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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. I 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, I 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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Introduction
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Prokaryotes are hosts for an immensely diverse array of bacteriophages and other

mobile genetic elements (MGEs) [1]. These viruses are speculated to have emerged

billions of years ago, preceding even the appearance of the �rst 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 �tness 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 �tness 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 �tness 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-Modi�cation (RM) systems were the �rst to be de-

scribed in the 1950s [7][8]. Over the ensuing decades, several further systems

were identi�ed, including Abortive Infection (Abi) [9] and Toxin-Antitoxin (TA) sys-

tems [10][11]. CRISPR-Cas systems were identi�ed as anti-phage immune sys-

tems in 2007 [12].

Following the incremental identi�cation of novel prokaryotic immune systems, the

identi�cation 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 identi�cation 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].

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 speci�c, adaptive immune response against

a broad range of invasive MGEs.

3



1.2 Restriction Modi�cation

Restriction modi�cation systems are a highly abundant prokaryotic immune sys-

tem found in � 90% of genomes [19]. Over 5,000 RMs have been identi�ed, 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-

�cation of host DNA and restriction endonuclease (REase) activity against unmod-

i�ed DNA. Modi�cation of host DNA is typically carried out by a methyltransferase

(MTase), which methylates speci�c residues within a recognition site [21]. The ab-

sence of DNA modi�cation at a recognition site causes invading DNA to be recog-

nised as `non-self', resulting in cleavage by a host REase [21]. DNA modi�cation

is necessary to prevent self-targeting by a REase against the host chromosome

following the recognition of short target sequences [21].

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

RMs can provide signi�cant 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 modi�cation to escape modi�cation [23]. In turn,

Streptococcus coelicolor encodes pglX, which modi�es 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 identi�cation

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-

speci�c 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 identi�es 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 �rst 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 �rst 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
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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-speci�cally. ToxN is bound to and inhibited by the non-coding

RNA ToxI [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 toxI [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 acb1, 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 III 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
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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-speci�c RNase

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

1.4 Argonaute

Argonaute proteins were �rst identi�ed 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 identi�ed 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 exempli�es 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 identi�ed prokaryotic defence system, exempli�es 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 speci�c 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 speci�c response against a breadth of potential signals

9



through an adaptive immune response.

1.6.1 Discovery of CRISPR-Cas Adaptive Immunity

The identi�cation of an array of 29 bp repeats interspersed with 32 bp spacers,

found adjacent to the iap gene in E. coli, was the �rst step towards the discovery

of CRISPR-Cas [63]. Subsequent studies identi�ed similar structures in Shigella

dysenteriae and Salmonella typhimurium [64]. These discoveries preceded the

broad identi�cation of such loci across prokaryotes [65]. It was only following the

advancement and proliferation of widespread sequencing that MGEs were iden-

ti�ed as the principal source of these spacers and cas genes were identi�ed as

associating with these loci [66][67].

Bioinformatic analysis of the cas genes identi�ed nuclease domains within Cas3,

alongside identifying Cas4 as a RecB family exonuclease [68]. This suggested

CRISPR-Cas was involved in DNA repair. These �ndings were uni�ed with the

identi�cation 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-puri�cation of an effector complex with a mature CRISPR

RNA (crRNA) [70]. The mature crRNA was composed of the transcribed repeat

and �anking sequences; the 5' contained the �nal 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 identi�ed DNA as the target [71]. Together, this demonstrated that

CRISPR-Cas was an adaptive immune system which mounted a speci�c 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, I outline each stage with a focus

on the E. coli Type I-E system.

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 identi�cation (purple). Taken from
(van der Oost et al., 2014).
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1.7.1 Adaptation

The �rst 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

(Cas12-Cas2)2 stoichiometry, in which a pair of Cas1 dimers bind opposing sides

of a central Cas2 dimer [72]. Whilst this complex is suf�cient 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 naïve or primed. Naïve 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 naïve 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 butter�y' con�guration

as the central Cas2 dimer is �anked 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.
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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 �at across the bottom of the
complex, with 3' 5 bp overhangs protruding away in interactions with the C terminal
domain of Cas1a/a' (light blue). Adapted from (Nuñez et al., 2015).

Conformational changes associated with the binding of a protospacer are asso-

ciated with the adoption of a `wings-down butter�y' con�guration, as each Cas2

monomer undergoes reciprocal clockwise/anticlockwise rotations relative to one

another [76]. The resultant �attened 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-speci�c 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 �anked 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 �ipped away from the duplex to be threaded

through the Cas1a and 1a' C-terminal tails [76]. Prespacer overhangs larger than

this are cleaved to size in a site-speci�c 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-esteri�cation 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 �rst

half-site integration occurs between the leader-distal end of the �rst 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

�ll the ssDNA present in the repeats �anking the integrated protospacer [80].

The leader sequence is essential for the targeted integration of spacers at the

CRISPR array [73][81]. Speci�c 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 speci�cally to positions -1 to -4 of the leader to confer �rstly

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 �rst 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� , 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 II 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 identi�ed 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-crRNAs) 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 speci�cally binds to and cleaves stem-loop structures in

pre-crRNA, resulting in the mature crRNA containing a spacer and bases from the

�anking 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 crRNA [Figure 1.8] [89]. crRNA non-speci�cally 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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