTCACCAGTGACINN|JcCACCANNIcC C[NITCINE C TCINNNITACG

in
5[

T i
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15.Appendix 8

Sequencing data of purified DNA from excised bands corresponding to site A and site

B integration products in figure 49B. The highlighted regions are the LE TIR of the mini-

casposon. An extra adenine at the beginning of mini-casposon was likely added by the

OneTaq® Hot Start DNA Polymerase during PCR amplification of the mini-casposon.

Casposase catalysed mini casposon insertion into site A in pACYC-Duet

5(GCCGTTACGCACCACAGGGGATATATATATATCCCCT

PR P VAL

Casp-Cas9 with sgpACYC catalysed mini-casposon insertion into site B

in pACYC-Duet

5{CACTTCACTGACACCGGGG ATATATINNTATATCCCCT

VAL

16.Appendix 9

The 1.2 kb PCR fragment from figure 57A was sequenced at both ends using TK25 and

lacZ F primers. The sequence was mapped to E. coli chromosomal DNA and arose from

non-specific binding of both primers during PCR.

E. coli chromosome

Last 9 nucleotides of lacZ F 3’ end

—/

RecD gene

N-acetyltransferase gene

/

Last 8 nucleotides of TK25 3' end
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