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Abstract

The arms race between prokaryotes and their foreign genetic elements has driven
the evolution of a diverse and enigmatic array of immune systems. CRISPR-Cas
systems uniquely provide adaptive immunity against these foreign elements. Im-
munity is achieved through the acquisition of DNA fragments derived from invaders’
genomes, catalysed by the Cas1-Cas2 integrase complex. These fragments are
stored as spacers within CRISPR arrays and are transcribed to specifically direct

the effector machinery against their complementary sequences.

Mutations in the Cas1 protein of the E. coli Type I-E CRISPR-Cas system have
been identified that exhibit an increased rate of spacer acquisition. It has not been
practical to perform systematic large-scale screening of mutagenic libraries using
previous assays. | used a papillation reporter assay system to identify novel hyper-
active mutations which exhibit up to five-fold increases in rates of spacer acquisi-
tion. These mutants also induce an elevated SOS response, suggesting increased
integrase activity has the potential to confer a negative fitness cost to the host

cell.

The screening of metagenomic libraries to identify anti-CRISPRs targeting the in-
tegrase machinery identified homologs of genes ancillary to the process of spacer
acquisition as potential inhibitors. This suggests a mechanism whereby genetic el-

ements may inhibit CRISPR systems without directly targeting the cas genes.

Finally, | constructed and tested several versions of a genetic circuit for the high-
throughput detection of spacer acquisition, which may be universally applied to

CRISPR systems.
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Chapter 1

Introduction



Prokaryotes are hosts for an immensely diverse array of bacteriophages and other
mobile genetic elements (MGESs) [1]. These viruses are speculated to have emerged
billions of years ago, preceding even the appearance of the first prototypical cells
[2]. Therefore, prokaryotes and their viruses may have been engaged in an arms
race since the dawn of cellular life. Following billions of years of selective pressure,
prokaryotes and their viruses have evolved many enigmatic immune systems and

evasion strategies [3][4].

Whilst often conferring considerable fitness disadvantages to their hosts, the intro-
duction of exogenous genetic material by these MGEs can also provide prokary-
otes access to a broader gene pool. This may be sampled via horizontal gene
transfer (HGT) to facilitate the introduction of advantageous genetic material into
their genome. As such, MGE-host interactions can provide fitness advantages to
the host cell, such as allowing for the expansion of the host’s niche through the
introduction of antibiotic resistance genes (ARGs) or pathogenicity islands [5][6].
Prokaryotes must maintain a balance as they attempt to defend themselves from
those MGEs that confer harm whilst maintaining access to the fitness advantages

of the wider gene pool.

1.1 Diversity of Prokaryotic Defences Systems

Prokaryotes have evolved an immensely diverse arsenal of immune systems that
attempt to tightly regulate and control the genetic content of the individual cell and
broader population. Restriction-Modification (RM) systems were the first to be de-
scribed in the 1950s [7][8]. Over the ensuing decades, several further systems
were identified, including Abortive Infection (Abi) [9] and Toxin-Antitoxin (TA) sys-
tems [10][11]. CRISPR-Cas systems were identified as anti-phage immune sys-

tems in 2007 [12].

Following the incremental identification of novel prokaryotic immune systems, the

identification that these systems cluster into ‘defence islands’ within the genome
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facilitated a rapid expansion of known systems [13]. This clustering may facilitate
functional cooperation and joint horizontal transfer between hosts. This behaviour
enabled the identification of further systems through the investigation of genes
enriched locally to other defence systems [14][15][16]. Guilt-by-association studies
have expanded the pool of known prokaryotic immune systems to >150 [Figure
1.1][3].

Database of

prokaryotic
genomes

Map known
defence systems

— ..
i

p —e= —

—
— s

Identify locally
enriched genes

-Express in host
-Validate via phage challenge

— = —Pp

Figure 1.1: Pipeline for identifying candidate defence systems via guilt-by-
association.

Genome databases are mined to identify genes physically enriched proximal to
known defence systems such as RM, Abi, Argonaute and CRISPR-Cas (red). Pre-
dicted systems (yellow) can then be cloned into bacteria and experimentally vali-
dated via phage challenge.

Mechanisms of prokaryotic defence from MGEs can be broadly divided into three
categories depending upon the precision and manner with which the respective
system acts: Mechanisms that act exogenous to the cell to prevent initial infection
or invasion. For a review, see Labrie et al. [17]. Innate mechanisms within the cell
recognise and respond to predetermined non-self and damage associated motifs
or signals [18]. Finally, the CRISPR-Cas system can be uniquely categorised as
separate due to its ability to generate a specific, adaptive immune response against

a broad range of invasive MGEs.



1.2 Restriction Modification

Restriction modification systems are a highly abundant prokaryotic immune sys-
tem found in ~90% of genomes [19]. Over 5,000 RMs have been identified, with
individual genomes found to encode as many as 24 systems [19][20]. RM systems

cleave invading DNA recognised as non-self [Figure 1.2].

RMs typically possess two opposing but synergistic enzymatic activities: the modi-
fication of host DNA and restriction endonuclease (REase) activity against unmod-
ified DNA. Modification of host DNA is typically carried out by a methyltransferase
(MTase), which methylates specific residues within a recognition site [21]. The ab-
sence of DNA modification at a recognition site causes invading DNA to be recog-
nised as ‘non-self’, resulting in cleavage by a host REase [21]. DNA modification
is necessary to prevent self-targeting by a REase against the host chromosome

following the recognition of short target sequences [21].

Q Phage
REase " Methylated
== [T recogynition
S site
/ -~ ,MTase

Host

\ o /

Figure 1.2: Overview of the role of restriction-modification systems in host defence.
The host genome is modified to inhibit targeting by restriction endonucleases. For-
eign genetic material within the cell lacking such modification is subjected to degra-
dation by REase activity.

RMs can provide significant protection against phage infection [22]. Subsequently,
bacteriophages have evolved anti-restriction proteins such as Phage T3 and T7

encoded ocr, an inhibitor of the EcoK and EcoB RM systems [23]. Ocr sterically
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blocks DNA recognition sites, inhibiting surveillance by RM complexes [24]. Alter-
natively, phages may acquire host modification to escape modification [23]. In turn,
Streptococcus coelicolor encodes pglX, which modifies phage DNA such that it be-
comes susceptible to its next host [25]. An evolutionary arms race exists between

prokaryotes encoding RM systems and the parasitic MGEs they target [22].

1.3 Abortive Infection

Abortive infection (Abi) is a collective term for phage resistance strategies which
involves the cell committing suicide or inducing dormancy before an infecting phage
can complete a replication cycle. The traditionally limited host range of phages,
combined with the typically isogenic nature of bacterial populations, means this is
a kin selection strategy [26]. Abi systems are typically active at later stages of the

infection cycle when initial defences have failed to halt infection [27].

Abi systems are typically composed of two modules: a phage infection sensor
and a cell death trigger [Figure 1.3]. A diverse range of signals of phage infection
can trigger Abi, including phage structural proteins [28], phage DNA transcription
[29], or intermediates of phage genome replication [30]. Following the identification
of a phage infection, a cell-killing module is activated. Mechanisms of cell-killing
are similarly diverse, including depolarisation of the inner membrane [31], non-
specific DNA degradation [32], or transfer RNA (tRNA) degradation [33]. Examples

of phage signals and subsequent methods of cell death are inexhaustive.
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Figure 1.3: Overview of the role of Abi systems in host defence.

A sensor module identifies a signal of phage infection and triggers an effector mod-
ule to induce cell death or dormancy, inhibiting further phage replication and prop-
agation. Incoming signals and outing effector activities are diverse. Taken from
(Isaev et al., 2021).

The mechanism of the E. coli Rex Abi system was one of the first to be eluci-
dated. A lambda prophage encodes the genes rexA and rexB [34]. RexA, the
sensor module, detects protein-DNA complexes formed during phage replication
or recombination, activating RexB [30]. RexB is the cell-killing module, forming an
ion channel in the inner membrane [35]. The resultant loss of membrane potential
results in a drop in cellular ATP concentration, aborting phage infection and poten-
tially causing cell death [35]. E. coli’'s Rex Abi system is inhibited by T4 phage,

which encodes RIIA and RIIB, their mechanism of inhibition is unknown [36].

1.3.1 Toxin-Antitoxin (TA) systems

TA systems are typically composed of a pair of genes. The first gene encodes
a toxin targeted against an essential cellular process, whilst the second gene en-

codes an antitoxin, which confers immunity to this toxin [37]. As the toxin is more



stable than the antitoxin, the antitoxin must be constantly produced. Cellular stress
inhibiting antitoxin production prevents toxin suppression [38]. TA systems con-
tribute to many cellular processes, including plasmid addiction [39], antibiotic re-

sistance [40], and immunity against MGEs [41].

ToxIN is an example of a TA system which confers immunity against phages [41].
The toxN gene encodes an endoribonuclease, presumed to target both phage and
cellular RNA non-specifically. ToxN is bound to and inhibited by the non-coding
RNA Tox| [42]. Homologs of toxN systems are widespread across gram-positive
and gram-negative bacteria [41]. Phages may inhibit the system by expressing

their own non-coding RNA mimics of tox/ [43].

1.3.2 CBASS

Cyclic Oligonucleotide-Based Antiphage Signalling Systems (CBASS) refer to a
large family of recently described Abi systems [44]. CBASS is characterised by the
use of a diverse array of cyclically linked nucleotides as secondary messengers to
convey signalling from a sensor module to a cell-killing module [45]. Unlike other

Abi systems, these modules do not directly interact.

Vibrio cholera El Tor encodes a CBASS system which provides protection against
a large number of phages [44]. The system produces cyclic GMP-AMP (cGAMP)
in response to a phage trigger [46]. This binds to and activates the phospholipase
CapV, which breaks down the inner membrane to induce lysis [44]. T4 phage
encodes acbi, which facilitates the evasion of CBASS through the hydrolysis of

cyclic secondary messengers [47].

1.3.3 CRISPR-associated Abi

CRISPR-Cas systems typically target and cleave invading DNA [48]. However,
Type lll systems, which bind RNA, have been shown to induce Abi [49][29][50].
Actively transcribed RNA is recognised by a cognate CRISPR RNA (crRNA) in



complex with Csm3 or Cmr4. Alongside inducing DNA and RNA cleavage, recog-
nition induces the synthesis of the secondary messenger molecule cyclic oligoad-
enylate (cOA) by Cas10. cOA binds to and triggers Csm6, a non-specific RNase

which induces cell dormancy or death [29][50].

1.4 Argonaute

Argonaute proteins were first identified in Arabidopsis thaliana [51]. However, be-
fore they adopted a role in complex eukaryotic regulatory pathways, they initially

evolved as prokaryotic host defence systems [52][53].

Eukaryotic argonaute proteins are involved in a range of cellular processes, in-
cluding the regulation of post-translational gene expression and the formation of
heterochromatin [54][55]. The Dicer endoribonuclease produces 20-25 bp RNA
guides, targeting eukaryotic argonaute proteins (eAgo) against cognate mRNA se-
quences [56][54]. eAgos may then sequester these sequences, or cleave them
via PIWI endoribonuclease domains [57]. Phylogenetic reconstructions of eAgos
suggest a functional RNAi pathway was present in the last eukaryotic common
ancestor (LECA), where it likely functioned as an immune system against MGEs

[52].

pAgos were identified from within prokaryotic defence islands [13]. Unlike eAgos,
pAgos have undergone extensive horizontal gene transfer and exhibit much greater
diversity than eAgos [53]. The phylogeny of pAgos can be divided into two trees,
dependent on domain architecture and operon organisation, these are short Agos
and long Agos. Unlike eAgos targeting RNA, they can also target single- and
double-stranded DNA [53][58]. Short Agos, and some clades within long Agos,
contain catalytically inactive Ago proteins. However, these frequently associate
with various putative nucleases, suggesting modularity in the organisation of pAgo-
derived defence [53]. A collection of genes of unknown function have similarly

been shown to associate with pAgos, suggesting modularity may extend beyond
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nuclease recruitment to the recruitment of ancillary functions [53].

The Geobacter sulfurreducens Sir2-APAZ-pAgo (SPARSA) system exemplifies the
recruitment of atypical argonaute functions in pAgos [59]. The pAgo binds to a
guide RNA, which, upon binding cognate viral DNA, activates the Sir2 domain
NAD+ hydrolase (NADase). This induces an Abi response as NAD degradation
inhibits cellular functions, inhibiting viral replication and potentially leading to cell

death.

1.5 Wadjet

Wadjet, a recently identified prokaryotic defence system, exemplifies the effective-
ness of guilt-by-association studies in identifying such systems [15]. Wadjet is a
bacterial structural maintenance of chromosomes (SMC) complex which confers
defence against plasmid [15]. Uniquely amongst prokaryotic immune systems, it

monitors topology to target DNA for cleavage [60].

The Wadjet complex conducts DNA loop extrusion to determine topology [60]. Ex-
trusion is conducted by JetABC, homologs of the MukBEF SMC family involved in
chromosome condensation and segregation [15]. Recognition of a closed, circu-
lar plasmid activates the JetD nuclease, inducing DNA cleavage [61]. Plasmids
of sizes 50—100 kbp are cleaved, preventing their successful transformation into

prokaryotic cells [15][62].

1.6 CRISPR-Cas

All prokaryotic immune systems discussed previously follow the same broad for-
mat, in which a sensor domain recognises a narrow and specific phage- or damage-
associated motif. This signal is then transduced to an effector domain, which
mounts an immune response. CRISPR-Cas systems stand apart from these; they

are able to generate a specific response against a breadth of potential signals



through an adaptive immune response.

1.6.1 Discovery of CRISPR-Cas Adaptive Immunity

The identification of an array of 29 bp repeats interspersed with 32 bp spacers,
found adjacent to the iap gene in E. coli, was the first step towards the discovery
of CRISPR-Cas [63]. Subsequent studies identified similar structures in Shigella
dysenteriae and Salmonella typhimurium [64]. These discoveries preceded the
broad identification of such loci across prokaryotes [65]. It was only following the
advancement and proliferation of widespread sequencing that MGEs were iden-
tified as the principal source of these spacers and cas genes were identified as

associating with these loci [66][67].

Bioinformatic analysis of the cas genes identified nuclease domains within Cas3,
alongside identifying Cas4 as a RecB family exonuclease [68]. This suggested
CRISPR-Cas was involved in DNA repair. These findings were unified with the
identification of spacers as deriving from MGEs, and CRISPR-Cas systems were
then hypothesised to form a bacterial immune system against the MGEs from
which they derived spacers [69]. This was demonstrated experimentally in Strep-
tococcus thermophilus, in which the acquisition of spacers into a CRISPR array

containing phage DNA conferred resistance to said phage [12].

Insights into the mechanism underpinning CRISPR-Cas induced phage defence
commenced with the co-purification of an effector complex with a mature CRISPR
RNA (crRNA) [70]. The mature crRNA was composed of the transcribed repeat
and flanking sequences; the 5’ contained the final 8 bp of the repeat, whilst the 3’
contained a repeat sequence. Maturation of pre-crRNA was conducted by the Cas
proteins, this was shown to be essential for phage defence [70] Analysis of targets
of CRISPR Cas identified DNA as the target [71]. Together, this demonstrated that
CRISPR-Cas was an adaptive immune system which mounted a specific immune

response against DNA, fundamentally differing from the RNAI style system to which
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it was originally compared [69]

1.7 Overview of the CRISPR-Cas Immune Response

The CRISPR-Cas immune response comprises three stages: adaptation, crRNA

processing and interference [Figure 1.4]. Below, | outline each stage with a focus

on the E. coli Type I-E system.
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Figure 1.4: Overview of the CRISPR-Cas immune system.

The CRISPR array contains a set of repeats (black) separated by spacers (multi-
coloured). The CRISPR array is further characterised by the presence of a leader
sequence involved in spacer integration and crRNA expression. Furthermore, they
are often found associated with cas genes (multi-coloured). Adaptation involves
the acquisition of a novel spacer sequence into the CRISPR array. The CRISPR
array is transcribed, producing a long-pre-crRNA, which is processed into a mature
crRNA. This nucleates the formation of the interference complex (blue). This com-
plex scans the cell for cognate sequences against which nuclease activity can be
targeted. Depending on the system, nuclease activity is either intrinsic to the com-
plex or recruited following cognate sequence identification (purple). Taken from

(van der Oost et al., 2014).
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1.7.1 Adaptation

The first stage of the CRISPR-Cas immune response is adaptation. Adaptation is
the process whereby a segment of DNA is integrated into the CRISPR array by the
adaptation machinery. In the E. coli Type I-E systems this is conducted by Cas1-
Cas2 in a hetero-hexameric integrase complex [72]. This complex possesses a
(Cas1,-Cas?2), stoichiometry, in which a pair of Cas1 dimers bind opposing sides
of a central Cas2 dimer [72]. Whilst this complex is sufficient for spacer acquisition
in E. coli Type I-E, many systems recruit further Cas genes to conduct spacer ac-
quisition [73][48]. Adaptation may be naive or primed. Naive adaptation is the ac-
quisition of spacers from an element novel to the CRISPR array. In contrast, primed
acquisition involves spacer acquisition being strongly promoted by the presence of
a spacer in the CRISPR array targeting a sequence [74]. Despite naive and primed
acquisition having different methods of prespacer generation, they share a pathway

for prespacer processing and integration [75].

1.7.1.1 Prespacer binding and trimming

A pair of asymmetric Cas1 homodimers (Cas1a-b and Cas1a’-b’) bind opposingly
upon a symmetric Cas2 homodimer, forming a ‘wings-up butterfly’ configuration
as the central Cas2 dimer is flanked by respective Cas1 dimers [Figure 1.5] [76].
Cas1b and Cas1b’ deviate from a symmetric protein-protein interface with the Cas2
dimer due to the C-terminus of Cas1a, but broadly confer symmetry in their binding
[72]. Cas1a and Cas1a’ contact their respective Cas1 monomers but do not contact

Cas2.

12



23 bp

Figure 1.5: Adaptation complex bound to protospacer.

Crystal structure of the Cas1-Cas2 adaptation complex bound to a protospacer.
The central 23 bp duplex of the protospacer (red) lies flat across the bottom of the
complex, with 3’ 5 bp overhangs protruding away in interactions with the C terminal
domain of Casia/a’ (light blue). Adapted from (Nufiez et al., 2015).

Conformational changes associated with the binding of a protospacer are asso-
ciated with the adoption of a ‘wings-down butterfly’ configuration, as each Cas2
monomer undergoes reciprocal clockwise/anticlockwise rotations relative to one
another [76]. The resultant flattened binding interface is thought to stabilise inter-
action with the incoming protospacer. Furthermore, rearrangements result in the
formation of an optimal catalytic pocket in Cas1a to permit site-specific cleavage.
Finally, a pair of Tyr22 residues within Cas1a and 1a’ form brackets at either end of
the 23 bp duplex, acting as a ruler to determine the length of the incoming spacer

[76].

The optimal protospacer within the E. coli Type I-E system contains a central 23 bp
dsDNA duplex flanked by 5 bp 3’ overhangs [Figure] [76]. As DNA duplex size is
capped by the Cas1a-1a’ tyrosine bracket, 5 bp 3’ overhangs must protrude away
from the duplex. These overhangs are flipped away from the duplex to be threaded
through the Casia and 1a’ C-terminal tails [76]. Prespacer overhangs larger than

this are cleaved to size in a site-specific manner.
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Protospacer substrate in the form of dsDNA can be captured by the integrase com-
plex [76]. Cas3 and RecBCD degradation products are ssDNA, necessitating rean-
nealing to form substrates. It is unclear if this is spontaneous, or aided by Cas1-2

or another host factor.

1.7.1.2 Spacer integration

The Cas1-Cas2 integrase complex catalyses a pair of trans-esterification reactions
during the full site integration of a spacer into a CRISPR array [Figure 1.6] [77].
As the two active sites of the integrase complex cannot access DNA at the same
time, half-site integration of the captured spacer occurs sequentially [78]. The first
half-site integration occurs between the leader-distal end of the first repeat and the
PAM end of the spacer [77]. The second half-site integration then occurs between
the leader proximal end of the repeat and the non-PAM end of the spacer. The 3
-OH on either side of the incoming spacer conducts nucleophilic attacks on their
respective 5’ borders of the repeat [77]. Cas1-Cas2 binding then causes strong
deformation and unwinding of the repeat DNA [79]. Host DNA repair enzymes then

fill the ssDNA present in the repeats flanking the integrated protospacer [80].

The leader sequence is essential for the targeted integration of spacers at the
CRISPR array [73][81]. Specific recognition of this locus is necessary to confer
polarisation of spacers present in the CRISPR array, such that recently acquired
spacers generate the most immunogenic response [82]. In the E. coli Type I-E
system, essential recognition sites are contained within the terminal 60 bp of the
leader [73]. Cas1 binds specifically to positions -1 to -4 of the leader to confer firstly
polarisation of the leader array, but also appropriate PAM orientation of the ensuing

spacer [83].
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Figure 1.6: Mechanism of spacer integration into the CRISPR array.

Spacer integration commences with the nucleophilic attack of the first repeat’s
leader-distal 5’ boundary by the PAM distal 3’ -OH of the incoming protospacer, re-
sulting in the formation of a half-site intermediate. Subsequent nucleophilic attack
by the protospacer’s opposing 3’ -OH on the repeat’s leader-proximal 5’ boundary
results in full site integration. Cas1-Cas2 binding and bending of the repeat DNA
stimulates unwinding. The resultant ssDNA is repaired by host factors. Taken from
(Nunez et al., 2015).

Integrated host factor (IHF), composed of the monomers IHF« and IHF 3, is essen-
tial for in vivo integration in Type I-E and I-F systems [84]. IHF binds from -9 to
-35 within the E. coli leader, inducing a 180 degree bend into the leader sequence
DNA [85][79]. Hydrogen bonding between IHF and the leader stabilises the forma-
tion of this bend. DNA bending facilitates essential interaction between -50 to -55

bp of the leader and Cas1 [79].

The absence of IHF inhibits the integration of novel spacers into linear but not

supercoiled DNA in vitro [85]. However, in the absence of IHF, supercoiled DNA
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acquires spacers adjacent to every repeat in the CRISPR array. IHF is therefore
essential to the polarisation of integration into the CRISPR array, with its supple-

mentation restoring 80% polarisation [85].

Despite being essential for polarising spacer acquisition into CRISPR arrays in
Type I-E and I-F CRISPR systems, IHF is only present in gram-negative bacteria
[86]. An alternative mechanism must be used by bacteria that do not possess
IHF. Polarisation in Type Il systems is intrinsic to Cas1, which recognises the 3’
leader anchoring sequence (LAS) of the leader sequence to direct orientation of
integration [82]. Enterococcus faecium’s Type II-A Cas1-Cas2 integration complex
scans all repeats within the CRISPR array, but only upon recognition of the LAS
does it conduct integration [87]. This process is imperfect, as ectopic spacers have
been identified integrating at repeats within the CRISPR array distal to the leader

in Strep. pyogenes and Strep. thermophilus Type II-A CRISPR systems [81].

1.7.2 crRNA Processing

Interference by CRISPR systems is guided by mature crRNAs, processed from the
products of CRISPR array transcription [Figure 1.7] [70]. These long precursor
crRNAs (pre-crBRNAs) contain stem-loops derived from the palindromes present in
the repeats. Cas6 processes pre-crRNAs in Type I-E and I-F systems to produce
mature crRNAs [88]. Cas6 specifically binds to and cleaves stem-loop structures in
pre-crRNA, resulting in the mature crRNA containing a spacer and bases from the
flanking sequences [88]. Following cleavage, Cas6 remains bound to the crRNA to

nucleate the formation of the Cascade surveillance complex.

Cascade formation commences with the assembly of additional subunits along the
mature crBNA [Figure 1.8] [89]. crRNA non-specifically interacts with six Cas7
subunits, which form the complex’s backbone. Cas5 binds to 5° crRNA, forming
a cap opposing Cas6. Cas11 binds centrally to stabilise crRNA-DNA interactions.

Finally, Cas8 binds to Cas6 at the terminus.
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Figure 1.7: Overview of crRNA maturation by Cas6.

The CRISPR array is transcribed, producing a long-pre-crRNA. Cas6 binds to and
cleaves the stem-loop structures to produce a mature crRNA. Remaining bound,
Cascade complex formation is nucleated from the Cas6-mature crRNA complex.
Cascade may then conduct surveillance within the cell. Adapted from (Rath et al.,
2015).

Figure 1.8: Architecture of the E. coli Type I-E Cascade interference complex.
The crystal structure of the Cascade surveillance complex is shown in complex
with a target DNA sequence (left). Recognition of an optimal PAM in the sequence
by Cas8 has facilitated the unwinding of target DNA. This would stimulate Cas3
recruitment in vivo. A model of Cascade complex architecture illustrates the sea-
horse shape adopted by the complex (right), following complex nucleation around
the Cas6-mature crRNA complex. Taken from (Zheng et al., 2020).
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1.7.3 Interference

Cascade surveillance commences with recognition of a PAM in the target se-
quence, triggering the unwinding of target DNA for further querying [Figure 1.9]
[90]. Establishing PAM complementarity before querying a target sequence for full
complementarity minimises the number of sequences that are queried, increasing
the efficiency of Cascade surveillance. PAM recognition is performed by Cas8, with
targeted interactions between Cas8 and the PAM minor groove stalling Cascade to
initiate target DNA unwinding [91]. Non-specific interactions between lysine-rich

loops of Cas7 promote DNA interaction [91].

Cas8-PAM interactions cause localised DNA bending, causing proximal unwinding
[92]. Unwound DNA may be queried by Cascade’s crRNA to generate a crRNA-
DNA heteroduplex. R-loop formation then occurs, commencing from PAM-proximal
to PAM-distal regions of the query sequence. Complementary sequence binding
triggers conformational changes in Cascade. Cas11 shifts to interact with Cas8,

widening the DNA binding channel and stabilising the R-loop [93].

Conformational changes in Cas8’s C-terminus upon R loop formation facilitate
Cas3 recruitment [94]. Without these conformational changes, Cas3 is sterically
hindered from binding. Cas3 can then conduct targeted nucleotide degradation
of the cognate sequence [95]. Cas3 contains a C-terminal 3’-5’ helicase domain
and an N-terminal HD nuclease domain [96]. The helicase domain processively

unwinds target DNA, generating ssDNA to be cleaved by the nuclease.

Target degradation commences with the nicking of the non-target strand. This
nicked dsDNA provides a substrate for Cas3’s helicase activity. Cas3 then translo-
cates along the non-target strand, intermittently generating nicks in the sequence
[97]. As Cas3 processes along the non-target strand, the target strand is extruded
as a ssDNA loop. Strand bias during degradation causes bias in the source of

spacers during primed acquisition [98].
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Figure 1.9: Overview of the mechanism of interference by Cascade in E. coli Type
I-E systems.

Cascade, in complex with a mature crBRNA, interrogates a DNA sequence. Cas8
(blue) interacts with the PAM (green), facilitating Cascade binding. R-loop forma-
tion nucleates from the PAM, eventually displacing the non-target strand across
the length of the crRNA spacers. Target binding induces conformational changes,
which result in Cas3 recruitment. Cas3 then conducts cleavage of the displaced
strand and unwinds the dsDNA in an ATP-dependent manner to facilitate complete
cleavage. Taken from (Zheng et al., 2020).

1.8 Spacer Selection

1.8.1 Self vs Non-self Discrimination

CRISPR-Cas systems can cause autoimmunity when interference is targeted against
the host genome. A range of mechanisms are employed to mitigate incidences of

autoimmunity.
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1.8.1.1 Protospacer Adjacent Motif (PAM)

Spacers within the CRISPR array are potential targets of the crRNAs that they
themselves encode. Recognition of a PAM sequence is therefore necessary to
induce cleavage [99]. PAMs are short DNA sequences that flank a protospacer
but are not integrated into the CRISPR locus. They range from 2-8 nucleotides
in length [100]. PAMs ensure the effector arm only cleaves foreign DNA, they are

present in both type | and Il systems [101].

In the E. coli Type I-E CRISPR system, the PAM ‘AAG’ is specifically recognised
by the Cas1a C-terminal domain during spacer acquisition [102]. The integration
of spacers containing a consensus PAM is biased [102]. Following PAM recogni-
tion within a protospacer, the sequence is cleaved such that the cytosine of the
PAM-complementary sequence (5’ CTT 3’) becomes the terminal nucleotide of the
incoming spacer [76]. Following crBRNA expression and maturation, surveillance
by Cascade proceeds in a PAM-first model, with PAM complementarity necessary
to initiate the querying of a target sequence [103]. In type | systems, PAM recog-
nition is necessary to induce endonuclease activity from Cas3. Cas3 will still be
recruited in the absence of a PAM, however, it will behave as a molecular motor
and processively move along DNA to promote spacer uptake distal to the site of
recruitment, facilitating primed adaptation [92]. In type Il systems, PAM recognition

is necessary to conduct primed adaptation [104].

Cas1-Cas2 of Type I-E and I-F systems conduct PAM selection independently of
other host factors [48]. However, Type | systems generally use Cas4 to cleave
protospacers in a PAM-dependent manner [48]. In Type Il systems, Cas9 plays a
key role in PAM-specific protospacer recruitment, with PAM recognition by Cas9

during adaptation and interference mitigating autoimmunity [105].

Hosts have been shown to avoid target sequences in their genomes to mitigate

autoimmunity [106]. In this respect, longer PAM sequences may reduce this se-
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lective pressure whilst requiring more stringency during spacer acquisition. MGEs
similarly exhibit a preference away from the presence of host PAM sequences in

their genomes [107].

1.8.1.2 RecBCD and chi sites

RecBCD is a helicase-nuclease complex involved in double-strand break (DSB) re-
pair and homologous recombination. It has also been implicated in the creation of
substrates for spacer acquisition [Figure 1.10A] [108][109]. RecBCD binds to ex-
posed linear ends of dsDNA, exhibiting helicase activity as it unwinds DNA at a rate

of 1 kb/s [110]. RecB exhibits nuclease activity against both strands [108].

RecC scans for chi site sequences (5-GCTGGTGG-3’) during translocation [111].
Chi site recognition induces a conformational change in RecBCD, inhibiting con-
tinued degradation of the DNA strand. The complex then nicks the 3’ end strand
near the chi site, recruiting RecA to promote homologous recombination [112]. Chi
sites act as a regulatory checkpoint for RecBCD and are enriched on the genome
relative to invasive MGEs [112]. Host DNA is preferentially protected whilst foreign
DNA is degraded. This promotes the generation of protospacers from foreign DNA

over host DNA.

The exposed linear ends of dsDNA that RecBCD targets are often introduced
during plasmid transfer and phage infection but are comparably rare in the host
genome, further biasing towards acquisition from MGEs [Figure 1.10D]. Further-
more, the processing of free DNA ends generated during restriction nuclease ac-
tivity against MGEs means RecBCD facilitates synergy between CRISPR systems
and other host defences. CRISPR Cas systems are enriched alongside certain

restriction-modification systems [113].
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Figure 1.10: Creation of substrate for naive acquisition by RecBCD.

(A) RecBCD generates substrate for adaptation by Cas1-Cas2. Enrichment of chi
sites within the host genome relative to foreign DNA biases towards the prefer-
ential acquisition of spacers from foreign DNA. (B, C) RecBCD activity is initiated
at double-strand breaks, found at replication forks in both host and foreign DNA.
The high copy number of foreign DNA creates more replication forks from which
RecBCD may generate spacers. (D) Linear DNA, typically found following injection
of phage genomes, is vulnerable to degradation by RecBCD. Taken from (Xue and
Sashital, 2019).

1.8.1.3 Substrate bias

Some CRISPR systems exhibit bias towards acquisition from actively replicating
DNA, leading to a bias towards non-self in the event of MGE invasion [114][115]. A
preference for free DNA ends has been demonstrated in E. coli Type I-E systems,
these are present at stalled replication forks[114]. As high copy number MGEs will
contain a greater number of replication forks, this biases towards the acquisition of
spacers from non-host DNA [Figure 1.10B, C][114]. Preference for the use of free
DNA ends as a source of spacers has been reported in Type II-A, |-G, and 1lI-B
systems [116][115]. This bias is not always the case, with no bias detected in an S.
thermophilus Type II-A system [117]. Spacer acquisition hotspots have also been

identified from highly expressed genes, suggesting transcription may make DNA
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physically vulnerable to the Cas machinery or may induce double-stranded breaks

[116][118].

1.8.2 Primed Adaptation

Primed adaptation is the acquisition of novel spacers from regions proximal to pre-
existing crBNA targets, requiring both adaptation and interference machinery [102].
Point mutations within the PAM or crRNA target may facilitate MGE evasion of the
CRISPR response. Primed adaptation facilitates the targeting of such mutants.
This is the dominant form of adaptation in Type I-E systems, with novel spacers
acquired at x1000 the rate of naive acquisition [118]. Up to 13 mutations may be
present in a sequence targeted by primed acquisition, and it may induce acquisition

of novel spacers as far as 100 kb from the target sequence [74][119].

Primed acquisition in E. coli Type I-E systems exhibit specificity towards the non-
target strand, derived from its unidirectional degradation by Cas3 [120]. In compar-
ison, the Cas2/Cas3 fusion in Type |-F systems degrades both strands, resulting
in no bias [121]. Type I-E primed spacers exhibit a high fidelity for the ‘AAG’ PAM.
This may derive from Cas3’s preferential cleavage of T-rich sequences, generating
ssDNA fragments rich in 5’-NTT-3’ sites from which protospacers with the comple-

mentary 5’-AAG-3’ PAM can derive [122].

1.9 Regulation of CRISPR-Cas

Without invasive genetic elements present, CRISPR-Cas systems confer a fitness
cost primarily through autoimmunity. Autoimmunity arises from the acquisition of
spacers targeted against the host genome [123]. Regulation of expression such
that CRISPR-Cas is only active during periods of high risk of MGE infection miti-

gates this fitness cost [124].

The regulon of histone-like nucleoid-structuring protein (H-NS), a DNA-binding
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transcriptional repressor, silences roughly 5% of the E. coli genome [125]. H-
NS binding induces DNA condensation into looped DNA-protein-DNA structures,
sequestering promoters from the transcriptional machinery [126]. Binding to AT-
rich sequences, H-NS interacts with the leader and the Pcas3 promoter to suppress
the expression of crRNAs and cas genes in E. coli [127]. AT-rich sequences in
invading elements may sequester H-NS from these sites to facilitate CRISPR-Cas
targeting [128]. LeuO antagonises H-NS repression, inhibiting cooperative poly-
merisation of H-NS at the CRISPR locus. LeuO binds upstream of Cas8 and can

induce expression when overexpressed [129].

The Pcasg promoter is inhibited by the binding of catabolite repressor protein (CRP)
[130]. The absence of glucose stimulates cAMP production by adenylate cyclase,
inducing CRP repression [131]. CRP shares a binding site with LeuO, competitively

inhibiting Cas gene expression at low glucose concentrations.

Finally, the two-component regulatory system BaeSR upregulates cas gene ex-
pression [132]. BaeS, a histidine kinase, phosphorylates BaeR in response to
envelope stress [133]. Phosphorylated BaeR may then upregulate the cas genes.
The induction of envelope stress by phage injection may induce CRISPR-Cas ex-

pression.

1.10 Classification of CRISPR Systems

CRISPR-Cas systems have undergone immense diversification. However, major
unifying themes have underpinned this evolution, facilitating their organisation into
groups based on phylogeny and function. The hierarchical structure of CRISPR-
Cas classification commences with their division into classes [48]. Class 1 systems
are characterised by multi-protein interference complexes, which must assemble
to conduct target recognition and cleavage. In comparison, Class 2 systems are

characterised by a single multidomain protein that integrates these activities.
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Each class is further divided into types and subtypes [Figure 1.11] [48][134]. While
types may be determined by the cas gene complement of a system, subtypes are
delineated based on gene organisation and protein sequence. Five types were
initially proposed [48]. However, a Type VI has since been categorised, and a
further Type VII system has been proposed [134][135]. Both Type VI and VIl are
RNA-targeting systems.

Expansions in known system variants, alongside the identification of rarer or atypi-
cal systems, have been driven by advances in high-throughput sequencing, grow-
ing sequence depth, and diversity in databases [136][135]. This has been com-
pounded by integrating community resources such as CRISPRCasFinder into work-
flows [137]. Together, these have aided the identification of CRISPR systems en-

coding potentially novel functions [135].
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Figure 1.11: Modular organisation of CRISPR-Cas Classes and Types.
CRISPR-Cas systems are divided into Class 1 and 2 systems depending on the
structure of their interference machinery. Class 1 system effector complexes pos-
sess multiple subunits, while Class 2 systems encode a single, multidomain pro-
tein for interference. Schematics of the typical cas gene complement of the six core
types of CRISPR-Cas systems are outlined, there is variation within subtypes. Dot-
ted lines indicate cas genes that may be absent in their respective CRISPR-Cas
type subtypes. Taken from (Makarova et al., 2020).
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1.10.1 Class | CRISPR Systems

Class | CRISPR systems comprise Types I, Ill, IV, and VII. These are found ubig-
uitously in prokaryotes. Class | systems are characterised by their use of multi-

protein interference complexes [136].

1.10.1.1 Type | CRISPR Systems

Type | systems are amongst the most common and well-studied CRISPR systems.
The hallmark of Type | systems is the presence of the Cas3 gene, frequently found
with an HD nuclease domain fusion to facilitate DNA cleavage [96]. These systems
also contain the CRISPR-associated complex for antiviral defence (Cascade), a
multi-protein effector complex responsible for crRNA binding, target scanning, and
Cas3 recruitment. Cascade is comprised of repeat-associated mysterious pro-
teins (RAMPs), which use an RNA recognition motif (RRM) to interact with crRNA
[70].

Cascade assembled into a seahorse-shaped architecture [89]. Cascade is com-
posed of five Cas proteins in different stoichiometry; these are Cas5, Cas6, Cas7,
Cas8, and Cas11. Casb6 selectively binds and cleaves long crRNA transcripts at
the 3’ end to produce mature crRNA [88]. Multiple Cas7 proteins oligomerise from
Cas6 along the crRNA to form the backbone of Cascade. Cas5 occupies the 5°
handle of the crRNA, while Cas8 and Cas11 bind within the Cas7 backbone. Two
copies of the Cas11 small subunit interact with Cas7 to stabilise the crRNA and tar-
get DNA, while Cas8 caps Cas5 at the terminus of the complex. It is Cas8 which

conducts PAM recognition and Cas3 recruitment [89].

Type | CRISPR systems are highly diverse, comprising nine subtypes (I-A to I-
E, I-F1 to I-F3) [136]. Type | systems typically use Cas1, Cas2, and Cas4 for
adaptation. However, Cas4 is absent from the monophyletic clade of subtypes
I-E and I-F, with Cas2 present in fusion with Cas3 in I-F [48]. Several subtypes

(I-B and I-F) have been identified within transposons whilst lacking Cas3. This
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suggests alternate functions have emerged from within Type | systems, such as

the RNA-guided transposition of MGEs [138][139].

1.10.1.2 Type lll CRISPR Systems

Type Ill systems are proposed to be ancestral to all Class 1 systems [140]. They
are diverse and widespread, exhibiting unique functionalities such as producing
secondary messengers to trigger auxiliary defences [29]. Type Ill system interfer-
ence is triggered by transcription from a target sequence. Effector complexes bind
at transcription bubbles on mRNA, activating the Cas10 nuclease to cleave both

cognate RNA and foreign DNA in close proximity [141][142].

Effector complexes of Type Il systems are divided into two families. The Csm and
Cmr effector complexes have similar structures to that of Cascade [143]. Cas5 and
Cas7 comprise the effector complex backbone, while Cas10 occupies the position
of Cas8. However, Casé is rare in type Il systems. CrRNA processing is therefore

usually conducted by ancillary CRISPR systems [143].

Type Il systems do not use PAM sequences. Instead, autoimmunity at the CRISPR
locus is prevented through a ‘tag-anti-tag’ mechanism in which complementarity in
the crBRNA with repeats inhibits interference [144]. However, a PAM-like sequence
within cognate RNA is required to induce DNA targeting [145]. Interference is
concomitant with the activation of palm domains within Cas10. These are cyclases
that produce cyclic oligonucleotide secondary messengers that induce ancillary

effector activation [29].

1.10.1.3 Type IV CRISPR Systems

Type IV systems are unique amongst CRISPR systems for their strong association
with MGEs and their role in inter-plasmid conflict [146]. Principally found on plas-
mids, Type IV systems are divided into five subtypes (IV-A to IV-E). IV-A systems

are associated with DinG, a helicase shown to possess 3’-5’ exonuclease activity

27



[147]. In comparison, IV-B lacks an associated helicase or CRISPR array, suggest-
ing it possesses an alternative role to host defence [148]. Type IV-C represents an
ancestral out-group identified in archaea that shares similarities with Type Il sys-
tems, suggesting an origin for Type IV systems from within this group. Type IV-D
systems possess RecD family helicases. The pervasiveness of helicases in Type
IV systems, alongside the frequent absence of nucleases, suggest they may rely
on host-encoded nucleases to cleave targets, rendering them vulnerable to DNA

degradation through unwinding of target DNA.

Type IV systems typically lack Cas1-Cas2 adaptation modules, but their presence
correlates with Type | systems. This suggests they may rely on other systems,

such as Type |, to acquire spacers, which they can use as guides [146].

1.10.1.4 Type VII CRISPR Systems

Type VII systems are the most recently identified type of CRISPR system [135].
Like other Class 1 systems, Cas5 and Cas7 assemble in complex with a crRNA
processed by Cas6 [149]. The unique effector complex Cas14, which contains a
[-CASP nuclease, is then recruited. Tetrameric Cas14 conducts 5’-3° RNA exonu-
clease cleavage. Uniquely, Type VIl spacers principally target transposons. This
suggests these systems are akin to Type |V systems as they may specifically mod-

ulate the horizontal transfer of a subset of MGEs.

1.10.2 Class 2 CRISPR Systems

Class 2 CRISPR-Cas systems encompass Types I, V, and VI. They are uniquely
characterised by their use of a single multidomain effector protein [150]. Broadly,
these target and cleave cognate nucleotide sequences of invading MGEs. The sin-
gle protein nature of effector domains has resulted in their prolific use as genome

editing tools, notably Cas9 [151].

Cas9, the effector protein of Type Il systems, contains two nuclease domains that
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conduct DNA cleavage. Cas9 is guided by a crRNA, which undergoes maturation
through interaction with RNase IIl in cooperation with Cas9 [152]. Following binding
to a cognate target, an HNH nuclease domain cleaves the complementary strand

while a RuvC-like nuclease cleaves the non-complementary strand [153].

In comparison, Type V systems use the single effector protein Cas12. Smaller
than Cas9, Cas12 encodes a single RuvC-like nuclease domain, which performs
cleavage on the target and non-target strand sequentially [154]. Cleaved DNA is
characterised by staggered cuts, compared to the blunt ends produced by Cas9
[155]. Specific Cas12 variants conduct indiscriminate ssDNA cleavage following

cognate strand recognition [155].

Finally, Type VI systems encode the effector protein Cas13. Cas13 contains two
higher eukaryotes and prokaryotes nucleotide-binding (HEPN) nuclease domains.
Uniquely amongst Class 2 systems, Cas13 exclusively cleaves RNA [156]. This
system does not use PAM sequences, instead relying on complementarity to RNA
to derive specificity of response [157]. Following cognate RNA binding, Cas13

indiscriminately degrades RNA [156].

Broadly, Class 2 systems differ from Class 1 in how they process crRNA. Class
1 systems contain a dedicated Cas protein for pre-crRNA maturation. In contrast,
Class 2 systems either rely on host nucleases (such as RNase Il in Type Il and V)
or encode that functionality into their single effector protein (such as Cas12 in Type

V1) [158][159].

1.11 Ancillary CRISPR Functions

1.11.1 Regulation by CRISPR-Cas

The potential for CRISPR-Cas system activity to induce toxic autoimmunity neces-

sitates regulation. One such form is the autoregulation of the Cas gene operon by
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interference machinery. A long trans-activating crRNA (tracr-L RNA) may be bound
by Cas9 instead of a standard crRNA [160]. This crRNA possesses partial homol-
ogy to the promoter upstream of cas9. Partial complementarity facilitates binding
without nuclease activation, inhibiting expression but not inducing autoimmunity.
Cas9 is essential to spacer acquisition and interference in Type II-A systems; au-

toregulation tightly represses all aspects of CRISPR immunity.

Regulation through partial spacer complementarity may extend beyond autoregu-
lation. In Pseudomonas aeruginosa UCBPP-PA14, Phage DMS3 infection inhibits
biofilm formation and swarming motility [161]. Partial complementarity of a spacer
to phage DMS3 is proposed to induce low-rate nicking of DNA by Cas3. Sub-
sequent induction of the SOS response is suggested to prevent biofilm formation
[162]. Such roles in regulating biofilm formation and virulence have been reported

in other bacteria [163][164].

1.11.2 Toxin-Antitoxin systems (CreR/CreT)

Regulation of endogenous loci by CRISPR-Cas systems provides a mechanism to
induce abortive infection following inactivation of interference machinery. Cascade-
repressed toxin (CreT) sequesters a rare arginine tRNA to inhibit growth [165].
This locus is repressed by Cascade bound to CreA. CreA is an antitoxin RNA that
resembles a crRNA. Therefore, through partial complementarity, it targets cascade
to occupy and repress but not cleave creT. Thus, this system may serve as an anti-
anti-CRISPR, as inhibiting the interference machinery by an anti-CRISPR would
induce toxin expression and growth arrest. Furthermore, this TA-pair serves as
an addiction module for its cognate CRISPR system, preventing its loss from the

host.
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1.12 Inhibition of Prokaryotic Defence Systems

As their hosts have adapted and evolved a diverse array of immune systems, MGEs
have themselves evolved an arsenals of countermeasures that can disrupt, subvert

and evade the immune defences of their respective hosts [4].

1.12.1 Anti-RM

The first inhibitor of a prokaryotic defence system identified was Ocr, encoded by
the phages T7 and T3, targeted against the E. coli EcoK and EcoB restriction-
modification systems [166]. Ocr is a small, highly negatively charged protein re-
sembling dsDNA, exhibiting mimicry of the target of an RM system [167]. However,
this protein also potently inhibits BREX, an RM-like system [168][169]. Ocr exem-

plifies how defence system inhibitors may exhibit broad-spectrum inhibition.

Several further anti-restriction proteins have been identified [170][171][172]. How-
ever, an absence of biotechnology applications combined with difficulty of screen-

ing restrained the discovery of further RM inhibitors.

1.12.2 Anti-RecBCD

The RecBCD complex degrades DNA at double-stranded breaks. As such, it con-
tributes to host defence through the degradation of phage DNA either following
CRISPR-Cas cleavage or through the detection of linearised dsDNA present at
certain stages of the phage life cycle [108]. Gam is a highly compact DNA mimic
expressed by Phage A, which binds to RecBCD and inhibits the degradation of
phage DNA [173]. Gam is used in lambda red mediated recombineering to inacti-

vate RecBCD and facilitate recombination into the E. coli genome [174].

Inhibition of RecBCD by Gam has been shown to trigger the induction of abortive
infection via the retron Ec48 [175]. Retrons are tripartite systems composed of a

reverse transcriptase, non-coding RNA, and an effector complex [176]. They have
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been shown to guard first-line immune systems, the inactivation of which triggers
an immune response [175]. Subsequently, phage-encoded retron inhibitors have

been identified, which prevent the induction of abortive infection [177].

1.12.3 Anti-SOS

MGEs have been shown to inhibit the broader SOS immune response [178][179][180].
SOS inhibitors have been shown to target RecA, inhibiting the formation of RecA
nucleofilaments along single-stranded DNA (such as those present during invasion
by an MGE). These trigger LexA-dependent induction of the SOS response [179].
Inactivation of the SOS response can help the propagation of an invading element
by preventing the arrest of the cell cycle [181] and activation of lytic prophages
[182]. Therefore, alongside the inhibition of specific bacterial immune defences,
MGEs may target broader systems within the cell to maintain an environment more

conducive to their replication.

1.12.4 Expansion of Known Defence System Inhibitors

The massive expansion of identified prokaryotic defence systems [3][14][15][16]
has occurred concomitant with a significant increase in known defence system
inhibitors [4]. Whilst the identification of a greater number of systems has provided
more targets against which inhibitors may be identified [47][183][184], changes in
experimental approaches have driven a rapid increase in the number of known

defence system inhibitors [Figure 1.12].

Just as defence systems have been found to cluster into defence islands [13], their
inhibitors similarly cluster into anti-defence islands [185]. Subsequently, guilt-by-
association has facilitated the identification of defence system inhibitors as it has
the systems themselves [186]. Furthermore, these anti-defence islands accumu-
late in specific regions of MGE genomes, such as those expressed early during

infection [185]. Therefore, behaviour-dependent clustering of MGE-encoded anti-

32



defence proteins facilitates their homology-independent identification. Identified

proteins may then be tested and experimentally verified [14].

Functional metagenomic screens have facilitated the identification of additional
defence system inhibitors [187]. The sequence-independent aspect of this ap-
proach enables the identification of novel inhibitors, which may seed further guilt-
by-association studies. Functional metagenomics has been particularly useful in
identifying novel anti-CRISPRs [187][188]. The targeting of interference against an
antibiotic resistance gene during the absence of selection, followed by a period of
selection in the absence of interference, facilitates the selection of novel inhibitors,
as opposed to their identification through comparably lower throughput screening

efforts.

Finally, direct interrogation of phages has also facilitated the identification of in-
hibitors. Comparative genomics of closely related phages resistant and sensitive
to a CRISPR-Cas system facilitated the identification of the first anti-CRISPR (Acr)
[189]. However, screening methods may extend beyond measuring survival via
plaquing assay. CBASS and Pycsar system inhibitors were identified from the
cyclic nucleotide hydrolase activity present in post-infection bacterial lysates, sug-
gesting respective phages contained genes which degraded the secondary mes-
senger molecules present in these systems [47]. Finally, the experimental evolution
of phages has facilitated the identification of escape mutants possessing methods

of inhibition which arose de novo during screening [190].
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Figure 1.12: Approaches for identifying inhibitors of bacterial immune systems.
Candidates for novel bacterial immune system inhibitors may be identified via: (A)
Comparative genomics of closely related phages identifying specific genes which
facilitate propagation in a host containing a specific immune system. (B) Guilt by
association studies identifying genes enriched proximal to known inhibitors. (C) Ex-
perimental evolution identifying novel gain-of-function phage escape mutants. (D)
Functional metagenomic screens identifying genes through a screening or selec-
tion process targeted against a bacterial immune system of interest. (E) Machine
learning applying conserved characteristics of known inhibitors to identify unknown
proteins with similar functions. (F) These approaches identify candidates that can
be experimentally validated through testing against an appropriate immune system
in @ model host. Taken from (Mayo-Munoz et al., 2024).

1.12.5 Inhibition of CRISPR-Cas

Whilst significant advances have been made in the identification of inhibitors of a
diverse array of prokaryotic immune systems [4], the majority of identified inhibitors
target CRISPR-Cas systems [191]. Alongside expanding our understanding of the

prokaryote-MGE arms race, Acrs have several applications. Acrs may act as a
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selectable marker during the editing of phage genomes; they have facilitated the
fluorescent tagging of proteins within jumbo phage genomes, helping illuminate
mechanisms of genome packaging by these phages [192]. Furthermore, they can
help modulate the activity of CRISPR interference machinery as a biotechnology
tool [193]. Finally, rational engineering of phages to contain defence system in-
hibitors tailored against pathogenic bacteria may facilitate their practical use as a

treatment option in the absence of viable antibiotic alternatives [194][195].

1.12.5.1 ACRs target interference

Acrs targeting interference have been the primary means identified whereby MGEs
may evade CRISPR-Cas defences [4]. Over 100 families of such Acrs have been
identified, employing diverse mechanisms to achieve inhibition [191]. Broadly,

these can be divided into either enzymatic or non-enzymatic mechanisms.

There are several methods whereby non-enzymatic inhibition of interference may
be achieved. The most common method involves occluding functional domains;
for instance, AcrlIC1 occludes the HNH nuclease domain of Cas9 to inhibit DNA
cleavage [196]. Alternatively, an Acr may multimerise components of interference;
AcrID1 forms a homodimer with each monomer binding a Cas10d monomer such
that they are sequestered from interaction partners and unable to partake in an
immune response [197]. Furthermore, an Acr may co-opt interference compo-
nents through mimicry of targets. AcrlF2 mimics the negative charge of the dsDNA
backbone, competitively inhibiting DNA binding at the Cas7-Cas8 interface [198].
Finally, a non-enzymatic Acr may induce degradation of immune components; this
is exemplified by AcrllA1 inducing Cas9 degradation following binding at the HNH
domain [199].

Alternatively, an Acr may enzymatically inhibit interference. AcrVA1 targets inter-
ference through the cleavage of crRNAs bound to Cas12a. This irreversibly in-

hibits Cas12a whilst the Acr may inactivate further complexes [200]. An Acr may
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instead covalently modify a target to induce inactivation; AcrVAS covalently mod-
ifies Cas12a to induce its inactivation [201]. Fewer methods of enzymatic inacti-
vation have been identified compared to non-enzymatic inhibition, the reason for
this is unclear. Discovery methods may favour the identification of non-enzymatic
inhibitors, they may impart a higher fithess cost on the encoding MGE, or they may
be more challenging to evolve. They may also present a regulatory challenge to
the MGE, as repression of further Acr activity following inhibition of CRISPR-Cas is
more difficult for enzymatic inhibitors than non-enzymatic inhibitors, which exhibit

single-turnover mechanics [202].

A final group of Acrs identified recently are RNA-based anti-CRISPRs (Racrs)
[203]. The prophage encoded RacrlF1 has been shown to encode a CRISPR
repeat mimic, such that it is bound by Cas6f and Cas7f, but the absence of a
5 handle to the RNA sequence prevents the binding of Cas5f and Cas8f, pre-
venting assembly of the interference complex. These inhibitors have been shown
to target a diverse array of CRISPR systems [203]. The identification of RNA-
based inhibitory mechanisms continued with the identification of viral Cas/CreT-
repressing RNA anti-CRISPRs (Cracrs), which guide CRISPR interference machin-
ery to repress expression from Cas operons and CRISPR-regulated toxin genes
[204]. CracrlF1 was demonstrated to repress the expression of Cas genes, while
CracrlF2 was shown to inhibit a CRISPR-repressed toxin gene, which itself con-
ferred anti-anti-CRISPR protection. CracrlF2, therefore, can be considered an anti-

anti-anti-CRISPR.

1.12.5.2 Inhibition of CRISPR adaptation

The anti-CRISPR AcrVAS is the only Acr demonstrated to inhibit spacer acquisition
directly. It inhibited adaptation in the Treponema denticola Type |I-A system [205].
AcrVA5 was initially discovered in a screen for novel inhibitors of the Cas12a in-
terference machinery [206]. The presence of self-targeting spacers was used to

predict Acrs, which were then experimentally validated through the inhibition of the
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cleavage of fluorescent reporter genes. The mechanism of inhibition was shown to
be the steric hindrance of dsDNA binding by the Cas12a protein [200]. This inhi-
bition derived from acetyltransferase activity modifying a lysine residue in the PAM
recognition domain [201]. This acetylation was reversible, with CobB deacetylase
removing acetyl groups to return Cas12a activity [207]. AcrVA5 is suggested to
have evolved from a bacterial acetyltransferase, which MGEs have co-opted for

the modulation of host defences [208].

AcrVAS’s anti-adaptation behaviour was identified in a screen of known Acrs via
in vitro protospacer integration assay [205]. Integration by Treponema denticola
Type Il-A Cas1-Cas2 was inhibited by AcrVA5 [Figure 1.13]. This inhibition was
determined to derive from strong binding between AcrVA5 and Cas2, with AcrVA5
found to acetylate Lys55 on Cas2. This was found to inhibit Cas2’s non-specific
endonuclease activity in not just Treponema denticola Type |I-A system but also in
Moraxella bovoculi Type V-A, suggesting it may exhibit broad-spectrum inhibition

of adaptation.
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Figure 1.13: Mechanism of adaptation inhibition by AcrVAS.

(A) Double-stranded DNA derived from invading phage is available as a substrate
for Cas1-Cas2. (B) Cas1-Cas2 binds to protospacers to form a functional inte-
gration complex. (C) Invading phage DNA is integrated into the CRISPR array,
facilitating a targeted immune response against this phage. (D) Phage-encoded
AcrVAS triggers partial disassembly of the integration complex. (E) Disassembled
integration complexes cannot integrate spacers into the CRISPR array, inhibiting
an adaptive immune response against invading phage DNA. Taken from (Bi et al.,
2024).

1.13 Scope of Thesis

The work described in this thesis aims to leverage advances in assay sensitiv-
ity and throughput to investigate adaptation in E. coli Type I-E CRISPR-Cas sys-
tems. This includes the identification of Cas1-Cas2 mutants possessing hyperac-
tive phenotypes, alongside a functional metagenomic screen to identify Acrs tar-
geting adaptation. Additionally, | applied deep sequencing to determine patterns

and trends in biases in the source of spacers acquired during adaptation. Finally, |
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describe work to develop a high-throughput reporter for the detection of adaptation

in a manner that can be applied to CRISPR systems universally.

An overview of this work is detailed below:

Chapter 3 describes patterns and trends identified in the distribution of spacers
acquired in a spacer acquisition reporter strain under different culturing conditions.
Firstly, | refute prior evidence of an absence of bias in the source of spacers ac-
quired in this strain. Next, | investigate the role of growth media on biases in the
sources of spacers. | then analyse spacer distribution, alongside PAM preference,
in different regions of the plasmid to determine if this explains the biases seen.
Deep sequencing is then conducted to develop a broader dataset of spacers to
strengthen conclusions. Finally, this dataset is used to interrogate the genome and

plasmid for novel hotspots of spacer acquisition.

Chapter 4 describes the screening, identification, and characterisation of Cast
mutants possessing a hyperactive phenotype. First, it outlines the creation of a
mutagenised Cas1-Cas2 library. Next, it describes the application of a papillation
assay to screen for spacer acquisition activity, alongside the identification of a suite
of hyperactive mutations in Cas1. These mutations are verified and quantified us-
ing a YFP-based reporter for spacer acquisition. Assessment of SOS response
induction by these mutants identifies that they are associated with an increased
response. Subsequent deep sequencing of Cas1 128K, the mutant with the highest
spacer acquisition activity, identifies a reduction in fidelity to the consensus PAM.
Codon mutagenesis and screening of Cas1 128 and D29 libraries identify further
hyperactive mutants, for which SOS induction is similarly measured. Finally, muta-
tions are combined, showing antagonism in the enhancement of spacer acquisition

but synergism in the enhancement of the SOS response.

Chapter 5 described a functional metagenomic screen to identify anti-CRISPRs

targeted against adaptation. First, it outlines the development of a strain capable
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of screening a set of BAC libraries containing metagenomic DNA. | then conduct a
pair of functional metagenomic screens using a papillation assay. These screens
identify a large number of initial hits that undergo successive verification steps,
ruling them out as Acrs targeted against adaptation. Sequencing several hits iden-
tifies the enrichment of homologs to ancillary genes involved in spacer acquisition.
Finally, assays demonstrate that the broad-spectrum anti-CRISPR AcrVA5 shows

no inhibition of adaptation in the E. coli Type I-E CRISPR-Cas system.

Chapter 6 outlines various efforts to create a stop codon-based reporter system
capable of detecting spacer acquisition in all CRISPR systems. First, it outlines
the creation and troubleshooting of stop codon-based reporters for adaptation us-
ing the TetR and VanR repressors. Next, it outlines the process of identifying a
repressor capable of tolerating the addition of a CRISPR array encoded as an N-
terminal peptide. Finally, it describes the construction, testing, and troubleshooting

of a reporter system using the CymR repressor.

Finally, the data presented is discussed within the context of previously published
work. | discuss possible explanations for biases identified in the spacer selection
between the plasmid and genome. Furthermore, | discuss potential mechanisms
behind the identified hyperactive residues, and how these relate to hyperactive
residues of Cas1-Cas2 identified in other screens. Additionally, | critique and pro-
vide alternative approaches for a functional metagenomic screen to identify Acrs
targeting adaptation, alongside the construction of a reporter for the universal de-
tection of spacer acquisition. Finally, | discuss future approaches to these areas

derived from the results within this thesis.
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Chapter 2

Materials and Methods
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2.1 Reagents

PCR and enzyme materials were purchased from New England Biolabs (NEB).

Oligonucleotides and primers were purchased from Sigma Aldrich. DNA Purifi-

cation Kits (QlAquick Gel Extraction Kit, QlAquick PCR Purification Kit, QIAGEN

Plasmid Mini Kit and QIAGEN Plasmid Maxi Kit) were purchased from Qiagen™.

All constructed plasmids were verified by restriction digestion and sanger sequenc-

ing by Source Bioscience.

2.2 Strains used and created

Strain

Relevant Genotype

Source and Description

BW25113

F- DE(araD-araB)567
lacZ4787(del)::rrnB-3 LAM- rph-1
DE(rhaD-rhaB)568

Parental strain of the Keio

collection. [209]

BW25113 hsdR
:: FRT-Kan-FRT

F- DE(araD-araB)567
lacZ4787(del)::rrnB-3 LAM- rph-1
DE(rhaD-rhaB)568 hsdR ::
FRT-Kan-FRT

Keio Collection hsdR

knockout strain. [209]

DH10.3

F— mcrA A(mrr-hsdRMSmcrBC)
$80lacZAM15 AlacX74 recA1
endA1 araD139 A(ara-leu)7697
galU galK A—rpsL(StrR) nupG

Thermofisher. Cloning

strain.

EPI3000

F- mcrA A(mrr-hsdRMS-mcrBC)
®80dlacZAM15 AlacX74 recA1
endA1 araD139 A(ara, leu)7697
galU galK A- rpsL (StrR) nupG
trfA dhfr

Host strain of the libraries
AK21 and AK22. [210]
[211]
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Strain

Relevant Genotype

Source and Description

ER1793

F- tfhuA2 A(lacZ)r1 :: Frt-CmR-Frt
glnV44 (= amber sup)
e14-(McrA-) trp-31 his-1 rpsL104
xyl-7 mtl-2 metB1
A(mcrC-mrr)114::1S10

Derived from NEB. E.coli
K Strain by Dr Jack
Braithewaite. Frt-CmR-Frt

replaces LacZ.

JB023

MG1655 AlacZ ACRI locus and
Cas genes ACRIl locus, T7
RNAP TetR

Dr. Jack Braithewaite.
JB028 strain lacking a

papillation reporter. [212]

JB028

MG1655 AlacZ ACRII locus
araBAD::T7 RNAP tetA argE::
J23100 Type I-E II(A) Reporter

Dr. Jack Braithwaite. Type
I-E 1I(A) CRISPR
papillation reporter strain.

[212]

JB028 hsdR ::
FRT-Kan-FRT

MG1655 AlacZ ACRII locus
araBAD::T7 RNAP tetA argE::
J23100 Type I-E lI(A) Reporter

hsdR :: FRT-KanR-FRT

This Study. JB028 with
hsdR:: FRT-KanR-FRT
introduced via P1
transduction from the Keio

Collection.

JB028 AhsdR

MG1655 AlacZ ACRII locus
araBAD::T7 RNAP tetA argE::
J23100 Type I-E 1I(A) Reporter

dhsdR

This Study. JB028 with
hsdR:: FRT-Kan-FRT
introduced via P1
transduction from the Keio
Collection. KanR was
removed by FLP-frt

recombination.

MG 1655

K-12 F- X- ilvG- rfb-50 rph-1

Wildtype E. coli K Strain
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Strain

Relevant Genotype

Source and Description

MLS989

MG1655 araB::T7pol tetA,
AaraA, ACas3- CRISPR-I,
ACRISPR-II, GalK::J23101
CRISPR-II link SYFP2 opt

Type I-E lI(A) YFP
CRISPR reporter. [213]

MLS990

MG1655 araB::T7pol tetA,

AaraA, ACas3- CRISPR-,

ACRISPR-II, GalK::J23101
CRISPR-II +1nt link SYFP2 opt

Type I-E lI(A) YFP
CRISPR reporter positive

control. [213]

NEB5«

fhuA2 a(argF-lacZ)U169 phoA
gInV44 a80a(lacZ)M15 gyrA96
recA1 relA1 endA1 thi-1 hsdR17

NEB. Cloning strain.

RC5231

F- DE(araD-araB)567 A(lacZ)r1 ::
Frt-CmR-Frt LAM- rph-1
DE(rhaD-rhaB)568 hsdR514

This Study. BW25113 with
LacZ replaced by
Frt-CmR-Frt from ER1793
introduced via P1

transduction.

RC5281

F- DE(araD-araB)567 A(lacZ)r1
LAM- rph-1 DE(rhaD-rhaB)568
hsdR514

This Study. RC5231 with
Frt-CmR-Frt removed via
FLP-frt recombination.
Polar deletion of lacZ

remains.

RC5282

F- DE(araD-araB)567 A(lacZ)r1
LAM- rph-1 DE(rhaD-rhaB)568
hsdR514 ArgE::Tll

Reporter-KanR

This Study. RC5281 with
ArgE :: Type I-E lI(A)
papillation reporter
introduced via P1

transduction.

Table 2.1: Strain List
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2.3 Plasmids and Oligonucleotides

2.3.1 Plasmid List

Name Description
pCP20 For FLP-frt mediated recombination. Yeast FLP recombinase
expression vector with the pL lambda promoter.
Temperature-sensitive SC101 ori. AmpR and CmR.
pRC1620 pBAD Cas1-Cas2 expression vector. ColEl ori. AmpR.
Arabinose inducible Cas1-Cas2 expression vector.

pRC1656 pBAD Cas1-Cas2 expression vector. ColEl ori. KanR.

pRC1657 pBAD Cas1-Cas2 expression vector. ColEl ori. CmR.

pRC2802 pMara, Cas1-Cas2 expression vector. P15A ori. KanR. Ndel
cut site present at ATG start codon of Cas1. Arabinose
inducible Cas1-Cas2 expression vector derived from the

marionette collection. [214]

pRC2804 pRC1656 Cas1 M17V

pRC2805 pRC1656 Cas1 M17T

pRC2807 pRC1656 Cas1 D26G

pRC2808 pRC1656 Cas1 128K

pRC2809 pRC1656 Cas1 D29N

pRC2811 pRC1656 Cas1 Q90R

pRC2812 pRC1656 Cas1 Y101H

pRC2790 SOS reporter plasmid. GFP is under the control of the sulA

promoter. P15A ori. CmR. Purchased from addgene. [215]

pRC3116 pRC1656 Cas1 128R

pRC3117 pRC1656 Cas1 128N

pRC3118 pRC1656 Cas1 128S

pRC3119 pRC1656 Cas1 D29H
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Name Description
pRC3120 pRC1656 Cas1 D29K
pRC3121 pRC1656 Cas1 D29A
pRC2880 pRC1656 Cas1 M177T 128K
pRC2881 pRC1656 Cas1 D26G 128K
pRC2882 pRC1656 Cas1 128K Q90R

AK Libraries See [210] and [211]

pOX38 LacZ+

pOX38 containing conjugation machinery and LacZ

expressed from the constitutive P 23199 promoter. F-ori.

pRC3136

Pyvan AcrVAS5. P15A ori. KanR. The Acr AcrVA5 cloned into

the vanillic acid inducible marionette expression vector.

pRC1680

Pt Type I-E 1I(A) universal reporter. F-ori. KanR and CmR.

Tet repressor-based universal reporter construct.

pRC1681

Pt Type I-E 1I(A) universal reporter positive control. F-ori.
KanR and CmR. Tet repressor-based universal reporter

construct positive control.

pRC1682

Pt Type I-E I(T) universal reporter.F-ori. KanR and CmR.

Tet repressor-based universal reporter construct.

pRC1683

Piet Type I-E I(T) universal reporter positive control.F-ori.
KanR and CmR. Tet repressor-based universal reporter

construct positive control.

pRC3108

Pvan Type I-E 1I(A) universal reporter. Vanillic acid inducible
expression vector. KanR. F-ori. Vanillic acid inducible
repressor-based universal reporter construct expressing

lacZ.

pRC3104

Pvan YFP. Vanillic acid inducible expression vector. F-ori.
KanR. Vanillic acid inducible repressor-based universal

reporter construct expressing YFP.

46




Name

Description

pRC3105 Pvan lacZ. Vanillic acid inducible lacZ expression vector.
F-ori. KanR.
pRC3122 pMarPhIF with YFP. CRISPR array-PhlF repressor fusion
YFP expression vector. P15A-ori. KanR.
pRC3123 pMarCymR with YFP. CRISPR array-CymR repressor fusion
YFP expression vector. P15A-ori. KanR.
pRC3124 pMarVanR with YFP. CRISPR array-VanR repressor fusion
YFP expression vector. P15A-ori. KanR.
pRC3125 pMarTetR with YFP. CRISPR array-TetR repressor fusion
YFP expression vector. P15A-ori. KanR.
pRC3126 pMarBetl with YFP. CRISPR array-Betl repressor fusion YFP
expression vector. P15A-ori. KanR.
pRC3127 pMarTtgR with YFP. CRISPR array-TtgR repressor fusion
YFP expression vector. P15A-ori. KanR.
pRC3128 pMarPcaU with YFP. CRISPR array-PcaU repressor fusion
YFP expression vector. P15A-ori. KanR.
pRC2763 pMarPhIF with YFP. PhIF repressor YFP expression vector.
P15A-ori. KanR.
pRC2764 pMarCymR with YFP. CymR repressor YFP expression
vector. P15A-ori. KanR.
pRC2766 pMarVanR with YFP. VanR repressor YFP expression vector.
P15A-ori. KanR.
pRC2868 pMarTetR with YFP. TetR repressor YFP expression vector.
P15A-ori. KanR.
pRC2770 pMarBetl with YFP. Betl repressor YFP expression vector.
P15A-ori. KanR.
pRC2771 pMarTtgR with YFP. TtgR repressor YFP expression vector.

P15A-ori. KanR.
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Name Description
pRC2772 pMarPcaU with YFP. PcaU repressor YFP expression vector.
P15A-ori. KanR.

pRC2751 pMarPhlF with YFP. PhIF repressor YFP expression vector.
No repressor present. P15A-ori. KanR.

pRC2752 pMarCymR with YFP. CymR repressor YFP expression

vector. No repressor present. P15A-ori. KanR.

pRC2754 pMarVanR with YFP. VanR repressor YFP expression vector.
No repressor present. P15A-ori. KanR.

pRC2756 pMarTetR with YFP. TetR repressor YFP expression vector.
No repressor present. P15A-ori. KanR.

pRC2758 pMarBetl with YFP. Betl repressor YFP expression vector.
No repressor present. P15A-ori. KanR.

pRC2759 pMarTtgR with YFP. TtgR repressor YFP expression vector.
No repressor present. P15A-ori. KanR.

pRC2760 pMarPcaU with YFP. PcaU repressor YFP expression vector.
No repressor present. P15A-ori. KanR.

pRC3129 pMarCymR with YFP. CymR repressor YFP expression

vector. No repressor present. P15A-ori. KanR.
pRC3130 pMarCymR with YFP. CymR repressor YFP expression
vector. P15A-ori. KanR.
pRC3131 pMarCymR Type I-E lI(A) universal reporter. KanR F-ori.
pRC3133 pMarCymR Type I-E II(A) universal reporter. KanR F-ori.
Two stop codons in spacer. Positive Control
pRC3135 pMarCymR type Type I-E II(A) universal reporter. KanR

F-ori. Frameshift. Positive Control.

Table 2.2: Plasmid List

48




2.3.2 Oligonucleotide List

Name Sequence Description
SpAqF GGCTAGCAGGAGGAAT Standard  SPIN  assay
TCACC primers to amplify the
CRISPR locus of the LacZ
reporter.
SpAgR CGCATCGTAACCGTGC
ATCTG
Deep Seq Fwd 1 GACGGATATCAATACG SPIN assay primers to am-
GACC plify the CRISPR locus of
the LacZ reporter for deep
sequencing. Produces a 4
kb product.
Deep Seq Rev 1 CTGCTGGTGTTTTGCT
TCC
Deep Seq Fwd 3 GGTTCTCTTCCAGTTG SPIN assay primers to am-
TTCG plify the CRISPR locus of
the LacZ reporter for deep
sequencing. Produces a 2
kb product.
Deep Seq Rev 3 GTAACAACCCGTCGGA
TTCTC
Mar.Ara.Vec.Fwd GGCTCGGTACCAAATT Amplification of pRC2802
CCAG backbone to be used to gen-

erate epPCR Casi1-Cas2

mutant library.

Mar.Ara.Vec.Rev

CAGGCCATATGGTATT TC-
CCCTCTTTCTCTAG
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Name Sequence Description

Mar C12 Mut Fwd CTCTACTGTTTCTCCA Amplification of Cas1-Cas2
TACCCGAG to be used to generate ep-

PCR Cas1-Cas2 mutant li-
brary.

Mar C12 Mut Rev GATGTACTGACAAGCC
TCGC

M17T F CGATCTTTCTGCAATA Introduction of M17T muta-
TGGGCAG tion into Cas1.

M17T R TGGAGACGCGATCTTT
GAG

M17V F GTGATCTTTCTGCAAT Introduction of M17V muta-
ATGGGCAG tion into Cas1.

M17V R GGAGACGCGATCTTTG
AGT

D26G F GTGTAATAGATGGCGC Introduction of D26G muta-
GTTTGTAC tion into Cas1.

D26G R CGATCTGCCCATATTG
CAGA

D29N F AATGGCGCGTTTGTAC Introduction of D29N muta-
TTATCG tion into Cas1.

D29N R TATTACATCGATCTGC
CCATATTGC

128K F AAGATGGCGCGTTTGT Introduction of 128K muta-
ACTTATC tion into Cas1.

128K R TTACATCGATCTGCCC
ATATTGC

Y101H F CTCAGGCAAAACTTGC Introduction of Y101H muta-
TCTGG tion into Cas1.
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Name Sequence Description

Y101H R GAGCAGCTTATCTGAA
CGC

Q90R F GGCCTGGAGGTGCG Introduction of Q90R muta-

tion into Cas1.

Q90R R GACCAGAAGCATAAAC
ACGAAC

YFP Reporter F GCTAGCTACTAGAGAA SPIN primers to amplify
AGAGG the YFP reporter locus in

MLS989.

YFP Reporter R AATTCAACTAAGATCG
GTACTAC

pVan acrVA5 F AATGTAGCCGCCGCTC PCR amplification of the
AGTTCAATTTTCATCT pMarVan marionette expres-
AGTATTTCCCCTCTTT sion vector backbone for the
CTC introduction of AcrVA5.

pVan acrVA5 R GTGGATGGCCGCCTGA
TGCGCTGGAGCTAACT
CGGTACCAAATTCCAG

2766 SC F AAAACAGCATATCCAC PCR amplification of pMar
TCAGTTCCACATTTGA marionette collection plas-
AGATCATCTTATTAAG mids to introduce an F-ori.
GGGTCTGACGC

2766 SC R GGGCAGTGAAAGGAAG
GCCCATGAGGCCCAGA
ACGGCTTTGCCGCG

2766 SC Seq F CTACGATAATGGGAGA PCR amplification of an F-
TTTTCC ori to be introduce into pMar

marionette plasmids.
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Name Sequence Description
2766 SC Seq R ACAACATTTAAGGAAA
CAGCTATG
LacZ F ATGACCATGATTACGG PCR amplification of LacZ
ATTCACTGGC to be introduced into pMar
marionette plasmids.
LacZ R TTATTTTTGACACCAG AC-
CAACTGGTAATGGT AG
pRC3131 BB F GGGGAACACTCTAAAC PCR amplification of the
ATAAC pCym Universal Reporter to
introduce stop codons for
positive controls into the
CRISPR arrays first spacer.
pRC3131 BB R GGGATAAACCGGCAAA
AAC
pRC3131 Double GCGATTGCCCGGTTTT For the insertion of a double
STOP TGCCGGTTTATCCCTA stop codon into pRC3131
ATAACGCGGGGAACAC via Gibson assembly.
TCTAAACATAACCTAT
TATTA
MLS990 L/R F ATGACCATGATTACGC PCR amplification of the
CAAGCTTG CRISPR array of MLS990
for introduction into pMar
marionette plasmids.
MLS990 L/R R GCTTCCAGAACCAGAA
CCTGAC
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Name Sequence Description
2763 F GGTTCAGGGTCAGGTT PCR  amplification  of
CTGGTTCTGGAAGCGC pRC2763 to introduce
ACGTACCCCGAGC the MLS990 CRISPR ar-
ray N-terminal to the PhIF
repressor.
2763 R CGGTACCAAGCTTGGC
GTAATCATGGTCATAT
TCACCCCCATGAATTG
ACTCTC
2764 F GGTTCAGGGTCAGGTT PCR  amplification  of
CTGGTTCTGGAAGCAG pRC2764 to introduce
CCCGAAACGTCGTACC the MLS990 CRISPR array
N-terminal to the CymR
repressor.
2764 R CGGTACCAAGCTTGGC
GTAATCATGGTCATAT
TCACCACCCTGAATTG
ACTCTC
2766 F GGTTCAGGGTCAGGTT PCR  amplification  of
CTGGTTCTGGAAGCGA pRC2766 to introduce
CATGCCTCGTATTAAA the MLS990 CRISPR array
CCGGG N-terminal to the VanR
repressor.
2766 R CGGTACCAAGCTTGGC
GTAATCATGGTCATTA
TTCACCCCCCTGAATT
GACTCTC
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Name Sequence Description

2768 F GGTTCAGGGTCAGGTT PCR amplification of
CTGGTTCTGGAAGCTC pRC2768 to introduce
CAGATTAGATAAAAGT the MLS990 CRISPR ar-
AAAGTGATTAACAGCG ray N-terminal to the TetR
CATTAG repressor.

2768 R CGGTACCAAGCTTGGC
GTAATCATGGTCATAT
TCACCACCCTGAATTG
ACTCTC

2770 F GGTTCAGGGTCAGGTT PCR amplification of
CTGGTTCTGGAAGCCC pRC2770 to introduce
GAAACTGGGTATGCAG the MLS990 CRISPR ar-
AGC ray N-terminal to the Betl

repressor.

2770 R CGGTACCAAGCTTGGC
GTAATCATGGTCATAT
TCACCCCCGTGAATTG
ACTC

2771 F GGTTCAGGGTCAGGTT PCR amplification of
CTGGTTCTGGAAGCGT pRC2771 to introduce
TCGTCGTACCAAAGAA the MLS990 CRISPR array
GAGGC N-terminal to the TtgR

repressor.

2771 R CGGTACCAAGCTTGGC
GTAATCATGGTCATAT
TCACCTCCCTGAATTG
ACTCTC
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Name Sequence Description

2772 F GGTTCAGGGTCAGGTT PCR amplification of
CTGGTTCTGGAAGCTG pRC2772 to introduce
GTCGAACATGGATGAC the MLS990 CRISPR array
AAGAAAG N-terminal to the PcaU

repressor.

2772 R CGGTACCAAGCTTGGC
GTAATCATGGTCATAT
TCACCTCCCTGAATTG
ACTCTC

Table 2.3: Oligonucleotide List
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2.4 Solution Compositions

2.4.1 Media

Media

Composition

Lysogeny Broth (LB)

10 g/L Yeast Extract, 5 g/L NaCl, 5 g/L Tryptone, 2
mL/L 1 M NaOH. (Agar added to 15 g/L for plates)

SOC

20 g/L Tryptone, 5 g/L Yeast Extract, 0.5 g/L NaCl,
2.5 mM KClI, 10 mM MgCl,, 10 mM MgSQO,, 20 mM

glucose

Minimal Media

1 X M9 salts, 0.1% carbon source, 2 mM MgSQO,,
0.1 mM CaCl,. (Agar added to 15 g/L for plates).
0.1 g/L L-arginine supplemented when a strain has

ArgE disrupted.

10x M9 Salts

60 g/L Na,HPO,, 30 g/L KH,PO,, 5 g/L NaCl, 10
g/L NH,CI

Terrific Broth (TB)

24 g/L Yeast Extract, 20 g/L Tryptone, 4 mL/L glyc-
erol, 0.017 M KH,PQ,, 0.072 M K;HPO,

Table 2.4: Media Recipes
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2.4.2 Antibiotics

Antibiotics

Single-copy resistance

gene working concentra-

Multi-copy resistance

gene working concentra-

tion (ug/ml) tion (ug/ml)
Tetracycline 12.5 25
Chloramphenicol | 5 35
Kanamycin 30 50
Ampicillin 50 100

Table 2.5: Antibiotic Concentrations

Sub-inhibitory concentrations of antibiotics were used as follows:

Antibiotic

Concentration Range p.g/ml

Nalidixic Acid

0-0.8

Table 2.6: Sub-inhibitory Antibiotic Concentrations

2.5 Cloning and DNA Manipulation

2.5.1

Polymerase Chain Reaction

PCRs for cloning steps were performed with Q5™ polymerase, according to man-

ufacturer instructions. Culture-based PCRs were performed using Taq DNA poly-

merase, according to manufacturer instructions. 5 ng of purified DNA was used in

cloning PCRs. 1 pulL of prepared bacterial suspension was used in culture-based

PCRs. Primer melting temperatures were determined using the NEB Tm Calcu-

lator. PCR amplification from bacterial suspensions included an initial lysis step

of heating to 95 °C for 10 minutes. Products were visualised by gel electrophore-

sis.
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2.5.2 Error Prone Polymerase Chain Reaction

Standard Taq Polymerase PCR reactions were supplemented with excess dGTP
and MnSO, at M concentrations. Specific values are given in respective result

sections.

2.5.3 Restriction Digestion

Restriction digests were performed in accordance with manufacturer instructions.

2.5.4 Phosphorylation

Phosphorylation reactions were performed using T4 Polynucleotide Kinase (T4

PNK) in accordance with manufacturer instructions.

2.5.5 Dephosphorylation

Dephosphorylation reactions were performed using Calf Intestinal Phosphatase

(CIP) in accordance with manufacturer instructions.

2.5.6 Ligation

Ligation reactions were performed using T4 DNA Ligase. Per reaction, 200 en-
zyme units were used, alongside 1x CutSmart buffer supplemented with 1 mM
ATP or 1x T DNA Ligase buffer. Ligations were typically performed using 50 ng
of linearised vector, with insert DNA at a 3:1 molar excess. Reactions were in-
cubated at room temperature for 15 minutes or at 16 °C overnight, for cohesive
or blunt ends respectively. Following incubation, reactions were transformed into

appropriate competent cells.
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2.5.7 Gibson Assembly

Gibson assembly was performed as an alternative to traditional ligation-dependent
cloning. DNA fragments were designed with 20 bp of homology at junctions. These
sections of homology were introduced to the 5’ end of PCR primers. Amplified
PCRs were purified and introduced to the Gibson assembly reaction mix, never
exceeding 20% final reaction volume. A home-made Gibson assembly mix gave a
final concentration of 100 mM Tris HCI pH 7.5, 10 mM MgCl,, 10 mM DTT, 1 mM
NAD+, 1 mM of each dNTP, 5 % w/v PEG 8000, 0.005 U/uL of TS5 Exonuclease,
0.03 U/uL Phusion Polymerase and 5.3 U/uL Taq DNA ligase. DNA was present
at a concentration of 0.02-0.5 ;moles per fragment. Final reaction volumes of 20
uL were incubated at 50 °C for 2 hours. Following incubation, reactions were

transformed into appropriate competent cells.

2.5.8 Plasmid Purification

Plasmid purification was conducted using Qiagen miniprep or maxiprep kits in ac-
cordance with the manufacturer’s instructions. To increase DNA yields, low copy

number plasmids were grown for purification with Terrific Broth.

2.5.9 Phenol Chloroform Extraction

A mixture of sample and phenol:chloroform: isoamyl alcohol (25:24:1) present at
equal volumes was prepared. This was vigorously vortexed to produce a milky
white consistency. The sample was then centrifuged for 5 minutes at 16,000 x g.
The upper aqueous phase was then aspirated off for subsequent ethanol precipi-

tation.

2.5.10 Ethanol Precipitation

DNA samples were purified and concentrated by ethanol precipitation. One volume

of each sample was mixed with 20 ug glycogen, 0.5 X volume 7.5M NH,OAc and
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3 X volume 100% ethanol. Samples were incubated at -80 °C for 1 hour before
being centrifuged at 16,000 x g for 30 minutes at 4 °C. The supernatant was dis-
carded, and the pellet was washed with 150 uL 70% ethanol. The sample would
be centrifuged at 16,000 x g for 2 minutes at 4 °C and the supernatant removed.
This step was repeated to remove all supernatant. Precipitated DNA samples were
resuspended into an appropriate volume of TE buffer (10 mM Tris-HCI, 1 mM EDTA
pH 8.0).

2.6 Gel Electrophoresis

2.6.1 Agarose Gel Electrophoresis

Isolation and analysis of DNA fragments was conducted through their separation
by molecular weight via agarose gel electrophoresis. This was performed using
a BioRad gel electrophoresis system. Gels were comprised of 0.5X Tris-Borate-
EDTA (TBE) containing 1-1.8% agarose. Agarose concentration was dependent
on the molecular weight of DNA fragments. Electrophoresis of standard cloning
gels was conducted at s voltage of 5-8 V/cm in the presence of 0.5 pg/mL Ethidium
Bromide (EtBr). Analytical gels would be electrophoresed at 1.5 V/cm overnight.
These would be post-stained in 200 ml 0.5X TBE with EtBr present at 1 ug/mL.

Gels were imaged under UV light.

2.6.2 Agarose Gel Extraction

Gel extraction procedures were performed in accordance with the manufacturer’s

instructions.
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2.6.3 Running Buffers

Running Buffer Composition

10X TBE 1 M Trizma Base, 1 M Boric Acid, 0.02 M EDTA pH 8.0

Table 2.7: Running Buffer Compositions

2.7 Competent Cells

2.7.1 Making Chemically Competent Cells

Glycerol stocks of strains to be made chemically competent were streaked out onto
LB-agar supplemented with appropriate antibiotics. Plates were grown overnight
at 37 °C. A single colony was picked and inoculated into 5 mL LB, which was
incubated at 37 °C overnight. This culture was then diluted 1:100 in fresh LB broth
and grown at 37 °C, shaking at 165 rpm until an O.Dgg of 0.4-0.5 was reached.
The flask was then cooled in a shaking ice slurry for 20 minutes. Cells were to be
kept cold for the remainder of the protocol. All centrifugation steps are assumed to
be at 4 °C. Cells were pelleted for 10 minutes at 6000 x g. The supernatant was
discarded, and the pellet was resuspended in 1/3 of the original culture volume
in TFB1 (100 mM RbClI, 30 mM CH3CO,K, 50 mM MnCl, and 15% Glycerol, pH
5.8). The resuspension was incubated on ice for an hour. A subsequent round of
centrifugation was conducted. The supernatant was discarded, and the pellet was
resuspended in 1/12 the original culture volume of TFB2 (10 mM MOPS pH 7.0,
75 mM NaCl, KCI, 15% glycerol). Resuspensions were aliquoted into 200 pL units

and flash frozen on dry ice for long-term storage at -80 °C.

2.7.2 Chemically Competent Cell Transformation Protocol

Chemically competent cell aliquots were thawed on ice for 30 minutes. 5 ng of

plasmid was added to the aliquot, and they were incubated together on ice for
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a further 30 minutes. Cells were then heat shocked at 42 °C for 1 minute and
returned to the ice for 5 minutes. Aliquots were then supplemented with 900 pL LB
broth pre-warmed to 37 °C. Cultures were incubated at 37 °C on a spinning wheel
for 1 hour. Cultures were then evenly spread on LN agar plates supplemented with

appropriate antibiotics. Plates were incubated overnight.

2.7.3 Making Electrocompetent Cells

Glycerol stocks of strains to be made chemically competent were streaked out onto
LB-agar supplemented with appropriate antibiotics. Plates were grown overnight
at 37 °C. A single colony was picked and inoculated into 5 mL LB, which was
incubated at 37 °C overnight. This culture was then diluted 1:100 in fresh LB broth
and grown at 37 °C, shaking at 165 rpm until an O.Dggq of 0.4-0.5 was reached.
The flask was then cooled in a shaking ice slurry for 20 minutes. Cells were to be
kept cold for the remainder of the protocol. All centrifugation steps are assumed
to be at 4 °C. 100 mL of culture was pelleted for 10 minutes at 6000 x g. The
supernatant was discarded, and the cell pellet was resuspended in 50 mL dH,0
and once again pelleted for 10 minutes at 6000 x g. This step was repeated twice.
The supernatant was discarded, and the cell pellet was resuspended in 2 mL 10%
glycerol. 50 pL aliquots were then flash frozen on dry ice for long-term storage at

-80 °C.

2.7.4 Electrocompetent Cell Transformation Protocol

Electrocompetent cell aliquots were thawed on ice for 10 minutes. 1-5 uL DNA was
added to the aliquot. Cells were introduced into an ice-cold 1mm electroporation
cuvette. Cells were electroporated at 1.80 kV, 200 €2, and 25 uF. 900 uL of SOC
broth, pre-warmed to 37 °C, was added to the cuvette and pipetted up and down
fully twice to mix the two solutions fully. The solution was transferred to a 12 cm
culture tube (Greiner) and incubated at 37 °C for 1 hour on a spinning wheel. Dilu-

tions were then performed, and the culture was spread evenly onto LB-agar plates
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supplemented with appropriate antibiotics. Plates were incubated overnight.

2.8 Conjugation

A donor strain (possessing a conjugative plasmid of interest) and a recipient strain
(to receive the plasmid of interest) were grown overnightin 5 mL LB at 37 °C on a
spinning wheel in the presence of appropriate antibiotics. Overnight cultures were
pelleted via centrifugation for 1 minute at 6000 x g. Cells were resuspended in 1
mL LB broth after the supernatant was discarded. This wash step was repeated a
further three times. 100 pL donor and recipient culture were added to filter paper
placed on an LB agar plate. This plate was incubated at 37 °C for 4 hours. Fol-
lowing incubation, the filter paper was placed into a 50 mL falcon tube containing
1 mL LB broth. This was then vortexed vigorously for 30 seconds. The solution
was then looped onto LB agar plates supplemented with appropriate antibiotics.
The plate was then incubated overnight at 37 °C. Following incubation, successful

transconjugant colonies could be picked.

2.9 Genetic Manipulation by P1 Transduction

2.9.1 Preparation of P1 Bacteriophage Lysate

Lysates of P1 bacteriophage were prepared from overnight cultures of E. coli car-
rying genetic markers of interest. An E. coli culture was diluted 1:40 in LB broth
supplemented with 5 mM CaCl,. Cultures were grown until they reached an O.Dggq
of 0.7-0.8. 0.6% agarose was prepared in transformation tubes at 42 °C. 100 uL
culture was introduced into transformation tubes, alongside a gradient of P1 phage
stocks from 0-200 L. This was poured onto P1 plates. These are LB-agar plates
supplemented with 5 mM CaCl, and 0.13% glucose. Plates were incubated upright

in the incubator overnight at 37 °C.

The two plates which produced the best lysis were scraped into a single 50 mL
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falcon. 1 mL MC buffer [100 mM MgS0O,.7H,O and 5 mM CacCl,] and 500 uL
chloroform were added to the falcon. After thorough vortexing for 30 seconds, this
was centrifuged at 7000 x g for 10 minutes. The supernatant was poured into a 15
mL falcon tube and topped up with a further 500 . L chloroform. The pellet was

discarded. The P1 lysate was then stored at 4 °C until use.

2.9.2 Genetic Manipulation by P1 Transduction

A recipient strain was inoculated into 5 mL LB broth. This was incubated overnight
at 37 °C. The overnight culture was pelleted and resuspended in 1 mL MC buffer.
The supernatant was discarded. 100 L resuspension solution was added to sep-
arate tubes within a 37 °C water bath. A phage titration of prepared P1 lysate was
added to these tubes. Following a 30 minute incubation, 300 L 1 M sodium cit-
rate was added to halt the infection process. Cultures were placed on ice briefly
before being added to transformation tubes containing 4 mL 42 °C 0.6% agar. The
mixture was poured evenly over an LB agar plate supplemented with appropriate
antibiotics and 5 mM sodium citrate. Plates were incubated upright overnight in an
incubator at 37 °C. Single colonies were picked and subcultured three consecutive
times on LB agar plates supplemented with 5 mM sodium citrate and appropriate
antibiotics to remove P1 phage. P1 transduction was then verified via colony PCR

and/or Sanger sequencing.

2.9.3 FLP-frt Recombination

P1 transduction was carried out using the Keio collection as a donor strain for ge-
netic knockouts in E. coli [214]. The FRT-KanR-FRT cassettes were removed via
a FLP recombinase encoded on pCP20 [216]. pCP20 contains the FLP recom-
binase under a temperature sensitive promoter P,, with a temperature sensitive
pSC101 ori. pCP20 was transformed into a strain of interest. Transformations
were spread onto LB agar plates containing appropriate antibiotics and incubated

overnight at 30 °C. Single colonies were picked and inoculated into 5 mL LB broth,
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grown overnight at 42 °C on a spinning wheel, growing without antibiotic selection.
Incubation facilitates FLP recombinase expression alongside plasmid curing. Fol-
lowing overnight growth, the culture was titrated and spread evenly over LB-agar
plates. Following overnight incubation at 37 °C, colonies were patched onto LB-
agar plates, plates containing ampicillin, and antibiotics containing the antibiotic
marker of interest. Colonies that grew only on LB-agar plates were assumed to
have been cured of pCP20 and the resistance cassette. This can then be verified

through diagnostic colony PCR of the site of interest.

2.10 Spacer Acquisition Assays

2.10.1 Papillation Assay

Papillation assays were performed by transforming a Cas1-Cas2 expression vector
plasmid into a reporter strain. Transformations were serially diluted onto papillation
plates. Papillation plates are LB agar plates supplemented with 40 pg/mL X-Gal,
0.1% Lactose, 0.02% L-arabinose and relevant antibiotics unless otherwise stated.
Plates were incubated at 37 °C for 5 days. Relative frequencies of spacer acqui-
sition could then be determined via visual inspection, and representative colony

images were then taken.

2.10.2 Spacer Integration (SPIN) Assay

SPIN assays were performed by transforming a Cas1-Cas2 expression vector into
a strain of interest. Transformations were diluted to give single colonies following
overnight incubation. Colonies were inoculated into 5 mL overnight cultures sup-
plemented with relevant antibiotics and grown overnight at 37 °C on a spinning
wheel. A 1:1000 dilution was performed into a 5 mL culture supplemented with
appropriate antibiotics and 0.2 % L-arabinose (unless other conditions are speci-
fied). 1 mL of the overnight culture was pelleted by centrifugation and frozen for

later analysis. The fresh culture is then grown as before, before being subject to
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two more 1:1000 dilutions on subsequent days. Each day, 1 mL culture is taken for

later analysis.

After three days of growth, pellets were resuspended in 100 pL LB broth. Taq
colony PCRs of the CRISPR loci of interest were performed with 1 uL of the re-
suspension as templates. PCR reactions were then analysed via agarose gel elec-

trophoresis using 1.8 % agarose gels stained with EtBr.

2.10.3 YFP Reporter Assay (Flow Cytometry)

This is a modified version of the method described by Amlinger et al. [213].
MLS989 was transformed with a pBAD Cas1-Cas2 expression vector. An indi-
vidual colony was picked and inoculated into 5 mL LB broth supplemented with
appropriate antibiotics. This was grown overnight at 37 °C on a spinning wheel. A
1:1000 dilution was performed into 5 mL LB broth supplemented with appropriate
antibiotics and 0.2% L-arabinose. This was grown up as before. Over the following
two days, two more 1:1000 dilutions were made. The day 3 culture was diluted
1:100 in LB broth. 200 uL was inoculated into a well of a 96-well plate. Fluores-
cence was measured using a Beckman Coulter CytoFLEX S. Cultures of MLS989
and MLS990 were also measured to set initial gating conditions. Samples were
run at 60 pL/min until 20000 cells had been sorted. Data was analysed using the
CytoExpert program. Data was plotted using PRISM Graphpad 10, and statisti-
cal comparisons were drawn using two-way t-tests. Datasets can be found in the

Appendix.

2.10.4 YFP Reporter Assay (Plate Based)

This is a modified version of the method described by Amlinger et al. [213]. Day 3
cultures were prepared as previously described. Cultures were titrated and diluted
to produce =200 colonies per plate. Cultures were plated onto LB agar plates

containing appropriate antibiotics. Plates were incubated overnight at 37 °C. Fol-
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lowing growth, plates were imaged for fluorescence using the Cy3 filter set on an
Amersham typhoon plate reader. Visible light images of plates were also taken to

facilitate comparison.

2.11 Culture Fluorescence Assays

2.11.1 Measurement of SOS Response Induction by GFP Fluo-
rescence

Strains of interest were transformed with pRC2790 and plated onto LB agar plates
containing appropriate antibiotics. Following overnight growth, individual colonies
were picked and inoculated into LB broth supplemented with appropriate antibi-
otics and grown at °C on a spinning wheel overnight. Following overnight growth,
cells were put on ice, and O.Dgoo was determined. Cells were kept on ice for the
remainder of the protocol. Cells were diluted to an O.Dggg of 1. 200 uL culture was
inoculated into a well on a 96 well plate. LB-only controls were also introduced into
separate wells. GFP fluorescence was measured using the Cy2 filter set on an
Amersham typhoon plate reader. FIJI was used to determine the average image
intensity across the well. Data was plotted using PRISM Graphpad 10, and statis-
tical comparisons were drawn using two-way t-tests. Datasets can be found in the

Appendix.

2.11.2 Measurement of YFP Fluorescence

Cells were either streaked or transformed and plated onto LB agar plates supple-
mented with appropriate antibiotics. Following overnight growth, individual colonies
were picked and inoculated into LB broth supplemented with appropriate antibiotics
and grown at °C on a spinning wheel overnight. Following overnight growth, cells
were put on ice, and O.Dgy Was determined. Cells were kept on ice for the re-

mainder of the protocol. Cells were diluted to an O.Dggo of 1. 200 uL culture was
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inoculated into a well on a 96 well plate. LB-only controls were also introduced into
separate wells. GFP fluorescence was measured using the Cy3 filter set on an
Amersham typhoon plate reader. FIJI was used to determine the average image
intensity across the well. Data was plotted using PRISM Graphpad 10, and statis-
tical comparisons were drawn using two-way t-tests. Datasets can be found in the

Appendix.

2.12 Sequencing of Spacers

2.12.1 Solid Culture Derived Spacer Protocol

2.12.1.1 Low-throughput sequencing

A papillation assay was conducted as previously described with 0.002% L-arabinose.
A plate was scraped, and colonies were resuspended in 2 mL M9 salts. Resus-
pensions were vortexed vigorously for 20 seconds. 150 uL Taq colony PCRs were
performed using the primers described. 8 uL PCR was used to verify the product
of interest was generated via agarose gel electrophoresis. The remaining PCR
product was purified via a PCR clean-up kit. The product was sent for sequencing

using the Genewiz PlasmidEZ service.

2.12.1.2 High-throughput sequencing

A papillation assay was conducted as previously described with 0.002% L-arabinose.
Ten plates were scraped, and colonies were resuspended in 20 mL M9 salts. Re-
suspensions were vortexed vigorously for 20 seconds. 150 pL Q5 colony PCRs
were performed using the primers described. 8 uL PCR was used to verify the
product of interest was generated via agarose gel electrophoresis. The remain-
ing PCR product was purified via a PCR clean-up kit. The product was sent for
sequencing using the University of Nottingham Deep Sequencing nanopore ser-

vice.
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2.12.2 Liquid Culture Derived Spacer Protocol

2.12.2.1 Low-throughput sequencing

A strain of interest was transformed with a pBAD Cas1-Cas2 expression vector
and plated on LB agar containing appropriate antibiotics. Following overnight in-
cubation at 37 °C, an individual colony was inoculated into 5 mL LB broth supple-
mented with appropriate antibiotics. Following overnight growth at 37 °C, a 1:1000
dilution was made into 5 mL LB broth supplemented with appropriate antibiotics
and 0.2% L-arabinose. Over the two successive days, two further 1:1000 dilu-
tions were made. The day 3 solution was titrated and plated evenly on M9 minimal
media plates supplemented with 0.1% lactose. The plate with the most individual
colonies (544) was scraped and resuspended in 2 mL M9 salts. Resuspensions
were vortexed vigorously for 20 seconds. 150 L Taqg colony PCRs were performed
using the primers described. 8 uL PCR was used to verify the product of interest
was generated via agarose gel electrophoresis. The remaining PCR product was
purified via a PCR clean-up kit. The product was sent for sequencing using the

Genewiz PlasmidEZ service.

2.12.2.2 High-throughput sequencing

A strain of interest was transformed with a pBAD Cas1-Cas2 expression vector and
plated on LB agar containing appropriate antibiotics. Following overnight incuba-
tion at 37 °C, an individual colony was inoculated into 5 mL LB broth supplemented
with appropriate antibiotics. Following overnight growth at 37 °C, a 1:1000 dilu-
tion was made into 5 mL LB broth supplemented with appropriate antibiotics and
0.2% L-arabinose. Over the two successive days, two further 1:1000 dilutions were
made. 50 uL Taq colony PCRs were performed using the primers described. The
PCR was run down an agarose gel, and the parental and +1 acquisition event
bands were separated via agarose gel electrophoresis. The +1 band was excised

and extracted from the gel using a gel extraction kit. 15 ng of the product was
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amplified in a 150 Q5 PCR reaction. 8 ;L PCR was used to verify the product of
interest was generated via agarose gel electrophoresis. The remaining PCR prod-
uct was purified via a PCR clean-up kit. The product was sent for sequencing using

the University of Nottingham Deep Sequencing nanopore service.

2.12.3 Data Extraction from Sequencing

Data was returned in FASTQ format. A sequence comprised of the terminal 10 bp
of the leader and the 28 bp repeat sequence was queried against the FASTQ file
contents. Degeneracy of up to three mismatches was permitted in the search. Ac-
counting for strand directionality, the 33bp downstream of the query was extracted
into a library of spacers. Duplicate spacers were purged from the library, but counts
were taken and assigned to each spacer. BLAST libraries were prepared for the
genome and plasmid contents of the source culture. Spacer libraries were BLAST
searched against these libraries. The directionality and location of mapped spac-
ers were noted and used to assign PAM motifs to each spacer. Python scripts are

available at DOI: 10.5281/zenodo.14911635.
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3.1 Introduction

3.1.1 Methods of Detecting Spacer Acquisition

Several techniques have been developed to visualise spacer acquisition [217]. The
most widely used is the Spacer Integration (SPIN) assay, in which acquisition is
observed by PCR across the CRISPR locus [Figure 3.1] [218]. In the E. coli Type
I-E system adaptation expands the CRISPR array by 61 bp, from the acquisition of

a novel 33 bp spacer and the duplication of the 28 bp repeat.
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Figure 3.1: Overview of the SPIN assay.

Expansion of the CRISPR array through spacer acquisition can be visualised via
PCR. Flanking the leader sequence (brown), S and R refer to the original spacers
(orange) and repeats (yellow), respectively, while S’ and R’ refer to novel spacers
and repeats. PCRs can be visualised via agarose gel electrophoresis.

Whilst the SPIN assay can detect the expansion of CRISPR loci within a population,
its reliance on PCR amplification presents several drawbacks [217]. Firstly, it lacks
sensitivity, with expanded loci required to comprise as much as 5% of a population
before they become detectable. Secondly, the smaller (and typically much more
abundant) unexpanded locus is more efficiently amplified. These prevent the use

of the SPIN assay to analyse rates of spacer acquisition quantitatively.
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Several alternative assays using reporter genes have been developed to circum-
vent the SPIN assay’s limitations. These assays use a promoter to drive transcrip-
tion and translation from a start codon through a minimal array into a reporter gene.
In the unexpanded state, stop codons within the CRISPR array’s leader sequence
prevent the reporter gene’s expression. However, expansion of the CRISPR ar-
ray shifts the reading frame such that the reporter gene is expressed fused to an
N-terminal peptide encoded by the array itself [Figure 4.6]. To date, a chloram-
phenicol resistance protein (CmR) and yellow fluorescent protein (YFP) have been

used as reporter genes [219] [213].

These reporter assays can be more than 1000-fold more sensitive than SPIN as-
says, and are able to detect spacer acquisition at the individual cell level [219] [213].
However, the workflows involved with these systems are slow and labour-intensive,

making them poorly suited to high-throughput analysis.

3.1.2 A Papillation-Based Reporter System

To overcome the limitations of the CmR- and YFP-based reporter systems, a papil-
lation assay was developed for the high-throughput study of spacer acquisition in
the E. coli Type I-E CRISPR system [Figure 4.6] [212]. A constitutive promoter
drives transcription through the Type Il (A) CRISPR array into a lacZ reporter. Stop
codons within the leader prevent translation of LacZ when the CRISPR array is
unexpanded. Expansion of the CRISPR array by 61 bp moves the stop codons out

of frame and places /acZ in frame.

Growth of E. coli on LB-agar is carbon limited [220]. Cells expressing LacZ have a
growth advantage in the presence of lactose and form papillae, or microcolonies,
on the main colony [221]. Supplementation of X-gal into the media gives papillae

a blue phenotype [222].

Papillae correspond to individual spacer acquisition events. This has been verified

through the isolation and PCR amplification of the reporter locus CRISPR arrays
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found within papillae [212]. Visual inspection of the number of papillae on the

surface of a colony is a semi-quantitative measure of spacer acquisition.
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Figure 3.2: A papillation assay to detect spacer acquisition.

(A) A promoter drives expression from an ATG start codon through a minimal
CRISPR array into /acZ. Initially, the lacZ gene is not expressed due to a stop
codon within the leader. Acquisition of the 61 bp spacer-repeat unit expands the
CRISPR array, moving the stop codons out of the lacZ reading frame. The lacZ
gene is now expressed. The ribosome is represented by a pair of yellow circles.
The translated polypeptide chain is represented by the string of orange circles. The
leader sequence is denoted in brown. Spacers are in red, and repeats are in yel-
low.

(B) A diagram of a single colony of the LacZ-based papillation reporter strain. Ex-
pression of LacZ results in the formation of blue papillae when grown on LB agar
plates supplemented with X-gal and lactose. Papillae appear as small raised blue
bumps on the surface of the colony.

(C) An image of a single colony of the LacZ-based reporter strain following incuba-
tion at 37°C for 5 days in the presence of Cas1-Cas2 expression. Adjacent is a full
plate of papillated colonies.
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Whilst every papilla will derive from a spacer acquisition event, not every spacer ac-
quisition event will yield a papilla. Several factors dictate the relationship between
the rate of adaptation and papillation. Firstly, 5% of spacer acquisition events are
not exactly 61 bp in size and will therefore not correct the lacZ reading frame

[219].

Secondly, spacer acquisition will add 12 new codons into the lacZ reading frame.
There is a 3/64 probability that each of them will be a stop codon. However, only
10 of the 12 codons can encode a stop signal because they are constrained by
the first base of the repeat and the conserved G at the start of most spacers. The
probability that acquisition of a 61 bp spacer-repeat will lead to LacZ expression is

therefore:
(61/64) x 0.95 = 0.59

The true probability is likely lower than this because the spacer-repeat segment
could interfere with lacZ expression in other ways, such as destabilising the fusion

protein.

3.1.3 Disparities in Spacer Selection Biases

Prior work investigating the nature of spacers acquired by the papillation reporter
identified all ten sequenced spacers as deriving from the host chromosome [212].
Since genomic DNA is present in the cell at about a 35:1 ratio compared to the
plasmid present in this work, we would expect all ten spacers to derive from the
genome in 75.0% of instances if spacer selection followed a binomial distribution
[212] [223]. Therefore, these results suggest an absence of bias between the
genome and plasmid in spacer selection. However, a bias towards the acquisition
of plasmid-derived spacers has been reported in the literature [114] [213]. For ex-
ample, 88% of spacers acquired by a YFP-based reporter derived from the plasmid

[213].
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Spacer selection from the host chromosome is thought to be biased against by
the enrichment of chi sites on the genome, disfavouring the production of spacer
substrate by RecBCD [114]. Chi sites prevent extensive degradation at double-
strand breaks (DSB) by RecBCD. Mobile DNA elements, which are not enriched
for chi sites, suffer more extensive degradation by RecBCD at DSBs, generating

more spacer substrate [114].

The established bias against chromosomal spacer acquisition and its hypothesised
underpinning mechanisms, identified in prior work, are at odds with the fact that
the first ten papillae sequenced by a previous PhD student in the lab all harboured
chromosomal spacers [212]. | characterised spacer acquisition in the papillation

reporter to identify the biases present.

3.2 Results

3.2.1 Genome vs Plasmid Derived Bias

A 100-1000 fold bias towards the acquisition of spacers from the plasmid was re-
ported in a prior study assessing rates of acquisition of plasmid- and genome-
derived spacers during growth in liquid culture [114]. As prior work with the papilla-
tion reporter strain, JB028, was conducted on solid LB-agar media, this raised the
question of whether acquisition in the CRISPR-Cas system behaved differently de-
pending on culture conditions [224]. To address this, | benchmarked the papillation
assay by sequencing spacers acquired by the JB028 reporter strain during growth

on solid media versus in liquid culture.

First, | benchmarked spacer acquisition during growth in liquid culture. JB028 was
transformed with a pBAD Cas1-Cas2 expression vector and grown over three days
in LB supplemented with 0.2% L-arabinose inducer. A daily 1:1000 dilution was
performed. A titration of the day three culture was plated onto M9 minimal media

supplemented with 1% lactose as a carbon source. Therefore, only those cells that
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had undergone adaptation could express /lacZ and form colonies [Figure 3.3A].
Plates were incubated at 37 °C for 3 days. The plate with the highest number of
individual colonies (554) was scraped, and the bacteria were resuspended in 2 ml
M9 salts. Two PCRs were performed to amplify the reporter CRISPR loci present
in the colony resuspension, producing products either 2 kb or 4 kb in length. The
CRISPR array was close to the end of the 2 kb product and in the middle of the 4
kb product [Figure 3.3B]. PCR products were sequenced using a relatively shallow

commercial nanopore sequencing service.
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Figure 3.3: Exemplar plates and PCR strategy for the sequencing of spacers.

(A) JB028 was transformed with a pBAD Cas1-Cas2 plasmid. L-arabinose was
present at 0.2%. Cultures were grown overnight, followed by a daily 1:1000 dilu-
tion for three days. The culture was titrated and plated onto M9 minimal media
supplemented with 1% lactose. Plates were incubated at 37°C for three days. The
plate which produced the largest number of individual colonies is shown. A total of
554 colonies are present.

(B) A papillation assay was conducted in JB028 transformed with a pBAD Cas1-
Cas2 expression vector. L-arabinose was present at 0.002%. Plates were incu-
bated at 37 °C for five days. An image of the whole plate following five days of
incubation is shown.

(C) Overview of the orientation and location of reporter CRISPR arrays in the 2 kb
and 4 kb products of the two PCRs, conducted to identify optimised conditions for
the nanopore sequencing of spacers.
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Analysis of nanopore sequencing results identified a library of novel spacers ac-
quired into the JB028 CRISPR reporter locus. Spacer libraries were BLAST searched
against the JB028 genome and pBAD Cas1-Cas2 plasmid. If a spacer mapped to
a site present on both genome and plasmid, such as the Pa., promoter, Cas1, or
Cas2, it was assumed to have derived from the plasmid. Duplicate spacers were
removed, as per (Levy et al., 2015) [114]. Nanopore sequencing of the 2 kb PCR

product yielded more mappable spacers than the 4 kb product [Table 3.1].

PCR Product | Spacers Mapping | Spacers Mapping | Total Spacers
to Genome to Plasmid

4 kb 9 13 22

2 kb 37 76 113

Cumulative 46 89 135

Table 3.1: Distribution of genome- and plasmid-derived spacers for PCR reactions
following spacer acquisition in liquid culture.

To assess spacer acquisition rates during growth on solid media, a papillation as-
say was performed in JB028 transformed with a pBAD Cas1-Cas2 expression vec-
tor [Figure 3.3B]. L-arabinose inducer was present at 0.002%. A plate was incu-
bated at 37 °C for five days. The plate was resuspended in 2 ml M9 salts, and
a PCR of the reporter CRISPR locus was performed using the primer pair which
generated a 2 kb product. The PCR product was sequenced and analysed as

previously described.

Media Spacers Spacers Plasmid Total Spacers
Mapping to | Mapping to | Bias (-fold)
Genome plasmid
Liquid Culture 46 89 23.0 135
Solid Culture 134 75 12.4 209

Table 3.2: Source of spacers following acquisition in different media types.

78



Solid media culture exhibited a reduced bias for the acquisition of spacers from
the plasmid compared to liquid culture [Table 3.2]. However, the rate of plasmid-
derived spacers acquired during growth on LB-agar was still 12.4-fold greater than
that expected in the absence of bias (35.9% vs 2.9%). It remained unclear how the

absence of a bias was identified in prior work with JB028 [212].

3.2.2 Characterisation of Plasmid-Derived Spacers

Spacer acquisition has been shown to exhibit a bias towards regions proximal to
origins of replication [114]. | analysed how the spacers in Table 3.2 were distributed
around the plasmid relative to the ColEl origin of replication [Figure 3.4]. Spacers
acquired during growth on liquid and solid media were enriched proximal to the
unidirectional ori. This bias was more pronounced for the spacers acquired in
liquid culture, with the first 1000 bp downstream of the origin providing a source
of spacers at five-fold the rate of the plasmid’s remaining 4277 bp (44 spacers per

1000 bp vs 9 spacers per 1000 bp).
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Figure 3.4: Percentage frequency of spacer acquisition from different regions of
the plasmid relative to their distance from the ori.

(A) The spacers mapping to the plasmid in Table 3.2 were binned depending on
their location proximal to the ori. The percentage spacer distributions around the
plasmid for spacers acquired during growth in liquid culture are shown.

(B) Spacers were binned as described in (A). The percentage spacer distributions
around the plasmid for spacers acquired on solid media are shown.

Each bin comprised a 500 bp region of the plasmid. Spacers derived from 5000-
5277 have been weighted to reflect the reduced size of this bin.

Data values are found in Supplementary Table S2.
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The enriched selection of spacers near the ori has previously been attributed to
dosage effects during DNA replication [114]. However, this bias has only been
reported for the genome [114], with analysis of naive [73] or primed [102] selection
from plasmid DNA not describing this bias. It was unclear whether the bias towards
the selection of spacers proximal to the ori could be fully explained by DNA dosage

effects [Figure 3.4].

| performed DNA motif analysis on the fidelity of Protospacer Adjacent Motifs
(PAMs) associated with spacers mapping to different plasmid regions [Figure 3.5A].
The small sample size of spacers in the 500 bp bins distal from the origin in Figure
3.4 necessitated their clustering into a single larger group. Origin-proximal PAMs
were those described as deriving from spacers mapping to the first 500 bp from
the ori, whilst origin-distal PAMs were those deriving from spacers mapped to the
furthest 2500 bp from the unidirectional ori. Each group contained 19-28 spacers.
The plasmid and genome groups contained the PAMs for all the respective spacers

reported in Table 3.2.

The E. coli Type I-E consensus PAM is AAG [73] [Figure 3.5B]. The consensus for
adenine at bases 1 and 2 is much weaker than the consensus for guanine at the
third base. Spacers acquired during growth in solid media exhibited a stronger pref-
erence for the consensus PAM than those acquired during growth in liquid culture.
Under both growth conditions, spacers acquired from the plasmid in sequences
proximal to the ori exhibited a reduced fidelity to the consensus PAM when com-
pared to those acquired from sequences distal to the ori. This suggests that an
increased frequency of spacer acquisition near the origin of replication may derive
from a reduced PAM preference during spacer selection from these sequences.
The low sample size of spacers analysed necessitated deeper sequencing to cor-

roborate these findings.
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Figure 3.5: DNA motif analysis of PAM motifs of various spacer populations.

(A) DNA motif analysis was performed for the PAM sequences of spacers ac-
quired during liquid and solid media growth. Analysis was conducted for all spacers
mapped to JB028 (Genome), the pBAD Cas1-Cas2 expression vector (Plasmid),
the 500 bp downstream of the origin (Plasmid ori-proximal) and the 2500 bp fur-
thest from the origin (Plasmid ori-distal). An initial base at site 0 was included as
a control, for which there should be no strong consensus. DNA motif analysis was
conducted using WebLogo [225].

(B) Results of the initial DNA consensus analysis carried out to determine the PAM
in the E. coli Type I-E CRISPR-Cas system. This work preceded recognition of the
terminal PAM 'G’ as the first base of the 33bp spacer, hence why this is at position
-1 and not 0. Taken from [73].
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3.2.3 High-throughput Plasmid Spacer Sequencing

Deeper sequencing of spacers acquired at the CRISPR reporter locus of JB028
was conducted. A liquid culture with Cas1-Cas2 expression induced over three
days was prepared as previously described. A papillation assay was conducted,
as previously described. Following incubation, the plate was resuspended and
pooled in a total volume of 2 mL M9 salts. CRISPR reporter loci were then PCR
amplified and sequenced via a deeper commercial nanopore service. Spacer li-
braries were generated and mapped as previously described. The distribution of

mapped spacers is described in Table 3.3.

Source of Spacers | Spacers Spacers Plasmid Total Spacers
Mapping to | Mapping to | Bias (-fold)
Genome Plasmid
Liquid Culture 2811 1671 12.9 4482
(Unique)
Solid Culture 26817 1709 2.1 28526
(Unique)

Table 3.3: Distribution of genome- and plasmid-derived unique spacers from the
deep sequencing of a liquid culture and papillation assays.

Deeper sequencing revealed a reduced bias towards the acquisition of spacers
from the genome in both liquid and solid media cultures compared to shallower
prior sequencing [Tables 3.2 and 3.3]. This was an artefact derived from the re-
moval of duplicate spacers during the mapping process. Duplicate spacers were
removed to mitigate biases in spacer counts introduced by the papillation assay,
PCR, and sequencing. Spacer counts with duplicate included, and respective bi-

ases are described in Table 3.4.
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Source of Spacers | Spacers Spacers Plasmid Total Spacers

Mapping to | Mapping to | Bias (-fold)

Genome Plasmid
Liquid Culture 38580 69481 22.5 108061
(With Duplicates)
Solid Culture 132754 15983 3.8 148737

(With Duplicates)

Table 3.4: Distribution of genome- and plasmid-derived duplicate spacers from the
deep sequencing of a liquid culture and papillation assays.

Shallow and deep sequencing of liquid cultures exhibited comparable biases to-
wards the acquisition of spacers from the plasmid when duplicate spacers were
included in spacer counts [Tables 3.2 and 3.4]. In comparison, spacers identified
in the deep sequencing of solid media cultures exhibited a reduced bias towards
acquisition from the plasmid, in contrast to the results of shallower sequencing [Ta-
bles 3.2 and 3.4]. This reduced bias likely derives from the over-representation
of spacers encoding genomically derived RBS and start codon sequences. Eight
of the ten most frequently identified spacers from the deep sequencing of papil-
lation assay CRISPR loci contained these sequences [Supplementary Figure S3].
These spacers may increase lacZ expression, conferring a growth advantage over
other papillae in the papillation assay and leading to their over-representation in

the dataset.

| analysed the distribution of the spacers described in Table 3.4 around the plas-
mid relative to the ColEl origin of replication [Figure 3.6]. Duplicate spacers were
included in this analysis. A strong bias towards acquisition proximal to the ori was
seen, concordant with the results of shallower sequencing [Figure 3.4]. Again,
this bias was more pronounced for spacers acquired during growth in liquid cul-

ture.
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Figure 3.6: Percentage frequency of spacer acquisition from different regions of
the plasmid relative to their distance from the ori - Deep sequencing.

(A) The spacers mapping to the plasmid in Table 3.4 were binned depending on
their location proximal to the ori. The percentage spacer distributions around the
plasmid for spacers acquired during growth in liquid culture are shown. Duplicate
spacers were included.

(B) Spacers were binned as described in (A). The percentage spacer distributions
around the plasmid for spacers acquired on solid media are shown.

Each bin comprised a 500 bp region of the plasmid. Spacers derived from 5000-
5277 have been weighted to reflect the reduced size of this bin.

Data values are in Supplementary Table S2.

Consensus analysis was performed on the PAMs of spacers identified from the
deep sequencing of the CRISPR reporter locus [Figure 3.7]. Spacers, including
their duplicates, were clustered as described in Figure 3.5. The disparity in PAM
fidelity between regions distal and proximal to the unidirectional ori, identified in
Figure 3.5, was not present in Figure 3.7. This prior observation was likely an
artefact from the small datasets with which PAM DNA motif analysis was initially

conducted.
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Figure 3.7: DNA motif analysis of PAM motifs of deep sequenced spacer popula-
tions.

DNA motif analysis was performed for the PAM sequences of spacers acquired dur-
ing liquid and solid media growth. Analysis was conducted for all spacers mapped
to JB028 (Genome), the pBAD Cas1-Cas2 expression vector (Plasmid), the 500
bp downstream of the origin (Plasmid ori-proximal) and the 2500 bp furthest from
the origin (Plasmid ori-distal). DNA motif analysis was conducted using WebLogo
[225].

3.2.4 Identification of Hotspots for Spacer Acquisition

Hotspots for spacer acquisition in the genome have been identified near the ori, at
the terminus and at CRISPR arrays [114]. Spacers were mapped to the chromo-
some and plasmid to validate these locations as hotspots and identify any further

sites [Figures 3.8 and 3.9].
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Hotspots on the chromosome were identified from the mapping of spacers derived
during growth on solid media and in liquid cultures [Figure 3.8A and 3.9A]. These
hotspots were identified around the origin, at the terminus, and at the two CRISPR
arrays present on the genome. The sequencing of spacers acquired at the argE::
CRISPR reporter locus identified the Type | (T) CRISPR array as a hotspot. The re-
maining hotspots derive from 16S and 23S rRNA genes alongside cryptic prophage
insertion sequences. The conserved nature of these sites around the genome in-
creases the likelihood of a spacer mapping, therefore over-representing them in

the final sample.

Plasmids exhibited a unidirectional bias in spacer distribution starting from the
ColEl ori. No chi sites are present on the plasmid to act as potential hotspots
of acquisition. No clear individual hotspots were identified in the plasmid [Figure

3.8B and 3.9B].

86



A ArgE::
) CRISPR
Reporter

E. coliK-12
MG1655

Terminus

CRISPR
Locus

=

A\
&“‘ ColEl ori
o/ -
B [kanR =)
— pBAD Cas1-Cas2 "*¢| =,
= Expression Vector =
?" (5277bp) Sy
= =
= S
Y 3
Y

Y .
/'7’/7lll||'\\\\\\\\\

Figure 3.8: Hotspot analysis of spacers mapping to the chromosome and plasmid,

acquired during growth in liquid culture.

(A) Spacers were mapped to the chromosome. Spacers were binned into 10 kb
regions. The chromosome commences from the origin of transfer (oriT) at 0°.

Hotspots are annotated.

(B) Spacers were mapped to the plasmid. Spacers were binned into 50 bp regions.

The plasmid is annotated with its contents.
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Figure 3.9: Hotspot analysis of spacers mapping to the chromosome and plasmid,
acquired during growth on solid media.

(A) Spacers were mapped to the chromosome. Spacers were binned into 10 kb
regions. The chromosome commences from the origin of transfer (oriT) at 0°.

Hotspots are annotated.
(B) Spacers were mapped to the plasmid. Spacers were binned into 50 bp regions.

The plasmid is annotated with its contents.
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3.3 Chapter Summary

» The papillation assay shows significant bias towards the acquisition of plasmid-
derived spacers. This is concordant with the literature and contrary to prior

results with the strain.

* Bias towards the acquisition of spacers from the plasmid is more pronounced

during growth in liquid culture than on solid media.

» Spacer acquisition is enriched proximal to the plasmid ColEl origin of repli-

cation.

» The increased rate of spacer acquisition proximal to the ori is not due to a

reduction in the fidelity of PAM selection in this region.

» Spacer acquisition from the genome is enriched proximal to oriC, active

CRISPR arrays, and the terminus.
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Chapter 4

Discovery and Characterisation of
Cas1-Cas2 Integrase Mutants with a
Hyperactive Spacer Acquisition

Phenotype
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4.1 Introduction

4.1.1 The Detection of Hyperactive Cas1-Cas2 Mutants

The process of integrating novel spacers into the CRISPR array is mechanistically
similar to transposition [77]. Hyperactive variants of transposases have frequently
been identified via mutagenesis [226][227][228]. Such mutants are a product of the
pleiotropic nature of transposases, as damage to the host provides selective pres-
sure against greater amplification rates. Cas1-Cas2 exhibits a similar pleiotropy,
as expression activates the SOS response and may induce non-specific integrase
activity against the genome [229] [81]. This suggests acquisition rates of Cas1-
Cas2 may be reduced to mitigate autoimmunity. Recently, Cas1-Cas2 mutants
with hyperactive spacer acquisition phenotypes have been identified [230] [218].
Systematic mutagenesis of the Streptococcus pyogenes Cas1-Cas2-Csn2 operon
identified a suite of mutants [230], whilst a phage-based enrichment protocol ap-
plied to E. coli Cas1-Cas2 identified hyperactive mutants possessing up to seven-
fold increased rates of spacer acquisition [218]. | use a papillation assay to screen

a mutagenised Cas1-Cas2 library and identify further hyperactive mutants.
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4.2 Results

4.2.1 Assessment of Papillation Rates at Different Cas1-Cas2

Expression Levels

A low rate of papillation is necessary to identify hyperactive mutants. In prior work
[Figure 3.3B], a ColEl-based pBAD Cas1-Cas2 expression vector was used to pro-
duce a high rate of papillation. | performed a papillation assay in the chromosomal
reporter strain JB028, using this plasmid and a P15A-based pMara,, Cas1-Cas2
expression vector [Figure 4.1]. The inducer was titrated to identify the optimal con-

ditions for the identification of hyperactive phenotypes.

The pMara,, promoter was evolved from the pBAD promoter to reduce leaky ex-
pression and increase titraitability [214]. These attributes are reflected in their rates
of papillation across a range of arabinose concentrations [Figure 4.1]. pMara.,, at
an inducer concentration of 0.002%, was selected to provide Cas1-Cas2 expres-

sion in a screen for Cas1 mutants with a hyperactive phenotype.

pBAD g, :‘
Cas1-Cas2 L
pMarp., . g
Cas1-Cas2

0 0.00002 0.0002 0.002 0.02 0.2

Arabinose (%)

Figure 4.1: Comparison of papillation rates of different Cas1-Cas2 expression vec-
tors.

Papillation assays were performed in JB028, with Cas1-Cas2 expressed from the
pBAD and pMara,, expression vector. L-arabinose inducer was titrated from O-
0.2%. Following incubation at 37 °C for five days, representative colonies are
shown.
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4.2.2 Cas1-Cas2 Mutant Library Construction

| performed error-prone PCR (epPCR) of Cas1-Cas2 across a range of mutagen
conditions to identify those that would generate a mutation rate of one mutation
across the 1.2 kb Cas7-Cas2 operon. A range of concentrations of dGTP and
Mn?+ were tested [Table 4.1]. This desired mutation rate was achieved with 10 uM

dGTP and 20 M Mn?*.

| performed restriction digestion reactions upon the epPCR products and ligated
them into the pMara, plasmid. This was transformed into electrocompetent NEB
5a cells and plated onto LB-agar supplemented with kanamycin. Colonies were
pooled, and the plasmids were harvested via maxiprep to generate a library of
approximately 1.3 x10% Cas1-Cas2 mutants. This is equivalent to 9.6 fold coverage
of the Cas1-Cas2 operon. Sanger sequencing identified a mutational bias of this

library as follows: T-C (45%), A-G (27%), G-C (9%), G-A (9%) and T-A (9%).

MnSQO, (uM) | dGTP (uM) | Mutational frequency of
Cas1-Cas2 (mutations per 1.2 kb)

0 0 0

100 40 4.1

200 0 11.6

0 80 2.0

200 80 10.2

0 0 0

20 10 0.9

10 5 0.8

Table 4.1: Mutation frequency with different epPCR conditions.

EpPCR was performed at various concentrations of MnSO,4 and dGTP. dGTP con-
centrations listed are in addition to the standard concentration. Mutagenesis rates
were determined by averaging the frequency of mutations across five sequences
per condition.
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4.2.3 Cas1-Cas2 Mutant Library Screening

The mutagenised Cas1-Cas2 library was assayed for the presence of hyperactive
spacer acquisition mutants. Papillation assays were performed in JB028 trans-
formed with the mutagenised Cas1-Cas2 library [Figure 4.2]. A total of 27,000
colonies were screened, giving a 2.1-fold coverage of the library. Papillation plates
were incubated for five days before hyperactive colonies were identified by visual
inspection.

Control 1 Control 2 Control 3

Mutant 1 Mutant 2 Mutant 3 Mutant 4 Mutant 5 Mutant 6

‘g d
: ” 8, [}
vy @ o o e 4 ., ‘
" o
S_— j

Figure 4.2: Papillation assays identified hyperactive Cas1-Cas2 mutants.
Papillation assays were performed in JB028 to screen a mutagenised Cas1-Cas2
library. Control colonies were transformed with the pMara,;Cas1-Cas2 plasmid to
provide a rate of papillation for wildtype Cas1-Cas2. L-arabinose was present at
a concentration of 0.002%. Hyperactive colonies were identified through visual
inspection. Following incubation at 37 °C for 5 days, day five candidates and rep-
resentative control colonies are shown.

To verify hyperactive phenotypes, a second round of papillation assays were per-
formed using plasmid DNA isolated from hyperactive candidates [Figure 4.3]. A
total of six candidates maintained a hyperactive phenotype in the validation screen
[Figure 4.3]. Images were taken daily to track the development of papillae. On day
two, papillae were visible on mutants 2 and 3. By day three, papillae were visible on
all mutants at a frequency greater than wildtype. This disparity remained present
at day five. Papillation rates in the verification assay were much greater than the

initial screen due to a significantly reduced colony density per plate.
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Figure 4.3: Validation papillation assay of initial hyperactive Cas1-Cas2 candidates.
Papillation assays were conducted in JB028 transformed with plasmid from can-
didates identified in Figure 4.2. Control colonies were transformed with the
pMarp,Cas1-Cas2 plasmid. L-arabinose inducer was present at 0.002%. A repre-

sentative colony is shown for each condition. Plates were incubated at 37 °C for
five days. Images were taken daily for five days.

95



To discover the mutation causing the hyperactive phenotypes, the Cas1-Cas2 loci
of mutants 1-6 were sequenced. The nucleotide substitutions and their respective

amino acid substitutions are listed in Table 4.2.

Mutant | DNA sequence Amino acid

mutations substitutions

1 T50C, T648C*, T657C* | M17T

2 A49G M17V
3 A77G D26G
4 G85A, T816C* D29N
5 T83A, T301C 128K, Y101H
6 A269G Q90R

Table 4.2: The DNA and amino acid substitutions in mutants 1-6.

Base positions are with respect to the start of the Cas1 coding sequence. No
mutations were found in cas2.

*Indicates synonymous mutations.

4.2.4 Quantification of Rates of Spacer Acquisition in Hyperac-

tive Cas1 Mutants

SPIN assays were performed to verify that increases in papillation were concomi-
tant with normal integration activity at the CRISPR locus. Initial work was per-
formed using wildtype Cas1-Cas2 to discover conditions that produce a visible +1
band in a SPIN assay, corresponding to the acquisition of a novel spacer [Fig-
ure S1]. pBAD Cas1-Cas2 produced detectable acquisition in a SPIN assay at
0.2% L-arabinose, whilst pMara,, Cas1-Cas2 did not produce detectable acquisi-
tion. Therefore, all subsequent work was conducted with pBAD expression vectors

unless otherwise stated.

The non-synonymous mutations listed in Table 4.2 were cloned into the pBAD ex-
pression vector. SPIN assays were performed [Figure 4.4]. The acquisition be-

haviour at the CRISPR locus was normal for all mutations compared to wildtype.
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Wildtype and mutant Cas1-Cas2 exhibited significant variability in the strength of
PCR bands associated with the expansion of the CRISPR locus. This cannot be
used to quantify acquisition rates as PCR bias, selection against LacZ expression,
and toxicity derived from strong Cas1-Cas2 expression may affect the strength of
bands present in a SPIN assay.

Wildtype M17T M17V D29G
o 1 2 3 o0 1 2 3 0 1 2 3 0 1 2 3 L

L
— . 9 : .
D S s - G S e .
D29N 128K Y101H Q90R
L 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 L

| e s G GO Que O NG oy T o GO o Gun Gun one Gwe

Figure 4.4: SPIN assays comparing CRISPR loci expansion by wildtype and mu-
tant Cas1-Cas2.

SPIN assays were performed in JB028 to compare spacer acquisition at the
CRISPR loci of wildtype and verified hyperactive mutant Cas1-Cas2 expressed
from a pBAD plasmid. Expression was induced at 0.2% L-arabinose. A dilution of
1:1000 was performed for each culture each day over three days. Colony PCRs
were performed on cultures daily. The bands at 548 bp derive from unexpanded
loci, and bands at 609 bp derive from expanded loci. PCRs were visualised via
agarose gel electrophoresis. L refers to an NEB 100 bp Ladder.

A YFP reporter assay was instead used to quantify the rate of spacer acquisition
of hyperactive residues [213]. The YFP assay is similar to the papillation assay
[Figure 4.5]. A constitutive promoter drives transcription and translation from a
start codon, through a reporter CRISPR array, and into a YFP reporter gene. Stop
codons prevent YFP expression. The expansion of the CRISPR array during adap-
tation shifts the reading frame to remove stop codons, resulting in YFP expression.

The rate of spacer acquisition in a culture can be determined via flow cytome-

try.
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Figure 4.5: Overview of the YFP reporter assay for spacer acquisition.

(A) A constitutive promoter drives transcription and translation from a start codon
through a CRISPR locus into a YFP reporter gene. The YFP gene is not expressed
due to stop codons within the leader sequence and being outside the correct read-
ing frame. The insertion of a 61 bp spacer-repeat unit into the CRISPR array
causes a frameshift, which removes the stop codons and induces YFP expression.
The ribosome is represented by a pair of blue circles. The translated polypeptide
chain is represented by a string of small orange circles. YFP is in bright yellow, the
leader sequence is in brown, repeats are in pastel yellow, and spacers are in red.
(B) On the left, a streak of the YFP reporter strain, MLS989, is imaged under visible
light and with the Cy2 filter set of an Amersham Typhoon. On the right is a plate
of the positive control strain, MLS990, which possesses a single base insertion to
produce a frameshift mimicking spacer acquisition.

(C) Imaged as in part (B). On the left, MLS989, containing a pBAD Cas1-Cas2 ex-
pression vector, was grown without an inducer. On the right, the culture was grown
with 0.2% L-arabinose. Cultures were grown overnight at 37 °C before a 1:1000 di-
lution was performed daily over the course of three days. Cultures were diluted and
plated on LB-agar containing appropriate antibiotics. Following overnight growth at
37 °C, plates were imaged as in (C).

(D) MLS989, alongside the two colonies with enhanced fluorescence from the in-
duced culture plate in (C), have been subjected to the PCR amplification of their
CRISPR loci. PCRs were visualised via agarose gel electrophoresis. Bands at 369
bp derive from an unexpanded locus. Bands at 430 bp derive from an expanded
locus. L refers to the NEB 100 bp ladder.
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To test the YFP reporter, | performed an assay with MLS989 transformed wildtype
and inactive Cas1-Cas2 (possessing the inactivating D221A mutation ) at 0.2%
L-arabinose [Supplemental Figure S2]. D221A abolishes the catalytic activity of
the Cas1 nuclease but does not inhibit its binding activity with the CRISPR leader
[73]. Flow cytometry determined that a significantly greater proportion of the wild-
type Cas1-Cas2 population was fluorescent in comparison to that of the inactive
D221A mutant. The level of acquisition by D221A was insignificant. This con-
firmed the effectiveness of the YFP reporter assay in quantifying rates of spacer

acquisition.

The rates of spacer acquisition by the candidate hyperactive Cas1 mutants were
determined using the YFP reporter assay [Figure 4.6]. The Cas1-Cas2 mutants
were expressed at 0.2% L-arabinose for three days, with cultures diluted 1:1000
daily before YFP+ populations were determined via flow cytometry. All assessed
mutants acquired spacers at a rate significantly higher than wildtype. The 128K
mutant had the highest rate of adaptation, at roughly five-fold greater than wildtype.
This identified this as the key mutation from candidate 5, which also possessed the
Y101H mutation. However, Y101H also exhibited a smaller significant increase in

acquisition rate compared to wildtype.
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Figure 4.6: YFP reporter assay quantifying adaptation in hyperactive Cas1 mu-
tants.

The MLS989 YFP reporter strain was transformed with wildtype Cas1-Cas2 or the
hyperactive mutants outlined in Table 4.2. Cultures were grown in the presence of
0.2% L-arabinose inducer. A dilution of 1:1000 was performed each day over three
days. The proportion of YFP+ cells was determined via flow cytometry. Five repli-
cates were performed for each condition, with 20,000 cells analysed per replicate.
Mean values are plotted, and error bars are SEM. Data values are in Supplemen-
tary Table S5.

4.2.5 Mutant Cas1-Cas2 Proteins Exhibit Enhanced Induction

of the SOS Response

The SOS response is a broad genetic programme which is upregulated in response
to DNA damage [231]. LexA is the master regulator of the SOS response [232]
[233] [234]. Free RecA protein binds to and polymerises along single-stranded
DNA (ssDNA) to form nucleoprotein filaments [235]. Sites within these filaments
induce autocatalytic self-cleavage of LexA, releasing repression of the SOS reg-
ulon [236]. SulA is an archetypal gene of the SOS regulon [237]. It binds free
FtsZ monomers to prevent their polymerisation, inhibiting cell division [238] [239].
SulA expression, therefore, triggers a checkpoint, inhibiting cell division until SOS

induction has subsided [240].

A reporter system has been developed to measure the induction of the SOS re-

sponse [215]. The GFP gene is placed under the control of the sulA promoter on
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a reporter plasmid [Figure 4.7A]. When SulA is expressed from its native locus on
the chromosome, the reporter GFP gene is also expressed. Fluorescence can be

measured to determine the level of induction of the SOS response.

To test the SOS reporter system, | treated MG1655 with nalidixic acid. This is a
DNA gyrase inhibitor which induces the SOS response through the introduction of
double-stranded breaks [241]. Cells were grown across a range of nalidixic acid
concentrations, and GFP fluorescence was measured [Figure 4.7b]. As nalidixic
acid concentration increased, GFP fluorescence increased. The reporter, there-

fore, provides a titratable system to measure the induction of the SOS response.

The integrase activity of Cas1-Cas2 has been shown to induce the SOS response
in E. coli [229]. To determine the effect that Cas1 mutants have on the induc-
tion of the SOS response, | performed SOS induction assays. Overnight cultures
were prepared of MG1655 transformed with the P, GFP reporter plasmid and ei-
ther wildtype or mutant pBAD Cas1-Cas2 plasmids, induced at 0.2% L-arabinose
[Figure 4.7C]. All mutants exhibited a significantly higher induction of the SOS re-

sponse relative to the wildtype.
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Figure 4.7: Hyperactive Cas1 mutants induce the SOS response to a higher level
than wildtype.

(A) A diagram depicting the mechanism of a plasmid-based genetic circuit for the
detection of induction of the SOS response. This reporter system has GFP under
the control of the sulA promoter. DNA damage induces the activation of RecA,
inducing the formation of RecA-ssDNA nucleoprotein filaments. These filaments
induce the auto-proteolysis of LexA dimers, releasing repression of the sulA pro-
moter. When the SOS response is induced following DNA damage, the GFP re-
porter gene is expressed. This generates detectable fluorescence.

(B) Overnight cultures of MG1655 containing the Pg,s GFP reporter plasmid were
incubated overnight in the presence of 0-0.8 ug of nalidixic acid. Overnight cultures
were diluted to an O.D 600 of 1. Fluorescence was measured using an Amersham
Typhoon with a Cy2 filter set. Three replicates were performed per condition. Mean
values are plotted, and error bars are SEM. Data can be found in Supplementary
Table S10.

(C) Overnight cultures of MG1655 containing the P, GFP reporter plasmid along-
side wildtype or mutant pBAD Cas1-Cas2, respectively, were grown up overnight.
Cultures were grown in the presence of 0.2% L-arabinose inducer. Overnight cul-
tures were diluted to an O.D 600 of 1. Fluorescence was measured using an
Amersham Typhoon with a Cy2 filter set. Three replicates were performed per
condition. Mean values are plotted, and error bars are SEM. Data can be found in
Supplementary Table S10.
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4.2.6 Cas1 128K Exhibits Reduced PAM Fidelity in Protospacer

Selection

As the Cas1 128K mutant had the highest rate of adaptation, | decided to investi-
gate any behavioural difference in protospacer selection compared to wildtype. |
performed papillation assays in JB028 containing a wildtype Cas1-Cas2 or 128K
expression vector, induced at 0.002% L-arabinose. Colonies from ten plates per
condition were each resuspended in 1 mL 1x M9 salts and pooled. These re-
suspensions were used as templates for PCR amplification across the reporter
CRISPR array. The PCR product was sent for nanopore sequencing. A spacer
library was generated from the sequencing data and a BLAST search was per-
formed, mapping spacers against the JB028 genome and pBAD Cas1-Cas2 ex-

pression plasmid. Results are described in Tables 4.3 and 4.4.

Spacer Source | Total Spacers | Total Consensus PAM | % Consensus PAM

All 28526 8068 28.28
Genome 26817 7929 29.57
Plasmid 1709 139 8.13

Table 4.3: Overview of unique spacers acquired by a wildtype Cas1-Cas2 in a
pBAD expression vector in JB028.

Spacer Source | Total Spacers | Total Consensus PAM | % Consensus PAM

All 70155 11851 16.89
Genome 66451 11705 17.61
Plasmid 3704 146 3.94

Table 4.4: Overview of unique spacers acquired by Cas1-Cas2 containing the Cas1
128K mutant in a pBAD expression vector in JB028.

Spacers acquired from Cas1 128K exhibited a reduced fidelity to the consensus

PAM compared to wildtype. This reduced fidelity was present for both plasmid-
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and genome-derived spacers. The plasmid possesses 152 potential AAG PAM
sites and is therefore approaching saturation at 139 and 146 respective consensus
spacers. In comparison, the E. coli genome possesses 127,081 AAG PAM sites

and is therefore not approaching saturation in either condition [242].

4.2.7 Mutational Analysis of Hyperactive Residues of Cas1

Random mutagenesis of Cas1-Cas2 via epPCR successfully generated mutants
with a hyperactive phenotype. However, epPCR is associated with a range of bi-
ases in mutational profiles, which diminish the coverage of sequence space present
in libraries [243]. This is exemplified by the transition: transversion bias seen in
the Cas1-Cas2 library screened (82% transitions). Site-directed mutagenesis was
therefore performed to identify further hyperactive substitutions of residues already

identified.

Saturating mutagenesis was performed through the construction of codon libraries
for the residues 128 and D29. A library with x10-fold coverage was generated for
each residue of interest. 128 was selected as this mutant acquired spacers at the
greatest rate. D29 was chosen because of its proximity to 128. They are located in a
beta-turn at the interface between Cas1, Cas2 and an incoming protospacer. Both
of their R-groups extend towards the negatively charged phosphodiester backbone
of the 5" end of the protospacer [Figure 4.8] [76]. The change in R-groups of the
128K and D29N mutants is characterised by a shift away from a negative charge. |

hypothesised similar mutations would generate similar phenotypes.
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Figure 4.8: The crystal structure of E. coli wildtype Cas1-Cas2 bound to proto-
spacer DNA, determined via X-ray diffraction.

The protospacer is in cyan, Cas1 is in yellow, Cas2 is in green, Mg?* ions are in
red, and the residues of interest 128 and D29 are highlighted in pink. The R-groups
of these residues can be seen facing towards the protospacer.

Figure derived from PDB: 5DS4 [244].
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The two saturating mutagenic libraries were screened by papillation assays [Fig-
ure 4.9]. Cas1-Cas2 was induced with 0.002% L-arabinose to facilitate the visual
identification of hyperactive colonies [Figure 4.1]. Colonies with hyperactive pheno-
types were isolated and their plasmids were sequenced. The nucleotide sequence
of hyperactive mutants and their associated amino acid substitutions are presented

in Table 4.5.

Control1 Control2 Control 3

pBAD
Casi-Cas2
Mutant1 Mutant2 Mutant3
128 Library = .55 | lakes
Mutant1 Mutant 2
ey P
D29 Library i i

Figure 4.9: Hyperactive candidates from the saturating mutagenesis of 128 and
D29.

Papillation assays were performed in JB028. Control colonies were transformed
with the wildtype Cas1-Cas2, whilst mutants had been transformed with respective
128 and D29 libraries. L-arabinose was present at 0.002%. Representative day five
colonies are shown.

Library | Mutant | Amino acid
substitutions
1 128S
128 2 128N
3 I128R
1 D29H
D29 2 D29K
3 D29A

Table 4.5: The amino acid mutational profiles for novel hyperactive Cas1 128 and
D29 mutants.
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YFP reporter assays were conducted to verify the hyperactive phenotypes of each
mutation [Figure 4.10A]. All mutants deriving from 128 and D29 saturation muta-
genesis returned hyperactive phenotypes when rates of spacer acquisition were
tested. 128K retained the highest identified rate of spacer acquisition of any mu-

tant.

SOS induction assays were conducted to identify the extent of SOS response ac-
tivation by the hyperactive mutants identified in the 128 and D29 library screens
[Figure 4.10B]. Most mutants generated a significantly greater induction of the SOS
response than wildtype Cas1-Cas2. However, this was not seen for all mutants with

128S, 128N and D29A generating no greater SOS induction than wildtype.
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Figure 4.10: Rates of spacer acquisition and SOS induction for 128 and D29 mu-
tants.

(A) YFP reporter assays were performed in MLS989 transformed with wildtype
Cas1-Cas2 or 128 and D29 mutants. Cultures were grown in the presence of 0.2%
L-arabinose inducer. A dilution of 1:1000 was performed each day over three days.
The proportion of YFP+ cells was determined via flow cytometry. Five replicates
were performed for each condition, with 20,000 cells analysed per replicate. Mean
values are plotted, and error bars are SEM. Data values are in Supplementary Ta-
ble S5.

(B) SOS induction assays were performed on overnight cultures of MG1655 con-
taining the P¢,a GFP reporter plasmid alongside wildtype or 128/D29 mutant pBAD
Cas1-Cas2. Cultures were grown in the presence of 0.2% L-arabinose inducer.
Overnight cultures were diluted to an O.D 600 of 1. Fluorescence was measured
using an Amersham Typhoon with a Cy2 filter set. Six replicates were performed
per condition. Mean values are plotted, and error bars are SEM. Data can be found
in Supplementary Table S10.

107



4.2.8 Combination of Hyperactive Cas1 Mutants

Hyperactive transposase mutations have previously shown that the combination
of multiple mutations into the same reading frame results in the synergistic en-
hancement of transposition efficiency. This is exemplified by a hyperactive Tn5
transposase derived from the combination of several mutations which individually
confer hyperactivity through separate mechanisms of action [245]. Hyperactive
spacer acquisition mutants in S. pyogenes Cas1 were shown to be synergistic
[230]. | therefore combined several hyperactive mutants identified in E. coli Cas1

to determine if their phenotypes were synergistic.

As the 128K mutant has the highest rate of spacer acquisition, this was individ-
ually combined with the M17T, D26G, and Q90R mutants. These mutants were
selected because they are outside of the beta-turn from which the hyperactive
mutant codon substitutions of 128 and D29 derive. They may, therefore, induce

hyperactivity through separate and potentially additive mechanisms.

To quantify the rate of adaptation, YFP reporter assays were conducted with Cas1
double mutants [Figure 4.11A]. Of the three double mutants, only Cas1 M17T 128K
acquired spacers at a rate significantly greater than wildtype (P=0.0002). Casf
128K Q90R conducted adaptation at a rate approaching statistical significance
(P=0.0725), while Cas1 D26G I28K acquired at a rate comparable to wildtype
(P=0.8622). In comparison, all respective single mutants acquired spacers at a
significantly greater rate than wildtype. This suggests that the combination of hy-

peractive Cas1 mutants is antagonistic to rates of spacer acquisition.

SOS induction assays were also performed with Cas1 double mutants [Figure
4.11B]. All double mutants induced the SOS response significantly more than
wildtype. In comparison to their respective single mutants, the M17T 128K and
Q90R 128K double mutants exhibited an increased induction. The D26G 128K had

an increased induction relative to its respective single mutants, although the in-
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creased variance of induction between its replicates meant this was not significant.

These results suggest that SOS induction by hyperactive Cas1 mutants is syner-

gistic.
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Figure 4.11: Spacer acquisition and SOS induction by single and double Cas1 mu-
tants.

(A) YFP reporter assays were performed in MLS989 transformed with wildtype
Cas1-Cas2 or single and double Cas1 mutants. Cultures were grown in the pres-
ence of 0.2% L-arabinose inducer. A dilution of 1:1000 was performed each day
over three days. The proportion of YFP+ cells was determined via flow cytometry.
Five replicates were performed for each condition, with 20,000 cells analysed per
replicate. Mean values are plotted, and error bars are SEM. Data values are in
Supplementary Table S5.

(B) SOS induction assays were performed on overnight cultures of MG1655 con-
taining the Ps,sGFP reporter plasmid alongside wildtype or single/double Cas1
mutants in pBAD Cas1-Cas2. Cultures were grown in the presence of 0.2% L-
arabinose inducer. Overnight cultures were diluted to an O.D 600 of 1. Fluores-
cence was measured using an Amersham Typhoon with a Cy2 filter set. Three
replicates were performed per condition. Mean values are plotted, and error bars
are SEM. Data can be found in Supplementary Table S10.

109



4.3 Chapter Summary

+ High-throughput screening of a mutagenised Cas1-Cas2 library facilitated

the identification of Cas1 mutants with hyperactive spacer acquisition pheno-

types.

» Cas1 mutants with hyperactive spacer acquisition phenotypes are associ-
ated with enhanced rates of induction of the SOS response through the sulA

promoter.

+ Saturating codon mutagenesis of key residues facilitated the identification of

further hyperactive mutants.

» The combination of hyperactive mutants within Cas1 is antagonistic to spacer

acquisition but synergistic to the further induction of the SOS response.
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Chapter 5

Screening for Anti-CRISPRs
Targeting Adaptation: Optimisation

and Resulis
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5.1 Introduction

5.1.1 Screening for Anti-CRISPRs Targeting Adaptation

There has been a recent expansion in the identification of MGE-encoded pro-
teins which inhibit prokaryotic defence systems [183] [47] [246]. CRISPR sys-
tems are the predominant target of these novel effectors. To date, over 100 anti-
CRISPRs (Acrs) and over a dozen Acr-associated (Aca) proteins have been iden-

tified [191].

Very few Acrs are known to target spacer acquisition. AcrVA5 is the only Acr
known to target the Cas1-Cas2 integrase, sterically hindering complex formation
in the Treponema denticola Type II-A system. It was also shown to have activ-
ity against the Moraxella bovoculi Type |-C system [206][205]. However, there is
further evidence that phages target the process of spacer acquisition. A Campy-
lobacter jejuni phage encodes a Cas4-like protein which biases spacers to derive
solely from the host genome [247]. Furthermore, a Streptococcus thermophilus
phage encodes a truncated Cas9 that specifically inhibits adaptation [248]. Finally,
prophages have been shown to integrate into a host’'s CRISPR array and Cast
gene [249]. Together, these suggest that selective pressure exists to induce the

inhibition of CRISPR adaptation by MGEs.

Screens for the identification of Acrs have focused on the identification of anti-
interference proteins due to their applications in biotechnology [186] [250] [251].
Moreover, anti-interference Acrs can be selected, while anti-adaptation proteins
must be screened. A high throughput papillation-based reporter for spacer acqui-
sition can be used to rapidly screen >1 Gbp metagenomic DNA to identify novel

Acrs targeting adaptation [Figure 4.6] [Figure 5.1].
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Figure 5.1: A screening approach to identify Acrs targeting adaptation.

Papillation assays will be conducted in a strain containing a papillation-based
spacer acquisition reporter, a Cas1-Cas2 expression vector, and a fosmid library
carrying metagenomic DNA. Fosmids carrying Acrs that can inhibit adaptation will
produce hypopapillating phenotypes in their respective colonies. These colonies
will be isolated for further verification and investigation.

5.1.2 The AK Libraries

The Alaska (AK) libraries are a set of metagenomic libraries derived from environ-
mental soil samples [Table 5.1] [252] [210] [211]. They have been used to identify
p-lactamases and quorum sensor inhibitors [252] [211]. A papillation assay can
screen the AK libraries for anti-CRISPRs that inhibit adaptation. The collection in-
cludes several fosmid libraries, cloning vectors possessing the F-plasmid ori and
the bacteriophage A cos site, enabling the efficient cloning and stable maintenance
of large DNA inserts. The large insert size and depth of the AK21/22 libraries will

facilitate the rapid screening of a large volume of metagenomic DNA.
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AK Library | Library Type Vector Number of Clones | Average Insert Size (Kbps) | % Inserts | Total Size (Mbps) Reference
1 BAC pSuperBAC 22000 10 - 222 [252]
2 BAC pSuperBAC 4600 5 - 23 [252]
3 BAC pCC1BAC 2500 13 - 33 [252]
4 BAC pSuperBAC 16800 11 - 185 [252]
5 BAC pSuperBAC 2200 33 70 46 [252], [210]
6 Fosmid pCC1FOS 300 39 - 12 [252]
7 BAC pCC1BAC 2300 47 60 108 [252], [210]
8 BAC pCC1BAC 2700 9 70 24 [252],[210]
9 BAC - 2400 20 25 12 [211]
10 Plasmid pCF430 16300 10 - 173 [211]
11 Plasmid pCF430 36800 5 - 184 [211]
12 Plasmid pCF430 36600 5 - 183 [211]
13 BAC - 8400 29 10 24 [210]
14 Plasmid pCF430 105800 5 - 529 [211]
15 BAC - 32100 20 60 385 [210]
16 Plasmid pCF430 97100 6 - 592 [211]
17 BAC - 1000 29 20 6 [210]
18 Plasmid pCF430 34500 10 - 338 [211]
19 Fosmid - 3300 31 98 1003 [210]
20 BAC pCC1BAC 48100 8 80 385 [210], [211]
21 Fosmid pCC1FOS 333000 30 100 10100 [210], [211]
22 Fosmid - 50500 30 100 1515 [210]
23 Fosmid - 8200 30 100 246 [210]
Total 867500 19 66 16328 [252], [210], [211]

Table 5.1: Overview of the AK Libraries




5.2 Optimisation

5.2.1 Screening with JB028

The AK21 and AK22 libraries are in the strain EP13000, following their construction
using the Epicentre CopyControl Fosmid Library Production Kit[211]. EPI3000 has
a A(mrr-hsdRMS-mcrBC) restriction minus genotype, facilitating efficient transfor-
mation with fosmid clones containing unmethylated metagenomic DNA. However,
the papillation reporter strain JB028 contains an intact hsdR locus. Therefore, it ex-

hibits a poor transformation efficiency with plasmids derived from EPI3000 [Figure

5.2].
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Figure 5.2: Transformation efficiencies of methylated and unmethylated AK22 and
pBS SK+ plasmids in JB028 and JB028 AhsdR.

(A) JB028 was transformed with AK22 or pBS SK+ in triplicate. Plasmid was either
methylated or unmethylated. Transformation efficiency was determined through
titration of transformation cultures and plating on LB-agar containing appropri-
ate antibiotics. Following overnight growth, colonies were counted to determine
CFU/ug. Methylated plasmid was prepared from NEB5«, whilst unmethylated plas-
mid was prepared from DH1045. (+) refers to methylated plasmids, and (-) refers to
unmethylated plasmids.

B) Transformation efficiencies were determined for JB028 AhsdR, as described
above.

Conditions were measured in triplicate. Mean data values are plotted, and error
bars are SEM. Data values are found in Supplementary Table S4.
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The EcoKlI restriction-modification system is encoded by the hsdRMS operon [253].
It is comprised of the HsdR (restriction), HsdM (methylation) and HsdS (sequence
specificity) proteins [Figure 5.3]. These form two complexes with separate capa-
bilities. The HsdM,S; complex behaves as a methyltransferase targeted to the
AAC(Ng)GTGC DNA motif [254][255]. The HsdR.M.S; complex possesses en-

donuclease activity against this same sequence.

Genes
\/ v \/
Proteins @R . @

DNA QS,
methylated

DNA

cleaved

Figure 5.3: Overview of the EcoKl restriction-modification system.
The EcoKl hsdRMS locus encodes separate restriction (R), methyltransferase
(M) and specificity (S) proteins. DNA cleavage is carried out by the pentameric

HsdRo,M,S; complex, whilst the trimeric HsdM,S; complex acts as a methyltrans-
ferase. Figure derived from [256]

Knockout of hsdR in JB028 would inhibit the strain’s EcoKl endonuclease activ-
ity. This would increase the transformation efficiency of the unmethylated AK21
and AK22 libraries [Figure 5.2]. Knockout of hsdR was performed via P1 phage

transduction [Figure 5.4 and 5.5].

P1 transduction was carried out using the Keio collection [209]. This is a single-
gene knockout library of the non-essential genes in E. coli K-12. This involves the
replacement of the gene of interest with a kanamycin resistance cassette flanked
by complementary FRT recombination sites. Following transduction, these sites
facilitate the cassette’s removal via FLP recombination, leaving an in-frame deletion

at the target locus and a 34 residue peptide at the scar site [Figure 5.4].
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Figure 5.4: Stages of P1 phage transduction.

(A) The donor strain (red) is used to prepare a P1 lysate. This strain possesses a
mutant of interest linked with a selectable marker (AbR, red arrow).

(B) The prepared P1 lysate infects the recipient strain (blue). The mutation of
interest, alongside the linked marker gene, is integrated into the recipient strain’s
genome at low frequency via homologous recombination.

(C) The selectable marker facilitates the identification of recipient strain colonies
carrying the mutation of interest.

(D) The marker can be cured from the recipient strain through FLP recombination
between frt sites (blue arrow).
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A P1 phage lysate was produced using the donor strain BW25113 hsdR::FRT-
KanR-FRT. The recipient strain, JB028, was infected with this lysate containing P1
phage carrying the hsdR::FRT-KanR-FRT locus. Successful homologous recombi-
nation of the cassette into the JB028 genome was selected via growth on LB-agar
supplemented with kanamycin. The cassette was removed via FLP recombina-

tion, producing the strain JB028 AhsdR. Knockout was confirmed via PCR [Figure

5.5A].
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Figure 5.5: Overview of AhsdR deletion from JB028.

(A) PCR verification of the JB028 AhsdR deletion. PCRs were performed at each
stage of hsdR knockout. PCRs were visualised via agarose gel electrophoresis.
The band at 4462 bp corresponds to the wildtype hsdR locus. The band at 2391
bp corresponds to the AhsdR::FRT-Kanamycin-FRT locus. The band at 1169 bp
corresponds to the AhsdR::FRT locus. L refers to an NEB 1 kb ladder.

(B) Papillation assays were conducted in JB028 and JB028AhsdR. Strains were
transformed with a pBAD Cas1-Cas2 expression plasmid. L-arabinose was present
at 0.002%. Plates were incubated at 37 °C for 5 days. An individual colony was
imaged daily; these images are shown.

(C) SPIN assays were conducted in JB028 and JB028AhsdR. Strains were trans-
formed with a pBAD Cas1-Cas2 expression plasmid. L-arabinose was present at
0.2%. Cultures were grown at 37 °C on a spinning wheel. Following overnight
growth, cultures were diluted 1:1000. This was conducted daily for three days.
1 ml of culture was collected daily, and colony PCRs were performed on it. Day
0 refers to an initial culture grown without an inducer. PCRs were visualised via
agarose gel electrophoresis. Bands at 548 bp correspond to the parental CRISPR
locus, bands at 609 bp correspond to one spacer acquisition event, bands at 670
bp correspond to two spacer acquisition events. L refers to an NEB 100 bp ladder.
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Knockout of hsdR in JB028 increased the transformation efficiency of unmethy-
lated DNA into the strain [Figure 5.2]. There was no significant difference in trans-
formation efficiency between unmethylated and methylated DNA. Therefore, JB028

AhsdR could be efficiently transformed with the AK21 and AK22 libraries.

Papillation assays and SPIN assays were conducted in JB028 AhsdR to verify that
spacer acquisition could still occur normally at the ArgE:: CRISPR reporter locus
[Figure 5.5B, C]. The strain acquired spacers in a SPIN assay at a rate compa-
rable to wildtype but did not produce papillae in papillation assays. The complete
absence of papillation in the presence of spacer acquisition suggested lacZ ex-
pression from the reporter was impaired. Even IHF«, reported to be an essential
gene in spacer acquisition [85], produced a small number of papillae in papillation

assays [229].

Leaky expression of lacZ at the CRISPR reporter locus in JB028 causes colonies
in papillation assays to exhibit a pale blue phenotype derived from low-level X-gal
metabolism [212]. The absence of this phenotype in JB028AhsdR suggests it

possessed a mutation in a lacZ [Figure 5.5B].

A pOX38 plasmid expressing LacZ was conjugated into JB028 and JB028AhsdR
[Figure 5.6]. Both strains exhibited a blue phenotype when grown on LB-agar sup-
plemented with X-gal. This suggested JB028AhsdR contained a mutation within

the CRISPR reporter locus preventing expression of a functional LacZ.

A repeat of the knockout of hsdR from JB028 should have produced a strain ca-
pable of papillation. However, the frequent knockout of genes using the Keio col-
lection within the lab led to demand for a papillation reporter hosted in the parental
strain of the Keio collection, BW25113 [209]. | developed this reporter and used it
to screen AK21 and AK22.
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Figure 5.6: Conjugation of pOX38 LacZ+ into JB028 and JB028AhsdR.

(A) A plate of DH103 pOX38 grown on LB-agar supplemented with X-gal. This was
the donor strain for the pOX38 LacZ+ plasmid. Plates were incubated overnight at
37 °C. A representative whole plate photo was taken.

(B) A plate of JB028 and JB028 A hsdR grown on LB agar supplemented with tetra-
cycline and X-gal. These were the recipient strains for the pOX38 LacZ+ plasmid.
Plates were incubated overnight at 37 °C. A representative whole plate photo was
taken.

(C) A plate of JB028 and JB028/JB028AhsdR containing pOX38. Overnight cul-
tures of recipient and donor strains were incubated together on filter paper on LB-
agar for 6 hours. Filter paper was resuspended in 1 ml 1x M9 salts and cells were
washed. The resuspension was streaked onto LB-agar supplemented with tetracy-
cline and X-gal. Plates were incubated overnight at 37 °C. A representative whole
plate photo was taken.

5.2.2 The Papillation Assay in BW25113

BW25113 possesses a hsdR514 genotype. This is an inactivating point mutation in
hsdR. Therefore, the strain can be efficiently transformed with the AK21 and AK22

libraries [Supplemental Figure S3].

Two genetic manipulations were required to establish a functional papillation-based
spacer acquisition reporter in BW25113. The first was the introduction of the papil-
lation reporter genetic circuit into the argE locus. The second was a replace-
ment of the AlacZ4787(::rrnB-3) mutation with a non-polar deletion of lacZ. The
AlacZ4787(::rrnB-3) replaces the P,z promoter and the first 1950 bp of /lacZ with
four tandem copies of the rrnB transcription terminator, this prevents the expression

of downstream /acY. Both genetic manipulations were carried out via P1 transduc-
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tion, creating the strain RC5282 [Figure 5.7].
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Figure 5.7: PCR analysis confirming the non-polar deletion of /acZ and insertion
of the papillation assay genetic circuit into argE.

(A) The PCR confirmation of the non-polar deletion of lacZ in BW25113. Wildtype
lacZ (A Lane 2, 2194 bp) was replaced with an FRT site-flanked chlorampheni-
col resistance marker to create RC5231 (A Lane 3, 1257 bp). FLP recombination
of RC5231 removed the CmR marker to create RC5281, possessing a non-polar
deletion of lacZ (A Lane 4, 340 bp). PCR products were visualised via agarose gel
electrophoresis.

B) The PCR confirmation of the integration of a papillation reporter KanR cassette
into the argE locus of RC5281. PCRs of the argE locus were conducted in respec-
tive strains. The wildtype argE locus of RC5281 (B Lane 2, 2128 bp) was disrupted
through the introduction of the reporter cassette (B Lane 3, 5064 bp). PCR prod-
ucts were visualised via agarose gel electrophoresis.
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SPIN and papillation assays were conducted to test the papillation reporter con-
struct in RC5282 [Figure 5.8]. A SPIN assay showed RC5282 had comparable
acquisition levels in liquid culture to that of JB028. Furthermore, in papillation as-
says, RC5282 produced comparable levels of papillae to JB028 across a gradient
of inducer concentrations. An L-arabinose concentration of 0.002% was selected
for future screening with RC5282. Individual papillae from this concentration were
streaked onto LB-agar supplemented with X-gal. Following overnight growth, PCRs
were conducted on individual blue colonies. Visualisation of colony PCRs demon-
strated that all colonies contained expanded CRISPR reporter loci. RC5282 be-
haved as expected and could be used to screen the AK21 and AK22 libraries to

identify inhibitors of adaptation.

Papillation assays were conducted in RC5282 transformed with the libraries AK21
and AK22 [Figure 5.9]. Papillation occurred normally in the presence of the libraries

in the new reporter strain. | proceeded with library screening at scale.
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Figure 5.8: Assessment of the acquisition of spacers by RC5282.

(A) Papillation assays were conducted in JB028 and RC5282. Strains were trans-
formed with a pBAD Cas1-Cas2 expression plasmid. L-arabinose was titrated from
0-0.2%. Plates were incubated at 37 °C for five days. Representative colonies are
shown.

(B) SPIN assays were conducted with JB028 and RC5282. Strains were trans-
formed with a pBAD Cas1-Cas2 expression plasmid. L-arabinose was present at
0.2%. Cultures were grown at 37 °C on a spinning wheel. Following overnight
growth, cultures were diluted 1:1000. This was conducted daily for three days.
1 ml of culture was collected daily, and colony PCRs were performed on it. Day
0 refers to an initial culture grown without an inducer. PCRs were visualised via
agarose gel electrophoresis. Bands at 548 bp correspond to the parental CRISPR
locus, bands at 609 bp correspond to one spacer acquisition event, bands at 670
bp correspond to two spacer acquisition events. L refers to an NEB 100 bp ladder.
(C) Individual papillae were streaked out from the papillation assay carried out in
(A) wherein RC5282 had Cas1-Cas2 expression induced at 0.002% L-arabinose.
Individual papillae were subjected to PCR amplification of the CRISPR reporter
locus. PCRs were visualised via agarose gel electrophoresis. Bands at 548 bp
correspond to the unexpanded reporter locus. Bands at 609 bp correspond to sin-
gle acquisition events.
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Figure 5.9: Papillation assays in RC5282 in the presence of AK21 and AK22 [i-
braries.

RC5282 was transformed with a pBAD Cas1-Cas2 expression vector and the
AK21/22 libraries. Papillation assays were conducted with L-arabinose inducer
present at 0.002%. Plates were incubated at 37 °C for five days. Photographs of
representative colonies are shown.

5.3 Results

5.3.1 AKZ22 Screen - Results

The AK22 library was screened first, with the aim of identifying anti-adaptation Acrs
present in metagenomic clones producing hypoactive phenotypes in papillation as-
says. A secondary aim was to optimise screening methods for the subsequent

interrogation of the AK21 library.

Papillation assays were conducted with RC5282 transformed with a pBAD Cas1-
Cas2 expression vector and the AK22 library. A total of 311 plates were assayed.
With =45 colonies present per plate, ~14,000 colonies were screened. An av-
erage of 30 kbp metagenomic DNA is present in each AK22 clone. Therefore,
420 Mbp metagenomic DNA was screened, providing ~28% coverage of the AK22

library.
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Figure 5.10: Papillation assays screening the AK22 library for Acrs targeting adap-
tation.

Papillation assays were conducted with RC5282 transformed with a pBAD Cas1-
Cas2 expression vector and the AK22 library. L-arabinose inducer was present at
0.002%. Plates were incubated at 37 °C for five days. Images of five exemplar
colonies which conducted normal papillation are shown. Images were taken of the
391 colonies identified with hypoactive phenotypes; images of thirty representative
hypoactive colonies are shown.

Plates were visually inspected, and 391 colonies possessing hypoactive papilla-
tion phenotypes were identified [Figure 5.10]. Candidates were selected based on
adherence to the following criteria: an estimated reduction in papillae frequency
of >50%, the presence of a blue halo, the absence of an obvious growth disad-
vantage & healthy colony morphology, and the absence of growth into adjacent

colonies. Hypoactive colonies were present at a rate of 2.8% (391/14,000).

In an initial verification round, candidates were picked and streaked onto LB-agar.
Papillation assays were conducted with these streaks [Figure 5.11]. A hypoactive
phenotype was maintained by 105 candidates. Therefore, 73% of colonies returned

to wildtype.
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Figure 5.11: Papillation assays of AK22 library candidates streaks

Hypoactive candidates identified in Figure 5.10 were streaked onto LB-agar con-
taining appropriate supplements for a papillation assay. L-arabinose was present
at 0.002%. Plates were divided into quadrants and individual candidates were
streaked onto separate quadrants. Plates were incubated at 37 °C for five days.
Whole plate images were taken. Images of six exemplar plates are provided.
Names of candidates maintaining a hypoactive phenotype are in green, while re-
vertants are in red.

Plasmids were purified from the 105 candidates which retained hypoactivity in
papillation assays of their streaks. JB028, containing a Cas1-Cas2 expression
vector, was transformed with each plasmid individually. Papillation assays were
conducted for each candidate [Figure 5.12]. Of 105 colonies tested, 3 maintained

a hypoactive phenotype in JB028.

YFP reporter assays were conducted as a final verification step [Figure 5.12].
MLS989 was transformed with a pBAD Cas1-Cas2 expression vector and the 3
candidates that maintained a hypoactive phenotype in JB028 papillation assays.

There was no significant decrease in the final YFP+ cell population present for any
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candidate relative to a control. Therefore, all 391 initial candidates had been ruled

out for further investigation at some stage of the verification procedure.
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Figure 5.12: AK22 Acr screen final validation stages.

(A) Papillation assays were conducted in JB028 transformed with a pBAD Cas1-
Cas2 expression vector and the candidates identified in Figure 5.11. L-arabinose
inducer was present at 0.002%. Plates were incubated at 37 °C for five days. Rep-
resentative images are shown. Three control colonies were derived from clones in
the initial screen that did not affect papillation. Hits 1-3 are examples of revertants.
Hits 11, 54 and 91 maintained a hypoactive phenotype.

(B) YFP reporter assays were conducted in MLS989 transformed with a pBAD
Cas1-Cas2 expression vector and candidates 11, 54 and 91. L-arabinose inducer
was present at 0.2%. A dilution of 1:1000 was performed each day over three days.
On day three the proportion of YFP+ cells was determined via flow cytometry. Flow
cytometry was conducted in triplicate, with 20,000 cells sorted per culture. Mean
values are plotted, and error bars are SEM. Data values are found in Supplemen-
tary Table S6.

5.3.2 AK22 Screen - Discussion

The screen of the AK22 library identified a large number of initial candidates.
These were all ruled out in subsequent rounds of validation. This suggests the
initial screen was not sufficiently stringent. Of the ~14000 screened, a total of
391 colonies were identified with hypoactive phenotypes. With 30 kbp of metage-
nomic DNA present in each colony, this suggested an Acr arose once per Mbp of

metagenomic DNA.

The restreaking validation step removed 73% of colonies, while papillation assays
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in JB028 removed 97%. In a subsequent screen, verification via a papillation as-
say in JB028 was to be prioritised. In the screen of AK21, the restreaking step
would be removed, with initial candidates pooled and transformed directly into
JB028 for papillation assays. This would facilitate the efficient removal of false

positives.

5.3.3 AK21 Screen - Results

Following amendments to the verification methodology, the AK21 library was screened
to identify metagenomic clones containing anti-adaptation Acrs. Papillation assays
were conducted in RC5282 transformed with a pBAD Cas1-Cas2 expression vector
and the AK21 library [Figure 5.13]. A total of 297 plates were assayed. With ~137
colonies present per plate, ~40,700 colonies were screened. An average of 30 kbp
metagenomic DNA is present in each AK21 clone. Therefore, 1.22 Gbp metage-

nomic DNA was screened, providing ~12% coverage of the AK21 library.

Plates were visually inspected, and 1818 colonies possessing hypoactive papilla-
tion phenotypes were identified [Figure 5.13]. Candidates were selected based
on the previously described criteria. Candidates were inoculated into a pooled LB
culture and grown overnight. Plasmid was then extracted, producing a library of

hypoactive candidates.
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Figure 5.13: Papillation assays screening the AK21 library for Acrs targeting adap-
tation.

Papillation assays were conducted with RC5282 transformed with a pBAD Cas1-
Cas2 expression vector and the AK21 library. L-arabinose inducer was present at
0.002%. Plates were incubated at 37 °C for five days. Images of five exemplar
colonies which conducted normal papillation are shown. Images were taken of the
colonies identified with hypoactive phenotypes; images of twenty representative
hypoactive colonies are shown.

Papillation assays were conducted with JB028 transformed with a Cas1-Cas2 ex-
pression vector and the library of AK21 clones exhibiting a hypoactive papillation
phenotype. Assays were conducted across 150 plates. With ~35 colonies present
per plate, a total of =~5250 colonies were assayed. This gave 2.9-fold coverage
of the library of hypoactive candidates. Following incubation, plates were visually
inspected as previously described. A total of 46 colonies maintained a hypoac-
tive phenotype [Figure 5.14]. Colonies were isolated, and plasmid was purified for

further verification.

129



Control Colonies:

Hits (1-46):

B S 1 Y Y
0 [ 1 Y
ERCBEBEOER
DENODEEECR
sls 3ol

Figure 5.14: Verification papillation assay of AK21 library initial candidates .
Papillation assays were conducted in JB028 transformed with Cas1-Cas2 expres-
sion vector and a library of hypoactive candidates from the AK21 library identified in
Figure 5.13. L-arabinose inducer was present at 0.002%. Plates were incubated at
37 °C for five days. Images of two control colonies which conducted normal papilla-
tion are shown, these derive from clones that did not affect papillation. Photographs
of the 46 colonies identified to possess hypoactive phenotypes are shown.

A series of YFP reporter assays were conducted in MLS989 transformed with a
pBAD Cas1-Cas2 expression vector and plasmid from the 46 candidates [Figure
5.15]. A significant reduction in spacer acquisition was not seen for any of the
candidates screened through flow cytometry. Therefore, all 1812 initially identified
hypoactive colonies have been ruled out at some stage of the validation proce-

dure.
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Figure 5.15: Verification YFP reporter assays of AK21 library candidates.

YFP reporter assays were performed with MLS989 transformed with a pBAD Cas1-
Cas2 expression vector and plasmid from the 46 candidates identified in [Figure
5.14]. L-arabinose inducer was present at 0.2%. A dilution of 1:1000 was per-
formed each day over three days. On day three the proportion of YFP+ cells was
determined via flow cytometry. Flow cytometry was conducted in triplicate, with
20,000 cells sorted per culture. Mean values are plotted, and error bars are SEM.
Data values are found in Supplementary Table S6.

5.3.4 AK21 Screen - Discussion

A screen of the AK21 library failed to identify any Acrs targeting adaptation. This
is despite the screening of a significantly larger volume of metagenomic DNA and
the identification of a greater number of putatively hypoactive candidates. As seen
in the prior screen of the AK22 library, many initial candidates identified in RC5282
were ruled out as false positives upon testing in JB028. Future screens should be

conducted in a working JB028A hsdR. This would combine the high transformation
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efficiency of RC5282 with the low rate of false positives of JB028, facilitating more

efficient screening.

5.3.5 Sequencing Candidates

Several candidates from the AK21 screen were sequenced to investigate why a
metagenomic clone may be identified as a false positive in the papillation assay.
Candidates 3, 8 and 43 were sequenced as they produced the lowest rate of
spacer acquisition in each of their respective rounds of YFP flow cytometry as-
says. BLAST searches were performed, and a list of annotated ORFs is provided

in Supplemental Table 5.3.

A gene identified in candidate 3 had 56.8% identity over 68% of E. coli K-12 ftsH.
Overexpression of ftsH has been shown to increase the rate of spacer acquisition
[229]. Expressing a truncated homolog of ftsH may sequester FtsH interaction

partners to exhibit a dominant negative phenotype.

A gene identified in candidate 8 had 50.9% identity over 99.2% of Prosthecochloris
aestuarii uvrC. In E. coli, incisions are made during nucleotide excision repair by
UvrC in complex with UvrA and UvrB [257]. Unpublished data from a systematic
screen of E. coli suggest uvrB knockout may inhibit spacer acquisition (Unpub-
lished, Jack Braithewaite). Expressing a homolog of uvrC may sequester UvrB to

exhibit a dominant negative phenotype.

A single gene with no assigned function was identified in candidate 44. | cannot

speculate on why this plasmid causes hypoactivity in papillation assays.
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5.3.6 AcrVA5 Does Not Inhibit Adaptation in E. coli Type I-E
CRISPR-Cas

AcrVAS has been identified as a potential broad-spectrum inhibitor of adaptation
[205]. | conducted assays to determine if it exhibited inhibitory behaviour in the E.
coli Type |-E system. AcrVA5 was cloned into a vanillic-acid inducible P, expres-
sion vector [214]. Papillation assays and YFP reporter assays were conducted in

the presence of induced AcrVA5 [Figure 5.16].

AcrVA5 induction from 5-20 M vanillic acid caused no change in behaviour in
papillation assays when compared to an uninduced control. Growth was retarded
at 50 1M induction, and no growth was seen at 100 M vanillic acid. AcrVAS does
not inhibit the papillation assay. This suggests that AcrVA5 does not inhibit spacer

acquisition.

YFP reporter assays showed a very small but significant decrease in adaptation
at 50 M vanillic acid relative to an uninduced control (P=0.0238). However, this
decrease disappeared when induction increased to 100 M. This suggests that

AcrVAS5 likely does not inhibit spacer acquisition.
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Figure 5.16: Assays determining rates of spacer acquisition in the presence of
AcrVAS.

(A) Papillation assays were conducted in JB028 transformed with a pBAD Cas1-
Cas2 expression vector and P,,, AcrVA5 expression vector. Cas1-Cas2 was in-
duced at 0.02% L-arabinose, and AcrVA5 was induced between 0-50 M vanillic
acid. Plates were incubated at 37 °C for 5 days. No growth was seen above 50uM.
Representative photos were taken of an individual colony daily over 5 days (D1-
D5).

(B) YFP reporter assays were conducted with JB028 transformed with a pBAD
Cas1-Cas2 expression vector and P, AcrVA5 expression vector. Cas1-Cas2 was
induced at 0.02% L-arabinose, and AcrVA5 was induced between 0-100 M vanillic
acid. A dilution of 1:1000 was performed each day over three days. The proportion
of YFP+ cells was determined via flow cytometry. Six replicates were conducted
per culture, with 20,000 cells sorted per replicate. No plasmid refers to the absence
of the P,,, AcrVA5 expression vector. Mean values are plotted, and error bars are
SEM. Data values are in Supplementary Table S7.
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5.4 Chapter Summary

* Across two screens, 1.86 Gbp environmental metagenomic DNA was screened

for inhibitors of spacer acquisition.

« Of 2,203 metagenomic clones initially identified as possessing hypoactive

phenotypes, all were ruled out in successive validation stages.

» Metagenomic clones identified as hypoactive in papillation assays did not

maintain their phenotype in YFP reporter assays.

* Metagenomic clones that produce hypoactive papillation assays contained
homologs of ancillary spacer acquisition genes. These may have caused

false positives.

» The anti-adaptation protein AcrVA5 does not inhibit spacer acquisition in the

E. coli Type I-E CRISPR system.
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Chapter 6

Development of a Repressor-Based
Genetic Circuit for Universal

Detection of Spacer Acquisition
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6.1 Introduction

Multiple different reporter systems have been developed to study spacer acqui-
sition [212] [219] [213] [230]. With the exception of a recently described system
[230], these circuits are restricted to studying CRISPR systems in which the in-
sertion of a spacer-repeat unit into the reporter array causes a framehsift. Efforts
to circumvent this have relied on the acquisition of a prespacer containing a ribo-
some binding site and start codon to induce expression of a downstream reporter
gene, significantly reducing the sensitivity of the assay to spacer acquisition events

[230].

Frameshift-based genetic circuits can only be applied to the study of 62% of CRISPR
systems [Figure 6.1]. A repressor-based reporter system which would facilitate the
universal detection of spacer acquisition without a loss of assay sensitivity has
been hypothesised but not built [Figure 6.3] [212]. This chapter describes my ef-

forts to construct this reporter system in the Type I-E system of E. coli as a proof

of principle.
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Figure 6.1: Frequency of frameshifts in CRISPR arrays.

(A) Distribution of sizes of spacer-repeat units derived from the 4061 CRISPR ar-
rays within the CRISPRDetect Database [258].

(B) Distribution of frameshifts caused by the acquisition of the spacer-repeat units
described in part (A).
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6.2 Results

6.2.1 Construction and Testing of a TetR-based Universal Re-

porter

The tn10 tet locus encodes tetA and tetR, expressed from partially overlapping
promoters [259]. Within the intergenic region, TetR may bind to the operator sites
O; and O,. The promoter Pyia expresses tetA, however the binding of TetR to
either operator represses this promoter. The promoters Piry and Pigro €Xpress
tetR. Binding of TetR to O, represses both promoters, but binding at O, does not
repress the Piro promoter, permitting tetR expression [260]. TetR exhibits a four-
fold greater affinity for O, than O;. This dynamic facilitates the stable repression of

tetA and the autoregulation of tetR expression.

tetA

[ -35 |
TTTTTGTTGACACTCTATCATTGATAGAGTTATTTTACCACTCCCTATCAGTGATAGAGAAAAGTGAAATG
» O, « » O, <
AAAAACAACTGTGAGATAGTAACTATCTCAATAAAATGGTGAGGGATAGTCACTATCTCTTTTCACTTTAC

o | 10| 35|
PIetR1
10 | | -35_]

P tetR2

Figure 6.2: Structure of the tn10 tet intergenic region.

The tn10 tet intergenic region is made up of the inverted repeats of the O; and
O tetO sites (grey), alongside the pair of tetR promoters Pir1 and Pire and the
single tetA promoter Pia. Transcriptional start sites associated with each promoter
are indicated by their respective right-handed arrows. The binding of dimerised
TetR (yellow) to each tetO site differentially inhibits the expression of tetR (yellow)
and tetA (red).
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The universal reporter system described in Figure 6.3 was constructed from the
tn 10 tet locus [Figure 6.2]. The lacZ gene was cloned in place of tetA. A CRISPR
array, preceded by a start codon, was introduced upstream of tetR. TetR has been
shown to tolerate N-terminal fusions [261]. Therefore, TetR would be expressed
with the CRISPR array present as an N-terminal fusion. The O site was mutated
to remove the inverted repeat structure whilst maintaining promoter activity [262].
This would remove auto-repression of the CRISPR array-TetR fusion protein, in-
ducing constitutive expression. This was anticipated to mitigate leaky expression
of lacZ. Binding of the CRISPR array-TetR fusion to the remaining O, site would

inhibit lacZ expression from the Pia promoter.

Acquiring a spacer containing a stop codon would cause premature termination
of the CRISPR array-TetR fusion protein within the N-terminal peptide, leading to
derepression of /lacZ. The cell then metabolises lactose as a carbon source, provid-
ing a selective growth advantage. This would facilitate the visualisation of spacer

acquisition via a papillation assay.

Reporter constructs were created for the Type | (T) and Il (A) variants of the E.
coli Type I-E CRISPR system. Positive controls for reporter systems were also
made. These possessed in-frame stop codons in the TetR fusion protein, inhibiting

expression.
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Figure 6.3: Overview of a TetR-based universal reporter for spacer acquisition
[212].

(A) The expression of the tetracycline-inducible repressor (tetR) and lacZ genes
are under the control of the bidirectional tet promoter (Pit). The tet operator (tetO)
site influencing the promoter of tetR is removed. Therefore, the reporter CRISPR
locus-TetR fusion protein is constitutively expressed. This occupies the tetO site
within the promoter of lacZ to repress its expression.

(B) Acquisition of a spacer containing a stop codon induces the premature termi-
nation of TetR. Therefore, repression of the lacZ promoter is lifted, resulting in lacZ
expression and subsequent metabolism of lactose and X-gal.

Gene expression is depicted as a long black arrow, and gene repression is de-
picted as a black line ending in a black bar.

When assayed, the Type | (T) and Il (A) reporter constructs did not acquire spac-
ers. SPIN assays of both TetR-based reporters showed no detectable acquisition
[Figure 6.4a). Furthermore, growth on LB-agar supplemented with X-gal showed
no phenotypic difference between each reporter and their respective positive con-
trol [Figure 6.4b]. Successive iterations of this design failed to resolve these issues
(data not shown). The universal reporter, as initially proposed [212], was there-
fore determined to be non-functional, and an alternative approach was taken to its

construction.
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Figure 6.4: Overview of assays testing the TetR-based universal reporters.

(A) SPIN assays were conducted for both the Type | (A) and Il (T) TetR-based uni-
versal reporters in BW25113. Cas1-Cas2 expression was induced from a pBAD
plasmid at 0.2% L-arabinose. Cultures were grown overnight and diluted 1:1000
daily. Day 0 refers to an initial culture grown in the absence of an inducer. Colony
PCRs were performed on day 0 to day 3 cultures (D0-D3). PCRs were visualised
via agarose gel electrophoresis. Bands at 419 bp derive from unexpanded arrays.
L refers to an NEB 100 bp ladder.

(B) The Type | (T) and Il (A) TetR-based universal reporters, alongside their respec-
tive positive controls, were transformed in the AlacZ strain BW25113 and grown
on LB-agar supplemented with X-gal at 37 °C for 5 days. Representative colonies
are shown.
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6.2.2 Construction and Testing of a VanR-based Universal Re-
porter

An alternative design for a universal reporter of spacer acquisition was constructed
[Figure 6.5]. The vanillic acid-inducible repressor gene (vanR) from Caulobac-
ter crescentus was expressed from a constitutive P 23190 promoter. A start codon
and CRISPR array were introduced between vanR and its promoter. These would
form an N-terminal fusion peptide to VanR. The reporter gene lacZ was expressed
from the P,,, promoter. In the parental state, functional VanR would occupy vanO
sites within the P,,, promoter and repress lacZ [214]. The acquisition of a spacer
containing an in-frame stop codon would truncate the VanR protein within the N-
terminal peptide, causing a loss of function. This would derepress /lacZ, causing
its expression. The cell could then metabolise lactose as a carbon source and

produce a blue phenotype in the presence of X-gal.

Vanillic acid induces the derepression of P,,, by VanR [214]. Supplementation with

vanillic acid provides a positive control for this system as it derepresses lacZ.
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Figure 6.5: Schematic of a VanR-based universal reporter circuit.

(A) The expression of vanR is induced by a constitutive P 23190 promoter. The ex-
pression of lacZ is controlled by a P,,, promoter. A CRISPR array-VanR fusion
acts as a repressor of lacZ by binding to vanO sites in P,,.

(B) The acquisition of a spacer containing a stop codon causes premature termi-
nation of vanR. This induces the derepression of /acZ. LacZ metabolises lactose
as a carbon source and produces a blue phenotype when grown in the presence
of X-gal.

Gene expression is depicted as a black arrow, whilst gene repression is depicted
as a black line ending in a black bar.
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A VanR-based reporter was constructed using the Type Il (A) CRISPR locus. A
SPIN assay demonstrated the reporter acquired spacers [Figure 6.6A]. Growth on
LB-agar supplemented with X-gal showed no distinguishable phenotypic difference
between the reporter and its positive control supplemented with vanillic acid [Figure

6.6b].
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Figure 6.6: Overview of assays testing the VanR-based universal reporter.

(A) A SPIN assay was conducted. Cas1-Cas2 expression in BW25113 was in-
duced from a pBAD plasmid at 0.2% L-arabinose. Cultures were grown overnight
and diluted 1:1000 daily. Day 0 refers to an initial culture grown in the absence
of an inducer. Colony PCRs were performed on day 0 to day 3 cultures (D0-D3).
PCRs were visualised via agarose gel electrophoresis. Bands at 419 bp derive
from unexpanded arrays. L refers to an NEB 100 bp ladder.

(B) The VanR-based universal reporter was transformed into the AlacZ strain
BW25113 and grown on LB-agar supplemented with X-gal. A positive control was
further supplemented with 100 M vanillic acid. Following incubation at 37 °C for 5
days, representative colonies are shown.
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6.2.3 Troubleshooting of TetR- and VanR-based Universal Re-
porters

TetR- and VanR-based reporters failed to generate phenotypes distinct from their
respective positive controls when grown on LB-agar with X-gal. Their lacZ re-
porter genes were replaced with YFP to permit the quantification of expression.
This was to determine the causes of the absence of a difference in phenotypes
between reporters and their respective positive controls. Fluorescence produced
by reporters and their positive controls was measured following overnight growth
[Figure 6.7].
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Figure 6.7: Fluorescence induction assays testing the TetR- and VanR-based re-
porters expressing YFP.

(A) The YFP gene was cloned into the Type Il (A) and I (T) variants of the TetR-
based reporter, alongside their positive controls. Plasmids were transformed into
BW25113. Following overnight growth, O.D 600 was normalised to 1.0. The fluo-
rescence was determined using an Amersham Typhoon with a Cy2 filter set.

(B) The YFP gene was cloned into the VanR-based reporter and its parental
plasmid lacking an N-terminal CRISPR array. Plasmids were transformed into
BW25113. Following overnight growth in the presence or absence of 100 M vanil-
lic acid inducer, O.D 600 was normalised to 1.0. The fluorescence was determined
using an Amersham Typhoon with a Cy2 filter set.

Six replicates were performed per conditions. Means are plotted and error bars are
SEM. Data values are found in the Supplementary Table S11.

Both the Type | (T) and Il (A) variants of TetR-based reporter and their respective

positive controls did not fluoresce greater than the host strain, BW25113, lacking
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YFP [Figure 6.7a]. This suggests the Pia promoter is non-functional following the
oblation of the Oy site. | did not troubleshoot this reporter further due to this issue

alongside the lack of detectable acquisition at the CRISPR locus.

The stepwise construction of the VanR-based reporter enabled analysis of how
introducing an N-terminal CRISPR array affected the system [Figure 6.7b]. VanR
was functional without an N-terminal CRISPR array, as induction at 100 M vanillic
acid caused a significant increase in fluorescence. The introduction of the reporter
CRISPR array caused a loss of sensitivity to vanillic acid and full induction in the
absence of an inducer. This shows that the presence of the N-terminal peptide on
VanR prevents repression of P,,,. Subsequent construction of a universal reporter
required the identification of a repressor that could tolerate an N-terminal CRISPR

array fusion.

The marionette collection is a set of tools designed to provide modular control
over gene expression in E. coli [214]. Seven repressors within the collection were
identified as candidates for the construction of a universal reporter. Activators and
poorly performing repressors from the collection were excluded; Lacl was also
excluded as its derepression during lactose supplementation would inhibit its use
in a papillation assay. The CRISPR array of MLS990, the positive control strain
of a published YFP-based reporter for spacer acquisition, was placed upstream of
selected repressors on their respective multi-copy P15A-ori inducible expression
plasmids from the marionette collection [213]. The MLS990 CRISPR array was
present as an in-frame N-terminal fusion to each respective marionette repressor.
The fluorescence of a YFP reporter gene was then measured in the parental strain,
in the absence of a repressor gene, in the presence of a repressor gene, and in
the presence of the repressor gene expressed with an N-terminal CRISPR array

[Figure 6.8].

The wildtype PcaU repressor did not repress YFP expression. When N-terminal

CRISPR arrays were introduced, PhIF and Betl became completely non-functional.
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Repression was disrupted but not oblated for the remaining proteins (CymR, VanR,
TetR and TtgR). CymR most potently retained repression of YFP when an N-

terminal CRISPR array was present. CymR was therefore selected for the further

development of a universal reporter [Figure 6.9].
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Figure 6.8: Overview of fluorescence induction with various iterations of repressors
from the marionette collection [214].

Respective multi-copy P15A-ori plasmids were cloned and transformed into the
strain BW25113. Following overnight growth at 37 °C, O.D 600 was normalised
to 1.0. Fluorescence was determined using an Amersham Typhoon with a Cy2
filter set. Fluorescence was measured in the parental strain, in the absence of
a repressor gene, in the presence of a repressor gene, and in the presence of a
repressor gene expressed with an N-terminal CRISPR array. Fluorescence was
measured for the following repressors:

(A) PhIF (B) VanR (C) CymR (D) Betl (E) TetR (F) TtgR (G) PcaU

Six replicates were performed per condition. Mean values are plotted, and error
bars are SEM. Data values can be found in Supplementary Table S11
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6.2.4 Construction and Testing a CymR-based Universal Re-
porter

Figure 6.9 outlines a CymR-based genetic circuit containing an N-terminal CRISPR
array-CymR fusion protein, shown to retain repression of YFP [Figure 6.8]. CymR,
acquired from Pseudomonas putida, acts to maintain cysteine homeostasis through
repression of biosynthesis and uptake genes [263]. It forms a dimer, using a helix-
turn-helix domain to bind at natural or synthetic operator sites (CuO) and induce
repression of downstream genes [264]. Several CymR fusion proteins have been
previously developed, with a peptide bound to the C-terminal dimerisation domain
[265][266][267]. Therefore, Figure 6.8 represents the first example of CymR re-
maining functional with a peptide fused specifically to the N-terminal DNA binding
domain [264]. N-terminal fusions have been shown to affect repressor behaviour
[261].

A)

CymR inhibits
YFP expresssion

_ILl__LI—'—¢ A2 RIS|R| Leadr |— omR |—

B) Spacer Aquisition
lacZ expression
o
40"000 J_

is derepressed
ATG R]| S| R[S|R| Leader | cymR |

YFP

Figure 6.9: CymR-based universal reporter schematic.

(A) The expression of cymR is under the control of its evolved marionette pro-
moter [214]. Expression of YFP is controlled by the P, promoter, with repression
by CymR facilitated by the presence of its respective operator site (cuO) within
Pc.. The E. coli Type Il (A) CRISPR locus is expressed as an N-terminal fusion to
CymR.

(B) Acquiring a spacer containing a stop codon induces premature termination of
cymR. Therefore, the repression of YFP is lifted, generating a measurable fluores-
cent phenotype.

A black arrow depicts gene expression, whilst gene repression is depicted as a
black line ending in a black bar.
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The induction of CymR by cuminic acid was assayed to determine how the N-
terminal CRISPR array affects behaviour [Figure 6.10]. Assays were carried out
in a multi-copy P15A-ori and a single-copy F-ori plasmid, expressing CymR with
or without an N-terminal CRISPR-array fusion peptide present. CymR repression
remained titratable in both single- and multi-copy plasmids. However, the addition
of an N-terminal fusion peptide caused a loss of titraitability in both plasmids, with
YFP fully induced at 54M cuminic acid. This demonstrated that the addition of an
N-terminal fusion altered the behaviour of CymR at the P, promoter. Furthermore,
moving the reporter circuit to a single-copy plasmid caused an increase in the leaky
expression of YFP from the P., promoter. However, there was still a significant
difference between leaky YFP expression and fully induced YFP expression. |
determined these phenotypes were sufficiently distinct to continue the development

of a CymR-based genetic circuit.

Positive controls were constructed for the F-ori CymR-based universal reporter.
The first contained the CRISPR array from the published YFP reporter strain MLS989,
which possesses a -1 frameshift relative to the MLS990 array [213]. The second
contained a pair of stop codons within the spacer in the MLS990 CRISPR array but
no frameshift. Fluorescence of the reporter was measured against that of controls

[Figure 6.11].

The reporter had significantly greater fluorescence induction than a reporter lacking
an N-terminal CRISPR array, reinforcing prior evidence of leaky expression when
the reporter is present on a single-copy F-ori plasmid. However, both positive
controls were significantly more fluorescent than the reporter and equally as fluo-
rescent as a reporter lacking a repressor. This suggests introducing a frameshift
or stop codons inactivates CymR, producing a phenotype distinguishable from the

parental population.
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Figure 6.10: CymR cuminic acid titration assay in the presence and absence of
N-terminal CRISPR arrays.

Respective plasmids were (where necessary) cloned and transformed into the
strain BW25113. Following overnight growth, O.D 600 was normalised to 1.0. The
fluorescence was determined using an Amersham Typhoon with a Cy2 filter set.
Fluorescence was measured across a range of cuminic acid concentrations.

(A) YFP induction across a cuminic acid titration for a P15A-ori based plasmid ex-
pressing the CymR repressor.

(B) YFP induction across a cuminic acid titration for a P15A-ori based plasmid ex-
pressing the CRISPR locus-CymR repressor fusion.

(C) YFP induction across a cuminic acid titration for an F-ori based plasmid ex-
pressing the CymR repressor.

(D) YFP induction across a cuminic acid titration for an F-ori based plasmid ex-
pressing the CRISPR locus-CymR repressor fusion.

Six replicates were performed per condition for (A, B). Three replicates were per-
formed per condition (C, D). Mean values are plotted, and error bars are SEM.
Data is found in Supplementary Table S12.
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Figure 6.11: YFP fluorescence induction by the CymR-based reporter and con-
trols.

Respective plasmids were (where necessary) cloned and transformed into the
strain BW25113. All plasmids contain the single copy F-ori. Following overnight
growth, O.D 600 was normalised to 1.0. The fluorescence was determined using
an Amersham Typhoon with a Cy2 filter set.

Three replicates were performed per condition. Mean values are plotted, and error
bars are SEM. Data is found in Supplementary Table S12.

Flow cytometry was performed on the reporter and stop codon control, with cul-
tures of reporter and control titrated against one another [Figure 6.12]. The in-
crease in fluorescence seen in the stop codon control enabled its detection as a
separate population relative to the wildtype reporter. Therefore, stop codons within
the reporter's CRISPR array can be detected at the level of the individual cell.
However, the upper bound of fluorescence seen in the wildtype population over-
lapped with the lower bound of the control population. As CRISPR array expansion
is principally of interest in the range of 0.1-10% of expanded arrays and rarely
higher, gating conditions were selected to minimise the rates of false positives at
these lower values. This increased the rate of false negatives reported, especially

at higher rates of expanded loci (>50%) [Figure 6.12B]. This is reflected in the
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deviation from the expected values line at higher YFP+ cell populations in Figure
6.12D. Populations with higher proportions of YFP+ cells underestimate values,
whilst those with lower populations overestimate values. The point of inflection lies
in the 0.1-0.5% YFP+ region [Table 6.1]. At <0.01% YFP+ cell populations, the
assay becomes non-functional as rates of YFP+ cells become indistinguishable
from the small population of false positives derived from the parental population.
Therefore, flow cytometry with the CymR-based reporter is most accurate within

the range of a 0.1-10% YFP+ population.
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Figure 6.12: Sensitivity and accuracy of detections of the CymR-based universal
reporter relative to a stop codon control.

(A) Flow cytometry fluorescence analysis of the parental CymR-based universal
reporter. The black line indicates the gating conditions; the YFP- population is to
the left, and the YFP+ population is to the right.

(B) Flow cytometry fluorescence analysis of the CymR-based universal reporter
stop codon control.

(C) Flow cytometry fluorescence analysis of a 50:50 mixed population of CymR-
based universal reporter and stop codon control.

(D) Detection rates of YFP+ cells by flow cytometry plotted against expected values
for a stop codon control population titrated against a population containing the
parental CymR-based reporter. The dotted line indicates expected values. Mean
values can be found in table 6.1. Mean values were plotted. Five replicates were
performed per condition. Data values are in Supplementary Table S8.
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Expected YFP+
100 | 50 10 1 0.5 | 0.1 | 0.01 0
cells (%)

Mean detected
58.38| 29.64| 7.978| 0.868| 0.438| 0.13 | 0.068| 0.044
YFP+ cells (%)

Accuracy (%) | 58.38| 59.28| 79.78| 86.8 | 87.6 | 130 | 680 -

Table 6.1: Values for detection rates of YFP+ cells via flow cytometry compared to
expected values for the wildtype vs control reporter titration carried out in [Figure
6.12].

Flow cytometry was performed upon the CymR-based universal reporter trans-
formed with a Cas1-Cas2 expression vector [Figure 6.13A]. Cultures were grown
for 3 days in the presence of an inducer titration. No fluorescent cell population was
detected for cultures grown at any arabinose concentration. SPIN assay of the day

3 cultures validated the absence of detectable acquisition [Figure 6.13B].

Cultures of BW25113 containing various iterations of the CymR-based reporter
plasmid were plated to determine if spacer acquisition could be visualised at the
level of a whole colony’s fluorescence. The fully induced day 3 culture, which exhib-
ited no spacer acquisition during flow cytometry, was plated on LB-agar containing
appropriate antibiotics and incubated overnight. Control cultures of BW25113 con-
taining a parental reporter plasmid, a stop codon-based positive control plasmid
and a 50:50 reporter: control mixed population were plated likewise and incubated
overnight. Colonies were imaged under visible light and a Cy2 fluorescence filter
set [Figure 6.13C]. These results corroborated the absence of acquisition. Con-
trol colonies, either present on the control or mixed population plates, were visibly
more fluorescent than those of wildtype. No colonies with increased fluorescence
were present on the plate of the fully induced day 3 culture. This is equivalent
to the wildtype plate. The CymR-based universal reporter, although conceptually
functional, does not acquire novel spacers into its CRISPR array and cannot be

used to quantify spacer acquisition.
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Figure 6.13: Overview of adaptation following Cas1-Cas2 induction in the CymR-
based universal reporter.

(A) Flow cytometry fluorescence analysis of cultures of BW25113 transformed with
the CymR-based universal reporter plasmid and a pBAD Cas1-Cas2 expression
vector plasmid. Cultures were grown with arabinose concentrations titrated be-
tween 0-0.2% induction. Cultures were diluted 1:1000 daily over three days of
growth. On day 3, cultures were diluted 1:100. The % YFP+ population was mea-
sured via flow cytometry. Mean values are plotted, and error bars are SEM. Six
replicates were performed per condition. Data values are found in Supplementary
Table S9.

Six replicates were performed per condition. Mean values are plotted, and error
bars are SEM. Data can be found in Supplementary Table S9.

(B) Colony PCRs were performed on the CRISPR arrays of the CymR-based re-
porter plasmids in the day 3 cultures in (A). PCRs were visualised via agarose gel
electrophoresis. Bands at 282 bp derive from unexpanded arrays. L refers to an
NEB 100 bp ladder.

(C) Parental CymR-based universal reporter and stop codon control overnight cul-
tures, alongside the 0.2% arabinose induction culture from (A) and the 50:50 re-
porter: control culture from [Figure 6.12C] in BW25113 were plated on LB-agar
containing appropriate antibiotics and grown overnight. Plates were imaged under
visible light and using an Amersham Typpgon with a Cyz2 filter set. Representative
plates are shown.



6.3 Chapter Summary

 This chapter described the construction and testing of various iterations of a

genetic circuit for the universal detection of spacer acquisition.

» Repressors are not typically tolerant to the presence of the N-terminal CRISPR

array fusions.

» CymR is tolerant to N-terminal fusions and can be applied to the construction
of a universal reporter genetic circuit sensitive to the independent introduc-

tion of frameshifts and stop codons.

+ Despite the CymR-based universal reporter proving functional in several pre-
ceding control assays, the reporter fails to acquire novel spacers. The cause

of this flaw is unclear.
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Chapter 7

Discussion and Future Work
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7.1 Discussion

The work described in this thesis was undertaken to advance the understanding of
CRISPR-Cas adaptation. Firstly, | investigated biases in spacer selection using a
novel papillation spacer acquisition reporter strain. | then used this reporter system
to identify hyperactive mutants in the Cas1-Cas2 integrase. Furthermore, | used
this reporter system to screen metagenomic BAC libraries to look for anti-CRISPRs
targeted against adaptation. Finally, | constructed and tested a range of genetic

circuits to enable the generalised use of these assays in all CRISPR systems.

7.1.1 Sequencing of Spacers

| identified a bias for the acquisition of spacers from the plasmid into the reporter
CRISPR array of the strain JB028. This finding contradicted previous work with the
strain, which had identified an absence of bias in the source of acquired spacers
[212]. The presence of a bias is concordant with the literature, in which a 100-
1000 fold preference for acquisition from the plasmid has been reported [114]. |
identified, at most, a 23-fold preference towards plasmid-derived DNA; this dispar-
ity may result from differences between genetic backgrounds and culturing condi-

tions.

| assayed the source of spacers acquired by the papillation reporter strain under
different culturing conditions. Cultures grown in liquid media exhibited a more pro-
nounced bias towards acquisition from the plasmid when compared to cultures
grown on LB-agar. Decreased induction of Cas1-Cas2 expression has been re-
ported to lead to higher specificity of acquisition from exogenous DNA [114]. How-
ever, spacers were acquired by Cas1-Cas2 expressed from a pBAD vector that
was induced at 0.2% in liquid culture assays compared to 0.002% on solid me-
dia assays. This contradicts the literature, suggesting higher induction may lead
to an increased bias towards spacer acquisition from the plasmid. Cas1-Cas2 ex-

pression should be separately titred in liquid culture and solid media assays to
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determine the relationship between induction and biases in the source of spacers,

without the confounding variable of changing culture conditions.

Spacers that mapped to the plasmid exhibited a strong unidirectional bias com-
mencing from the ColEl origin of replication, this was exhibited by spacers acquired
under different culturing conditions. A bias towards acquisition proximal to the ori
has been reported from the chromosome but not the plasmid [114]. This behaviour
was more pronounced in spacers acquired during growth in liquid culture. | inves-
tigated whether a reduced fidelity in PAM selection in spacer acquired near the ori
could account for this behaviour. Deep sequencing revealed no strong difference

in PAM fidelity in spacers acquired from different regions of the plasmid.

The mapping of spacers to the chromosome identified the chromosomal origin of
replication (oriC), the terminus, and CRISPR arrays as hotspots of spacer acquisi-
tion. The identification of hotspots at these sites is concordant with prior literature
[114]. The Type | (T) CRISPR array was identified as a hotspot of spacer ac-
quisition through the sequencing of spacers acquired into the distant Type Il (A)
CRISPR reporter array. This provides evidence that the stalling of replication forks
at the CRISPR locus stimulates adaptation and that it is not enriched at CRISPR

loci due to mass action promoting the acquisition of nearby sequences.

7.1.2 Hyperactive Cas1 Mutants

| screened a mutagenised Cas1-Cas2 library in a papillation reporter assay to
identify Cas1 mutants that produced hyperactive phenotypes. Targeted mutational
analysis of residues identified in an initial screen expanded the pool of hyperactive
mutants identified, by exploring sequence space not present in the initial screen.

In total, thirteen hyperactive mutants were identified [Table 7.1].

The mutant M17T was identified in a prior screen for Cas1-Cas2 integrase mu-
tants with a reduced PAM specificity [268]. Decreased PAM fidelity increases the

proportion of substrate that may be successfully integrated into the CRISPR array,
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presenting a mechanism for hyperactivity. M171, a similar mutation to M17V, ap-
peared in the same prior screen for reduced PAM specificity. Therefore, it is likely
that M17V produces a hyperactive phenotype through the same mechanism. It is
surprising that M171 was not identified in my screen for hyperactivity, as several

different point mutations in the M17 codon would produce M171.
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Mutation | Wildtype residue | Mutant residue | Change in residue
properties

M17T Methionine Threonine Non-polar to polar,
neutrally charged

M17V Methionine Valine Remains non-polar

D26G Aspartic Acid Glycine Negatively charged
to non-polar

128K Isoleucine Lysine Non-polar to positively
charged

128S Isoleucine Serine Non-polar to polar,
neutrally charged

128N Isoleucine Asparagine Non-polar to polar,
neutrally charged

28R Isoleucine Arginine Non-polar to positivity
charged

D29N Aspartic Acid Asparagine Negatively charged to polar,
neutrally charged

D29H Aspartic Acid Histidine Negatively charged to
positively charged

D29K Aspartic Acid Lysine Negatively charged to
positively charged

D29A Aspartic Acid Alanine Negatively charged to
non-polar

Q90R Glutamine Arginine Polar, neutrally charged to
positively charged

Y101H Tyrosine Histidine Polar, neutrally charged to
positively charged

Table 7.1: Overview of Cas1 mutations with a hyperactive spacer acquisition phe-

notype.
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Several mutations in the residues between D26 and D29 of Cas1 resulted in hy-
peractive phenotypes. 128 and D29 are located in a beta turn at the interface
between Cas1b/b’, Cas2 and the protospacer, with R groups extended towards the
protospacer [Figure 7.1]. D26 is located in an adjacent beta sheet close to the
protospacer. Mutations identified in the D26 — D29 cluster are generally charac-
terised by a shift from negatively or neutrally charged R groups towards neutrally
or positively charged R groups [Table 7.1]. Cas1b V27, D29, and G30 have been
shown to form intermolecular contacts with the protospacer [76]. The mutations
identified may form or strengthen interactions between Cas1b/b’ and the incoming

protospacer, causing a hyperactive phenotype.

Spacers acquired by Cas1 128K exhibit a reduced fidelity towards possessing a
consensus PAM [Tables 4.3 and 4.4]. | hypothesise that enhanced non-specific
Cas1-protospacer interactions may stabilise the binding of protospacers possess-
ing non-consensus PAMs, as the integrase complex specifically binds the PAM dur-
ing the maturation of protospacers [269]. This would suggest that the protospacer
binding interface of Cas1 has evolved a reduced binding affinity to aid the selec-
tion of consensus PAM sequences in the 3’ ssDNA tail of prespacer substrates.
Mutations that enhance the stability of the protospacer-integrase complex may be
less specific in the selection of consensus PAM sequences, leading to a weaker

immune response by the interference machinery.

The low rate of wildtype spacer acquisition compared to that attainable through
individual point mutations suggests an absence of selection for highly active inte-
grases. The most active mutation | identified, 128K, conducted adaptation at five-
fold the rate of wildtype [Figure 4.6]. A prior study identified single mutations in E.
coli Cas1 with up to seven-fold increases in rates of adaptation [218]. These stud-
ies suggest that highly active adaptation machinery could quickly evolve through

single point mutations.
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Figure 7.1: Cas1 D26-D29 region within the adaptation complex.

The crystal structure of the Cas1-Cas2 integrase bound to a protospacer is de-
picted (PDB: 5DS4). Residues mutated to confer hyperactive phenotypes within
the D26-D29 region are highlighted (red) in Cas1b/b’ (green). This region is found
at the Cas1b-Protospacer-Cas2 interface.
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Repression of Cas1-Cas2 expression by H-NS may have facilitated genetic drift
away from a more active Cas1-Cas2 [127]. Analysis of the spacer content of E. coli
Type I-E CRISPR arrays found in the stomachs of 42,000-year-old frozen mam-
moths suggest that only limited changes in spacer array content have occurred
over this time scale [270]. Genetic drift may further arise as selective pressure
for an active and efficient CRISPR system weakens when it is supported by the
wide breadth of prokaryotic immune systems we are beginning to discover. Syn-
ergism between CRISPR-Cas and RM systems has been reported [271], and this

synergism may be a general trend for bacterial immune systems [272].

An immediate fitness cost may be associated with an increased rate of spacer
acquisition. The S. pyogenes Cas9 mutant 1472F possesses an over 100-fold
increase in the rate of adaptation, but incurs a fithess cost due to genotoxicity
[273][274]. My results broadly support this hypothesis as most hyperactive phe-
notypes are associated with significant increases in the activation of the SOS re-
sponse [Figures 4.7 and 4.10]. However, 128S and 128N are exceptions, with an
increase in rates of spacer acquisition not associated with an increase in SOS ac-
tivation. This suggests the presence of fitness costs associated with an increase

in spacer acquisition rates may depend upon the mutation’s mechanism.

The combination of mutations possessing hyperactive phenotypes was antagonis-
tic towards rates of spacer acquisition [Figure 4.11]. There have been varying
reports in the literature on the effect of integrating Cas1 mutations exhibiting hy-
peractive phenotypes. The combination of mutations that result in a 4- and 7-fold
increase in the rate of spacer acquisition in E. coli are either synergistic or antag-
onistic depending on the validation method [218]. However, when multiple Cas1
mutations that moderately increase the rate of adaptation in the Type Il system of
S. pyogenes are combined, the effect is synergistic as rates of spacer acquisition
increase 5-fold relative to the wild type [230]. Outcomes may depend on the nature

of the mutations. When strong hyperactive mutations are combined, the effect may
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be antagonistic to the spacer acquisition reaction. In comparison, the combination
of moderate hyperactive mutants may favour synergism. This idea is supported by
the effect that combining hyperactive mutations has on the induction of the SOS
response [Figure 4.11]. Double mutants containing the 128K mutation exhibited a
broad increase in the level of SOS induction relative to their corresponding single

mutations.

7.1.3 Functional Metagenomic Screen for Anti-Adaptation Pro-
teins

| conducted a functional metagenomic screen to identify inhibitors of naive spacer
acquisition. | used a papillation assay to screen 1.8 Gbp of environmental DNA.
Of the 55,000 screened colonies, 2,203 were initially identified with reduced adap-
tation rates. Verification of candidates identified 49 colonies that maintained a
hypopapillation phenotype. Further validation via a YFP reporter assay ruled out

all of these as inhibitors of spacer acquisition.

A critical difference between the papillation and YFP reporter assays is the level
of induction of Cas1-Cas2. In papillation assays, Cas1-Cas2 is expressed from a
pBAD plasmid at 0.002% L-arabinose and produces a high rate of papillation [Fig-
ure 4.1]. In comparison, a stronger 0.2% L-arabinose concentration is used in YFP
reporter assays to produce detectable rates of spacer acquisition [Figures 5.12
and 5.15]. Therefore, the amount of Cas1-Cas2 present to be inhibited by a candi-
date metagenomic clone in a YFP reporter assay is significantly higher relative to
a papillation assay. | hypothesise this is why candidates could inhibit adaptation in

the papillation assay but could not do so in YFP reporter assays.

Verification attempts using published methods of spacer acquisition may have chal-
lenged putative Acrs with a pool of Cas1-Cas2 beyond that which they have evolved
to inhibit [213]. In the E. coli Type I-E system, native Cas1-Cas2 expression is

inhibited by H-NS under laboratory conditions [127]. As H-NS binds to AT-rich re-
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gions [275], it has been hypothesised that the introduction of phage containing
such regions titrates H-NS away from the Cas1-Cas2 promoter to permit expres-
sion [127] [276]. Acr expression, increasing with copy number, would therefore be
expected to scale with Cas1-Cas2 expression as an increase in phage copy num-
ber dilutes H-NS at the Cas1-Cas2 promoter. Therefore, it may be expected that
a putative Acr expressed from its native promoter on a single copy F-ori plasmid
cannot repress a pool of Cas1-Cas2 derived from a fully induced pBAD promoter

[277].

Expression of homologs of genes ancillary to spacer acquisition may provide a
mechanism for the inhibition of spacer acquisition. The three metagenomic clones
with the lowest average spacer acquisition rate in their respective rounds of verifi-
cation using the YFP reporter assays were sequenced. Two contained homologs
of genes implicated in spacer acquisition or their interaction partners. Candidate
3 encoded an ftsH homolog; overexpression of ftsH has been shown to increase
the rate of adaptation [229]. Candidate 8 encoded a uvrC homolog; knockout
of UvrC’s interaction partner, UvrB, has been shown to inhibit spacer acquisition
[Unpublished, Jack Braithewaite]. These homologs may exhibit dominant negative
phenotypes to inhibit adaptation, presenting a mechanism whereby MGEs may
suppress or inhibit spacer acquisition without directly targeting the Cas1-Cas2 in-

tegrase.

The broad-spectrum anti-CRISPR AcrVA5, shown to inhibit adaptation in Treponema
denticola’s Type II-A CRISPR-Cas system, demonstrated no activity in the E. coli
Type I-E system. The effect of expression on spacer acquisition was measured
via papillation and YFP reporter assay [Figure 5.16]. Successful inhibition would
have validated my approach to identifying novel anti-adaptation Acrs. A titration of
AcrVAS5 exhibited no inhibition of the papillation assay, with expression toxic above
inducer concentrations of >50 uM vanillic acid. Titration of AcrVAS in a YFP re-

porter assay exhibited no consistent decrease in acquisition rates with increasing
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inducer concentration. These results suggest that while AcrVAS has been shown
to disrupt adaptation machinery in multiple CRISPR systems, this behaviour is not

exhibited in E. coli and therefore is not universal [205].

7.1.4 Universal Reporter of Spacer Acquisition

| constructed and tested several versions of a reporter designed for the universal
detection of spacer acquisition. In contrast to frameshift-based reporter systems
[212] [213] [219], these genetic circuits would detect adaptation through the ac-
quisition of spacers containing stop codons. Each circuit tested failed to meet the
requirements for a functional universal reporter. The TetR-based circuit did not
conduct spacer acquisition and did not express a YFP reporter gene [Figures 6.4
and 6.7]. The VanR-based circuit did not repress either a lacZ or YFP reporter
gene [Figures 6.6 and 6.7]. Finally, the CymR-based circuit did not conduct spacer

acquisition [Figure 6.13].

Titration of the parental CymR-based universal reporter against a positive control
demonstrated overlap in fluorescence between the normally distributed popula-
tions [Figure 6.12]. As a result, gating conditions necessitated underestimating
the YFP+ population when present above 0.5% to mitigate false positives derived
from the parental population. This overlap is not seen in the frameshift-dependent
YFP reporter assay [213]. An increase in fluorescence in the parental population is
concordant with the emergence of leaky YFP expression in the universal reporter
following the replacement of the multi-copy P15A-ori with a single-copy F-ori [Fig-
ures 6.10 and 6.11]. Changing the origin of replication does not alter the ratio of

repressor to repressor binding site in the cell.

| hypothesise that increased leaky expression of YFP when expressed from an
F-ori plasmid derives from fluctuations in repressor expression from its promoter
causing comparable fluctuations in cellular repressor concentrations. Introducing

multiple copies of a repressor expression cassette in a cell would reduce overall
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fluctuations and maintain more consistent repression. Therefore, a more reliable
universal reporter would require the expression of a repressor from a highly stable
promoter to ensure parental and acquired populations are distinct. This may be
achieved through expression from a tandem natural minimal (TNM) promoter array,
in which expression is driven from multiple promoters [278]. These promoters are
each recognised by a different sigma factor, allowing expression to be maintained

across various phases of bacterial growth.

The N-terminal fusion of a reporter CRISPR array to a repressor gene was toler-
ated to a low level generally [Figures 6.8 and 6.11]. All the tested marionette re-
pressors exhibited increased fluorescence, ranging from mild leaky expression to
complete inactivation. Furthermore, discrepancies in behaviour between the vanR-
based universal reporter and the CRISPR array-VanR fusion derived from the mar-
ionette collection demonstrate that tolerance of CRISPR arrays varies depending
upon the composition of CRISPR arrays [Figures 6.7 and 6.8]. The VanR-based
universal reporter contained a leader and single repeat sequence and caused
complete inactivation of VanR [Figure 6.7], meanwhile the marionette CRISPR
array-VanR fusion contained a leader-repeat-spacer-repeat unit and maintained
approx 40% repression of YFP [Figure 6.8]. This suggests repressor tolerance to
N-terminal fusions is context-dependent. A universal repressor-based system can-
not take this approach as it is unknown whether any given repressor will tolerate

any given CRISPR array.

Inteins are segments of proteins which may excise themselves from a host protein
and facilitate the ligation of the surrounding protein fragments in a process called
protein splicing [279]. The posttranslational self-splicing of an intein between a
CRISPR array and a repressor may facilitate the repressor’s conditional transla-
tion depending upon the status of the CRISPR array, whilst ensuring repressor
function is maintained in the absence of an N-terminal fusion affecting expression.

This would mitigate the issues of repressor incompatibility and leaky expression
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encountered in developing a universal reporter.

Repressors may better tolerate CRISPR arrays if they are located away from the
N-terminus. Tested universal reporter systems have placed CRISPR arrays N-
terminal to a repressor [Figures 6.3, 6.5 and 6.9]. However, the N-termini of the
respective TetR, VanR, and CymR repressors encode DNA binding domains [280]
[264] [281]. As such, the addition of CRISPR arrays into the N-termini may disrupt
DNA binding, inhibiting repression unpredictably depending upon the amino acid
composition of the translated array. CRISPR arrays may be better tolerated if in-
troduced into a linker region of a repressor, between the N-terminal DNA binding

domain and C-terminal regulatory domain.

This approach parallels lambda repressor DNA-binding domain fusions designed
to study protein: protein interactions [282] [283]. A CRISPR array would be intro-
duced into the lambda repressor’s 40 residue flexible linker domain. Assuming it
is tolerated, regulatory domains would exhibit cooperativity in the repression of a
reporter gene [284]. Acquisition of a stop codon would induce premature termina-
tion before translation of the C-terminal dimerisation domain. Cooperativity would

be lost, leading to the expression of a reporter gene [Figure 7.2].

A final issue that arose in the testing of the TetR- and CymR-based reporters, but
not the VanR-based reporter, was the failure of the CRISPR arrays within these
circuits to acquire spacers [Figures 6.4 and 6.13]. Sequencing revealed intact
CRISPR arrays. This suggests that the +1 frameshift of these repressors may
encode products toxic to the cell. This would prevent the use of these assays with
the E. coli Type I-E CRISPR system and in other systems in which adaptation is
concomitant with a frameshift. However, they may remain viable when applied to

CRISPR systems lacking frameshifts, as is their intended use.
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Figure 7.2: Genetic circuit of an updated universal reporter for the detection of
spacer acquisition.

A) A minimal CRISPR array is present within the linker region of the lambda re-
pressor. The array maintains the frame and does not possess stop codons. The Cl
dimerisation domain is transcribed and translated, conferring cooperativity to the
repression of a reporter gene. The repressor is expressed from a tandem natural
minimal promoter array, maintaining stable expression and mitigating leaky YFP
expression.

B) Spacer acquisition introduces a stop codon into the CRISPR array. Translation
is terminated before the Cl dimerisation domain is expressed, causing a loss of
cooperativity in YFP repression. An increase in YFP expression produces a de-
tectable phenotype.

7.2 Future Work

7.2.1 Further Investigation of Hyperactive Cas1 Mutants

| hypothesise that the Cas1 D26-D29 mutations induce hyperactivity through en-
hanced binding with the incoming protospacer [Table 7.1]. | attempted to purify

several such Cas1 mutants in complex with Cas2, but this resulted in poor yields
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relative to wildtype, which prevented in vitro assays of integrase behaviour. This
may be a result of increased toxicity associated with these mutations. However,
mechanisms of hyperactivity may be independent of specific catalytic activity. Fil-
amentation, associated with induction of the SOS response, does not occur with
catalytically inactive Cas1 D221A [229]. This suggests that cloning Cas1 mutants
into expression vectors containing Cas1 D221A may facilitate their purification with-
out affecting behaviour in downstream biochemical assays. For example, elec-
trophoretic mobility shift assays could be performed to investigate my hypothesis
that D26-D29 mutations enhance Cas1-protospacer binding through a reduction in
the concentration of negative charge in proximity to the protospacer's DNA back-

bone.

Multiple studies of E. coli Cas1-Cas2 have now identified highly active (>5-fold)
adaptation mutants [Figure 4.6] [218]. In comparison, deep mutational scanning
of S. pyogenes Cas1-Cas2-Csn2 identified point mutations with comparably minor
hyperactivity phenotypes (<3-fold) [230]. The identification of highly active E. coli
Cas1-Cas2 mutants through the assaying of only the sequence space available
from tag mutagenesis or phage-based evolution suggests a rigorous investigation
of the Cas1-Cas2 sequence space would identify a significantly greater number of
highly active mutants [Figure 4.6] [218]. This may be achieved through the targeted
mutagenesis of further residues of interest, as | have conducted for 128 and D29

[Figure 4.10], or the mutagenesis of the entire Cas1-Cas2 operon.

| would conduct a deep mutational scan of E. coli Cas1-Cas2 to identify further
hyperactive mutants [Figure 7.3] [27]. The application of this method to S. pyo-
genes Cas1-Cas2 coupled spacer acquisition with expression of an antibiotic re-
sistance gene to select for spacer acquisition [230]. While such a system exists for
E. coli Cas1-Cas?2 [219], selection for adaptation could also be performed through
the plating of an induced overnight culture of the papillation reporter strain onto

M9 minimal media supplemented with lactose. Next-generation sequencing of the
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Cas1-Cas2 loci of colonies, combined with comparison to a control that would not
undergo selection, would enable the determination of differential selection for each
amino acid substitution at every residue. Prior mutagenesis studies could validate

positively and negatively selected residues [Table 7.1] [218] [72].

The dataset of all hyperactive single residue mutations in E. coli Cas1-Cas2 could
be compared to such a dataset for S. pyogenes Cas1-Cas2 [230]. The conserva-
tion of hyperactive mutations between the two distantly related complexes would
provide evidence of strong selection for reduced Cas1-Cas2 activity. Furthermore,
identifying additional mutations may facilitate the identification of novel combina-
tions of mutations that exhibit synergy between their hyperactive adaptation phe-
notypes. This would enable the development of increasingly active Cas1-Cas2
complexes. These may be applied to Cas1-Cas2’s use as a molecular recorder
[268], especially as these systems are developed into tools for the non-invasive

assessment of gut physiology [285].

Just as a Cas1-Cas2 deep mutational library can provide a high throughput method
of identifying residue mutations affecting adaptation [Figure 7.3A], a high through-
put approach can be applied to the same library to investigate how these muta-
tions affect the induction of the SOS response [Figure 7.3B]. An overnight culture
inducing Cas1-Cas2 in the presence of the GFP-SOS reporter plasmid could be
subjected to fluorescent cell sorting. The binning of cells depending on SOS acti-
vation, and the subsequent next-generation sequencing of respective bins, would
provide a broad picture of the interplay between hyperactivity and SOS response

induction.

The induction of the SOS response has been shown to facilitate adaptation in E.
coli [229]. However, constitutive induction of the SOS response is toxic to the host
cell and results in SulA-mediated cell lysis [286]. Identification of Cas1 mutants
that have an increased rate of spacer acquisition but are not associated with in-

creased induction of the SOS response have potential applications as molecular
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recorders. The absence of enhanced SOS induction and potential cell lysis associ-
ated with hyperactive Cas1 phenotypes may improve information storage in these
systems.
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Figure 7.3: Deep mutational scanning of E. coli Cas1-Cas2 to investigate spacer
acquisition and SOS response induction.

A) The JB028 papillation reporter strain containing a mutagenised Cas1-Cas2
library in a pBAD expression vector is grown overnight in the presence of L-
arabinose inducer. The overnight culture is then plated onto LB agar or M9 minimal
media agar containing lactose. Plates are incubated overnight at 37 C and sepa-
rately pooled. Next-generation sequencing is conducted upon the Cas1-Cas2 loci
of respective pools.

B) The JB028 papillation reporter strain containing a mutagenised Casi1-Cas2
library in a pBAD expression vector and GFP-SOS reporter plasmid is grown
overnight in the presence of L-arabinose inducer. Cultures are cell sorted and
binned depending on fluorescence. NGS is then conducted on the Cas1-Cas2 loci
of both overnight and cell sorted cultures.
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7.2.2 Screening Ancillary Adaptation Gene Homologs for Anti-

Adaptation Phenotypes

The sequencing of metagenomic clones that caused a hypopapillating phenotype
revealed that two of three clones possessed homologs of ancillary genes involved
in spacer acquisition [Table S1]. These genes could be cloned into inducible vec-
tors, and their expression titrated in papillation assays to demonstrate that it is the
expression of these specific genes responsible for driving the hypoactive papilla-
tion phenotype. If the expression of ancillary gene homologs inhibits spacer acqui-
sition, | would investigate whether similar ancillary homologs are found in phage
genomes and inhibit adaptation. | would perform alignment searches of genes
ancillary to spacer acquisition in the genomes of phages identified as infecting E.
coli possessing a Type I-E CRISPR system. Candidates could then be cloned into

inducible vectors to be tested via papillation assay.

7.2.3 Refined Functional Metagenomic Screen for Anti-Adaptation

Acrs

Future functional metagenomic screens for identifying Acrs targeting adaptation
should specifically utilise phage-derived metagenomic libraries to mitigate false
positives. Sequences proximal to homologs of ancillary spacer acquisition genes
suggest these candidates derive from bacterial genomes [Table S1]. While the
identification of homologs to genes ancillary to spacer acquisitions suggests an
indirect mechanism of inhibition, the functional metagenomic screen failed to iden-
tify any genes that directly inhibit the spacer acquisition process. From this per-
spective, bacterial-encoded ancillary homologs are false positives. Such homologs
may be avoided by enriching library source DNA to contain phage-derived metage-
nomic DNA specifically. Virome library construction is complicated by the multiple
log difference in the magnitude of recovered genetic biomass compared to stan-

dard metagenomic libraries. Therefore, virome libraries designed for functional
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metagenomics require enrichment and amplification steps but would provide a
method to screen relevant metagenomic DNA in the absence of false positives

[287] [288].

A round of selection for the inhibition of interference may enrich a library to contain
metagenomic clones encoding anti-defence islands [289]. Anti-defence islands
are regions in MGE genomes in which inhibitors of host defences co-localise. Acrs
have been shown to localise to anti-defence islands [186]. If an MGE were to
encode co-localised inhibitors of adaptation and interference, selection for the in-
hibitor of interference may select for adjacent inhibitors of adaptation. Most phages
exhibit species- or strain-specific host ranges [290]. Therefore, multiple Acrs within
a genome frequently exhibit activity against the same CRISPR system [291]. Se-
lection for the inhibition of interference of a particular system may simultaneously
select for inhibitors of adaptation in that same system. These could then be identi-

fied in a subsequent round of screening.
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Figure S1: SPIN assay comparing the rates of spacer acquisition between pBAD
and pMara,, expression vectors for Cas1-Cas2.

JB028 was transformed with the pBAD and pMar,,, Cas1-Cas2 expression vectors
pRC1656 and pRC2802, respectively. SPIN assay were conducted in cultures
grown over three days in the presence of 0.2% L-arabinose inducer, diluted 1:1000
daily. Day 0 refers to an initial culture grown without an inducer. Colony PCRs were
performed on cultures daily. Bands at 548 bp derive from unexpanded loci, bands
at 609 bp derive from expanded loci. L refers to an NEB 100 bp Ladder.

YFP+ %

0 T 1
dCas1 Wildtype

pBAD Cas1-Cas2

Figure S2: Comparison of spacer acquisition rates between wildtype and dCas1
using the YFP reporter assay.

MLS989 was transformed with pBAD wildtype Cas1-Cas2 and pBAD Cas1-Cas2
containing the inactivating D221A point mutation in Cas1. Cultures were grown
over three days in the presence of 0.2% L-arabinose inducer, diluted 1:1000 each
day. Flow cytometry was conducted on day three to determine the proportion of
YFP+ cells in each culture. Five replicates were performed for each condition, with
20,000 cells analysed per replicate. Mean values are plotted, and error bars are
SEM. Data values are in Supplementary Table S5.
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Figure S3: Transformation efficiencies of methylated and unmethylated AK22 and
pBS SK+ plasmids in BW25113 and RC5282.

A) BW25113 was transformed with AK22 or pBS SK+ in triplicate. Plasmid was
either methylated or unmethylated. Transformation efficiency was determined
through titration of transformation cultures and plating on LB-agar containing ap-
propriate antibiotics. Following overnight growth, colonies were counted to deter-
mine CFU/ug. Methylated plasmid was prepared from NEB5«a whilst unmethylated
plasmid was prepared from DH103. (+) refers to methylated plasmids, and (-)
refers to unmethylated plasmids.

B) Transformation efficiencies were determined for RC5282 as described above.
Conditions were measured in triplicate. Mean data values are plotted, and error
bars are SEM. Data values are found in Supplementary Table S4.

178



6L}

Candidate | Gene | Organism Identity Percentage| Gene function summaries (Uniprot)
Match

3 Tktl2 Mus musculus 54.60% 97.30% Plays an essential role in total transketolase activity and cell prolifer-
(Mouse) ation in cancer cells

3 glpT Escherichia coli 52.90% 91.60% Responsible for glycerol-3-phosphate uptake
(strain K12)

3 ftsH Escherichia coli 56.80% 68.00% ATP dependent metalloprotease which, as part of the FtsH/HfIKC
(strain K12) complex, degrades both soluble and inner membrane proteins.

3 IDHS | Arabidopsis thaliana 56.70% 88.00% Performs an essential role in the oxidative function of the citric acid
(Mouse-ear cress) cycle

3 moaB | Bacillus cereus 52.70% 95.90% May be involved in the biosynthesis of molybdopterin

3 infA Carboxydothermus 51.40% 97.20% One of the essential components for the initiation of protein synthesis
hydrogenoformans

3 dapE | Serratia 57.90% 14.10% Catalyzes the hydrolysis of N-succinyl-L,L-diaminopimelic acid

proteamaculans

(SDAP), forming an essential component of bacterial cell walls




08}

8 isfD2 Chromohalobacter 50.00% 98.40% Catalyzes the formation of isethionate from 2-sulfoacetaldehyde in
salexigens the deaminative pathway of taurine

8 ctaD Rhizobium 50.00% 83.10% Cytochrome c oxidase is the component of the respiratory chain that
leguminosarum catalyzes the reduction of oxygen to water

8 uvrC Prosthecochloris 50.90% 99.20% The UvrABC repair system catalyzes the recognition and processing
aestuarii of DNA lesions. UvrC both incises the 5’ and 3’ sides of the lesion

8 irrR Burkholderia 51.10% 96.10% Member of the two-component regulatory system IrrR/IrrS
pseudomallei

8 petC Chlamydomonas 50.00% 27.20% Component of the cytochrome b6-f complex, which mediates elec-
reinhardtii tron transfer between photosystem Il (PSIl) and photosystem | (PSI)

8 vraR Staphylococcus 53.50% 20.60% Member of the two-component regulatory system VraS/VraR in-
aureus volved in the control of the cell wall peptidoglycan biosynthesis.

44 ygkA Bacillus subtilis 54.30% 13.40% Protein inferred from homology

Table S1: List of genes in the sequencing of metagenomic candidates 3, 8 and 44.
Open reading frames were annotated via a BLASTp search of the Swissprot database. Summaries were derived from the UniProt database.




Figure | Distance from the ori | Spacer Count | Total Spacers (%)
0-499 25 30.9
500-999 19 23.5
1000-1499 10 12.3
1500-1999 5 6.2
2000-2499 4 4.9
3.4A 2500-2999 5 6.2
3000-3499 4 4.9
3500-3999 2 2.5
4000-4499 6 7.4
4500-4999 0 0
5000-5277 1 2.2
0-499 17 22.7
500-999 8 10.7
1000-1499 4 5.3
1500-1999 8 10.7
2000-2499 8 10.7
3.4B 2500-2999 9 12
3000-3499 8 10.7
3500-3999 3 4
4000-4499 4 5.3
4500-4999 3 4
5000-5277 3 7.2
0-499 17764 25.57
500-999 13659 19.66
1000-1499 7223 10.40
1500-1999 6960 10.02
2000-2499 6874 9.89
3.6A 2500-2999 3676 5.29
3000-3499 2336 3.36
3500-3999 2452 3.53
4000-4499 3859 5.55
4500-4999 2616 3.77
5000-5277 2062 2.97
0-499 2705 16.92
500-999 2140 13.39
1000-1499 3867 24.19
1500-1999 2887 18.06
2000-2499 1335 8.35
3.6B 2500-2999 772 4.83
3000-3499 440 2.75
3500-3999 502 3.14
4000-4499 588 3.68
4500-4999 477 2.98
5000-5277 271 1.70

Table S2: Total and percentage spacer counts at varying distances from the plas-
mid origin for Figures 3.4 and 3.6.
The plasmid was binned into 500 bp units, with the exception of the terminal 277
bp.
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Sequence Duplicate | RBS and | Gene
Count Start
Codon?
gaaattctgtgattgcgcataacttctcccaac | 2180 + indR
gttttaataaatgacattttgtictccacgtat 2115 + yfdR
gaggatcgcattatgagcattatciccactaaa | 1704 - -
ggatgtcgcattttaatictccacgcttataag | 1526 + tpiA
gcaaaatcaaacatgatgttatcctcaaatcaa | 1497 + xdhB
gtgttcatctttaccccttcattgtccggtaat 1342 + ygcS
gtaataatcttcattgcatctccagaaatcatg | 1341 + fixA
gaatgaaaaatttttgtcattccttatgctcct 1255 - -
gttttcatgtttgctctcgtgtaggtaattaac 1180 + ykfl
gcacgaactttcatttttactctccgtaacttc 1069 + romdJ

Table S3: The ten genomically-derived spacers with the highest duplicate counts
from deep sequencing papillation assays CRISPR locus.

Figure Strain Plasmid Rep 1 Rep 2 Rep 3 Mean
pBS SK+ (Methylated) | 2.20E+08 | 1.76E+08 | 1.38E+08 | 1.78E+08
JBO28 pBS SK+ (Unmethylated) | 1400000 | 1100000 | 1920000 | 1473333.33
AK22 (Methylated) 22000 82000 78000 60666.67
50 AK22 (Unmethylated) 0 0 0 0
' pBS SK+ (Methylated) | 7.60E+08 | 2.40E+08 | 1.32E+09 | 7.73E+08
pBS SK+ (Unmethylated) | 1.60E+09 | 1.36E+09 | 1.50E+09 | 1.49E+09
JB028 AhsdR AK22 (Methylated) 42000 100000 32000 58000
AK22 (Unmethylated) 96000 84000 32000 70666.67
pBS SK+ (Methylated) | 1.70E+10 | 2.24E+09 | 7.40E+09 | 8.88E+09
BW25113 pBS SK+ (Unmethylated) | 6.40E+09 | 1.80E+10 | 4.20E+09 | 9.53E+09
AK22 (Methylated) 86000 74000 180000 113333.33
s3 AK22 (Unmethylated) 140000 83333.3 280000 142777.77
pBS SK+ (Methylated) | 1.40E+08 | 2.40E+08 | 1.64E+08 | 1.81E+08
RC5282 pBS SK+ (Unmethylated) | 1.20E+08 | 2.80E+07 | 1.34E+08 | 9.40E+07
AK22 (Methylated) 44000 84000 88000 72000
AK22 (Unmethylated) 4000 48000 1300000 | 450666.67

Table S4: Transformation efficiency of different strains transformed with methylated
and unmethylated pBS SK+ and AK22 plasmid. Efficiency is measured in CFU/ug
in Figure 5.2 and Supplementary Figure S3
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Figure | Condition | Rep1 | Rep2 | Rep3 | Rep4 | Rep 5 | Mean | Comparison | P value | Summary

Wildtype 476 | 446 | 434 | 475 | 453 | 457 - -
M17V 9.74 | 820 | 9.53 | 13.74 - 10.30 Wildtype 0.001 o

M17T 7.78 109 | 12.76 | 12.02 | 12.84 | 11.26 Wildtype 0.0001 e
D26G 12.67 | 719 | 10.04 | 896 | 5.68 | 8.91 Wildtype 0.0069 >

4.6 128K 2415 | 27.85 | 23.09 | 23.27 | 24.63 | 24.6 Wildtype <0.0001 e

D29N 13.46 | 11.67 | 13.04 | 12.06 | 13.08 | 12.66 Wildtype <0.0001 e
Q90R 20 20.13 | 19.03 | 19.63 | 19.67 | 19.49 Wildtype <0.0001 e
Y101H 842 | 829 | 783 | 7.74 | 7.89 | 8.03 Wildtype <0.0001 e

Wildtype 476 | 446 | 434 | 434 | 453 | 449 -
128K 2415 | 27.85 | 23.09 | 23.27 | 24.63 | 24.6 Wildtype <0.0001 e
D29N 13.46 | 11.67 | 13.04 | 12.06 | 13.08 | 12.66 Wildtype <0.0001 e
128S 13.26 | 17.82 | 146 | 19.95 | 13.45 | 15.82 Wildtype <0.0001 e

4.10A 128N 14.25 | 14.35 | 17.04 | 15.12 | 19.87 | 16.13 Wildtype <0.0001 e

28R 15.58 | 18.67 | 19.08 | 16.56 | 18.11 | 17.6 Wildtype <0.0001 e

D29H 11.65 | 11.41 | 997 | 1215 | 11.43 | 11.32 Wildtype <0.0001 e

D29K 13.32 | 13.99 | 12.93 | 12.77 - 13.25 Wildtype <0.0001 e

D29A 141 | 14.08 | 14.73 | 15.86 | 14.15 | 14.58 Wildtype <0.0001 e

Wildtype 4.76 4.46 4.34 4.75 453 | 4.57 - - -

M17T 7.78 109 | 12.76 | 12.02 | 12.84 | 11.26 Wildtype 0.0001 e
D26G 1267 | 719 | 10.04 | 896 | 5.68 | 8.91 Wildtype 0.0069 **
411A 128K 2415 | 27.85 | 23.09 | 23.27 | 24.63 | 24.6 Wildtype <0.0001 e
' Q90R 20 20.13 | 19.03 | 18.63 | 19.67 | 19.49 Wildtype <0.0001 e
M17T 128K | 13.01 | 11.47 | 17.99 | 12.68 | 10.02 | 13.03 Wildtype 0.0002 e
D26G 128K | 2.09 | 228 | 562 | 865 | 3.08 | 4.34 Wildtype 0.8622 ns
128K Q9O0R | 10.2 | 17.78 | 16.6 1.5 7.71 | 10.76 Wildtype 0.0723 ns
S2 Wildtype 476 | 446 | 434 | 475 | 453 | 4.57 - - -

dCast1 0.14 | 019 | 0.14 | 0.14 | 0.18 | 0.16 Wildtype <0.0001 e

Table S5: YFP reporter assay flow cytometry data. YFP+ percentages are given
for replicates 1-5 for various conditions. T-test statistical comparisons are provided.
Data for Figures 4.6, 4.10A, 4.11A and Supplementary Figure S2.
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Figure | Condition | Rep 1 | Rep 2 | Rep 3 | Mean | Comparison | Direction | P value | Summary
Wildtype | 4.79 3 2.75 | 3.51 - - - -
5128 Hit 11 4.8 463 | 5.08 | 4.84 Wildtype - 0.1137 ns
' Hit 54 5.55 5.23 5.6 5.46 Wildtype Increase | 0.0407 *
Hit 91 6.63 5.98 5.89 | 6.17 Wildtype Increase | 0.0178 *
Wildtype 4.79 3 2.75 | 3.51 - - - -
Hit 1 474 | 286 | 3.85 | 3.82 Wildtype - 0.7366 ns
5 15A Hit 2 282 | 452 2.8 3.38 Wildtype - 0.8841 ns
' Hit 3 3.18 | 3.02 | 3.18 | 3.13 Wildtype - 0.5809 ns
Hit 4 5.8 4.66 3.47 4.64 Wildtype - 0.2912 ns
Hit 5 292 | 438 | 395 | 3.75 Wildtype - 0.7753 ns
Wildtype | 1.49 | 124 | 1.45 | 1.39 - - - -
Hit 6 1.33 | 2.71 1.22 | 1.75 Wildtype - 0.4997 ns
Hit 7 1.06 1.03 1.32 | 1.14 Wildtype - 0.0999 ns
Hit 8 1.07 | 0.64 1.25 | 0.99 Wildtype - 0.1078 ns
Hit 9 0.83 1.43 1.85 1.37 Wildtype - 0.9429 ns
Hit 10 0.81 1.38 125 | 1.15 Wildtype - 0.2621 ns
5.15B Hit 11 1.25 | 0.83 1.26 | 1.1 Wildtype - 0.158 ns
Hit 12 122 | 2.31 1.4 1.64 Wildtype - 0.5101 ns
Hit 13 1.41 1.7 1.56 Wildtype - 0.3526 ns
Hit 14 2.03 1.19 1.42 1.55 Wildtype - 0.5903 ns
Hit 15 1.41 1.78 1.48 | 1.56 Wildtype - 0.3004 ns
Hit 16 1.46 1.54 1.86 | 1.62 Wildtype - 0.1924 ns
Hit 17 3.95 2 1.94 | 2.63 Wildtype - 0.1364 ns
Wildtype | 2.15 | 262 | 2.36 | 2.38 - - - -
Hit 18 5.4 5.18 4.04 | 4.87 Wildtype Increase | 0.0049 >
Hit 19 2.47 3.61 2.23 2.77 Wildtype - 0.4284 ns
Hit 20 299 | 3.32 1.86 | 2.72 Wildtype - 0.4952 ns
Hit 21 1.74 | 265 | 2.83 | 2.41 Wildtype - 0.9382 ns
Hit 22 8.56 | 5.05 | 3.18 5.6 Wildtype - 0.1117 ns
515G Hit 23 234 | 3.58 | 2.05 | 2.66 Wildtype - 0.5972 ns
Hit 24 3.19 3.26 5.32 | 3.92 Wildtype - 0.0955 ns
Hit 25 2.34 1.88 | 2.98 24 Wildtype - 0.9496 ns
Hit 26 267 | 292 | 344 | 3.01 Wildtype - 0.0747 ns
Hit 27 518 | 2.46 2.7 3.45 Wildtype - 0.2909 ns
Hit 28 3.12 2.16 2.27 2.52 Wildtype - 0.6953 ns
Hit 29 2.64 | 534 | 3.51 3.83 Wildtype - 0.1462 ns
Hit 30 3.73 | 7.74 | 3.71 5.06 Wildtype - 0.1171 ns
Wildtype 1.78 2.1 1.82 1.9 - - - -
Hit 31 3.6 1.79 2.2 2.53 Wildtype - 0.3213 ns
Hit 32 2.46 | 6.08 2.7 3.75 Wildtype - 0.1905 ns
Hit 33 2.58 1.65 2.34 2.19 Wildtype - 0.3832 ns
Hit 34 1.84 155 | 215 | 1.85 Wildtype - 0.8033 ns
Hit 35 2.16 192 | 229 | 212 Wildtype - 0.2056 ns
Hit 36 2.01 3.27 | 217 | 2.48 Wildtype - 0.2266 ns
Hit 37 2.18 2.1 1.81 2.03 Wildtype - 0.4375 ns
5.15D Hit 38 3.42 4.63 3.49 | 3.85 Wildtype Increase | 0.0086 **
Hit 39 5.19 25 2.11 3.27 Wildtype - 0.233 ns
Hit 40 433 | 4.58 25 3.8 Wildtype Increase | 0.0455 *
Hit 41 2.19 2.29 252 | 2.33 Wildtype Increase | 0.0366 *
Hit 42 2.49 2.3 2.21 2.33 Wildtype Increase | 0.0291 *
Hit 43 1.54 1.89 1.42 1.62 Wildtype - 0.1773 ns
Hit 44 2.04 | 4.53 192 | 2.83 Wildtype - 0.3387 ns
Hit 45 1.71 199 | 223 | 1.98 Wildtype - 0.6934 ns
Hit 46 27 2.11 3.18 | 2.66 Wildtype - 0.0789 ns

Table S6: YFP reporter assay flow cytometry data for Figures 5.12B and 5.15.
YFP reporter assay flow cytometry data. YFP+ percentages are given for replicates
1-3 for various candidates. T-test statistical comparisons are provided.
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Figure Condition Rep1 | Rep2 | Rep3 | Rep4 | Rep 5 | Rep 6 | Mean | Comparison | P value | Summary
No Plasmid 266 | 288 | 233 | 264 | 333 | 2.72 | 276 - - -
0 uM Vanillic Acid 3.05 | 3.29 | 3.31 29 2.75 25 2.97 - -
5 uM Vanillic Acid 2.73 3 2.91 2.66 2.7 3.18 | 2.86 0uM 0.5157 ns
5.16B | 10 uM Vanillic Acid | 248 | 273 | 325 | 265 | 298 | 2.78 | 2.81 0uM 0.3822 ns
20 uM Vanillic Acid | 3.23 | 216 | 226 | 259 | 244 | 244 | 252 0uM 0.0509 ns
50 uM Vanillic Acid | 2.62 | 2.31 174 | 247 | 227 | 224 | 2.28 0uM 0.003 **
100 uM Vanillic Acid 3 379 | 329 | 296 | 3.14 | 255 | 3.12 0uM 0.4804 ns

Table S7: YFP reporter assay flow cytometry data

. YFP+ percentages are given

for replicates 1-6 for various conditions. T-test statistical comparisons are provided.
Data for Figure 5.16B.

Figure | Condition (% YFP+ Cell Population) | Rep1 | Rep2 | Rep3 | Rep4 | Rep 5 | Mean
100 57.93 | 56.43 | 56.71 | 65.26 | 55.56 | 58.38

50 34.28 | 29.12 | 30.01 | 24.95 | 29.84 | 29.64

10 1219 | 714 | 735 | 598 | 7.23 | 7.98

6.12D 1 1.04 | 093 | 085 | 059 | 093 | 0.87
0.5 047 | 048 | 052 | 0.35 | 0.37 | 0.44

0.1 0.11 0.08 | 0.11 0.23 | 0.12 | 0.13

0.01 0.11 0.07 | 0.08 | 0.02 | 0.06 | 0.07

0 0.06 | 0.03 | 0.03 | 0.06 | 0.04 | 0.04

Table S8: YFP reporter assay flow cytometry data. YFP+ percentages are given
for replicates 1-5 for various conditions. Data for Figure 6.12D.

Figure Condition Rep1 | Rep2 | Rep3 | Rep4 | Rep 5 | Rep 6 | Mean | Comparison | P value | Summary
No expression vector | 0.01 0.09 0.01 0.03 0.01 0.01 0.03 - - -
0% 0.14 | 0.01 0.01 0 0.03 0 0.03 - -
6.13A 0.002% 0.02 | 0.03 | 0.01 0.01 0.7 0 0.13 0% 0.426 ns
0.02% 0.01 0.01 0 0 0.38 | 0.03 | 0.07 0% 0.556 ns
0.2% 0 0.01 0.02 0 0.27 0 0.05 0% 0.718 ns

Table S9: YFP reporter assay flow cytometry data. YFP+ percentages are given for
replicates 1-6 for various conditions. % refers to L-arabinose inducer concentration.
T-test statistical comparisons are provided. Data for Figure 6.13A.
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Figure Condition Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 Mean Comparison P value | Summary
0 ug/ml Nalidixic Acid 179.61 -255.07 75.46 - - - 0 - - -
478 0.2 ug/ml Nalidixic Acid | 1242.6 1218 1287.83 - - - 1249.48 | 0 ug/ml Nalidixic Acid | 0.0007 i
’ 0.4 ug/ml Nalidixic Acid | 2287.82 | 2370.72 | 2593.56 - - - 2417.36 | 0 ug/ml Nalidixic Acid | 0.0001 i
0.8 ug/ml Nalidixic Acid | 3102.45 | 3903.27 | 3334.62 - - - 3446.78 | 0 ug/ml Nalidixic Acid | 0.0002 i
Wildtype 8037.89 | 6858.92 | 5724.52 - - - 6873.78 - - -
M17V 20750.52 | 20526.42 | 16571.58 - - - 19282.84 Wildtype 0.0012 **
M17T 20523.39 | 19475.65 | 13995.85 - - - 17998.3 Wildtype 0.0064 **
4.7C D26G 17937.89 17430 12524.48 - - - 15964.12 Wildtype 0.008 **
’ 128K 13735.82 | 14263.37 | 9098.07 - - - 12365.76 Wildtype 0.0362 *
D29N 20870.82 | 21651.08 | 15689.07 - - - 19403.66 Wildtype 0.0032 **
Q90R 17248.09 | 17187.93 | 12729.93 - - - 15721.98 Wildtype 0.0057 **
Y101H 14545.44 | 14180.36 | 10012.81 - - - 12912.87 Wildtype 0.0195 *
Wildtype 4881.88 | 9867.33 | 10320.66 | 9551.22 | 8827.39 | 9018.75 | 8744.54 - - -
128K 17775.27 | 23119.29 | 21610.06 | 23229.99 | 19896.29 | 21284.21 | 21152.52 Wildtype <0.0001 i
128S 9239.37 | 6100.93 | 10493.99 | 16113.09 | 10860.41 | 10996.19 | 10634 Wildtype 0.2509 ns
128N 13410.83 | 5967.48 | 12946.14 | 6712.73 | 10272.91 | 11821.33 | 10188.57 Wildtype 0.3666 ns
4.10B I128R 24948.86 | 17140.27 | 21479.07 | 20611.5 | 18358.81 | 13449.36 | 19331.31 Wildtype 0.0002 o
D29N 20036.22 | 16368.99 | 20461.59 | 16394.85 | 17662.74 | 14142.41 | 17511.13 Wildtype <0.0001 i
D29H 15599.26 | 21832.19 | 28381.37 | 18598.92 | 17778.6 | 18641.02 | 20138.56 Wildtype 0.0002 o
D29K 17027.14 | 18337.61 | 20409.49 | 12288.11 | 16204.11 | 22408.77 | 17779.21 Wildtype 0.0003 o
D29A 23563.91 | 7943.24 | 9948.46 | 12782.98 | 10599.75 | 12991.8 | 12971.69 Wildtype 0.1077 ns
Wildtype 5965.37 5810.8 6291.73 - - - 6022.63 - - -
M17T 27436.51 | 20766.65 | 24846.4 - - - 24349.85 Wildtype 0.0007 o
D26G 25055.58 | 26662.76 | 23954.89 - - - 25224.41 Wildtype <0.0001 i
128K 14067.97 | 20274.52 | 15465.09 - - - 16602.53 Wildtype 0.005 **
Q90R 7053.31 | 7102.05 | 7322.18 - - - 7159.18 Wildtype 0.0023 **
M17T 128K 45074.93 | 41207.36 | 40409.71 - - - 42230.67 Wildtype <0.0001 i
- - - - - - - - M17T 0.0018 **
4118 i i : i . i : . 128K 0.0004 |
D26G 128K 21682.66 | 33297.22 | 52185.39 - - - 35721.76 Wildtype 0.0288 *
- - - - - - - - D26G 0.3047 ns
- - - - - - - - 128K 0.1031 ns
128K Q90R 36609.84 | 47607.92 | 55668.13 - - - 46628.63 Wildtype 0.0018 **
- - - - 128K 0.0068 **
- - - - Q90R 0.0018 **

Table S10: GFP SOS reporter assay data. Fluorescence in a.u is given for replicates 1-3/6 for various conditions. T-test statistical compar-

isons are provided. Data for Figures 4.7B, 4.7C, 4.10B and 4.11B.
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Figure Condition Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 Mean Comparison P value | Summary
Strain 19112.13 | 19320.61 | 19174.98 | 19864.05 | 19744.56 | 19982.14 | 19533.08 - - -
Type Il (A) 19553.92 | 19799.7 | 19876.38 | 19846.8 | 20086.02 | 19922.55 | 19847.56 Strain 0.0926 ns
6.7A Type Il (A) +ve 19260.01 | 19815.34 | 19754.03 | 20059.94 | 20511.37 | 19538.31 | 19823.17 Strain 0.2429 ns
Type | (T) 19605.9 | 19677.82 | 19579.12 | 19651.94 | 19927.16 | 19618.02 | 19676.66 Strain 0.3964 ns
Type | (T) +ve 20023.25 | 19216.7 | 19569.65 | 20249.68 | 19938.22 | 20154.55 | 19858.68 Strain 0.1729 ns
Strain OuM Vanillic Acid 19112.13 | 19320.61 | 19174.98 | 19864.05 | 19744.56 | 19982.14 | 19533.08 - - B
Strain 100uM Vanillic Acid 20409.47 | 20582.3 | 20438.92 | 20296.2 | 20700.57 | 20885.62 | 20552.18 Strain OuM Vanillic Acid 0.0002 e
Pvan lacZ OuM Vanillic Acid 18614.35 | 19122.71 | 19517.82 | 19907.16 | 19568.05 | 19568.05 | 19383.02 Strain OuM Vanillic Acid 0.5456 ns
6.7B Pvan lacZ 100uM Vanillic Acid 18550.57 | 19438.26 | 19419.1 | 19906.26 | 19502.65 | 19566.34 | 19397.2 Pvan lacZ OuM Vanillic Acid 0.9577 ns
' Pvan YFP OuM Vanillic Acid 19580.45 | 19879.48 | 20111.8 | 20358.31 | 19728.59 | 20290.93 | 19991.59 Pvan lacZ OuM Vanillic Acid 0.0218 *
Pvan YFP 100uM Vanillic Acid 25169.38 | 25420.95 | 23714.7 | 24638.09 | 24834.06 | 24275.47 | 24675.44 Pvan YFP OuM Vanillic Acid <0.0001 i
Pvan YFP Universal Reporter OuM Vanillic Acid | 28600.33 | 27713.94 | 29106.46 | 28678.06 | 29400.53 | 29869.35 | 28894.78 Pvan YFP OuM Vanillic Acid <0.0001 e
Pvan YFP Universal Reporter 100uM Vanillic Acid | 28686.15 | 29829.94 | 29525.43 | 30469.53 | 30093.3 | 30071.7 | 29779.34 | Pvan YFP Universal Reporter OuM Vanillic Acid | 0.0495 *
Strain 667.6 321.58 105.3 -78.97 -314.51 -700.99 0 - - -
PhIF - Without Repressor 27391.88 | 28294.84 | 27979.76 | 29447.53 | 26247.7 | 29366.76 | 28121.41 - - -
PhIF - WIth Repressor 1818.15 | 1948.79 | 2077.45 | 1866.01 | 1802.01 | 1906.21 1903.1 PhIF - Without Repressor <0.0001 i
PhIF - With CRISPR Locus-Repressor Fusion 25970.2 | 26402.44 | 25466.51 | 26608.41 | 27266.69 | 26592.68 | 26384.49 PhIF - With Repressor <0.0001 i
CymR - Without Repressor 24177.26 | 25230.8 | 27395.28 | 25582.69 | 26060.95 | 25617.25 | 25677.37 - - -
CymR - Wlth Repressor 1824.27 | 1830.76 | 1678.03 1629.9 1836.79 | 1786.64 1764.4 CymR - Without Repressor <0.0001 e
CymR - With CRISPR Locus-Repressor Fusion 3014.71 | 3368.18 | 2826.36 | 3278.68 | 3763.34 | 3790.52 | 3340.3 CymR - WIth Repressor <0.0001 i
VanR - Without Repressor 26636.87 | 26340.28 | 26410.91 | 26967.1 | 27341.06 | 25840.7 | 26589.49 - - -
VanR - WIith Repressor 1803.2 1882 2004.92 | 1872.27 | 2007.86 | 2190.56 | 1960.14 VanR - Without Repressor <0.0001 i
VanR - With CRISPR Locus-Repressor Fusion | 10310.95 | 12177.54 | 11279.73 | 11115.3 | 9950.34 | 12311.01 | 11190.81 VanR - WIith Repressor <0.0001 il
6.8 TetR - Without Repressor 18149.52 | 18419.41 | 17803.09 | 19195.01 | 20867.42 | 21167.99 | 19267.07 - - -
i TetR - WIth Repressor 1782.66 | 1729.83 | 1828.09 | 1867.51 | 1882.75 | 1776.48 | 1811.22 TetR - Without Repressor <0.0001 i
TetR - With CRISPR Locus-Repressor Fusion 10662.42 | 10604.32 | 10934.59 | 9011.01 | 9998.62 | 7836.76 | 9841.29 TetR - With Repressor <0.0001 e
Betl - Without Repressor 14284.62 | 15435.61 | 14717.48 | 15239.4 | 14809.94 | 14734.34 | 14870.23 - - -
Betl - With Repressor 4175.78 | 3182.01 | 3647.07 | 3827.38 | 3513.88 | 3400.89 | 3624.5 Betl - Without Repressor <0.0001 i
Betl - With CRISPR Locus-Repressor Fusion 16744.21 | 17318.31 | 16373.2 | 16679.98 | 13737.48 | 15742.58 | 16099.29 Betl - With Repressor <0.0001 i
TtgR - Without Repressor 4938.04 | 4643.66 | 4877.68 | 5106.85 | 4951.33 | 5340.01 | 4976.26 - - -
TtgR - WIth Repressor 1653.47 | 1809.18 | 1716.39 | 1656.23 | 1989.39 | 1831.16 | 1775.97 TtgR - Without Repressor <0.0001 i
TtgR - With CRISPR Locus-Repressor Fusion 3720.11 | 3046.36 | 2860.98 | 2570.97 1645.4 1613.7 2576.25 TtgR - WIth Repressor 0.0408 *
PcaU - Without Repressor 2606.08 | 2539.24 | 2762.89 | 2711.06 | 2717.11 | 2765.12 | 2683.58 - - -
PcaU - With Repressor 2671.26 | 2704.1 2754.58 | 2652.6 | 2844.35 | 3101.16 | 2788.01 PcaU - Without Repressor 0.2109 ns
PcaU - With CRISPR Locus-Repressor Fusion 2847.91 | 2860.42 | 2550.42 | 2034.32 | 1974.07 2068.6 2389.29 PcaU - WIth Repressor 0.054 ns

Table S11: YFP induction assay data. Fluorescence in a.u are given for replicates 1-6 for various conditions. T-test statistical comparisons
are provided. Data for Figures 6.7 and 6.8.
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Figure Condition Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Rep 6 Mean Comparison P value | Summary
No Plasmid -146.46 | -303.25 -390.6 -156.77 -63.14 1060.22 0 - - -
P15A-ori CymR OuM Cuminic Acid -3.15 -81.27 -66.5 26.24 -171.36 39.44 -42.77 No Plasmid 0.8497 ns
P15A-ori CymR 5uM Cuminic Acid 1114.36 | 1088.83 | 1100.61 | 1335.81 | 1325.16 | 1235.58 | 1200.06 P15A-0riCymR OuM Cuminic Acid <0.0001 e
P15A-ori CymR 10uM Cuminic Acid 4795.38 5197.5 6384.26 | 5271.77 | 6781.35 | 6061.12 | 5748.56 P15A-0riCymR OuM Cuminic Acid <0.0001 e
P15A-ori CymR 20uM Cuminic Acid 13552.2 | 12595.21 | 13620.47 | 14090.38 | 13347.83 | 14045.04 | 13541.86 P15A-0riCymR OuM Cuminic Acid <0.0001 e
P15A-ori CymR 50uM Cuminic Acid 20374.61 | 19899.55 | 21062.95 | 21699.56 | 20555.42 | 22320.45 | 20985.42 P15A-0riCymR OuM Cuminic Acid <0.0001 i
P15A-ori CymR 100uM Cuminic Acid 21005.03 | 22098.5 | 22838.65 | 20880.05 | 23507.31 | 23598.79 | 22321.39 P15A-0riCymR OuM Cuminic Acid <0.0001 i
No Plasmid -146.46 | -303.25 -390.6 -156.77 -63.14 1060.22 0 - - -
P15A-0riCymR Fusion OuM Cuminic Acid 1691.67 | 1743.37 | 1605.49 | 1798.47 | 1608.15 | 2052.46 | 1749.94 No Plasmid <0.0001 i
P15A-oriCymR Fusion 5uM Cuminic Acid 34047.9 | 38271.78 | 38086.14 | 35043.51 | 31215.41 | 29236.71 | 34316.91 | P15A-0riCymR Fusion OuM Cuminic Acid | <0.0001 e
P15A-0riCymR Fusion 10uM Cuminic Acid 41001.75 | 34544.4 | 37196.2 | 35825.95 | 33227.03 | 31892.4 | 35614.62 | P15A-0riCymR Fusion OuM Cuminic Acid | <0.0001 e
P15A-0riCymR Fusion 20uM Cuminic Acid 37321.2 | 35911.3 | 36372.08 | 36149.69 | 37007.43 | 34052.79 | 36135.75 | P15A-0riCymR Fusion OuM Cuminic Acid | <0.0001 e
P15A-0riCymR Fusion 50uM Cuminic Acid 36885.37 | 34449.5 | 34975.93 | 30394.42 | 33499.88 | 28014.56 | 33036.61 | P15A-0riCymR Fusion OuM Cuminic Acid | <0.0001 e
6.10 P15A-0riCymR Fusion 100uM Cuminic Acid | 35065.91 | 28620.24 | 33735.73 | 30454.48 | 27960.97 | 27557.94 | 30565.88 | P15A-0riCymR Fusion OuM Cuminic Acid | <0.0001 e
' No Plasmid -706.39 227.76 478.63 - - - 0 - - -
F-oriCymR OuM Cuminic Acid 1552.19 | 1193.73 | 1008.14 - - - 1251.35 No Plasmid 0.0337 *
F-oriCymR 5uM Cuminic Acid 6817.65 | 7041.95 | 7343.86 - - - 7067.82 F-oriCymR OuM Cuminic Acid <0.0001 i
F-oriCymR 10uM Cuminic Acid 8769.13 | 12608.45 | 10948.89 - - - 10775.49 F-oriCymR OuM Cuminic Acid 0.0011 **
F-oriCymR 20uM Cuminic Acid 13301.12 | 12337.17 | 10848.89 - - - 12162.39 F-oriCymR OuM Cuminic Acid <0.0001 ek
F-oriCymR 50uM Cuminic Acid 13008.49 | 14990.2 | 13220.95 - - - 13739.88 F-oriCymR OuM Cuminic Acid <0.0001 EE
F-oriCymR 100uM Cuminic Acid 12453 14276.75 | 12376.63 - - - 13035.46 F-oriCymR OuM Cuminic Acid <0.0001 e
No Plasmid -706.39 227.76 478.63 - - - 0 - - -
F-oriCymR Fusion OuM Cuminic Acid 16742.67 | 18270.09 | 17866.59 - - - 17626.45 No Plasmid <0.0001 i
F-oriCymR Fusion 5uM Cuminic Acid 34152.89 | 35906.99 | 36163.08 - - - 35407.65 F-oriCymR Fusion OuM Cuminic Acid <0.0001 e
F-oriCymR Fusion 10uM Cuminic Acid 32549.45 | 32995.67 | 35763.8 - - - 33769.64 F-oriCymR Fusion OuM Cuminic Acid <0.0001 b
F-oriCymR Fusion 20uM Cuminic Acid 34863.9 | 35129.45 | 35900.67 - - - 35298.01 F-oriCymR Fusion OuM Cuminic Acid <0.0001 i
F-oriCymR Fusion 50uM Cuminic Acid 31622.46 | 32429.4 | 32184.21 - - - 32078.69 F-oriCymR Fusion OuM Cuminic Acid <0.0001 i
F-oriCymR Fusion 100uM Cuminic Acid 29536.22 | 31999.05 | 32172.77 - - - 31236.01 F-oriCymR Fusion OuM Cuminic Acid <0.0001 i
Strain -706.39 227.76 478.63 - - - 0 - - -
CymR - Without Repressor 34208.79 | 37102.12 | 36025.95 - - - 35778.95 Strain <0.0001 i
6.11 CymR - With Repressor 1552.19 | 1193.73 | 1008.14 - - - 1251.35 CymR - Without Repressor <0.0001 e
' CymR Universal Reporter 16742.67 | 18270.09 | 17866.59 - - - 17626.45 CymR - WIlth Repressor <0.0001 e
CymR Universal Reporter Frameshift Control | 33270.5 | 36549.09 | 33985.83 - - - 34601.81 CymR Universal Reporter 0.0001 e
CymR Universal Reporter Stop Codon Control | 36097.34 | 36821.16 | 36243.64 - - - 36387.38 CymR Universal Reporter <0.0001 e

Table S12: YFP induction assay data. Fluorescence in a.u is given for replicates 1-3/6 for various conditions. T-test statistical comparisons

are provided. Data for Figures 6.10 and 6.11.
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Figure 1.3 Isaev et al., 2021 Creative Commons
Figure 1.4 | van der Oost et al., 2014 | 5916020606836
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