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Abstract

The evolution of diverse prokaryotic immune systems has been driven by the con-
stant threat of invasion by foreign genetic elements. Many prokaryotes contain the
CRISPR-Cas system, which provides adaptive immunity through the acquisition of
unique spacer sequences into the CRISPR array. These sequences guide the ef-
fector complexes to destroy the complementary invading genetic elements.

The function of the Cas proteins is well understood, due to their proximity to the
CRISPR array. Other host factors have been discovered to play a role in spacer ac-
quisition, such as IHF and DnaQ. However, aspects of spacer capture and integra-
tion by the Cas1 and Cas2 proteins remain elusive. This work aimed to determine
and presents evidence for a broader collection of host factors required for CRISPR
Cas adaptation in E. coli.

| demonstrate that the catalytic activity of the Cas1-Cas2 complex triggers activa-
tion of the SOS response and induces filamentation by sulA expression. This is
due to non-specific activity across the genome, not just at the CRISPR array. Use
of the lexA3 allele and overexpression of recX, which prevent induction of the SOS
response, decreases the rate of spacer acquisition. Furthermore, induction of the
SOS response, via growth in sub-inhibitory antibiotic concentrations, increases the
rate of adaptation.

| also provide evidence for an equilibrium between the FtsH-HfIKC and FtsH-LapB
complexes governing the level of adaptation. The deletion of hfIC or hflK and over-
expression of lapB decreases the rate of spacer acquisition, whilst overexpression
of hflKC or ftsH increases the rate of adaptation. Furthermore, mutation of nega-
tive regulators of lapB reduces the rate of spacer acquisition. This suggests that
HfIKC and LapB compete to form complexes with FtsH, with the formation of FtsH-
HfIKC complexes promoting adaptation.

Taken together, these results reveal the link between cell division and spacer ac-

quisition.
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Chapter 1

Introduction



Prokaryotes are under constant threat from bacteriophage infection and invasion
by mobile genetic elements introduced by natural transformation and conjugation.
This exposes them to a diverse range of genetic material that can be beneficial,
for example, antibiotic resistance genes and virulence factors. However, this also
makes prokaryotes vulnerable to parasitic elements that can reduce the fithess
of the population. To combat the negative threat of invasion, prokaryotes have
evolved innate defences such as the barrier function of the cell wall, abortive in-
fection and restriction modification systems. In addition, many prokaryotes have
an adaptive immune system called CRISPR-Cas [1, 2]. These defence systems
often cluster together to create defence islands in the genome [3]. Mechanisms of

defence consist of up to 10% of prokaryotic genomes [4].

1.1 Preventing Phage Adsorption

Bacteriophages initiate infection by binding to specific cell-surface receptors. These
include proteins, lipopolysaccharides (LPS) and pili. Only after adsorption can the
phage genome be introduced into the cytoplasm. Therefore, bacteria have evolved
multiple mechanisms to avoid or reduce phage adsorption. These can be divided
into three categories: blocking phage receptors, production of an extracellular ma-

trix and use of competitive inhibitors (Figure 1.1) [5].

1.1.1 Blocking Phage Receptors

One mechanism to prevent phage adsorption is to mask the receptor. For example,
TraT is a lipoprotein encoded on F plasmid that binds to OmpA to prevent phage
binding in E. coli [6]. This method is also employed by phage T5 to prevent super-
infection [7]. Expression of a phage-encode lipoprotein irreversibly binds to FhuA,

the T5 receptor.
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Another mechanism that prevents phage adsorption is the appearance of point
mutations in the cell-surface receptor. These affect the ability of bacteriophages to
interact with their receptor. For example, point mutations in E. coli LamB give rise
to resistance against phage lambda [8]. Similarly, in Vibrio cholerae, mutations
in the OmpU protein provide resistance to vibriophage ICP2 [9]. In Sulfolobus,
mutations in the genes encoding surface receptors provide resistance to SIRV2
infection [10]. However, point mutations may interfere with receptor function and

phage can quickly acquire suppressor mutations.

Chemical modification is another way to mask receptors. For example, glycosyla-
tion of type IV pilus in Pseudomonas aeruginosa and of O12-antigen in Salmonella
enterica serovar Typhimurium is used to block phage adsorption [11, 12]. Modifica-
tion can be transient to generate phase variation and a heterogeneous phenotype
within a bacterial population [13]. In these cases, chemical modification provides

defence without compromising receptor function.

Another defence mechanism is to down-regulate the expression of the phage re-

ceptor. Quorum sensing molecules have been shown to downregulate the ex-



pression of phage-receptor-encoding genes. N-acyl-L-homoserine lactone (AHL)
synthesis decreases bacteriophage lambda receptors in E. coli [14]. OmpK lev-
els in Vibrio anguillarum are also regulated by quorum-sensing molecules, which
is the receptor of phage KVP40 [15]. This strategy reduces the concentration of

receptors when the risk of bacteriophage adsorption is highest.

1.1.2 Production of an Extracellular Matrix

Bacterial communities that form biofilms tend to be more resistant to antibiotics
and viral infection [16]. Cells within the biofilm are protected by their inaccessibility.
Furthermore, cells exposed on the surface are often metabolically inactive and fail
to support efficient phage replication [17]. This is exemplified by curli, the amyloid
fibre network in E. coli [18]. Phages fail to penetrate the biofilm because they are

sequestered by binding to the fibres.

Individual cells without biofilms can express a polysaccharide capsule, which pre-
vents the phage from interacting with its receptors [19]. For example, the over-
production of the polysaccharide colanic acid in the E. coli capsule is a generic
defence mechanism that reduces sensitivity to a wide range of phages [20]. This
is also seen in Pseudomonas fluorescens, where the secretion of the exopolysac-

charide alginate protects against invasion by phages [21].

1.1.3 Competitive Inhibitors

Excretion of molecules into the extracellular matrix can act as decoys to prevent
phage adsorption to the cell surface [22, 23]. For example, fluorescently labelled
KVP40 phage has been shown to get trapped in the extracellular matrix produced
by V. anguillarum [22]. Receptors can also be used as phage decoys. Extracellular
vesicles produced by E. coli and vibrio contain surface receptors. These can be
bound by phages, which causes a reduction in the environmental titer and prevents

productive phage infections [24, 25].



1.2 Restriction Modification Systems

Restriction modification systems play an important role in defence against foreign
genetic elements. They are found in about two-thirds of prokaryotic genomes [26].
Many species contain multiple restriction modification systems, such as Neisseria
gonorrhoeae which contain up to 16 different systems. These restriction systems

destroy foreign DNA sources after it has been injected into the host.

Restriction modification systems are generally composed of two enzymatic activi-
ties to recognise foreign DNA and destroy it [27]. A restriction endonuclease recog-
nises a 4 - 8 bp sequence and cleaves foreign DNA. Protection of the host genome
is achieved by modification. A methyltransferase transfers a methyl group to the
same specific DNA sequence in the host genome [28]. Modification inhibits the

cleavage of host DNA due to steric hindrance (Figure 1.2).

Restriction
Site

GAATTCI
GAATTC

Restriction Modification
Enzyme Enzyme

GAATTC GAATTC!
CTTAAG CTTAAG

Cleavage ! I—\ Inhibition

Figure 1.2. Action of a Restriction Modification System

Modification of the host genome provides defence from host restriction enzymes by
steric hindrance. Unmodified foreign DNA is degraded by host restriction enzymes.



Due to the ability to distinguish between self and non-self DNA, restriction modifica-
tion systems are considered primitive immune systems [29, 30]. These can provide
a 10-108 fold protection against phage invasion [31]. Consequently, phages have
evolved mechanisms to avoid degradation, such as by methylation and glycosyla-

tion of DNA [32].

1.3 Abortive Infection

Abortive infection (abi) is a strategy where the bacterial cell commits suicide when
bacteriophage infection is detected. This prevents the completion of the phage life
cycle. Abi is a last line of defence that is only activated at the mid or late stage of

the phage life cycle if other defences have failed [33, 34].

Lambda lysogens E. coli contain the RexAB (Rex) abortive infection system. Acti-
vation of the Rex phenotype results in depolarization of the cytoplasmic membrane,
stops cellular macromolecular synthesis, reduces cellular respiration and induces
death in the majority of cells [35]. The RexA protein detects a protein-DNA complex
produced as an intermediate of phage replication [36]. Two molecules of RexA then
activate RexB, an inner membrane ion channel [37]. Activation of RexB causes de-
polarisation of the cytoplasmic membrane potential, which depletes cellular ATP

and results in cell death.

1.3.1 Toxin-Antitoxin Systems

Toxin-antitoxin systems are abundant in prokaryotic genomes, with E. coli K12 hav-
ing 33 [38]. The toxin and antitoxin are usually co-transcribed. The toxin targets an
essential cellular process, which results in dormancy or death. This is neutralised
by the presence of a cognate antitoxin under normal growth conditions (Figure 1.3).
There are five classes of TA systems based on the mechanism of the antitoxin to in-
hibit the activity of the toxin molecule [39]. These can be used to maintain plasmids

in the absence of selection pressure [40].
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Figure 1.3. Action of a Toxin-Antitoxin System

A Toxin-Antitoxin system enters a bacterial cell and establishes itself in the lineage.
The toxin is constitutively expressed and neutralized by the antitoxin. Loss of anti-
toxin expression triggers cell death.

Abortive infection can also be achieved through toxin-antitoxin (TA) systems. The
MazEF TA system was the first to be discovered located on the prokaryotic chro-
mosome [41]. MazF is a sequence-specific endoribonuclease that acts on ssRNAs
[42]. Following activation, MazF blocks protein synthesis by cleavage of cellular
mRNAs. This is counteracted by the labile antitoxin MazE [41]. The MazE antitoxin

is suppressed following T4 bacteriophage infection of E. coli.

1.3.2 CBASS

More recently, Abi systems named Cyclic-oligonucleotide-based anti-phage sig-
nalling systems (CBASS) have been discovered [43]. These detect phage infection
by an unknown mechanism. CBASS uses a cyclic oligonucleotide signalling to elicit
an anti-phage response. The production of the cyclic oligonucleotide cGAMP in V.
cholerae activates a phospholipase that degrades the inner bacterial membrane
[44]. This results in the production of cGAMP, which then induces phospholipase

activity and causes cell death.



1.3.3 STAND NTPases

The signal transduction ATPases with numerous domains (STAND) are large, multi-
domain proteins found in all three kingdoms of life [45]. They are well charac-
terised in eukaryotes, where they play a key role in immunity, cell signalling and
programmed cell death [46, 47]. STAND NTPases have a conserved tripartite do-
main structure: a central NTPase domain, a C-terminal sensor and an N-terminal

effector [48].

Four families of prokaryotic STAND NTPases have recently been demonstrated to
provide innate immunity against bacteriophages [49]. These protect bacteria from
tailed phages and are termed antiviral STAND (Avs). Avs are pattern-recognition
receptors against two phage proteins: the large terminase subunit and the portal.
These are two of three signature proteins of the Duplodnaviria virus realm [50]. The
terminase is the motor protein that packages the phage genome into the capsid at
high density and pressure [51]. It also cleaves DNA concatemers into genome-size
units, so each of the progeny receives one copy. The portal protein nucleates virion
assembly, provides the attachment site for the phage tail and serves as the channel
for genome entry into and exit from the capsid [52]. These proteins have a highly
conserved structure due to being under strong selective constraints. Avs proteins
recognize the conserved structural features of their cognate targets [49]. This facil-
itates the ability to recognise terminase and portal proteins from both tailed phages

and archaeal viruses.

Upon detection of the hallmark viral proteins, the Avs tetramerizes with the C-
terminal sensor domain bound to a single target protein [49]. This activates the
N-terminal effector domains as the active dimeric configuration is formed. DNA
endonucleases have specific dsDNA activity but do not degrade ssDNA or RNA.
Endonuclease activity abrogates infection by the induction of cell death to prevent

phage propagation (Figure 1.4).
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Figure 1.4. Action of antiviral STAND

Bacteriophage infection results in the injection of its genome into the host cell for
replication. Target binding triggers the formation of Avs tetramers, which activates
an N-terminal effector to trigger cell death. This disrupts the viral life cycle to ensure
the survival of the host population. Taken and adapted from (Gao et al., 2022).

Many prokaryote genomes encode multiple different STAND NTPases [48]. Sev-
eral are predicted to have a defence function due to their enrichment in genome
regions adjacent to known defence systems in defence islands [53]. These have

been suggested to be triggered by other pathogen-related patterns that remain to

be determined [49].

1.4 Argonaute

Argonaute proteins are a family of guide-dependent nucleases present in all do-
mains of life [54]. They are best understood in eukaryotes, where they act as a
piece of the RNA interference system [55, 56]. These systems have a wide range
of functions, including the formation of heterochromatin and the regulation of gene
expression [57-59]. Eukaryotic argonautes bind to 20 - 30 nt 5’-phosphorylated
RNAs made by the Dicer endoribonuclease [60]. When bound to its target, the
argonaute protein either sequesters or cleaves the target with its PIWI endonucle-

ase domain [56].

Argonautes were discovered within prokaryotic defence islands and are more di-
verse than those in eukaryotes [54]. These can target ssDNA, dsDNA or RNA [61].
pAgos use short 18-21 nt ssDNA guides to target endonuclease activity to protect
the bacteria from the foreign genetic elements [62—64]. They have been shown

to provide defence against both plasmid propagation and bacteriophage infection



[63, 65, 66].

Guide-free Ago attacks dsDNA to generate nicks on each DNA strand to generate
fragments of various lengths [67]. Guide molecules are then selected from the pool
of DNA fragments. Guide-loaded Ago then attacks complementary DNA with high

efficiency and specificity to degrade the foreign genetic element.

Prokaryotic argonautes can contain inactivated PIWI domains, implying that Ar-
goautes without endonuclease function can play a role in directing the activity of
alternative effector proteins [54]. The pAgo from the Sulfolobus islandicus is ge-
netically linked to the Aga1 and Aga2 proteins [68]. All three genes are required for
immunity. pAgo has guide-directed target nucleic acid activity. Agai aids pAgo in
guide and target binding. pAgo and Agal form a complex in the cytoplasm. Aga2
is a transmembrane protein that binds phospholipids in the membrane to result in
membrane depolarization and cell death. When Ago—Agai1 complex interacts with

Aga2, a ternary complex is formed to activate the abortive infection response.

1.5 CRISPR Cas

In addition to the innate defences described above, many prokaryotes have an
adaptive immune system called CRISPR-Cas [1, 2]. CRISPR-Cas systems are
found in the genomes of ~90 % of archaea and ~50 % of bacteria [69]. The advan-
tage of possessing these systems is that they can make a heritable change to the

host genome to provide a memory of past infections.

Small DNA fragments, known as protospacers, are captured from invading genetic
elements. These are integrated into the CRISPR array, where they serve as a
memory to guard against future encounters with the same element. The CRISPR
array is composed of a series of fixed-length repeats and spacers [70—-72]. Spacers
are usually about 30 bp in length and repeat sequences that flank the spacers and

are usually about 25 - 50 base pairs in length [73].
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Figure 1.5. General Structure of a CRISPR locus

The CRISPR array contains consists of a leader sequence (Red) followed by reg-
ularly interspaced repeat (orange) and spacer (purple and yellow) sequences.
CRISPR arrays usually co-localise with a set of CRISPR associated genes (cas)
genes (blue). These genes facilitate every step of the CRISPR immune response.
Promoters are represented as an arrow in the direction of transcription.

Adjacent to the array are genes encoding the Cas proteins that maintain the ar-
ray and provide immunity [73] (Figure 1.5). These are separated into four different
modules depending on their function: Adaptation, Expression, Interference, and
Signal transduction/Ancillary [74]. The adaptation module captures and integrates
new spacers into the CRISPR array. This module includes the Cas1-Cas2 pro-
teins, which are the only genes conserved in all CRISPR systems. In addition, the
adaptation module in some systems includes the Cas4 nuclease. The expression
module processes pre-crRNA into mature crRNA. This can be encoded by a Cas
gene or a host RNAse. The interference module encodes all of the genes needed
to allow the crRNA to bind to its complementary DNA sequence in the invading

genetic element and degrade it. Some CRISPR systems also contain a signal

transduction/ancillary gene module.

To increase preference for acquisition against foreign DNA, type | and Il systems
use a 2-5nt protospacer adjacent motif (PAM) to identify suitable protospacers for
integration [75]. This is not present in the array due to the presence of repeats,
which prevents self-targeting and allows the differentiation between self and in-
vader DNA [76]. The PAM is necessary to choose protospacers in adaptation and
for target selection during interference [75, 77]. The PAM sequence directs spacer

orientation in arrays [75].

The CRISPR array is transcribed and processed into CRISPR RNAs (crRNAs) in

the process of expression. Each crRNA is derived from a spacer-repeat segment
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[78]. The interference machinery is guided to target DNA by mature crRNA [79].
The biogenesis and maturation of crRNAs can be split into three steps [80]. A pre-
cursor CRISPR RNA transcript (pre-crRNA) is produced by transcription through
the CRISPR array from a promoter found in the leader sequence. Primary cleav-
age follows in a sequence-specific manner inside the repeat sequence. In some

CRISPR systems, a second cleavage step follows to produce mature crRNA.
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Figure 1.6. Summary of CRISPR Cas Immunity

Target cleavage

During adaptation, the Cas1-Cas2 complex selects a part of the foreign genetic
element and integrates it into the CRISPR array. In the next stage (crRNA matu-
ration), the CRISPR array is transcribed into a long pre-crRNA that is further pro-
cessed by Cas proteins or, in some cases, by cellular RNases. In the interference
stage, the mature crRNAs guide Cas nucleases to the cognate foreign DNA. The
Cas proteins cleave the foreign nucleic acid upon binding the crRNA to the target
sequence. In class 1 systems, the interference machinery is a multi-Cas-protein
complex, whereas class 2 systems utilize a single Cas protein for target cleavage.
Taken and adapted from (Hille et al., 2018).
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1.5.1 Interference

During Interference, crRNAs associate with Cas proteins to recognize foreign ge-
netic elements [81]. This is achieved by base-pairing interactions between the
crRNA and its complementary sequence in the invading nucleic acid. Complemen-
tarity to either the coding or the non-coding strand of the foreign DNA supports
immunity. The invading genetic element is then cleaved by the effector complex to

result in its destruction.

The simplest effector is the Cas9 protein. It has two nuclease domains that cleave
alternate DNA strands to generate double-strand breaks. A RuvC-like nuclease
cleaves the crRNA non-complementary DNA strand and a HNH nuclease cleaves

the complementary strand [82, 83].

The interference enzyme in E. coli, Cascade, is a multisubunit complex with a sea-
horse architecture [84, 85]. Complex formation starts when the crRNA becomes
tightly bound to Cas6 after maturation [86]. This ribonuclear complex acts as a
platform for the other Cascade subunits to assemble upon [86, 87]. The 5 handle
of the crRNA is bound by Cas5 and Cas7 polymerises along the backbone. Two
Cas11 subunits form salt bridges with Cas7 to stabilise the complex. Finally, Cas8

binds to Cas5 at the bottom of the complex [81, 84, 88].

Surveillance of target sites for degradation is hypothesised to proceed by a 'PAM
first’ model [84, 86]. Cascade binds dsDNA to search for a 3 bp PAM motif needed
for cleavage [87]. Following the detection of a PAM sequence, the dsDNA is un-
wound to allow the crBRNA to bind to its complementary sequence in the target
DNA. This supports efficient target screening, as the DNA that needs to be un-
wound by Cascade is reduced [89]. This also stops Cascade from binding spacers
in the array, to prevent accidental cleavage or transcription inhibition. Interactions
between Cas8 and the PAM sequence cause DNA bending, which initiates un-

winding [88, 90]. This allows R-loop formation between the dsDNA target and the

13



crRNA. Upon full R-loop formation, Cas11 locks the R-loop in place [91, 92].

Conformational changes in Cascade during R-loop formation act as a signal to
recruit the Cas3 helicase/nuclease to the target DNA [92—94]. The interaction be-
tween Cas3 and DNA is Cascade dependent [95]. When Cas3 binds to target DNA,
degradation is initiated by nicking the non-target strand [96]. The nicked DNA can
then be unwound by Cas3 [95]. Cas3 remains bound to Cascade and translocates
along the non-target DNA strand [97]. The non-target DNA strand is fed through
the Cas3 helicase domain and undergoes intermittent cleavage as the target DNA
strand is extruded in a loop [89]. Further Cas3 enzymes can be recruited to the

ssDNA gap to degrade the target DNA further (Figure 1.7).

«SSDNA loop
. ‘ b ~— intermittent
nick non-target strand load ssDNA reeling nicking

Figure 1.7. Mechanism of Cas3 cleavage

Following its recruitment to the Cascade-target DNA R-loop, Cas3 nicks the non-
target strand. The nicked strand is then loaded into the Cas3 helicase domain,
which stabilizes the interaction between Cas3 and Cascade. The Cas3 helicase
domain then reels the non-target strand, whilst the target strand is extruded and
forms a ssDNA loop. Taken and adapted from (Xue & Sashital, 2019).

1.5.2 Adaptation

Adaptation is the process where a spacer-repeat unit is added to the CRISPR array
to provide a genetically encoded record of previous interactions with foreign genetic
elements [98]. 80-90% of identifiable spacers match DNA sequences found in viral
genomes [99]. Spacers are added at the leader end of the array [1]. The leader-
proximal repeat is used as the template for duplication, with a single repeat being
sufficient for spacer acquisition [100, 101]. In the type II-A system of Streptococ-

cus pyogenes, expression of the crRNA of the first spacer in the array is twice as
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abundant as the fifth [102]. This allows the CRISPR Cas system to defend the cell
from the most recent invading foreign genetic element, which poses the greatest
threat. Only the final step of integration is fully understood. The earlier steps by

which prespacers are generated and processed are less well known.

The Cas1-Cas2 complex catalyzes adaptation with the assistance of other host
factors [100, 103, 104]. When a spacer is inserted into the CRISPR locus from
a foreign DNA element that it has not been previously encountered, it is termed
naive adaptation. Naive adaptation is rare, measured at only 1 in 107 infected cells

in the type II-A system of Streptococcus pyogenes [102].

Point mutations in the protospacer or PAM are known as escape mutants since they
protect nucleic acids from destruction [105—107]. This leads to primed adaptation,
where new spacers are acquired from the vicinity of crRNA targets of pre-existing
spacers in the array. Primed adaptation is a positive feedback loop, which is >500
times more efficient in type I-F systems and >1000 times more efficient in type I-E
systems than naive adaptation [108—110]. New spacers can be either up or down-
stream of the escape target, over 100 kb from the protospacer [110, 111]. Primed
adaptation is robust and can tolerate 13 mutations in the PAM and protospacer in

the type I-E system [107].

Primed adaptation is a system that has evolved to overcome the cost associated
with the loss of efficiency of interference [112]. Rapid degradation observed in
interference does not support priming [113, 114]. Mutations in either the proto-
spacer or the PAM reduce effector complex affinity [106]. This still supports R-loop
formation, Cas3 recruitment and degradation, but at a reduced rate [112, 114]. The
reduced cleavage rates mean that DNA substrates persist for longer durations, in-

creasing the time for the Cas1-Cas2 complex to catalyse adaptation.
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Around 90% of spacers acquired in primed adaptation are complementary to the
priming protospacer strand, with the majority of primed spacers having an AAG
PAM in the type I-E system [105, 107, 108, 115]. In primed adaptation, spacers with
the consensus PAM sequence in the protospacer are strongly selected against,

unlike in naive adaptation [116].

The CRISPR adaptation module is believed to have evolved from a type of transpo-
son, casposons [117, 118]. Some casposons also encode Cas4, another nuclease
involved in the adaptation process of many CRISPR Cas systems [119]. The mech-
anism of adaptation mirrors the biochemistry of the DD[D/E] family of transposons,
where the enzyme uses the 3’-OH of the donor DNA to make a staggered cut and

joins the donor to the target DNA at the 5’ phosphate [120].

Directly upstream of the CRISPR array is an AT-rich Leader sequence which typi-
cally spans 100-300 bp [73]. It encodes promoters for transcription of the CRISPR
array [73, 103, 121]. There are also elements in the Leader sequence to guide the
integration of new spacers [100]. These are recognised by Cas proteins and cel-
lular host factors [122, 123]. Truncation of the Leader sequence to remove these

elements significantly decreases the rate of spacer integration [122].

1.6 Cas1-Cas?2

Cas1 and Cas2 are conserved across all CRISPR systems, except the type IV [74].
In the type I-E system of E. coli, overexpression of both these proteins results in
naive adaptation in vivo [124]. Other systems require accessory factors for adap-
tation, such as Cas9 and Csn2 in the type II-A system of S. thermophilus, Cas2/3
and Csy complex in the type I-F system of P aeruginosa and Cas4 and Csa1l in

the S. islandicus I-A system [103, 104, 125, 126].

Cas1 and Cas2 form a heterohexameric complex (Cas1,-Cas2), ( Figure 1.8) [127,
128]. Cas1 functions as the integrase that catalyses spacer integration [129]. The

nuclease activity of Cas1 is needed for spacer acquisition, as nuclease-deficient
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mutants do not facilitate adaptation in vivo [130]. Cas2 stabilises prespacer bind-
ing and controls its length [127]. Cas2 active site mutants undergo adaptation,
but deletion of the C-terminal region of Cas2, which interacts with Cas1, prevents

spacer acquisition as the complex is unable to form [129].

Cas1b,

Cas1b’
Figure 1.8. Crystal Structure of the E. coli Type I-E Cas1-Cas2 Complex

Protospacer DNA is shown in red and dark blue. Cas1 is shown in brown and
purple. Cas2 is shown in green and light blue. The protospacer DNA is stabilised
by Cas2 and its length is selected at 23 bp. The 3’ overhangs are threaded through
the C-terminal domain of Casia. Taken and Adapted from (Wang et al., 2015).

The preferred integration substrate in the type I-E system is a 23 bp duplex with
5 nt overhangs on the 3’ end of each strand [127, 131]. The binding of the pro-
tospacer enhances the affinity of the Cas1-Cas2 complex to the CRISPR array
[132]. Full-site integration needs two transesterification reactions, with the 3’-OH
of each end of the protospacer attacking the 5’ border of the repeat in a nucle-
ophilic reaction catalysed by the Cas1-Cas2 complex [120, 121, 127, 131, 133].
Half-site recognition arises sequentially, as the two active sites are unable to ac-
cess the DNA simultaneously [134]. There is a structural rearrangement in Cas1-
Cas2 when it is bound by the protospacer that enables the search for integration
sites [127, 135]. A Cas1 dimer rotates clockwise and the other anticlockwise to
generate a flat surface in the complex that binds the dsDNA. The 3’ strands of the
protospacer are threaded through the C-terminal domain of Cas1a [127]. When a
PAM-complementary protospacer is bound, this is stabilised by the tail of Cas1b.

This covers the catalytic pocket of Cas1a, meaning the initial integration event is of
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the non-PAM strand at the leader-repeat border [131, 133]. The PAM-derived ss-
DNA end is then integrated at the spacer-repeat border. This mechanism helps to
ensure the correct orientation of spacer integration. The Cas1-Cas2 complex then
disengages from the CRISPR array by an unknown mechanism. The gaps follow-

ing integration are filled by host DNA repair enzymes [136] (Figure 1.9).
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Figure 1.9. Mechanism of Spacer Integration into the CRISPR Array

lllustration of protospacer (green) integration into a minimal CRISPR locus com-
prised of the leader (L, red), repeat (R, yellow), and spacer (S, blue). The proto-
spacer is integrated at the leader-repeat border. The reaction follows the cut-and-
paste DNA transposition mechanism with a duplication of the repeat sequence.
The 3’-hydroxyls that perform nucleophilic attacks at the L-R junction (top strand)
and the R-S junction (bottom strand) are indicated by the split arrowheads.

Taken and Adapted from (Ma et al., 2021).

1.7 Location of Integration

Spacer acquisition arises at the leader-repeat border [100]. In the type I-E system,
Integration Host Factor (IHF) is essential for adaptation in vivo, as it guides the
Cas1-Cas2 complex to the leader-repeat of the array [123]. There is a binding site
for IHF in the leader sequence of the CRISPR array [137, 138]. This is present
in the 60bp segment of the CRISPR | leader in BL21 E. coli [100]. The CRISPR
II'array in BL21 has no A-T rich leader sequence, so it does not acquire spacers
in vivo. Placing the CRISPR | leader with the IHF binding site upstream of the

CRISPR Il array allows adaptation in the presence of IHF [123].

IHF is a heterodimeric protein made up of IHFa and IHFj3 subunits which share

~30% sequence identity [139]. IHF binds tightly to the minor groove of DNA regions

18



with the 13-bp consensus sequence and A/T-rich elements upstream [140, 141].
The « subunit recognises the consensus sequence and the backbone of each
subunit acts as a clamp to bind across the minor groove [139, 142]. The distortion

in the DNA is stabilised by multiple hydrogen bonds with the body of IHF.

IHF binding the leader sequence causes DNA to bend 120°, resulting in a reversal
of the direction and a distortion in the DNA (Figure 1.10) [137, 138]. Cas1-Cas2
makes protein contacts with IHF and sequence-specific interactions up- and down-
stream to catalyse the first step of the reaction [137]. This targets the Cas1-Cas2
complex to this locus, helping to catalyse the nucleophilic attack of the integration
reaction at the leader-repeat border and ensure the polarised addition of spac-
ers into the array [137, 138]. IHF also promotes integration with specificity at the

leader-repeat boundary in the type I-F system [128].

In vitro, IHF is required for integration into linear DNA [123]. Supercoiled DNA
undergoes integration in vitro in the absence of IHF, adjacent to every repeat in
the CRISPR array [120]. The addition of IHF helps to control the site of integration,
resulting in ~80% integration at the first repeat in the supercoiled plasmid substrate

[123].

Figure 1.10. IHF binds DNA to induce DNA bending

The DNA is shown in blue and green. IHF« is shown in grey and IHF 3 is shown in
pink. Taken and adapted from (Rice et al., 1996).
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IHF is only found in Gram-negative bacteria [143]. In type Il systems, no additional
host factors are required to support spacer integration by the adaptation machin-
ery [144]. The Cas1-Cas2 complex from the type II-A system in Streptococcus
pyogenes catalyses integration in vitro with a profile that resembles the type I|-E
system of E. coli in the presence of IHF [144]. A leader-anchoring site (LAS) is
present in type Il systems which guides the site of integration [102]. This is lo-
cated adjacent to the first repeat of the array and includes < 6 nucleotides of the
repeat [101, 102]. Mutation of the first two nucleotides of the array does not sup-
port spacer acquisition [101]. The addition of an additional LAS in the middle of
the array results in adaptation downstream of both sequences [101]. Deletion of
the LAS results in non-polarized ectopic integration downstream of a spacer with
a pseudo-LAS sequence [102]. The type II-A Cas1-Cas2 complex of E. faecium
makes frequent contact with every repeat in the array, but only dwells long enough

at the leader repeat to support productive integration [135].

An a-helix from Cas1 binds to the DNA in a sequence-specific manner in the
Leader sequence [134, 144]. This positions the spacer in the correct orientation
so that additional host factors are not required. The initial integration event in the
first step of the reaction can happen at either end of the repeat, but extra con-
tacts with the Leader sequence favour faster integration at the leader-proximal end

[144].

1.8 Choice of Substrate for Spacers

Cas1-Cas2 from the Type I-E system has a preference for plasmid-derived spacers,
although chromosomal DNA is present in ~25-50X excess [100]. Overexpression of
Cas1-Cas2 from a plasmid results in 22% of spacers being chromosome-derived,
but leaky expression reduces this to just 2% [145]. This shows a 100 - 1000 X
preference for plasmid DNA, but also that a lower expression level of Cas1-Cas2
increases specificity for foreign genetic elements. However, this may be an under-

representation, due to the negative effects that may result from the acquisition of
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spacers from the chromosome [146]. Any self-derived acquisition events that re-
sult in cell death will not be revealed and consequently will increase the apparent

preference for plasmid-derived spacers.

The preference for acquiring spacers from foreign genetic elements might be ex-
plained by a model where Cas1-Cas2 has a preference for stalled replication forks
as a template [145]. During replication of the bacterial chromosome, two replica-
tion forks travel in opposite directions from the oriC to the Ter. Plasmids replicate
unidirectionally so will only have one replication fork. However, as the majority
of replication forks will be present on multi-copy plasmids, the majority of stalled
replicated forks will be present on multi-copy plasmids, meaning that the proba-
bility of acquiring chromosomal-derived spacers is significantly lower compared to

plasmids.

The RecBCD complex is proposed to play a role in the generation of prespacers for
naive adaptation in Gram-negative organisms [136, 145]. When there is a dsDNA
break, RecBCD binds to the exposed end to unwind and degrade the DNA until a
Chi site is reached, where activity is stopped [147]. Chi sites arise on average every
~5kb in the E. coli chromosome. Deep-sequence analysis of acquired spacers
shows protospacer hotspots are located between stalled replication forks and Chi
sites, suggesting that the fragments produced by RecBCD degradation are used
as a template by Cas1-Cas2 for adaptation (Figure 1.11) [145]. In the absence of
either RecB, RecC or RecD, spacers are still acquired, but at a lower rate and with
~ten times greater preference for chromosome-derived DNA [145]. This shows

there must be other pathways to produce prespacers.

Restriction nucleases can also provide a substrate to generate protospacer DNA
[148]. This generates free DNA ends in the phage genome, which can act as sub-
strates for protospacers [31, 149]. Infection with a combination of modified and un-
modified phage increases CRISPR-resistant survivors proportional to the amount

of restriction-sensitive phage [150]. Restriction nucleases protect against phage
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infection before methylation (Section 1.2) [148]. This activity stimulates spacer ac-
quisition as soon as 30 minutes after infection. Spacers are acquired from both
sides of the cleaved DNA, which can be further processed by the host's DNA re-
pair enzymes, for example, RecBCD in E. coli. This generates a hotspot between

the restriction site and the first Chi site.
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Figure 1.11. The nuclease activity of RecBCD explains the preference for spacer
acquisition from foreign genetic elements during naive adaptation

(A) Chi sites (magenta) lower the frequency of RecBCD cleavage. Chi sites are
more frequent on the host chromosomes than on foreign DNA. This leads to a
higher frequency of spacer substrates for the Cas1-Cas2 complex (yellow) origi-
nating from foreign DNA.

(B) DNA replication can produce stalled replication forks, which are common sites
for double-strand breaks (DSBs) which are RecBCD targets.

(C) Foreign DNA replicates more frequently, which leads to more DSBs and more
RecBCD recruitment.

(D) Phage DNA is injected as a linear species. RecBCD can only degrade linear
DNA, so this injected DNA is targeted.

Taken and Adapted from (Xue & Sashital, 2019).
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1.9 Classification of CRISPR Cas Systems

CRISPR systems are classified according to their Cas genes, which mainly reflect
the mechanism of interference [151]. Each of the six different types uses function-
ally distinct effector complexes to degrade foreign nucleic acids. CRISPR systems
can target either DNA, RNA or both. Class | systems have a multi-subunit effec-
tor, such as Cascade in E. coli, while Class Il systems have a monomeric effector,
such as Cas9in S. pyogenes. The classes are then divided into types and subtypes
based on their effector complexes and ancillary genes linked to the Cas-CRISPR

loci [74] (Figure 1.12).
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Figure 1.12. Classification of CRISPR systems

(A) CRISPR systems are classified into two classes depending on the architecture
of their interference machinery. Class 1 systems have a multi-subunit interference
complex. The interference machinery of Class 2 systems is comprised of a single
enzyme.

(B) There are six types of CRISPR systems, each composed of a unique comple-
ment of Cas genes. Cas genes are labelled with the current nomenclature, and
dotted lines indicate where Cas genes of a given system are not always present.
Taken and adapted from (Makarova et al., 2020).
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1.9.1 Class |, Type | CRISPR Systems

The type | CRISPR Cas system is the most abundant in nature [74]. These are
made up of nine subtypes, I-A - I-F with |-F a combination of three more subtypes

(1,2,3). Type | systems contain the Cas3 HD nuclease/helicase.

The multi-protein effector complex of type | systems is named Cascade (Cas com-
plex for antiviral defense). The type I-E Cascade consists of five Cas proteins
(Casb, Cas6, Cas7, Cas8 and Cas11) at different stochiometry. Cas6 processes
pre-crRNA into mature crRNA. Cas6 then binds the 3’ hairpin of the crRNA with
Cas5 holding the 5’ handle. Cas7 provides the backbone of Cascade along the
length of the crRNA. Cas11 stabilises the R-loop formed between the crRNA and
the target DNA strand. Cas8 recognises the PAM sequence and recruits Cas3

[152]. When activated, Cas3 processively cleaves the target foreign DNA.

Type | systems are diverse. Two type |-F systems have a Cas2-3 protein fusion
[69]. This shows the importance of Cas3 in the production of new spacers for
integration [69, 128]. Type I-B and I-F systems have been discovered inside Tn7-
like transposons [153]. Cas3 is absent in these systems, so they are presumed to
be interference deficient. They have been shown to perform alternate roles, such

as in the RNA-guided transposition of mobile genetic elements [154, 155].

1.9.2 Class |, Type lll CRISPR Systems

Interference in type lll systems is dependent upon the transcription of the target
DNA [156—158]. The effector complex binds to mRNA and tethers itself to the
transcription bubble. When bound, the Cas10 HD nuclease domain is activated

and cleaves nearby foreign DNA [156, 159].

Type lll systems do not use the PAM-based mechanism to differentiate between
foreign and host DNA [160]. Extended base pairing between the 5’ handle of the

crRNA and the CRISPR repeats protects from autoimmunity [76]. This switches off
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interference, presumably by inhibiting nuclease recruitment. DNA cleavage, how-
ever, requires the presence of a short sequence adjacent to the target sequence in

the activating target RNA, i.e. an RNA PAM [158].

There are six subtypes of Type Ill CRISPR systems, which contain two families of
effector complexes: Csm and Cmr. The structures of typical Type Il effector com-
plexes are similar to that of Cascade [81, 161]. Cas10, the type Ill large subunit,
binds to the complex in a position analogous to Cas8 in Cascade. The backbone
of the effector complex consists of the Cas5 and Cas7 family proteins. However,
there are distinct differences in their function and composition. Type Ill systems
rely on the crRNA processing activity of neighbouring CRISPR loci. Only one of
the subtypes contains a Cas6 protein and this does not interact with the main ef-
fector complex [161]. The Csm and Cmr complexes are capable of both DNA and
RNA degradation so they do not require the recruitment of additional nucleases,

like Cas3 with Cascade [162—164].

Type Il systems utilise unique signalling systems [165, 166]. RNA binding acti-
vates the Palm polymerase domain of Cas10 in subtype IlIA/B/C systems to pro-
duce cyclic oligonucleotide second messengers. These activate the nonspecific

RNases, Csm6 and Csx1.

1.9.3 Class |, Type IV CRISPR Systems

Type IV systems include CRISPR arrays but typically lack the Cas? and Cas2
genes and an associated nuclease for target cleavage [69]. This implies that type
IV systems do not provide adaptive immunity by the same mechanism as other
CRISPR systems. There is a positive correlation between the presence of type
IV-A and type I-E systems in the same host, which suggests that the adaptation
machinery from other systems may be utilised to perform spacer acquisition [167,
168]. They could have been recruited for alternative functions or adaptive immunity

not involving target cleavage [169].
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There are three subtypes of type IV CRISPR Systems [74]. These are primarily
located on plasmids [151]. Many spacers present in type IV CRISPR arrays are
complementary to DNA sequences found in other plasmids, with conjugation ap-
paratus components being particularly common targets [168, 170]. Consequently,

they appear to play a role in plasmid competition [167].

1.9.4 Class I, Type Il CRISPR Systems

Cas9 is the effector protein of Type Il systems. It recognises and binds to the pre-
crRNA before RNase Il is recruited to produce a mature crRNA [171]. Cas9 has
two nuclease domains that cleave alternate DNA strands. A RuvC-like nuclease
cleaves the crRNA non-complementary DNA strand and a HNH nuclease cleaves

the complementary strand [82, 83].

The type Il loci also encode a trans-acting CRISPR RNA (tracrRNA) [172]. These
are characterized by complementarity to the repeat region of crRNA precursor tran-
scripts [171]. The tracrRNA directs the maturation of crRNAs by the activities of
RNAse Il endonuclease. This is needed as the repeat sequences are only weekly
palindromic, so they do not form the stem-loop structures that support Cas6-like

cleavage of pre-crRNA within the repeats of type | systems [172, 173].

Adaptation in type Il systems requires the use of two additional proteins to Cas1-
Cas2, Csn2 and Cas9 [103, 104]. Csn2 interacts with both Cas1 and Cas9 to link
the adaptation and interference machinery [174, 175]. During naive adaptation,
Cas9 recognises the PAM sequence in type Il systems [104]. The nuclease do-
mains of Cas9 are not required for spacer acquisition, but the substrate of spacers

changes [103, 104].
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1.9.5 Class I, Type V CRISPR Systems

Cas12 is the effector protein of type V systems. It employs a different interfer-
ence mechanism from that of Cas9. A single RuvC domain cleaves both strands
of the target DNA [176, 177]. Cas12 can then indiscriminately chop up ssDNA
when activated by a target DNA molecule complementary to its spacer sequence

[178].

Cas12 also contains RNAse activity to process precursor crRNAs into mature cr-
RNAs [177, 179]. It cleaves in the repeat region with a sequence- and structure-
dependent mechanism [177]. Both the RNAse and DNAse activities of Cas12 are

highly specific, only cutting RNA or DNA respectively.

1.9.6 Class I, Type VI CRISPR Systems

Type VI CRISPR systems exclusively target RNA. Their effector arm, Cas13, has
two higher eukaryotes and prokaryotes nucleotide-binding (HEPN) ribonuclease
domains [180]. Cas13 contains a nonspecific RNase activity which is activated
after the crBRNA binds its target [181]. The crRNA needs to bind to two regions
in the target RNA to initiate cleavage [182]. Once activated, Cas13 degrades all
nearby RNA regardless of the sequence [181]. Therefore, the defence strategy of
type VI systems seems to link adaptive immunity with programmed cell death or

induction of dormancy.

Cas13 can process crRNA using a distinct ribonuclease domain away from the
HEPN domains [183]. It cleaves in the repeat region in both a structure- and
sequence-dependent manner [182, 184]. Pre-crBRNA processing proceeds via a
metal-independent mechanism, whereas target cleavage requires a divalent cation

[182, 184].
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1.10 Regulation of Cas gene Expression

When challenged by foreign genetic elements, CRISPR-Cas systems provide an
effective defence mechanism that can be passed on to future generations. When
unchallenged, the CRISPR-Cas immune response is likely a burden to the host,
primarily due to the threat of a cytotoxic autoimmune response [185]. There is
a balancing act between the benefits that these systems provide and the possi-
ble negatives. Constitutive defence systems, such as cell surface modifications,
are always active, so they pose a constant deleterious fitness effect, regardless
of whether they are needed [5, 186]. Inducible defence systems, such as CRISPR
Cas, only impose a fitness cost when active [186]. This allows the fitness cost to be
ameliorated when the systems are not expressed but provides immunity when in-
fection risk is greatest. A combination of CRISPR-Cas and restriction modification
systems provide multiple orders of magnitude increases in defence against phage

infection [187].

Analysis of the spacers present in CRISPR arrays of 330 species of bacteria
and archaea revealed that only 0.4% are self-targeting [146]. Interestingly, the
CRISPR repeats on either side of the self-targeting spacer are twice as likely
to contain mutations, presumably to counteract the negative self-targeting effects
[146]. The presence of interference-deficient dCas9 increases self-targeting acqui-
sition events to 96% in S. thermophilus [103]. This implies that self-targeting spacer
acquisition is more prevalent, but selected against due to interference. Regulation
of expression reduces the likelihood of acquiring chromosome-derived spacers and
the risks of autoimmunity. The self-targeting spacers present probably play a role in
other functions of CRISPR Cas systems separate from immunity, such as transcrip-
tional regulation and mRNA cleavage [185]. This is reviewed in detail by Wimmer

& Biesel, 2020 [185].

Expression of CRISPR Cas systems imposes a metabolic cost to the host [186,

188]. The effector protein Cas9 is expressed constitutively in S. thermophilus,

28



which results in a fitness cost, shown by a shorter lag growth phase in a Acas9
mutant [188, 189]. However, there is not a difference in maximum growth rate.
Overexpression of Csa3a, which activates the CRISPR Cas system in Sulfolobus
islandicus, results in a reduced growth rate compared to the parental wild-type and
knock-out strains [190]. Expression of Cas? in Mycobacterium tuberculosis re-
duces tolerance to environmental and antibiotic stresses [191]. Consequently, tight
regulation of expression is required to ameliorate the associated fitness costs in the
absence of infection risk. Constitutive defences are selected for when infection risk

is high, as the fitness effects of CRISPR Cas systems are too great [186].

Additionally, 80% of genomes with CRISPR-Cas systems contain spacers that tar-
get integrative conjugative elements (ICEs) [192]. ICEs play a role in adaptation
to new environments as a source of horizontal gene transfer. This is shown by a
significant negative correlation between the presence of novel antibiotic resistance

and CRISPR-Cas loci discovered in Enterococcus faecalis [193].

Consequently, the regulation of CRISPR Cas systems is necessary for the survival
of prokaryotic populations. Below, | detail the best-studied transcriptional regula-

tors of CRISPR-Cas gene expression (Figure 1.13):

1.10.1 H-NS and LeuO

HNS is a global transcriptional silencer, which plays a key role in the organisation
of the chromosome in bacteria [194—196]. Approximately 5% of genes in E. coli
are under its regulation [197]. H-NS preferentially binds to DNA sequences that
are AT-rich, such as the CRISPR leader sequence [73, 198]. When H-NS binds to
target sites, the DNA is condensed to form looped structures of DNA-protein-DNA
bridges [199, 200]. Condensation of DNA sequesters promoters from host RNA
polymerases to inhibit gene expression [201]. An AT-rich region upstream of Cas3
in E. coli was determined to be a H-NS binding site [202]. Consequently, H-NS

represses the expression of both the Cas genes and their cognate crRNAs. A

29



similar repression mechanism has been identified in Salmonella enterica Serovar

Typhi [203].

H-NS-mediated repression of the CRISPR locus is antagonised by LeuO in both
E. coli and Salmonella enterica Serovar Typhi [203, 204]. LeuO is a member of
the LysR family of transcription regulators that regulates 140 genes in E. coli [205,
206]. LeuO binds to the intragenic DNA region upstream of Cas8 to induce Cas
gene expression [204]. LeuO does not alleviate H-NS repression when H-NS is
already bound. Instead, LeuO binds and prevents the cooperative polymerisation

of H-NS.

1.10.2 CRP-cAMP

The catabolite repressor protein (CRP) is a transcription factor that binds DNA reg-
ulatory elements in the presence of its allosteric regulator, cAMP, to regulate the
transcription of several genes [207]. The cAMP signalling molecule is synthesised
by adenylate cyclase in response to low glucose concentrations. CRP binds to
the Cas8 promoter in E. coli to repress the Cas operon in the absence of glu-
cose [208]. The recognition sites of LeuO and CRP overlap. Consequently, CRP
competes to prevent LeuO-mediated expression of the Cas genes when cellular

glucose concentration is low.

CRP is an activator of the Cas gene expression in T. therophilus, but not the cr-
RNA of the I-E and IlI-A systems [209, 210]. Similar findings were presented in P
atrosepticum [211]. CRP-cAMP binds to the Cas? promoter to induce the expres-

sion of Cas1 and a Cas2-3 fusion protein of the type I-F system.

Differential regulation of Cas gene expression by CRP appears paradoxical. This
may result from the different growth requirements of the host [211]. Further inves-

tigation is needed to resolve this.
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Figure 1.13. Mechanisms of CRISPR regulation

(A) The Cas genes are induced at high cell density due to LuxIl/LuxR quorum sens-
ing. Luxl (blue) synthesises the AHL (black) signalling molecule. High concentra-
tions of AHL activate the LuxR (light green) transcription regulator. Activated LuxR
induces Cas gene expression. (B) H-NS polymerization represses the Cas genes.
(C) LeuO can inhibit H-NS repression. LeuO binds upstream of Cas8 to prevent
H-NS polymerisation. (D) Cell envelope stress activates the BaeS histidine kinase
(pink). BaeS phosphorylates BaeR (dark green), which binds upstream of Cas8 to
upregulate Cas gene expression. (E) CRP (orange) is activated by cAMP (brown)
and binds upstream of Cas8 to inhibit Cas gene expression. The presence of glu-
cose inhibits cAMP synthesis. (F) RsmA binds to cas mRNAs to decrease their
expression. (G) In the presence of calcium, the activity of RsmA is antagonised by
the calcium-responsive kinase LadS (purple).

The bent black arrow represents the Cas promoter, pointing in the direction of
transcription. Straight black arrows indicate expression induction. Lines with bars
indicate repression of expression.
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1.10.3 BaeSR

BaeSR is a two-component regulatory system activated under cell envelope stress
[212, 213]. BaeS is a membrane histidine kinase that phosphorylates BaeR. When
phosphorylated, BaeR acts as a transcriptional activator to induce target gene
expression. Detection of membrane stress upregulates Cas gene expression by
binding upstream of Cas8 [214, 215]. Phage infection has been shown to induce
membrane stress in Lactococcus lactis [216]. Therefore, the Cas genes are likely
to be expressed by the activity of BaeSR after phage injection due to the induction

of the cell envelope stress response.

1.10.4 Iron Transport System

The CRISPR Cas system in Pseudomonas PA14 is under the control of an iron-
dependent regulatory mechanism [217]. The extracytoplasmic sigma factor PvdS
forms a complex with the Core RNA polymerase to bind to one of two binding sites
in the Cas1 promoter to induce cas operon expression [217, 218]. In a ApvdS mu-
tant, primed adaptation is ~60% of wild type in the CRISPR Il array in iron-depleted

conditions [217]. However, in the presence of iron, there is no difference.

In the presence of iron, Fur represses the expression of pvdS by blocking access
to the promoter [219]. This prevents activation of the pvdS target genes. Fur muta-
tion upregulates Cas gene expression in both iron-depleted and normal conditions

[217]. Therefore, Afur derepresses pvdS to allow Cas gene expression.

TonB-dependent transporters are expressed in iron-limiting conditions to aid in iron
uptake [220]. Bacteriophage target these to inject their nucleic acids during infec-
tion [5]. Coupling expression of the CRISPR Cas system and iron uptake mecha-
nisms is an adaptive response to provide adaptive immunity from phage invasion
when risk is high. The upregulation of CRISPR Cas systems is a pre-emptive

measure to deal with bacteriophage infection.
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1.10.5 Quorum sensing

The risk of infection for a bacterium is proportional to the density of the culture. In a
sparsely populated community, the risk of phage infection is low. Consequently, the
metabolic burden of expressing inducible defence systems outweighs the protec-
tion benefits. Therefore, defence systems are expressed in relation to the density

of the culture [14].

Quorum sensing (QS) is a bacterial signalling system that changes gene expres-
sion following changes in population density. A signalling chemical, called an au-
toinducer, is excreted by the bacteria. As the population density increases, the
concentration of autoinducer increases. Once the autoinducer crosses a thresh-
old concentration, gene expression patterns change. The primary QS system of

gram-negative bacteria is Luxl/LuxR [221].

The expression of CRISPR Cas systems in Serratia are regulated by QS path-
ways [222]. Serratia contains the LuxIR homologues Smal and SmaR [223]. Smal
synthesises the autoinducer N- butanoyl-L-homoserine lactone (C4-HSL) molecule
[224]. The expression of the Cas genes are significantly increased in the type I-E,
I-F, and IlI-A CRISPR systems of Serratia upon reaching the threshold concentra-
tion of C4-HSL [222]. SmaR is a repressor of Cas gene expression, but when it

forms a complex with C4-HSL, it is unable to bind to DNA [222].

QS systems also regulate Cas gene expression in P aeruginosa PA14. Lasl syn-
thesises the autoinducer 3-oxo-C12-homoserine lactone (30C12-HSL), which ac-
tivates LasR to induce target gene expression. Rhll produces the autoinducer C4-
homoserine lactone (C4-HSL), which activates gene expression by RhIR. The dele-
tion of both /as/ and rhll results in a significant decrease in Cas3 expression [225].
This provides good evidence that both QS systems regulate the expression of Cas

genes at high cell density.
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1.10.6 Calcium-Responsive Kinase

The CRISPR Cas systems in Serratia, Pectobacterium and Pseudomonas are reg-
ulated by the Rsm post-transcriptional regulatory pathway [226, 227]. Rsm controls
multiple cellular functions, such as virulence, motility and biofilm formation [228].
RsmaA is the central protein of this pathway, which binds to the 5’ untranslated and
early coding regions of mMRNAs to alter transcription elongation, translation or RNA

stability.

RsmA binds to cas mRNAs to decrease their expression [226, 227]. This down-
regulates both adaptation and interference. The expression of the crRNAs is not
affected. Deletion of the rsmA gene in Erwinia amylovora upregulates the expres-

sion of the Cas genes of the type I-E system [229].

LadS is a calcium-responsive kinase that inhibits the activity of RsmA [230, 231].
Deletion of /adS decreases Cas gene expression and immunity against phage
where the CRISPR array contains a complementary protospacer [227]. In the
presence of calcium, LadS inhibits RsmA-mediated repression of the Cas genes

to upregulate the activity of the CRISPR Cas system [227].

1.11 Scope of the Thesis

The work performed in this thesis aimed to discover any remaining host factors in
the E.coli genome that are required for CRISPR Cas adaptation. The pathways
involved were probed to see the effect that deletion or overexpression of genes

had on spacer acquisition. An overview of the work is detailed below:

Chapter 3 describes the optimisation of papillation assays performed in an E.coli
reporter strain to detect spacer acquisition. Assay conditions and choice of ex-
pression vectors were studied. This optimises the conditions that were used for the

work performed later in this thesis.
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Chapter 4 studies the effect of Cas1-Cas2 expression on E. coli cell morphology. |
show that the catalytic activity of the Cas1-Cas2 complex induces filamentation by

the activation of the SOS response and sulA expression.

Chapter 5 details the link between spacer acquisition and the SOS response. |
show that the lexA3 mutation decreases the rate of adaptation and the overexpres-
sion of sulA and ymfM causes spacer acquisition to taken place earlier. Growth in
the presence of sub-inhibitory concentrations of antibiotics also increases the rate

of papillation.

Chapter 6 describes the link between the HfIKC complex and FtsH in CRISPR
adaptation. Deletion of the hfIK and hflc genes decreases the rate of spacer ac-
quisition. Overexpression of both HfIC and HfIK simultaneously or FtsH caused

papillation to arise earlier.

Chapter 7 outlines the effect that negative regulators of LapB have on the rate
of spacer acquisition. Truncation of /lapC and the deletion of waaG and waaQ
reduces the rate of papillation. Overexpression of lapB also decreases the rate of

adaptation.

Finally, the data presented here is linked to show how the studied pathways play a
role in facilitating spacer acquisition. The work outlined above is discussed in the
context of previously published work. | discuss how these chapters link through
the inhibition of FtsZ polymerisation. | discuss the work as part of a large network
of a global stress response as a defence mechanism against invasion by foreign
genetic elements. Additionally, the future implications of the data presented in this

thesis are discussed.
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Chapter 2

Materials and Methods
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2.1 Reagents

All enzymes and PCR materials were purchased from New England Biolabs (NEB).
All primers and oligos were purchased from Sigma Aldrich. DNA purification kits:
QlAprep Spin Miniprep Kit, QIAGEN Plamsid Maxi Kit, QIAquick PCR purifica-
tion kit and QIAquick gel extraction kit were all supplied by Qiagen™. All plas-
mids constructed were digest verified and then Sanger sequenced by Source Bio-

science.

2.2 Strains Used and Created

Strain Relevant Genotype Source and Description
NEB5« fhuA2 a(argF-lacZ)U169 NEB. Cloning strain.
phoA ginV44
a80a(lacZ)M15 gyrA96

recA1 relA1 endA1 thi-1

hsdR17
RC5079 endA1 hsdR17 (rk-mk-) DH5a Apir. Used for plasmid
supE44 thi-1 recA1 gyrA extraction of R6K origin of
(Nalr) relA1 replication plasmids

A(laclZYA-argF) U169deoR
(p80dlacd(lacZ)M15) Apir

BL21-Al B F—ompT gal dcm lon Invitrogen. B strain for SPIN
hsdSB(rB—mB-) assays
[malB+]k-12(AS)

araB:: T7RNAP-tetA

BL21-Al BL21-Al IHF« :: KanRFRT This Study. BL21-Al with IHF«
AlHF«o deleted via P1 transduction from
the Keio collection and replaced

with KanR FRT.
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Strain

Relevant Genotype

Source and Description

DE407

lexA3(Ind-) malB::Tn9
sulA211 thi-1 A(lac-gpt)5
ilv(Ts) mtl-1 rpsL31

Gift from Roger Woodhouse.
lexA3 (Ind-) mutant linked to

malB::Tn9 marker. [232]

DH108

F— mcrA A(mrr-hsdRMS-
mcrBC) ¢80lacZAM15
AlacX74 recA1 endA1

araD139 A(ara-leu)7697

galU galK A\—rpsL(StrR)
nupG

Thermofisher. Cloning strain.

DH105
Mar-

rionette

DH105 Marionette Cassette

Marionette Cloning Strain. Used
for eYFP fluorescence control

assays [233].

E811

lacl9 PN25-tetR SpR deoR
supE44 A(lacZYA-
argFV169) Phi80
lacZAM15 hsdR17(rK-
mK+) recA1 endA1 gyrA96

thi-1 relA1 P2 lysogen

Cloning strain for replication of

pE-flp [234]

SM10

(Apir)

thi thr leu tonA lacY supE
recA::RP4-2-Tc::Mu

Km:: \pir

Conjugative donor strain.

MG1655

K-12 F— A= ilvG— rfb-50

rph-1

Wild Type E. coli K Strain.

EAW13

MG1655 AsulA::KanR

Gift from Roger Woodhouse.
MG 1655 with sulA replaced by

Kanamycin restsance marker by

lambda red recombindation [235].
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Strain

Relevant Genotype

Source and Description

MLS989

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

Type Il (A) YFP CRISPR reporter
[236].

MLS989
ArecA

MLS989 ArecA::FRT

This study. MLS989 with recA
deleted via P1 transduction from
the Keio collection. KanR
removed by FLP-frt

recombination

MLS990

MG1655 araB::T7pol tetA,
AaraA, ACas3- CRISPR-,
ACRISPR-II, GalK::J23101
CRISPR-II +1nt link SYFP2

opt

Type Il (A) YFP CRISPR reporter

positive control [236].

JB028

MG1655 AlacZ ACRII
locus araBAD::T7 RNAP
tetA argE:: J23100 Type |l
(A) Reporter

Dr. Jack Braithwaite. Type Il (A)
CRISPR reporter strain. [237]

JB028
AcysH

JB028 ACysH::KanR FRT

This study. JB028 with cysH
deleted via P1 transduction from

the Keio collection.

JB028
AhfIC

JB028 AhfIC::FRT

This study. JB028 with hflC
deleted via P1 transduction from
the Keio collection. KanR
removed by FLP-frt

recombination.
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Strain

Relevant Genotype

Source and Description

JB028
AhfIK

JB028 AhfIK::FRT

This study. JB028 with hflK
deleted via P1 transduction from
the Keio collection. KanR
removed by FLP-frt

recombination.

JB028
AlHFa

JB028 AlIHFa::FRT

This study. JB028 with IHF«
deleted via P1 transduction from
the Keio collection. KanR
removed by FLP-frt

recombination

JB028
AlacY

JB028 AlacY :: KanR FRT

This study. JB028 with lacY
deleted via P1 transduction from

the Keio collection.

JB028
Truncated

lapC

JB028 lapC :: Tn5

Produced by Dr. Jack Braithwaite
during a random mutagenesis

screen.

JB028
lexA3

JB028 lexA3(Ind-)
malB::Tn9

This study. JB028 with the lexA3
(Ind-) malB::Tn9 inserted by P1

transduction.

JB028
lexA3
AyjaB

JB028 lexA3(Ind-)
AyjaB::FRT

This study. Tn9 marker removed
from JB028 lexA3 by deleted of
yjaB by P1 transduction from the
Keio collection. KanR removed by

FLP-frt recombination.
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Strain Relevant Genotype Source and Description
JB028 JB028 ArecA::FRT This study. JB028 with recA
ArecA deleted via P1 transduction from
the Keio collection. KanR
removed by FLP-frt
recombination.
JB028 JB028 ArfaH::FRT This study. JB028 with rfaH
ArfaH deleted via P1 transduction from
the Keio collection. KanR
removed by FLP-frt
recombination
JB028 JB028 AsulA::FRT This study. JB028 with sulA
AsulA deleted via P1 transduction from
the Keio collection. KanR
removed by FLP-frt
recombination
JB028 JB028 AsulA::KanR This study. JB028 with sulA
AsulA:: deleted via P1 transduction from
KanR EAW13.
JB028 JB028 AwaaG::FRT This study. JB028 with waaG
AwaaG deleted via P1 transduction from
the Keio collection. KanR
removed by FLP-frt
recombination.
JB028 JB028 AwaaQ::FRT This study. JB028 with waaQ
AwaaQ deleted via P1 transduction from

the Keio collection. KanR
removed by FLP-frt

recombination.
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Strain Relevant Genotype Source and Description
JB028 JB028 AyjaB::FRT This study. JB028 with yjaB
AyjaB deleted via P1 transduction from
the Keio collection. KanR
removed by FLP-frt
recombination
JB028 JB028 AymfM::FRT This study. JB028 with ymfM
AymfM deleted via P1 transduction from
the Keio collection. KanR
removed by FLP-frt
recombination
JB028 JB028 AymfM::FRT This study. JB028 with ymfM
AymfM AsulA::KanR deleted via P1 transduction from
AsulA:: the Keio collection. SulA replaced
KanR with KanR via P1 transduction

from EAW13.

Table 2.1. List of Strains
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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 replication origin.

AmpR and CmR. [238].

pCP20 OriT

pCP20 with RP4 origin of transfer to allow conjugation

from SM10 donor strain. AmpR and CmR.

pE-flp

For FLP-frt mediated recombination. Yeast FLP
recombinase expression vector under the control of the
strong constitutive pE promoter from phage P2.

Temperature-sensitive replication origin. AmpR. [234]

pRC1620

pBAD with Cas1-Cas2 inserted into Ncol site.
pCas1-Cas2 arabinose inducible expression vector.

AmpR.

pRC1644

Type-Il (A) Spacer acquisition positive control (additional

spacer and repeat). KanR.

pRC1653

pBAD with Cas1 inserted into Ncol site. pCas1

arabinose inducible expression vector. AmpR.

pRC1655

pBAD with Cas2 inserted into Ncol site. pCas2

arabinose inducible expression vector. KanR.

pRC1656

pBAD with Cas1-Cas2 inserted into Ncol site.
pCas1-Cas2 arabinose inducible expression vector.

KanR.
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Name

Description

pRC1657

pBAD with Cas1-Casz2 inserted into Ncol site.
pCas1-Cas2 arabinose inducible expression vector.

CmR.

pRC1658

pBAD Cas1-Cas2 with D221A inactivating point

mutation in Cas1. KanR.

pRC2703

RecA arabinose inducible expression vector.

Temperature-sensitive replication origin. AmpR.

pRC2713

pET21aClpX purchased from addgene. Contains a ClpX
expresssion vector under the control of a T7 promoter

and lac operator. AmpR. Purchased from addgene.

pRC2715

pT7Cas1-Cas2. Contains Cas1-Cas2 expression vector
under the control of a T7 promoter and lac operator.

pCDFDUET derived. SpectR. A gift from Virgis Sik&nys.

pRC2747

PMARIONETTER,, with Cas1-Cas2 inserted.
PMARIA,Cas1-Cas2 arabinose inducible expression

vector. KanR.

pRC2748

PMARIONETTEcyma with Cas1-Cas?2 inserted.
pPMARIcumaCas1-Cas2 Cuminic acid inducible

expression vector. KanR.

pRC2749

PMARIONETTE,,, with Cas1-Cas2 inserted.
pMARIy,,Cas1-Cas2 Vanillic acid inducible expression

vector. KanR.

pRC2750

PMARIONETTEsg, with Cas1-Cas2 inserted.
pMARIg, Cas1-Cas2 Salicylic acid inducible expression

vector. KanR.

pRC2764

PMARIONETTEcyma with eYFP. Cuminic acid inducible

vector. KanR.
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Name Description
pRC2766 PMARIONETTEya, with eYFP. Vanillic acid inducible
vector. KanR.
pRC2773 pPMARIONETTEg, with eYFP. Salicylic acid inducible
vector. KanR.
pRC2777 PMARIONETTE,,, with FtsZ inserted. pMARIy.,FtsZ
vanillic acid inducible expression vector. KanR.
pRC2781 PMARIONETTEy,, with SulA inserted. pMARIy,,SulA
vanillic acid inducible expression vector. KanR.
pRC2789 PMARIONETTE,,, with FtsH inserted. pMARIy,,FtsH
vanillic acid inducible expression vector. KanR.
pRC2790 SOS reporter plamid. A gfp under the contol of the sulA
promoter. p15a origin of replication. CmR. Purchased
from addgene [239].
pRC2792 PMARIONETTEy,, with hflK inserted. pMARIy,,hflK
vanillic acid inducible expression vector. KanR.
pRC2793 PMARIONETTEy,, with hflC inserted. pMARIy,,hfIC
vanillic acid inducible expression vector. KanR.
pRC2794 PMARIONETTEy,, with hflK and hflC inserted.
pMARI\,»hfIC-K vanillic acid inducible expression vector.
KanR.
pRC3004 PMARIONETTEy,, with IHF« inserted. pMARIynIHF o
vanillic acid inducible expression vector. KanR.
pRC3005 PMARIONETTEy,, with rfaH inserted. pMARIy,,rfaH
vanillic acid inducible expression vector. KanR.
pRC3012 PMARIONETTEy,, with LapB inserted. pMARIy,,LapB
vanillic acid inducible expression vector. KanR.
pRC3017 PMARIONETTEy,, with recX inserted. pMARIy,recX

vanillic acid inducible expression vector. KanR.
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Name Description
pRC3018 pMARIy4nrecX vanillic acid inducible expression vector
with pSC101 Ori. SpectR.
pRC3021 PMARIONETTEy,, with ymfM inserted. pMARIy,,ymfM
vanillic acid inducible expression vector. KanR.

Table 2.2. List of Plasmids

2.3.2 Oligonucleotide List

Name Sequence Description
BL21 ATTTTGCGTTTCGTTCAGGT Anneal either side of
Locus F the CRISPR locus
BL21 TGGATGTGTTGTTTGTGT in BL21-Al.
Locus R
Casi- TTAATACTAGAGAAAGAGGGGA Anneal to Cas1-Cas2
Cas2 for AATACTAGATGGCCTGG in MG1655. For
Mar F CTTCCCCTTAATC Gibson assembly to
Cas1- GCCTCTTTTCTGGAATTTGG insert into marionette
Cas2 for TACCGAGTTACCGCT plasmid backbone.
Mar R CAAACAGGTAAAAAAGACACC
ClpXP F GCAGCATAACGCGCTAAATTCG Anneal either side of
clpXP in MG1655.
ClpXP R GATAAACCACCACATCGCGCAG Used to test for
deletion of clpXP.
FtsH for TTAATACTAGAGAAAGAG Anneal to ftsH in
Marionette GGGAAATACTAGATGGCG MG1655. For Gibson
F AAAAACCTAATACTCTG assembly to insert into
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Name Sequence Description
FtsH for GCCTCTTTTCTGGAATTTGG marionette plasmid
Marionette TACCGAGTTTTACTT backbone.
R GTCGCCTAACTGC
FtsZ for TTAATACTAGAGAAAGAGGGGA Anneal to ftsZ in
Marionette AATACTAGATGTTTGAAC MG1655. For Gibson
F CAATGGAACTTACC assembly to insert into
FtsZ for GCCTCTTTTCTGGAATTTGGTA marionette plasmid
Marionette CCGAGTTATTAATCAGC backbone.
R TTGCTTACGCAGG
HfIC for TTAATACTAGAGAAAGAGGG Anneal to hfIC in
Marionette GAAATACTAGATGCG MG1655. For Gibson
F TAAGTCAGTTATCGCG assembly to insert into
HfIC for GCCTCTTTTCTGGAATTTGG marionette plasmid
Marionette TACCGAGTTATTAACG backbone.
R CGTTGCGGAAGTC
HfIK for TTAATACTAGAGAAAGAGGG Anneal to hflK in
Marionette GAATACTAGATG MG1655. For Gibson
F GCGTGGAATCAGCC assembly to insert into
HfIK for GCCTCTTTTCTGGAATTTGG marionette plasmid
Marionette TACCGAGTTATTATT backbone.
R CCCCCTGACGCTG
HfIKC F TTGATCGATTACCT Anneal either side of
GATCTAACGGCG hflKC in MG1655.
Used to test for
HfIKC R GCCCTAAACCTTCCAGTACCAAAAC deletion of hflK and
hfiC.
IHFa F ACGGTGACTCTTCGACAG Anneal either side of

IHFo in MG1655.
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Name Sequence Description
IHFa R CCGTCGCCAAATGTGTAG Used to test for
deletion of /IHFa.
IHF o for TTAATACTAGAGAAA Anneal to /HF« in
Marionette GAGGGGAAATACTAGA MG1655. For Gibson
F TGGCGCTTACAAAAGCTG assembly to insert into
IHF« for GCCTCTTTTCTGGAATTTGG marionette plasmid
Marionette TACCGAGTTATTACTC backbone.
R GTCTTTGGGCGAAG
LapB for TTAATACTAGAGAAAG Anneal to LapB in
Marionette AGGGGAAATACTAGATGC MG1655. For Gibson
F TGGAGTTGTTGTTTCTG assembly to insert into
LapB for GCCTCTTTTCTGGAATTT marionette plasmid
Marionette GGTACCGAGTTATTACAGG backbone.
R CCATCAAGACCG
LexA F GATCGAGGGAAGGATTTCAGA Anneal either side of
AATGAAAGCGTTAACGGCC lexA in MG1655.
LexA R GGTCGACTCTAGAGGATCCGT Used to test for
TACAGCCAGTCGCCGTTG deletion of lexA.
LexA AATGAAAGCGTTAACGGCC Anneal to products of
Sequence the PCR using LexA F
and R primers for
sequence
determination of point
mutations.
Marionette CTCGGTACCAAATTCCAG Anneal to marionette
F collection to amplify
Marionette CTAGTATTTCCCCTCTTTCTC the backbone for use
R in Gibson assembly.
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Name

Sequence

Description

MiaA F CACGAAATCTGATGAGCGAACATGC | Anneal either side of
lexA in MG1655.
MiaA R GCGTTCAGGAACGG Used to test for
ATCTTGTAAAGA deletion of miaA.
SpAqF GGCTAGCAGGAGGAATTCACC Anneal either side of
the Type-Il reporter
locus in JB028. To
Sp AgR CGCATCGTAACCGTGCATCTG detect spacer
acquisition events.
SulA F GATCCGCTTATAGGAGAGGC Anneal either side of
SulA in MG1655. Used
SulAR GGCGATGTAAAGTCTACAACG to test for deletion of
SulA.

SulA for TTAATACTAGAGAAAGAGGG Anneal to sulAin
Marionette GAAATACTAGATGTAC MG1655. For Gibson
F ACTTCAGGCTATGC assembly to
SulA for GCCTCTTTTCTGGAATTTGGT insert into marionette

Marionette ACCGAGTTATTAATGATACA plasmid backbone.
R AATTAGAGTGAATTTTTAGCCC
RecA F CAGATGCGACCCTTGTGTATC Anneal either side of
recAin MG1655. Used
RecA R CGGTATTACCCGGCATGAC to test for deletion of
recA.
RecA for TTAATACTAGAGAAA Anneal to recA in
Marionette GAGGGGAAATACTAGAT MG1655. For Gibson
F GGCTATCGACGAAAACAAAC assembly to insert into
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Name Sequence Description
RecA for GCCTCTTTTCTGGAATTTG marionette plasmid
Marionette GTACCGAGTTATTAAAAAT backbone.
R CTTCGTTAGTTTCTGCTACG
RecX for TTAATACTAGAGAAA Anneal to recA in
Marionette GAGGGGAAATACTAGATG MG1655. For Gibson
F ACAGAATCAACATCCCG assembly to insert into
RecX for GCCTCTTTTCTGGAATTTG marionette plasmid
Marionette GTACCGAGTTATCAG backbone.
R TCGGCAAAATTTCGC
RfaH F GTAGCCTCTTAATCTGCGCC Anneal either side of
rfaH in MG1655. Used
RfaH R GCGCATGGAATTTATATCGGC to test for deletion of
rfaH.
WaaG/Q F CGACCCGGCATGAACTTG Anneal to waaG/Q in
MG1655. Used to test
WaaG/Q R CACGACTGTGTATATACCCGAAC for deletion of waaG/Q.
YFP GCTAGCTACTAGAGAAAGAGG Anneal either side of
Reporter F the Type-Il reporter
locus in MLS989
YFP AATTCAACTAAGATCGGTACTAC for the detection of
Reporter R spacer acquisition
events.
YjaB F CAGCTGAATATCGACCTGC Anneal either side of
yjaB in MG1655.
YjaB R GGAGACGCTGCCTTCAG Used to test for
deletion of yjaB.
Ymfm F CGTTCAGCAATCGAAGACGG Anneal either side of

ymfBin MG1655.
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Name Sequence Description
Ymfm R GTGATATTCATCCACCACGGC Used to test for

deletion of ymfM.

YmfM Mar TTAATACTAGAGAAAGAGG Anneal to ymfM in
F GGAAATACTAGATGAACA MG1655. For Gibson
GTTTAACAACACACTACCG assembly to insert into
YmfM Mar GCCTCTTTTCTGGAATTTG marionette plasmid
R GTACCGAGTTACTATTTC backbone.

CCTGAATTTACGACGAAACTG

Table 2.3. List of Oligonucleotides
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2.4 Solution Composition

2.4.1 Media
Media Composition
LB Broth 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

KCI, 10 mM MgCl,, 10 mM MgSQO,, 20 mM glucose

Minimal Media

1 X M9 salts, 0.1% carbon source, 2 mM MgSOy,, 0.1 mM
CaCl,. (Agar added to 15 g/L for plates). Where a reporter
system has been inserted into the ArgE locus, 0.1 g/L

L-arginine was also added to the media

10 X M9 Salts

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

Terrific Broth

24 g/L Yeast Extract, 20 g/L Tryptone, 4 mL/L glycerol,
0.017 M KH,POy4, 0.072 M KoHPO,

Table 2.4. List of Media

2.4.2 Antibiotics

Antibiotics were used at the following concentrations:

Antibiotic Working concentration for | Working concentration for
Single copy resistance multi-copy resistance
(ng/mL) (ng/mL)
Ampicillin 50 100
Chloramphenicol 5 35
Kanamycin 30 50
Spectinomycin 50 100
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Tetracycline 12.5 25

Table 2.5. Concentrations of Antibiotics

Sub-inhibitory concentrations of antibiotics were used across the following range

of concentrations:

Antibiotic Concentration Range (1:.g/mL)
Ampicillin 0-8.0
Cefalexin 0-8.0

Mitomycin C 0-1.0

Nalidixic Acid 0-8.0

Table 2.6. Range of Sub-Inhibitory Concentration of Antibiotics used

2.5 Cloning and DNA Manipulation

2.5.1 Polymerase Chain Reaction

Reactions performed with Q5™ DNA polymerase contained 1X Q5 reaction buffer,
200 nM of each primer, 500 M dNTPs, 10 ng of template DNA and 1 unit of
enzyme per 50 pL. Standard reaction conditions were: initial denaturation at 98 °C
for 30 seconds, denaturation at 98 °C for 15 seconds, annealing at the temperature
calculated by the NEB website for 15 seconds, extension for 30 seconds per kb at
72 °C, for 35 cycles followed by a final extension at 72 °C for 2 minutes. Products

were visualised by gel electrophoresis.

Reactions performed with Taqg DNA polymerase contained 1X Standard Taq buffer,
200 M dNTPs, 200 nM of each primer, 1 uL culture as template and 1.25 unit of
enzyme per 50 pL. Standard reaction conditions were: initial denaturation at 98 °C
for 5 minutes, denaturation at 95 °C for 30 seconds, annealing at the temperature

calculated by the NEB website for 30 seconds, extension for 1 minute per kb at
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68 °C, for 30 cycles followed by a final extension at 68 °C for 5 minutes. Products

were visualised by gel electrophoresis.

2.5.2 Digests

Restriction digests were performed according to manufacturers instructions.

2.5.3 Phosphorylation

T4 Polynucleotide Kinase (T4 PNK) was used to perform phosphorylation reactions

according to manufacturers instructions.

2.5.4 Dephosphorylation

Calf Intestinal Phosphatase (CIP) was used for dephosphorylation reactions ac-

cording to manufacturers instructions.

2.5.5 Ligation

T4 DNA Ligase was used for ligation reactions. 200 units of enzyme was used in
1X T4 DNA Ligase buffer or Cutsmart buffer with 1 mM ATP added. The insert
fragment was used at a 3:1 molar ratio to the vector. Linearised vector was used
at ~50 ng. The reaction was made up to 20 L with dH,0. Reactions were incu-
bated at 16°C overnight. 2 L of the mixture was added to 100 pL of chemically

competent NEB5« for transformation (Section 2.7.2).

2.5.6 Gibson Assembly

Gibson assembly was used as a method to clone fragments of DNA. Pieces of
DNA to be joined contained 30bp homology sections. These were added to the
5" end of the PCR primer. Amplified products were gel extracted and purified. A
homemade gibson assembly mix was made to give a final concentration of 100

mM Tris HCI pH 7.5, 10 mM MgCI2, 10 mM DTT, 1 mM NAD+, 1 mM of each
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dNTP, 5 % w/v PEG 8000, 0.005 U/uL of T5 Exonuclease, 0.03 U/uL Phusion
Polymerase and 5.3 U/uL Tag DNA ligase. 0.02-0.5 ;moles of DNA was added to
the reaction. dH,0 was added to make the reaction volume 20 L. Placed at 50 °C
for 2 hours. The reaction was cooled and 2 uL of the mixture was added to 100 uL

of electrocompetent DH104 cells for transformation (Section 2.7.4).

2.5.7 Plasmid Purification

Plasmids were purified by Qiagen miniprep or maxiprep kits following the instruc-
tions. Terrific Broth was used in place of LB broth for p15A origin of replication

plasmids to increase the DNA yield.

2.5.8 Phenol Chloroform Extraction

An equal volume of the sample and phenol:chloroform:isoamyl alcohol (25:24:1)
were added and vortexed vigorously. This was centrifuged at 16,0009 for 5 min-

utes. The aqueous phase was removed and ethanol precipitated.

2.5.9 Ethanol Precipitation

To a sample, 20 ug glycogen, 0.5 X volume 7.5M NH4OAc and 3 X volume 100%
ethanol was added. Samples were placed at -80 °C for at least 1 hour to precipi-
tate DNA. This was centrifuged at 16,0009 for 30 minutes at 4 °C. The supernatant
was discarded and the DNA was washed with 150 uL 70 % ethanol. The sample
was centrifuged at 16,0009 for 2 minutes at 4 °C. This was repeated. The remain-
ing ethanol was pipetted off. The DNA pellet was resuspended in an appropriate

volume of TE buffer.
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2.6 Gel Electrophoresis

2.6.1 Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed with a BioRad gel electrophoresis sys-
tem. Gels were 0.8-2.0% agarose buffered with Tris-Borate-EDTA (TBE). The
agarose concentration was dependent on the molecular weight of the DNA frag-
ments of interest. Standard cloning gels were electrophoresed at 5-8 V/cm in
the presence of 1 ug/mL Ethidium Bromide. Analytical gels were electrophoresed
overnight at 1.5 V/cm. These were post-stained for 30 minutes in 0.5X TBE con-
taining 1 pg/mL Ethidium Bromide. To determine the size of DNA samples, 1 kb

and 100 bp NEB ladders were used. Gels were imaged under UV light.

2.6.2 Agarose Gel Extraction Protocol

Gel extraction was performed according to the manufacturer’s instructions.

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. List of Running Buffers

2.7 Competent Cells

2.7.1 Making Chemically Competent Cells

To make chemically competent cells, the frozen glycerol of the cell strain was
streaked out onto LB agar plates and grown overnight at 37 °C. From a single
colony, a 5 mL LB broth culture was inoculated and grown overnight at 37 °C rotat-
ing. A 1:100 dilution was performed in fresh LB broth and grown at 37 °C shaking

~165 rpm until ODggg ~0.5. The cells were cooled shaking in an ice slurry for 20
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minutes. The cells were centrifuged at 6000g at 4 °C for 10 minutes. The super-
natant was discarded and cells were resuspended in 1/3 volume TFB1 (30 mM
potassium acetate, 50 mM MgCl,, 100 mM KCI, 10 mM CaCl,, 15% glycerol). The
cells were placed on ice for 1 hour. The cells were centrifuged again, supernatant
discarded and resuspended in 1/12 volume TFB2 (10 mM MOPS pH 7.0, 75 mM
NaCl, KCI, 15% glycerol). 200 pL aliquots were flash frozen on dry ice and stored

at -80 °C for later use.

2.7.2 Competent Cell Transformation Protocol

Competent cells were thawed on ice. 2 ng of plasmid was added to 100 pL of
competent cells and left on ice for 30 minutes. Cells were heat shocked at 42
°C for 1 minute and then placed back on ice for 5 minutes. 900 uL of LB broth
was added and cells were outgrown at 37 °C for 1 hour rotating. A dilution was
performed to produce single colonies and spread evenly across an LB agar plate

supplemented with antibiotic. Plates were incubated overnight.

2.7.3 Making Electrocompetent Cells

To make electrocompetent competent cells, the frozen glycerol of the cell strain
was streaked out onto LB agar plates and grown overnight at 37 °C. From a single
colony, a 5 mL LB broth culture was inoculated and grown overnight at 37 °C rotat-
ing. A 1:100 dilution was performed into fresh 300 mL LB broth and grown at 37 °C
shaking ~165 rpm until ODggq ~0.5. The cells were cooled shaking in an ice slurry
for at least 20 minutes. The cells were centrifuged at 6000g at 4 °C for 10 minutes.
The supernatant was discarded and the cells were resuspended in 100 mL ice cold
dH,O. The cells were centrifuged at 6000g at 4 °C for 10 minutes. The supernatant
was discarded and the cells were resuspended in 100 mL ice cold 10% glycerol.
This was repeated. Cells were then resuspended in 5 mL ice cold 10% glycerol.
This was centrifuged at 160009 for 1 minute. The supernatant was discarded and

resuspended in 1 mL ice cold 10% glycerol. 50 uL aliquots were flash frozen on
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dry ice and stored at -80 °C for later use.

2.7.4 Electrocompetent Cell Transformation Protocol

Competent cells were thawed on ice. 1ng of plasmid was added to 50 uL of com-
petent cells. Cells were electroporated at 1.80 kV, 200 €2, and 25 pF ina 1 mM
cuvette. This was added to 950 uL SOC and outgrown at 37 °C for 1 hour. A
dilution was performed to produce single colonies and spread evenly across an LB

agar plate supplemented with antibiotic. Plates were incubated overnight.

2.8 Conjugation

The conjugative plasmid of interest was transformed into chemically competent
SM10 (Section 2.7.2). 5 mL overnight cultures were produced of donor SM10 and
recipient strains in selective antibiotics. Cultures were grown at 37 °C unless a
temperature sensitive plasmid was used where growth was at 30 °C. Overnight
cultures were pelleted by centrifugation at 6000g for 1 minute. The supernatant
was discarded and the cells were resuspended in 1 mL LB broth. This was re-
peated twice. 100 pL of cells were added to sterile filter paper on an LB agar
plate. This was placed at either 37 °C unless a temperature sensitive plasmid was
used so this was placed at 30 °C. The conjugation was left for 4 hours. The filter
paper was removed and added to a 50 mL falcon tube containing 1 mL LB broth.
This was thoroughly vortexed for 30 seconds. This mixture was looped onto LB
agar supplemented with antibiotics to select for successful transconjugants in the
recipient strain. Plates were incubated overnight at the temperature for plasmid

maintenance.
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2.9 Genetic Manipulation by P1 Transduction

2.9.1 Generation of P1 bacteriophage lysates

Gene knockouts were produced by P1 transduction. The Keio collection was used
to make phage lysate that can transduce the kanamycin resistance gene across
to select for deletions [240]. An overnight culture was diluted 1:40 in LB broth
supplemented with 5 mM CaCl, and grown until ODggq ~0.8. 100 pL was added
to 42 °C 0.6 % agar along with a phage gradient. This was poured onto P1 plates
(LB agar supplemented with 0.13 % glucose and 5 mM CaCl,). The plates were

placed upright in the 37 °C incubator overnight.

To make the recA P1 lysate, pRC2703 was transformed into the Keio recA mutant
strain and plated onto LB agar plates supplemented with ampicillin. These were
incubated at 30 °C overnight. From single colonies, a 5 mL overnight culture was
grown in LB broth supplemented with ampicillin at 30 °C. The overnight culture
was diluted 1:40 in LB broth supplemented with 5 mM CaCl,, ampicillin and 0.2 %
L-arabinose to induce recA expression and grown at 30 °C until ODgoo ~0.8. The

method described above was then followed.

The two plates with best lysis were scraped into a 50 mL falcon tube with 1 mL MC
buffer [100 mM MgSQO,.7H,O and 5 mM CaCl;] and 500 pL chloroform. This was
vortexed thoroughly and centrifuged at 7000 g for 10 minutes. The supernatant
was poured into a 15 mL falcon tube along with 500 L chloroform and stored at 4

°C prior to use.

2.9.2 Genetic Manipulation by P1 Transduction

A 5 mL overnight culture of recipient strain was centrifuged at 6000 rpm for 5
minutes. The supernatant was discarded and the cells were resuspended in 1 mL
MC Buffer. 100 ulL of cells was added to a gradient of phage and placed in the 37

°C water bath for 30 minutes. Following infection, 300 xL of 1M sodium citrate was
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added and placed on ice. This was added to 4 mL 42 °C 0.6 % agar and poured on
LB agar plated supplemented with single copy antibiotic and 5 mM sodium citrate.
These were placed upright in the 37 °C incubator overnight. Single colonies were
subcultured on LB agar plates supplemented with 5 mM sodium citrate and placed
in the 37 °C incubator overnight three times. The gene deletion was verified by

colony PCR or Sanger sequencing.

2.9.3 FLP-frt Recombination

The removal of Kan-FRT was achieved by use of the FLP recombinase encoded
pCP20 (Cherepanov and Wackernagel, 1995) [238]. pCP20 contains the tem-
perature sensitive pSC101 ori and the FLP recombinase under the control of the
temperature inducible lambda promoter. pCP20 was transformed into competent
cells and plated onto LB agar plates supplemented with ampiciilin (Section 2.7.2
and 2.7.4). These were incubated at 30 °C overnight. From single colonies, a 5 mL
overnight culture was grown in LB broth in the absence of antibiotics at 42 °C. This
was looped onto an LB agar plate and incubated at 37 °C. Single colonies were
then subcultured on LB agar plates supplemented with ampicillin, kanamycin and
LB agar only and grown at 37 °C. Successful deletions grew on LB agar only. The

gene deletion was verified by colony PCR.

Where pCP200riT was used, a 5 mL overnight culture of cells containing a suc-
cessful insertion by P1 transduction was produced in LB broth at 37 °C. A 5 mL
overnight culture of SM10 (\pir) pCP200riT was produced in LB broth supple-
mented with ampicillin at 30 °C. Cells were pelleted by centrifugation. The su-
pernatant was discarded. The donor SM10 (\pir) pCP200riT cells were resus-
pended in 1 mL LB broth and recipient JB028 KanR-FRT containing cells were
resuspended in 5 mL LB broth. 100 uL of each cell strain was added to filter pa-
per on an LB agar plate. This was placed at 30 °C for 4 hours. The filter paper
was resuspended in TmL LB broth by thorough vortexing. This mixture was looped

onto LB agar supplemented with ampicillin and placed at 30 °C overnight. From
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single colonies, a 5 mL overnight culture was grown in LB broth in the absence of
antibiotics at 42 °C. This was looped onto an LB agar plate and incubated at 37 °C
overnight. Single colonies were then subcultured on LB agar plates supplemented
with ampicillin, kanamycin and LB agar only and grown at 37 °C. Successful dele-

tions grew on LB agar only. The gene deletion was verified by colony PCR.

Where pE-flp was used, the plasmid was transformed into electrocompetent cells
and plated on LB agar supplemented with 50 pg/mL ampicillin and incubated at 30
°C (Section 2.7.4). Overnight cultures of successful transformants were produced
in LB broth spinning at 37 °C. This was looped onto LB agar plates in the absence
of antibiotics at 37 °C. Single colonies were then subcultured on LB agar plates
supplemented with ampicillin, kanamycin and LB agar only and grown at 37 °C.
Successful deletions grew on LB agar only. The gene deletion was verified by

colony PCR.

All transductants were grown on minimal media to ensure no metabolic genes had
been accidentally disrupted. A 5 mL overnight was grown in LB broth. 1 mL of this
culture was pelleted by centrifugation at 13000 rpm for 1 minute. The supernatant
was discarded and the pellet was resuspended in 1 mL sterile PBS. This was re-
peated twice more. 5 ulL was looped onto minimal media plates with glucose as
the carbon source. These were incubated at 37 °C 72 hours. Growth of colonies

show that there has been no disruption to any metabolic genes (Figure S19).

2.10 Bacterial Assays

2.10.1 Papillation Assay

Plasmids were transformed into a competent reporter strain (Sections 2.7.2 and
2.7.4). This was plated onto LB agar supplemented with relevant antibiotics, 0.1%
lactose, 40 pg/mL X-gal and arabinose. Arabinose concentration used depended
on the choice of expression vector. For pBAD Cas1-Cas2, expression was induced

by 0.002 % L-arabinose. For pMARIa, Cas1-Cas2, expression was induced by
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0.02 % L-arabinose. Colonies were present at 25-50 per plate. All plates were
incubated at 37 °C for 5 days. Representative colonies were imaged by light mi-

croscope.

2.10.2 Spacer Integration Assay (SPIN)

The Cas1-Cas2 expression vector was transformed into cells (Sections 2.7.2 and
2.7.4). These were diluted to give single colonies when plated on LB agar supple-
mented with the relevant antibiotic. From a single colony, 5 mL overnight cultures
were produced in LB broth supplemented with antibiotic and glucose. A 1:1000 di-
lution was performed into LB broth supplemented with antibiotic and inducer. pBAD
Cas1-Cas2 expression was induced by 0.2% arabinose. pT7 Cas1-Cas2 expres-
sion was induced by 0.2 % L-arabinose and 0.1 mM IPTG. These were grown at 37
°C for 24 hours spinning. This dilution was repeated in fresh media. 1 mL of culture

was pelleted by centrifugation and stored in the freezer before analysis.

PCR was used to check for an expanded CRISPR array. 1 uL of overnight cultures
was used as the template for PCR amplification in a 25 uL Taq polymerase PCR.
The primers used are listed in Table 2.3. The PCR reactions were analysed on a

1.8 % agarose gel pre-stained with Ethidium Bromide.

2.10.3 Detection of Spacer Acquisition by Fluorescence

A modified method based on Amlinger et al., was used 2017 [236]. pBAD Cas1-
Cas2 was transformed into MLS989 and mutants. From a single colony, 5 mL
overnight cultures were produced in LB broth supplemented with kanamycin. A
1:1000 dilution was performed into LB broth supplemented with kanamycin and 0
or 0.2% arabinose and grown 37 °C for 24 hours spinning. Cultures were diluted
to ~200 colonies per plate and plated onto LB agar supplemented with kanamycin.
These were incubated at 37 °C overnight. MLS990 was used as a YFP+ control

[236]. Fluorescence was measured using the Cy3 setting on the Amersham ty-
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phoon. The intensity was analysed using FIJI (Fiji Is Just ImageJ) [241]. YFP+ cells
were verified for spacer acquisition by PCR using YFP reporter F and R primers,
table 2.3. Colonies were resuspended in 100 pL LB broth and 1 L was used as
template. The PCR reactions were analysed on a 1.8 % agarose gel pre-stained

with Ethidium Bromide.

2.10.4 Separation of filamenting cells by Filtration

A SPIN assay was performed with BL21-Al and MLS989 as described in 2.10.2.
pT7 Cas1-Cas2 expression was induced for 6 or 24 hours. Cultures were passed
through a Sartorius Minisart 1.2 um Syringe Filter. The filter was washed with three
times the filtered culture volume in fresh LB broth. The bacteria trapped in the filter
were eluted in the same volume as the filtered sample. The ODgqg of the filtered
and unfiltered were normalised to be the same. Cultures were analysed by PCR

as described in 2.10.2.

2.10.5 Cell Sorting

A modified method based on Amlinger et al., 2017 [236] was used. pT7 Casi-
Cas2 was induced and filamentous cells were separated as described in 2.10.4.
Cells were diluted 1:100 in LB broth supplemented with spectinomycin and 25 mM
glucose and grown for 5 hours to allow YFP maturation and resolve filamenta-
tion. Cells were diluted to ~10 © per mL. Cells were sent for cell sorting using the
Beckman Coulter CytoFLEX S Flow Cytometer. The gaiting conditions were de-
termined to allow distinction between YFP+/- cells using cultures of MLS989 as
a negative control and MLS990 as a positive control. Samples were run at 60
pL/min until 20000 cells had been sorted. Data was analysed using the CytExpert

program.

For analysis of spacer acquisition in a colony environment, pRC2747 was trans-

formed into MLS989 and ArecA. Cells were plated onto LB agar supplemented
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with kanamycin and 0.02% L-arabinose at a density of ~50 colonies per plate.
This was repeated in triplicate. Plates were incubated at 37 °C for 5 days. The
colonies were resuspended in 1 mL LB broth. The ODgog was measured and the
cultures were diluted to ~10 © cells per mL. Cell sorting was performed as described

above.

For separation of filaments and rod cell assays, conditions were compared by
ANOVA. For recA assays, conditions were compared by two-way t-test. The raw

values and P values are listed in Table S3.

2.10.6 Determination of Growth Rate

Cells were streaked onto LB agar plates and incubated at 37 °C overnight. Three
colonies were picked and grown in LB broth at 37 °C overnight spinning. The ODggq
was measured and the cultures were diluted to an ODgyo of 1. These were diluted
1:1000. 200 pL was added to a well in a 96-well plate. This was grown overnight in
a Biotek Epoch 2 microplate spectrophotometer at 37 °C shaking. The ODggy was

measured every 15 minutes for 12 hours.

2.11 Marionette eYFP Fluorescence Titration

Cells were either streaked or transformed (Section 2.7.4) and plated onto LB agar
plates supplemented with kanamycin. Three colonies were picked and grown in LB
broth supplemented with kanamycin overnight spinning at 37 °C. A 1:1000 dilution
was performed into fresh media with a gradient of inducer for each replicate. This
was placed spinning at 37 °C overnight. The ODgo was measured and normalised
to 2.0. 175 pL was added to a 96-well plate and a halving dilution was performed.
LB broth only control wells were also included. Fluorescence was measured using
the Cy3 setting on the Amersham typhoon. The intensity was analysed using FIJI
(Fiji 1Is Just ImageJ) [241]. Intensity of LB only wells was subtracted from intensity

of wells containing cells. This data was plotted using PRISM Graphpad. Conditions
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were statistically compared using a two-way t-test. All intensity values and P values

are listed in table S2.

2.12 Microscopy

Plasmids were transformed into BL21-Al (Section 2.7.2). Overnight cultures were
produced in LB broth supplemented with antibiotics in the presence or absence of
inducer molecules rotating at 37 °C. The ODgog was measured and normalised to
0.5. 10 uL of culture was placed onto a microscope slide. A coverslide was placed
on the culture without addition of bubbles and the cells were sealed by passing
over a Bunsen Burner. Ten representative images were taken randomly for each
condition with a Zeiss Axiovert S100 Inverted Phase contrast microscope using
x63 magnification lens and ph2 contrast ring. Images taken using the Axiocam

MRm camera. Representative images are presented in the appendix.

2.13 Measurement of SOS Response Induction by GFP Fluores-

cence

pRC2790 was transformed into cells (Sections 2.7.2 and 2.7.4). Overnight cultures
were produced in LB broth supplemented with antibiotic and grown spinning at 37
°C in triplicate. A 1:1000 dilution was performed into fresh media with a range of
treatment for each replicate. These were placed spinning at 37 °C overnight. The
ODggo Was measured and normalised to 2.0. 175 uL was added to a 96-well plate
and a halving dilution was performed. LB broth only control wells were also in-
cluded. GFP fluorescence was measured using the Cy2 setting on the Amersham
typhoon. The intensity was analysed using FIJI (Fiji Is Just ImageJ) [267]. LB fluo-
rescence intensity was subtracted from the intensity of cells. The data was plotted
using PRISM Graphpad. Conditions were statistically compared using a two-way

t-test. All intensity and P values are listed in table S2.

To verify induction of the SOS response by sub-inhibitory concentrations of antibi-
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otics in papillation assays, an alternative method was used. pRC2790 was trans-
formed into JB028 (Section 2.7.4). An overnight culture was produced in LB broth
and chloramphenicol. This was diluted to give ~500 colonies and plated onto LB
agar supplemented with sub-inhibitory concentrations of antibiotics. These were
placed at 37 °C overnight. Colonies were resuspended in 1 mL LB broth. The
ODgoo was measured and normalised to 2.0. This was repeated in triplicate. Fluo-

rescence detection and analysis was performed as described previously.
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Chapter 3

Optimisation of the Papillation

Assay for Spacer Acquisition
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3.1 Introduction

There are several methods to detect the acquisition of spacers into a CRISPR
array [242]. The most common approach, known as the Spacer Integration (SPIN)
assay, is to amplify the CRISPR locus by PCR and visualise the products by gel
electrophoresis [100]. Where spacer acquisition has taken place, there will be
a larger molecular weight species that corresponds to the addition of a spacer-
repeat unit to the CRISPR array (Figure 3.1). For example, in E. coli, the array will
increase by 61 bp due to the addition of a 33 bp spacer and the duplication of the

28 bp repeat.

The drawback of the SPIN assay is the lack of sensitivity. The smaller unexpanded
arrays are amplified more efficiently. It is estimated that the expanded array needs
to make up 5% of the population to become detected by PCR [242]. Spacer acqui-

sition is rare [102], so this limited sensitivity poses a detection problem.

N
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Figure 3.1. PCR amplification of the CRISPR locus to show spacer acquisition

The arrows indicate the location of spacer acquisition primers. Adding a spacer
(S*') and duplicating the repeat (R) produces a larger molecular weight DNA prod-
uct. S° refers to the original spacer in the array. L refers to the molecular weight
ladder.
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An alternative to the SPIN assay is to clone a reporter gene upstream of a minimal
CRISPR array made up of a single repeat or two repeats and a spacer. The re-
porter gene lacks a start codon and is translated as a fusion protein with a peptide
encoded by the array. An unexpanded array will have a stop codon present in the
Leader sequence to inhibit the expression of the reporter gene. The addition of
a spacer-repeat unit results in a frameshift of the stop codon so that the reporter
gene will be expressed. Previously, reporter genes have been a yellow fluorescent

protein (YFP) and a chloramphenicol resistance gene [236, 243].

A novel papillation reporter strain was designed and constructed to study naive
CRISPR adaptation in E. coli [237]. This reporter strain, named JB028, contains
an out-of-frame lacZ gene upstream of a constitutive promoter inserted into argE
(Figure 3.2a). The reporter locus consists of an E. coli type A Leader sequence,
two type A repeats and a spacer. The type A CRISPR locus in E. coli acquires
spacers six times more efficiently than the type T CRISPR locus [236, 243]. There-
fore, the native type-A locus was removed by lambda red recombination so that
the majority of spacer acquisition events arise at the reporter locus. There is a
STOP codon present in the Leader sequence that prevents the translation of /acZ.
Spacers will be acquired from either the chromosome or the Cas1-Cas2 expres-
sion vector. The addition of a 61 bp spacer-repeat unit causes the STOP codon to
be shifted out-of-frame and the /lacZ gene to become in-frame. This provides the
ability to metabolise lactose as a carbon source. When plated on LB agar supple-
mented with lactose and X-gal, spacer acquisition events are observed as small
blue papillae on the surface of the white colony (Figure 3.2b&c). The isolation
of papillae and performance of genomic PCR reactions across the reporter locus

shows that this is due to a spacer acquisition event (Figure 3.2d).
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Figure 3.2. Papillation assay reporter scheme

(A) A minimal CRISPR array contains a Leader sequence (orange arrow), two type
A repeats (yellow squares) and a single spacer (blue diamond). The Leader con-
tains a stop codon (red square). The CRISPR array is inserted between a lacZ
gene and a promoter with an RBS and a start codon. The /acZ is out-of-frame with
the start codon to prevent translation. Acquisition of a spacer-repeat unit expands
the CRISPR array by 61 bp. This induces a frameshift to place /acZ in-frame with
the start codon and allows translation. Expression of lacZ results in a growth ad-
vantage and blue pigmentation. Taken with permission from (Braithwaite 2021).
(B) A cartoon representation of a papillating colony. The blue bumps represent
papillae that have acquired a spacer so have a growth advantage due to the ability
to metabolise lactose as a carbon source.

(C) An image of a papillation plate is shown. A single colony is highlighted.

(D) The PCR product generated by an unexpanded CRISPR array is 548 bp in
length. An expanded array with an additional spacer-repeat unit 609 bp. PCR
products from 15 papillae show bands at 609bp and therefore have a Lac* pheno-
type due to adaptation. Taken with permission from (Braithwaite 2021).
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The number of papillae per colony is a semi-quantitative measure of spacer acqui-
sition. This allows visual screening of conditions that alter the rate of adaptation.
For example, to assess the contribution of factors such as growth conditions and

mutations that change the rate of spacer acquisition.

Acquiring spacers that contain a stop codon will prevent lacZ expression, so papil-
lae will not grow. Each 33 bp spacer adds 12 codons to the fusion protein. The
first codon is made of the conserved TC from the end of the repeat and the first
base in the spacer. The final codon will have a random base from the penultimate
position in the spacer, a conserved C at the end of the spacer and a conserved
G at the start of the repeat. These codons that start with TC and end in CG will
not be STOP codons. As there are three stop codons, the other ten codons have
a probability of 61/64 of not being a STOP codon. The size of acquired spacers
also needs to be considered. 95% of spacers are 33 bp in length [243]. Spacers
of a different length will not provide the frameshift required for lacZ expression.

Consequently, only 59% of the acquisition events will result in papillation:
(61/64)"° x 0.95 = 0.59

As spacers are acquired randomly, this is sufficient for a semi-quantitative mea-
sure of adaptation. More than one spacer acquisition event would shift the lacZ
back out-of-frame and prevent expression. However, since the rate of spacer ac-
quisition is so low, this is not a problem. Adaptation events that produce inviable
cells will also not be visualised, as the papillae will be unable to grow (Figure 3.3).
These factors need to be considered when calculating the absolute rate of adapta-

tion.

71



oox\

Q('o
O

=)
aro lacZ >

» Reporter
 CRISPR
\ Array

N

Direction of
Replication

pCas1-Cas2
~ 4 kb

J

The reporter CRISPR array is inserted into the argE locus, located at 322°, close
to the ori. Spacers are derived from either the chromosome or the Cas1-Cas2
expression vector. As the interference machinery is not expressed, self-targeting
spacers are not lethal. The hotspots for spacers are the Cas1-Cas2 expression
vector, at the ter and immediately upstream of the reporter CRISPR array, with
regards to the replication fork [145]. Therefore, changing the location of the re-
porter CRISPR array would alter the location of a hotspot for chromosomal-derived
spacers. In order for papillae to grow, the spacer-acquisition event must leave vi-
able cells. Consequently, acquisition events that result in DNA damage that cannot
be repaired by the cell, will not be visualised as the papillae will be unable grow
through.

The black circle represents the chromosome origin of replication. The black ar-
rows show the direction of chromosome replication. The black circle represents
the Cas1-Cas2 expression vector, where the green arrows are Cas1-Cas2, the
blue arrow is the antibiotic resistance gene and the red block is the plasmid origin
of replication.

The reporter CRISPR array contains a Leader sequence (orange arrow), two type
A repeats (yellow squares) and a single spacer (blue diamond). The Leader con-
tains a stop codon (red square). The CRISPR array is inserted between a lacZ
gene and a promoter with an RBS and a start codon. The /acZ is out-of-frame with
the start codon to prevent translation. The reporter scheme is taken with permis-
sion from (Braithwaite 2021).

Figure 3.3. Location of the Reporter CRISPR Array
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3.2 Determination of the choice of Cas1-Cas2 Expression Vec-
tor

The choice of Cas1-Cas2 expression vector needed to be optimised. Different
inducible promoters with various strengths were tested in papillation assays. The
use of a pBAD, pMARIa» and pT7 expression vector was compared across a range
of L-arabinose concentrations. The pBAD vector is leaky and not titratable, since
0.002 % L-arabinose has the highest rate of papillation (Figure 3.4). In contrast,
the pMARI 4, expression vector is titratable. The T7 promoter resulted in the forma-
tion of white bumps with minimal papillae produced. The pMARIy,, and pMARIsy
plasmids were also tested across a range of vanillic acid and salicylic acid concen-

trations. Neither of these expression vectors produced papillae.

Consequently, the pMARI ., expression vector will be used for the majority of papil-
lation assays. This contains an optimised arabinose inducible promoter that allows
titratable Cas1-Cas2 expression [233]. As 0.02 % L-arabinose gives a moderate
rate of papillation, this induction level will be used to detect conditions that lead to

hypo and hyperactive papillation.
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Figure 3.4. Optimisation of papillation assay expression vector

Papillation assays were performed in E. coli JB028 to determine the best Cas1-
Cas2 expression vector. Arabinose was used at 0, 0.002%, 0.02% & 0.2% for
pBAD, pMARIa, & pT7. pT7 was also induced by 0.1 mM IPTG. 0, 1, 10 & 100
1M vanillic acid and salicylic acid were used for pMARIy,, & pMARIs,;, respectively.
Representative day 5 colonies are shown.

3.3 Optimisation of Salt Concentration

Previous experiments in the lab have shown that the salt concentration in the
medium alters the rate of papillation. To determine which salt concentration to
use, papillation assays were performed across a range of 0 - 10 g/L NaCl (Figure
3.5). The use of low salt concentrations produced papillae that appeared flat and
had a minimal growth advantage. At high salt concentrations, the number of papil-
lae decreased. At 5 g/L, the papillae looked healthy and had an obvious growth

advantage. Consequently, this will be used for future experiments.
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Figure 3.5. Salt concentration alters the rate of papillation

Papillation assays were performed in E. coli JB028. pMARIa,, Cas1-Cas2 expres-
sion was induced by 0.02 % L-arabinose. The NaCl concentration in the agar
ranges from of 0 - 10 g/L. Representative day 5 colonies are shown.

3.4 Liquid Culture Assays

During transposon mutagenesis, it was discovered that not all hypopapillating mu-
tants were spacer acquisition deficient [237]. For example, when csyH was deleted,
the colony does not papillate (Figure 3.6a). This is due to the growth-inhibitory
effects of a lack of cysteine. When all of the cysteine in the medium has been
metabolised, the cells are unable to synthesise more, so they are unable to grow.
Consequently, the medium is not carbon-limiting but instead cysteine-limiting. When
lacY was deleted, no papillation arose. Lactose is not transported into the cell, so
there is no growth advantage for those cells that have acquired a spacer and ex-
press lacZ (Figure 3.6a). Therefore, hypopapillating mutants will be verified using

the pre-existing PCR based SPIN assay.

Liquid culture SPIN assays were performed in the reporter to determine the most
suitable Cas1-Cas2 expression vector. Primers were designed to verify the inser-
tion of a spacer into the reporter array (Table 2.3). The unexpanded array will
produce a PCR product of 548 bp and the insertion of a spacer-repeat unit will
give a 609 bp PCR product. There was no adaptation when the pT7 Cas1-Cas2
and pMARI,, Cas1-Cas2 expression vectors were used (Figure 3.6b). The use
of a pBAD Cas1-Cas2 expression vector results in visible spacer acquisition at
higher arabinose concentrations. Consequently, the pBAD expression vector will

be induced by 0.2 % L-arabinose for SPIN assays.
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Figure 3.6. Optimisation of Cas1-Cas2 expression vector choice for use in JB028
liquid culture assays

(A) Metabolic Mutants do not papillate due to growth-inhibitory effects. Papillation
assays performed in wild type JB028 E. coli and Tn5 insertion mutants. pBAD
Cas1-Cas2 expression was induced by 0.002 % L-arabinose. IHF is included as a
negative control. Day 5 colonies are shown. Images taken with permission from
(Braithwaite, 2021).

(B) Liquid culture spacer acquisition assays were performed in E. coli JB028. Ara-
binose was used to induce Cas1-Cas2 expression at 0, 0.002 %, 0.02 % & 0.2 %.
pT7 assays were also performed in the presence of 0.1 mM IPTG. Sub-cultures
(1:1000 dilution) were initiated daily for two days. Spacer acquisition was deter-
mined by PCR. PCR Products were visualised by agarose gel electrophoresis.
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3.5 Testing the compatibility of the Marionette vector collection
with the spacer acquisition reporter system

The Marionette collection is a series of inducible expression vectors that can be
used to overexpress genes in E. coli [233]. The promoters were evolved to tightly
repress expression in the absence of and be highly titratable in the presence of
the inducer molecule. There was no cross-talk between lactose, arabinose and the
vanillic acid, salicylic acid or cuminic acid inducers. This should allow papillation
assays to be performed in their presence and the rate of papillation will not be
altered. The pBAD Cas1-Cas2 expression vector can be used in combination with

the marionette plasmids due to the different origin of replications.

| first tested whether there was any cross-talk between the cuminic, salicylic and
vanillic acid inducers on the rate of papillation in my reporter system. To do this,
a range of 0 - 100 pM inducer was added to papillation plates. This range was
used as the maximum promoter activity was achieved at 100 pM for all inducible
plasmids [233]. None of the inducer molecules changed the rate of papillation
(Figure 3.7a). | also determined the effect on papillation of expressing eYFP, which
has no apparent connection to spacer acquisition. The gene was cloned into the
cuminic, salicylic and vanillic acid expression vectors and transformed into the re-
porter along with pBAD Cas1-Cas2. Papillation assays were performed across a
range of 0 - 100 uM for each inducer molecule. The rate of papillation was not
altered when eYFP was expressed from the inducible expression vectors (Figure

3.7b).
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Figure 3.7. Use of Marionette inducer molecules or plasmids does not alter the
rate of papillation

(A) Papillation assays were performed in E. coli JB028. pBAD Cas1-Cas2 ex-
pression was induced by 0.002% L-arabinose. The concentration of vanillic acid,
cuminic acid and salicylic acid was titrated from 0 — 100 pM. Representative
colonies from day 5 are shown.

(B) Papillation assays were performed in E. coli JB028 while overexpressing eYFP.
pBAD Cas1-Cas2 expression was induced by 0.002% L-arabinose. eYFP expres-
sion was induced from pMARIly,,, pPMARIcyma and pMARIs, plasmids across a
range of 0 — 100 pM inducer. Representative day 5 colonies are shown.
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The titratability of eYFP fluorescence was measured for each vector across a range
of inducer concentrations in the Marionette cloning strain and the papillation re-
porter. Since the maximum promoter activity was achieved at 100 pM for all in-
ducible plasmids, a range of 0 - 100 M inducer was used [233]. All three ex-
pression vectors showed increased eYFP fluorescence in the Marionette cloning
strain (Figure 3.8a-c). The vanillic acid plasmid was the most titratable, with a
significant increase in eYFP fluorescence across every concentration tested. In
the reporter strain, eYFP fluorescence increased with cuminic acid concentration.
However, there is only a slight increase from 25 - 50 - 100 M, with 50 - 100 M
not being significant (Figure 3.8d). The salicylic acid expression vector was not
titratable, since fluorescence decreased when the inducer concentration increased
above 25 uM (Figure 3.8e). As the concentration of vanillic acid increased, eYFP
fluorescence increased to a significant level across all concentrations (Figure 3.8f).
A control assay showed that growth in the presence of vanillic acid did not in-
duce auto-fluorescence (Figure 3.8g). Furthermore, the presence of arabinose
and Cas1-Cas2 expression did not alter the titratability of eYFP fluorescence (Fig-
ure 3.8h). Therefore, genes of interest will be overexpressed from the Marionette

vanillic acid expression vector.
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Figure 3.8. The Marionette vanillic acid promoter is titratable in the adaptation
reporter

eYFP induced from the pMaricyma, pMaris, and pMariya, in the Marionette DH10.3
(A-C) and JB028 (D-F) across a range of 0 - 100 M inducer. (G) JB028 grown
in the presence of vanillic acid without the vanillic acid eYFP expression vector.
(H) pBAD Cas1-Cas2 expression was induced by 0.002% L-arabinose in JB028.
pMariv.,eYFP expression was induced across a range of 0 - 100 uM vanillic acid.
All experiments were repeated in triplicate. The mean is plotted and the error bars
are SEM. YFP Intensity compared to the previous treatment by two-way t-test. P
value: ns = not significant, * < 0.05, ** < 0.01, ** < 0.001, *** < 0.0001. Raw
intensity and P values are listed in S2.
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3.6 Precise Genetic Deletions

The Keio collection is a single-gene knockout deletion library of non-essential genes
in E. coli K12 [240]. The genes are replaced by a kanamycin resistance gene
flanked by FLP recombination sites. This gives non-polar deletions that do not dis-
rupt the other genes in the operon. Removal of the resistance gene results in an

in-frame deletion that encodes a 34 residue peptide.

P1 transduction can be used to move gene deletions from the Keio collection to
the adaptation reporter strain. The donor strain is infected with P1 phage to make
a lysate. This lysate is then used to infect the reporter strain and transfer the
kanamycin marker to replace the gene of interest. As the integration event is due
to homologous recombination, the selectable marker is inserted at the precise lo-
cation in the genome. This insertion can be verified by PCR amplification across
the target locus. The kanamycin resistance gene can then be removed by FLP

recombination (Figure 3.9).
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Figure 3.9. P1 transduction strategy gene transfer in E. coli

(A) A P1 lysate is prepared from a donor strain (red). The donor strain carries a
mutation of interest with a neighbouring selectable marker (AbR, red arrow). The
prepared lysate contains P1 phage particles carrying up to 100 kb fragments of the
donor strain chromosome.

(B) A recipient strain (blue) is infected with the prepared P1 lysate to introduce 100
kb fragments of the donor strain chromosome. These fragments are integrated into
the recipient chromosome at a low frequency through homologous recombination.
(C) Selection of the AbR marker reveals recipient colonies containing the mutation
of interest.

(D) Recipients with the desired mutation are cured of the AbR marker by FLP
recombination between frt sites (blue arrow).

82



3.7 Complementation of gene deletions restores the papillation
phenotype

IHF is an essential host factor for spacer acquisition in the type I-E CRISPR system
of E. coli [123]. IHFa was deleted from the reporter strain by P1 transduction
from the Keio collection (Figure 3.10a). Papillation assays performed in the AIHF«
background showed a reduced rate of adaptation compared to the wild type (Figure

3.10b).

To test if gene expression could restore the papillation phenotype, IHFa was cloned
into the vanillic acid expression vector. This was transformed into the reporter along
with pBAD Cas1-Cas2. Papillation assays were performed across a range of 0 -
50 M vanillic acid. At low levels of IHFa overexpression, the rate of papillation
increases (Figure 3.10c). At high levels of IHFa overexpression, the rate of papil-

lation then decreases, but remains higher than the uninduced control.

To determine if papillation was due to bona fide spacer acquisition, six papillae
were isolated and genomic PCR reactions were performed across the reporter lo-
cus. These were performed alongside a negative and positive control. The PCR
product of all six papillae was the same size as the positive control (Figure 3.10d).
These were approximately 61 bp larger than the product from the reporter, the size
of a newly added spacer-repeat unit to the CRISPR array. Therefore, | concluded
that spacer acquisition had occurred in the six papillae where IHFa was overex-

pressed from the marionette vanillic acid expression vector.
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Figure 3.10. Papillation is restored in JB028 A/HFa when IHF« is complemented
back on an inducible plasmid

(A) PCR Verification of AIHF « deletion from JB028.

(B) Papillation assays were performed in E. coli JB028 and A/HF«. pBAD Cas1-
Cas2 expression was induced by 0.002% L-arabinose. pMARI,, Cas1-Cas2 ex-
pression was induced by 0.02% L-arabinose. Representative of day 5 colonies are
shown.

(C) Papillation assays were performed in JB028 A/HF« with IHFa complemented
back. pMARIya,IHFa expression was induced across 0 - 50 M vanillic acid. pBAD
Cas1-Cas2 expression was induced by 0.002% L-arabinose. Representative day
5 colonies are shown.

(D) PCR verification of six papillae from 20 uM induction in (C). The template for
the wild type control is JB028. The positive control is pRC1644 which has an extra
spacer added to the reporter CRISPR array.

84



3.8 Chapter Summary

JB028 is a reporter strain to study spacer acquisition in E. coli.

PMARI4, Cas1-Cas2 produces a moderate rate of spacer acquisition that will

allow hypo- and hyperpapillating mutants and conditions to be determined.

Genes of interest can be overexpressed from the pMARIy., plasmid.

P1 transduction is a strategy to precisely delete genes.

The phenotype can be restored from a genetic deletion by complementation

on the pMARlya, plasmid.
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Chapter 4

Cas1-Cas2 Induces Filamentation by
Activation of the SOS Response and

SulA Expression
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4.1 Introduction

The careful coordination of events during cell division is required to ensure that
each daughter cell contains a complete copy of the genome [244]. Inhibition of
cell division often produces filamentous cells, as cell growth and DNA replication
continue in the absence of division. Filamentation is frequently induced in prokary-
otes in response to environmental stimuli such as nutrient deprivation, exposure to
antibiotics or to evade the immune system of a multicellular eukaryotic-host [245—

248].

In E. coli, several different pathways are known to inhibit cell division. Both the
MinCDE and Nucleoid Occlusion systems function to prevent cell division at loca-
tions away from the midcell to assist in DNA segregation to daughter cells [249,
250]. Downregulation of transcription of specific cell cycle genes can also induce
filamentation [251]. Activation of the SOS response results in filamentation after
DNA damage [252, 253]. This allows time for DNA repair to occur before cell divi-

sion to prevent DNA damage from being passed onto daughter cells.

Cas1-Cas2 expression in E. coli has been reported to induce filamentation [254].
Separation of filament-enriched and rod-enriched cells seemed to show that the
filamentous population had an increased rate of spacer acquisition. Filamentation
arises first and is then followed by adaptation. My aim was first to reproduce these
findings and then go on to determine the mechanism by which Cas1-Cas2 induces

filamentation and why this increases the rate of spacer acquisition.
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4.2 Cas1-Cas2 expression induces filamentation

To determine the effects of Cas1 and Cas2 expression on cell morphology, the
corresponding genes were first cloned into the arabinose-inducible plasmid pBAD
and the IPTG-inducible plasmid pT7. Expression of Cas1-Cas2 from either plasmid
caused filamentation but the effect was more pronounced after expression from the
stronger T7 promoter (Figure 4.1). As a control, | also tested the impact of arabi-
nose and IPTG on morphology and the effects of expressing the Cas1 and Cas2
proteins separately. Since the cell morphology was unchanged, | can conclude that

filamentation results from the activity of the Cas1-Cas2 complex.

To determine whether filamentation was caused by Cas1-Cas2 binding or by its
catalytic activity, | introduced the D221A mutation. This mutant is often referred to
as dead-Cas1 (dCas1) because it abolishes catalytic activity but not site-specific
binding to the CRISPR Leader [100]. When dCas1-Cas2 was expressed from
the arabinose promoter on pBAD, the cells did not filament (Figure 4.1d). This
suggests that filamentation is caused by the nuclease activity of Cas1-Cas2 rather

than DNA binding.

IHF is required for the integration of spacers into the CRISPR array, as it binds to
and bends the Leader sequence to stabilise the binding of the Cas1-Cas2 com-
plex [120]. To see whether filamentation is the result of Cas1-Cas2 activity at
the CRISPR locus, a BL21-Al AIHFa strain was made by P1 transduction from
the Keio collection. Overexpression of Cas1-Cas2 from the arabinose promoter
on pBAD induced filamentation in BL21-Al A/HF« (Figure 4.1e). Filamentation,
therefore, appears to arise from the nuclease activity of Cas1-Cas2 at non-specific

sites across the genome.
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Figure 4.1. The catalytic activity of Cas1-Cas2 induces filamentation

A) BL21-Al grown in LB broth, & 0.2% L-Arabinose and 0.2% L-Arabinose & 1 mM
PTG.
) pPBADCas1-Cas2 & pT7Cas1-Cas2 overexpressed in BL21-Al.

C) pBADCas1 & pBADCas2 overexpressed in BL21-Al.

D) pBADdCas1-Cas2 overexpressed in BL21-Al.

(E) pBADCas1-Cas2 overexpressed in BL21-Al A/HF.

pBAD plasmids induced by 0.2% L-Arabinose. pT7 plasmid induced by 0.2% L-

Arabinose & 1 mM IPTG. Ten images were taken for each condition. The scale bar

is 2 um. These are presented in the appendix.
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4.3 Spacer acquisition is not more abundant in filamentous cells

Wang et al., reported that spacer acquisition is more abundant in filament-enriched
cells than in rod-enriched cells [254]. | wanted to determine the reproducibility of
this data. Cas1-Cas2 was expressed from the IPTG-inducible plasmid pT7 for 6
or 24 hours in BL21-Al. A 1.2 um filter was used to separate the filaments and
rod cells (Figure 4.2a). PCR-based SPIN assays for adaptation showed that the
filament-enriched cell population did not have an increased rate of spacer acquisi-
tion for either of the time points (Figure 4.2b). This directly contradicts the results

of Wang et al. [254].

| wanted to quantify the rate of spacer acquisition in filaments and rod cells. |
used the MLS989 YFP reporter strain [236], which contains a minimal CRISPR
array with a stop codon in the Leader sequence and a downstream out-of-frame
yfp gene (Figure S8a). The addition of a spacer-repeat unit into the reporter array
will shift the stop codon out-of-frame and the yfp in-frame to induce fluorescence.
Control assays showed that fluorescence detection allowed YFP- and YFP+ cells to
be differentiated and this fluorescence arose because of spacer acquisition (Figure

S8b&c).

Cells that either express or do not express YFP can be separated by flow cytometry
and their numbers counted. Cas1-Cas2 expression was induced from the IPTG-
inducible plasmid pT7 for 6 or 24 hours in the MLS989 YFP reporter strain. A 1.2
pm filter was used to separate the filaments and rod cells. The populations were
diluted in LB broth supplemented with 25 mM glucose and outgrown to allow YFP
maturation and resolve filamentation. There was no significant difference in the
proportion of YFP+ cells between the filaments or rod cells (Figure 4.2c). There-
fore, | concluded that spacer acquisition is not more abundant in filamentous cells.

This directly contrasts with that published by Wang et al. [254].

YFP- cells grow faster than YFP+ cells (Figure S9). Therefore, the rate of spacer
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acquisition will be higher than that calculated by flow cytometry. However, since |
wanted to compare the rate of adaptation in filamentous and rod cells, this will not

be an issue, as all conditions will be affected equally.
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Figure 4.2. Spacer acquisition is not more abundant in filamentous cells

(A) Passing cells through a 1.2 um filter separates rod cells and filaments. The
scale bar is 2 um.

(B) pT7 Cas1-Cas2 was overexpressed at 0.1 mM IPTG and 0.2 % L-arabinose in
BL21-Al for 6 or 24 hours. The culture was passed through a 1.2 um filter to sep-
arate filaments and rods. PCR-based SPIN assays for adaptation were performed
on the different populations.

(C) pT7 Cas1-Cas2 was overexpressed at 0.1 mM IPTG and 0.2 % L-arabinose in
the MLS989 YFP reporter strain for 6 or 24 hours. The culture was passed through
a 1.2 um filter to separate filaments and rods. The cells were outgrown in LB broth
+ 25 mM glucose for 5 hours to support YFP maturation and resolve filamentation.
Flow cytometry was performed to test the proportion of YFP+ cells in each pop-
ulation. Repeated three times. The mean is plotted and the error bars are SEM.
Populations compared by ANOVA. The raw data is presented in S3.
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4.4 Cas1-Cas2 induces the SOS response

The induction of the SOS response after DNA damage results in filamentation by
inhibition of FtsZ polymerisation, owing to the activity of SulA [252, 253]. In E.
coli, DNA damage is signalled via the cleavage of the LexA repressor, which al-
lows the expression of genes of the SOS regulon, including the cell cycle inhibitor
SulA. Since the catalytic activity of Cas1-Cas2 induces filamentation (Figure 4.1), |

wondered whether the expression of Cas1-Cas2 induces the SOS response.

A reporter plasmid that contains a gfp gene under the control of the sulA promoter
was used to detect the induction of the SOS response [239]. The reporter plasmid
will express gfp at the same time as the expression of the chromosomal sulA. Cells
that are GFP+ have induced the SOS response (Figure 4.3a). The higher the level

of induction, the higher the level of GFP expression.

Nalidixic acid is a DNA gyrase inhibitor that induces the SOS response by the in-
troduction of dsDNA breaks [255, 256]. To test the SOS reporter plasmid, BL21-Al
was grown in LB broth supplemented with subinhibitory concentrations of nalidixic
acid. GFP fluorescence increased with the concentration of nalidixic acid. Growth
at all concentrations of nalidixic acid resulted in a significant increase in gfp ex-

pression compared to nalidixic acid free controls (Figure 4.3b).

Since a pBAD vector will be used for Cas1-Cas2 expression, the effect of arabinose
on the induction of the SOS response was also studied. Cells were grown overnight
in LB broth supplemented with either 0, 0.05, 0.1, or 0.2 % arabinose. Increasing
the concentration of arabinose did not alter gfp expression (Figure 4.3c). Therefore,

as expected, arabinose does not induce the SOS response.
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Figure 4.3. Cas1-Cas2 expression induces the SOS response

(A) Schematic of the SOS reporter plasmid (pRC2790). DNA damage results in
the formation of RecA filaments which triggers LexA autoproteolysis and activation
of the SOS response. The SOS reporter plasmid contains a gfo gene downstream
of the sulA promoter, a gene of the SOS regulon. Induction of the SOS response
is observed by GFP fluorescence.

(B) BL21-Al grown across a range of 0 — 0.4 pg/mL nalidixic acid.

(C) BL21-Al grown across a range of 0 - 0.2 % arabinose.

(D) pBADCas1-Cas2 induced by 0 — 0.2 % arabinose in BL21-Al.

(E) pPBADdCas1-Cas2 induced by 0 — 0.2 % arabinose in BL21-Al.

(F) pBADCas1-Cas2 induced by 0 — 0.2 % arabinose in BL21-Al A/HF.

GFP intensity measured by expression from the SOS reporter plasmid. All assays
were repeated in triplicate. The mean is plotted and the error bars are SEM. For
(B), (C) & (D), raw intensity values compared to no treatment control by two-way
t-test. For (E) & (F), raw intensity values were compared to the same level of
arabinose concentration in (D) by a two-way t-test. P value: ns = non-significant,
* < 0.05, ™ <0.01, *** < 0.001, **** < 0.0001. The raw intensity and P values are
listed in S2.
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To determine if Cas1-Cas2 induces the SOS response, it was overexpressed in
BL21-Al from the pBAD expression vector in LB broth supplemented with 0, 0.05,
0.1 or 0.2 % arabinose. GFP fluorescence increased with the concentration of ara-
binose. Growth at all concentrations of arabinose resulted in a significant increase
in gfp expression compared to the arabinose free controls (Figure 4.3d). Therefore,
Cas1-Cas2 expression induces the SOS response, and filamentation is due to the

activity of SulA.

To determine why dCas1-Cas2 does not induce filamentation, it was overexpressed
from the pBAD expression vector in BL21-Al grown in LB broth supplemented with
0, 0.05, 0.1 or 0.2 % arabinose. In the absence of arabinose, the induction of
the SOS response is not significantly different compared to Cas1-Cas2 (Figure
4.3d). However, at all arabinose concentrations, GFP fluorescence was signifi-
cantly higher for Cas1-Cas2 compared to dCas1-Cas2. There was no increase in
GFP fluorescence from 0.05 to 0.2 % arabinose with dCas1-Cas2. As the expres-
sion of dCas1-Cas2 does not induce filamentation, this level of sulA expression

must be insufficient to inhibit the polymerisation of FtsZ.

Since BL21-Al AIHF a undergoes Cas1-Cas2-induced filamentation, | investigated
whether Cas1-Cas2 induces the SOS response in this strain. Cas1-Cas2 was
overexpressed at 0, 0.05, 0.1 or 0.2 % arabinose from the pBAD expression vec-
tor. There were no statistically significant difference in GFP fluorescence between
BL21-Al A/IHFa and BL21-Al at 0, 0.05 & 0.2 % arabinose (Figure 4.3d). At 0.1 %
arabinose, induction of the SOS response was higher in BL21-Al. The expression
of Cas1-Cas2 in BL21-Al AIHF« increases the induction of the SOS response to
a statistically significant level compared to dCas1-Cas2 at all arabinose concentra-
tions. This shows that Cas1-Cas2 induced filamentation is due to sulA expression

in BL21-Al A/HF .
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4.5 Chapter Summary

The catalytic activity of the Cas1-Cas2 complex induces filamentation.

The deletion of /HF« results in Cas1-Cas?2 induced filamentation.

» Spacer acquisition is not more abundant in filamentous cells.

» The expression of Cas1-Cas2 induces the SOS response and expression of

SulA.
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Chapter 5

Induction of the SOS Response Aids

in Spacer Acquisition
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5.1 Introduction

The SOS response is an inducible DNA damage repair pathway that coordinates
the reaction of global regulatory systems to allow bacteria to adapt to and survive
environmental stresses [257]. Unrepaired DNA damage poses a severe challenge
to a cell as it may result in deleterious mutations or cell death. Bacterial cells
can detect DNA damage and block cell division to allow time for DNA repair [252,

258].

The LexA protein is the master regulator of the SOS response in E. coli [259, 260].
It functions as a dimer, where each monomer binds to half of the LexA box, an
imperfect inverted DNA repeat [261, 262]. LexA represses transcription by blocking
access of RNA polymerase to the promoters of the genes of the SOS regulon [259,
260]. Most LexA-regulated genes have one LexA box, but there can be two or three
that overlap to provide additional regulation, which presumably reduces the leaky

expression of repressed genes [263].

Activated RecA triggers autoproteolysis of DNA-free LexA [264, 265]. DNA dam-
age activates RecA, which results in the formation of RecA filaments on ssDNA
[266]. The LexA binding and cleavage site is only formed in RecA filaments [267].
A decrease in LexA levels causes the derepression of genes in the SOS regulon

and the consequent induction of the SOS response (Figure 5.1).

Expression of sulA, as part of the SOS response, inhibits cell division and causes
filamentation in E. coli [252, 253]. It competitively interacts with free FtsZ sub-
units to prevent polymerisation and the formation of higher-order structures [268—
271]. SulA, therefore, prevents premature segregation of damaged DNA to daugh-
ter cells during cell division to provide time for repair by DNA polymerases Il, IV, V

and other repair proteins [252, 258].
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Figure 5.1. LexA-mediated regulation of the SOS response

Under non-stressful conditions, LexA dimers repress the SOS response by binding
within the promoters of the SOS regulon genes. RecA binds to ssDNA produced
by DNA damage, forming RecA* filaments that trigger LexA autoproteolysis. LexA
proteolysis relieves repression to induce the expression of the genes of the SOS
regulon.

The level of induction of the SOS response is proportional to the strength of the
stimulus, with the expression of the particular gene dependent upon the sequence
of the cognate LexA binding site. The deviation of a LexA box away from the con-
sensus is characterised by the heterology index (HI) [272]. The lower the HI value,
the higher the affinity of the LexA repressor to the sequence and, consequently,
the lower the concentration that is required to facilitate gene expression. Higher
levels of DNA damage result in increased RecA-promoted LexA cleavage, which
reduces the cellular concentration of LexA [257]. This allows the SOS response to

be proportionate to the stimulus, where DNA repair can be achieved at low levels

of DNA damage without blocking cell division.

In Chapter 4, | showed that the catalytic activity of the Cas1-Cas2 complex induces
filamentation by activation of the SOS response and the consequent expression of
sulA. |, therefore, wanted to determine whether the SOS response plays a role in

spacer acquisition.
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5.2 The un-cleavable /exA3 allele prevents induction of the SOS
response and decreases the level of papillation

LexA is the master regulator of the SOS response in E. coli [259, 260]. The lexA3
allele has a G85D amino acid substitution in the cleavage site, which abolishes
recA-dependent proteolysis without affecting its DNA binding activity [273]. The

genes of the SOS regulon are, therefore, not induced following DNA damage.

The lexA3 allele from E. coli DE407 was transduced into the papillation reporter
strain using the Tn9 chloramphenicol resistance gene inserted into the nearby
malB gene. The successful transduction of the lexA3 allele was confirmed by PCR
amplification and DNA sequencing (Figure 5.2a). | removed the yjaB gene from
this new /exA3 papillation-reporter strain by P1 transduction from the Keio collec-
tion (Figure S11a). This gene is located on the other side of the malB gene, with
respect to the lexA3. This transduction served to remove the Tn9 chloramphenicol
marker (Figure S11b). The yjaB gene was selected because it encodes a protein
lysine acetyltransferase that would not be expected to play a role in CRISPR adap-
tation [274]. This was confirmed because the level of papillation was unchanged
when this gene was deleted from the wild-type papillation reporter strain by P1

transduction from the Keio collection (Figure S10).

To determine whether the SOS response can be induced in the lexA3 reporter
strain, | transformed it with an SOS reporter plasmid encoding gfp under the control
of the sulA promoter, which is strongly repressed by LexA [275]. When the cells
were treated with nalidixic acid to damage the DNA [255, 256], GFP fluorescence
increased in the reporter strain but not in the lexA3 derivative (Figure 5.2b). Control
assays showed that exposure to nalidixic acid induced the SOS response in the
AyjaB mutant (Figure S10). Therefore, the lexA3 allele prevents nalidixic acid

induced activation of the SOS response.
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Figure 5.2. The /lexA3 allele prevents induction of the SOS response

(A) Transduction of the /ex3A allele was confirmed by PCR amplification of the
locus followed by Sanger sequencing.

(B) E. coli JB028 and JB028 lexA3 AyjaB were grown in LB broth supplemented
with 0 - 0.8 pg/mL Nalidixic Acid. The GFP SOS reporter plasmid (pRC2790) was
used to measure the induction of the SOS response. Repeated in triplicate. The
mean is plotted and the error bars are SEM. Intensity compared to the no treatment
control by two-way t-test. P value: ns = non-significant, * < 0.05, ** < 0.01, *** <
0.001, *™** < 0.0001. Raw intensity values and P values are listed in S2.

To assess the role of the SOS response in CRISPR adaptation, | tested the rate of
spacer acquisition in the papillation reporter JB028 and its /exA3 derivative (Figure
5.3a and b). The number of papillae per colony was significantly lower in the /lexA3
background compared to the wild type. A similar result was obtained in the SPIN
assay, where the PCR product for the +1 expanded array was significantly reduced
by lexA3. Therefore, the inability to induce the SOS response decreases the rate

of CRISPR adaptation.

To determine whether the Cas1-Cas2 complex induces the SOS response in vivo,
| transformed the papillation reporter strain with the GFP reporter and the pBAD
Cas1-Cas2. Induction of Cas1-Cas2 expression with arabinose caused an in-
crease in fluorescence in the wild type, indicating induction of the SOS response
(Figure 5.3c). As expected, the SOS response was not induced following Cas1-
Cas2 expression in the lexA3 background (Figure 5.3c). As a control, | confirmed
that the yjaB deletion, introduced to eliminate the chloramphenicol resistance gene,

did not affect SOS induction in an otherwise wild type background (Figure S10).

100



Therefore, the lexA3 mutation prevents Cas1-Cas2 induced activation of the SOS

response.
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0.02% L-arabinose WT lexA3
WT lexA3 o 1 2 0 1 2 Day

- ’ P - v

pBAD Cas1-Cas2
WT lexA3

Ml

0 0.05 01 02 00.050.102
Arabinose (%)

w
]

N
1

-
1

Relative Fluorescence
Intensity

Figure 5.3. The /exA3 allele reduces the rate of spacer acquisition

(A) Papillation assays were performed in E. coli JB028 and JB028 /exA3.
PMARIara Cas1-Cas2 expression was induced by 0.02% L-arabinose. Represen-
tative day 5 colonies are shown.

(B) PCR-based SPIN assays were performed in E. coli JB028 and JB028 /exA3.
pBAD Cas1-Cas2 expression was induced by 0.2 % L-arabinose. Sub-cultures
(1:1000 dilution) were initiated daily for two days.

(C) Cas1-Cas2 was overexpressed from the pBAD expression vector in E. coli
JB028 and JB028 /exA3 across a range of 0 - 0.2% L-arabinose.

The GFP SOS reporter plasmid (pRC2790) was used to measure the induction of
the SOS response. Repeated in triplicate. The mean is plotted and the error bars
are SEM. Intensity compared to the no treatment control by two-way t-test. P value:
ns = non-significant, * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. Raw intensity
values and P values are listed in S2.
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5.3 Inhibition of recA decreases the rate of spacer acquisition

RecA is the trigger for LexA cleavage, to derepress the genes of the SOS regulon
[264, 265]. RecX is an inhibitor of recA, whose overexpression decreases the level
of SOS induction when cells are exposed to nalidixic acid [276-279]. To deter-
mine if the level of papillation is proportional to the level of induction of the SOS
response, recX was cloned into the vanillic acid expression vector and transformed
into the reporter strain along with pBAD Cas1-Cas2. Papillation assays were per-
formed across a range of 0 - 50 uM vanillic acid. This revealed that overexpression

of recX decreases the level of papillation (Figure 5.4).

pBAD Cas1-Cas2 0.002% L-arabinose
RecX overexpression from pMARI,,, recX, vanillic acid (vM)

Day 1

Day 2

Day 5

Figure 5.4. Overexpression of recX reduces the level of papillation

Papillation assays were performed while overexpressing recX in E. coli JB028.
pBAD Cas1-Cas2 expression was induced by 0.002% L-arabinose. pMARIy,nrecX
expression was induced across 0 - 50 pM vanillic acid. Daily representative
colonies are shown for all conditions.
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Zinc reduces the expression of recA and the RecA-mediated cleavage of LexA by
inhibiting its ATPase activity [280, 281]. To determine the effect of zinc on adapta-
tion, papillation assays were performed across a range of 0 - 2 mM zinc chloride.
Growth at 0.5 mM and above significantly decreased the level of papillation (Figure

5.5).

pBAD Cas1-Cas2 0.002% L-arabinose
ZnCl, (mM)

Figure 5.5. Chemical inhibition of RecA decreases the level of papillation

Papillation assays were performed in E. coli JB028 across a gradient of 0 - 2 mM
ZnCl,. pBAD Cas1-Cas2 expression was induced by 0.002% L-arabinose. Repre-
sentative day 5 colonies are shown.

5.4 Deletion of recA increases the rate of adaptation

Zinc has multiple effects on the bacterium, such as the induction of the membrane
stress response pathway and inhibition of iron-sulfur cluster biogenesis [282, 283].
Therefore, to more precisely determine the role of recA in spacer acquisition, the
gene was deleted from the reporter strain by P1 transduction from the Keio collec-
tion (Figure 5.6a). Papillation assays performed in the ArecA mutant showed an
increased rate of adaptation compared to the wild type (Figure 5.6b). The kinetics
of papillation are the same, but there are more papillae in the ArecA background.
PCR-based SPIN assays for adaptation were also performed. They confirmed an
increased rate of spacer acquisition in ArecA compared to the wild type (Figure

5.6¢).
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Figure 5.6. Deletion of recA increases the level of papillation

(A) PCR Verification of the deletion of recA from JB028.

(B) Papillation assays were performed in E. coli JB028 and ArecA. pMARIa,, Cas1-
Cas2 expression was induced by 0.02% L-arabinose. Representative day 1- 5
colonies are shown.

(C) PCR-based SPIN assays were performed in E. coli JB028 and ArecA. pBAD
Cas1-Cas2 expression was induced by 0.2% L-arabinose. Sub-cultures (1:1000
dilution) were initiated daily for three days.

The rate of spacer acquisition provided by the PCR-based SPIN and papillation
assays are semi-quantitative. A more accurate measurement would be provided by
using a cell sorter to count the number of LacZ+ cells after Cas1-Cas2 expression.
In fact, such a system has already been described, using yfp in place of lacZ as
the reporter gene [236]. This reporter strain, MLS989, contains a minimal CRISPR
array with a stop codon in the Leader sequence and a downstream out-of-frame
yfp gene (Figure S8a). The addition of a spacer-repeat unit into the reporter array
will shift the stop codon out-of-frame and the yfp gene in-frame, so that the cells
fluoresce. Control assays showed that YFP- & YFP+ cells could be distinguished

and that the YFP fluorescence was due to spacer acquisition (Figure S8b&c).
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The recA gene was removed from the MLS989 YFP reporter strain by P1 trans-
duction from the Keio collection (Figure 5.7a). The cells were transformed with a
Cas1-Cas2 expression vector and SPIN or papillation-like assays were performed.
Flow cytometry was used to compare the rate of adaptation between the wild type
and ArecA backgrounds. The deletion of the recA gene significantly increased the
rate of spacer acquisition in both plate and liquid media growth conditions (Figure
5.7b&c). Control assays showed that YFP fluorescence was a consequence of
adaptation in the ArecA background (Figure S12b&c). Therefore, the deletion of

recA increases the rate of spacer acquisition in E. coli.
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Figure 5.7. Deletion of recA increases the rate of spacer acquisition

(A) PCR Verification of the recA deletion from the MLS989 YFP reporter.

(B) E. coli MLS989 YFP reporter and ArecA were transformed with pMARI s
Cas1-Cas2. 50 colonies were plated onto LB agar supplemented with 0.02% L-
arabinose to induce Cas1-Cas2 expression. These were incubated at 37°C for 5
days. The colonies were resuspended in 1mL LB broth. YFP-/+ cells were anal-
ysed by flow cytometry.

(C) Liquid culture assays were performed in the E. coli MLS989 YFP reporter and
ArecA. pBAD Cas1-Cas2 expression induced by 0.2% L-arabinose. Sub-cultures
(1:1000 dilution) were initiated daily for two days. YFP-/+ cells were analysed by
flow cytometry.

All assays were repeated in triplicate. The mean is plotted and the error bars are
SEM. Conditions compared by two-way t-test. P value: * < 0.05. Raw intensity
values and P values are listed in S2.
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The increase in spacer acquisition in the ArecA background (Figures 5.6 and 5.7)
is inconsistent with the lower rate of the /lexA3 allele (Figure 5.3). If the reduced
rate of adaptation in the /exA3 background is owing to the absence of an SOS
response, we would expect the recA deletion to have the same effect. To exclude
the impact of an unintended genetic change during the construction of the bacterial
strains, | used the SOS reporter plasmid to test the result of the recA deletion on
the ability to induce the SOS response. To do this, | transformed the SOS reporter
plasmid into the papillation reporter strain and the ArecA derivative. The cells were
grown in LB media supplemented with nalidixic acid and the fluorescence from the
GFP-SOS reporter was measured. Nalidixic acid induced gfp expression in the

wild type but not in the ArecA background (Figure 5.8a).
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Figure 5.8. Deletion of recA prevents induction of the SOS response

(A) E. coli JB028 and JB028 ArecA were grown in LB broth supplemented with O -
0.8 pg/mL nalidixic acid.

(B) pBAD Cas1-Cas2 expression was induced by 0 - 0.2% L-arabinose in E. coli
JB028 and JB028 ArecA.

The GFP SOS reporter plasmid (pRC2790) was used to measure the induction of
the SOS response. Repeated in triplicate. The mean is plotted and the error bars
are SEM. Intensity compared to no treatment control by two-way t-test. P value:
ns = non-significant, * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. Raw intensity
values and P values are listed in S2.
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| also tested the ability of Cas1-Cas2 expression to induce the SOS response in the
ArecA background. The pBAD Cas1-Cas2 expression vector and the GFP-SOS
reporter plasmid were transformed into the papillation reporter strain and ArecA
mutant. These were grown in LB broth supplemented with 0 - 0.2 % L-arabinose
to induce Cas1-Cas2 expression. The wild type showed a significant increase
in gfp expression from the SOS reporter plasmid for all concentrations compared
to the no treatment control (Figure 5.8b). For the ArecA mutant, there was no
significant difference in GFP fluorescence at any arabinose concentration (Figure
5.8b). Therefore, these results suggest that deletion of the recA gene increases
the rate of spacer acquisition by an alternative mechanism over and above the

decrease caused by the loss of the SOS response.

5.5 SulA overexpression increases the level of papillation

SulA inhibits the polymerisation of FtsZ to induce filamentation as part of the SOS
response in E. coli [252, 253]. Since Cas1-Cas2 expression causes filamentation
by the induction of sulA expression (Figures 4.1 & 5.3c), | wanted to determine
what happens when its expression is increased artificially in the absence of the
other SOS responses. The sulA gene was cloned into the vanillic acid expression
vector and transformed into the papillation reporter strain along with pBAD Cas1-
Cas2. Arange of 0 - 1 um vanillic acid was used to induce sulA expression. By Day
5, the number of papillae across the titration are approximately equal (Figure 5.9).
However, when sulA is overexpressed, the papillae arise earlier. This is clearest
on Day 3 (Figure S13). This indicates that spacer acquisition is taking place earlier

in the development of the colony.

The lexA3 mutation prevents the induction of the SOS response (Figure 5.2). Since
Cas1-Cas2 expression induces the SOS response and sulA expression (Figure
5.3c), | wanted to determine the effect of sulA overexpression in the /exA3 back-
ground. The sulA vanillic acid expression vector and pBAD Cas1-Cas2 were trans-

formed into the reporter strain with the /exA3 allele. Papillation assays were per-
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formed across a range of vanillic acid. The overexpression of sulA was less toxic
than in the wild type, with growth achieved at 10 M vanillic acid. Overexpression
of sulA caused papillae to develop earlier and a higher number were present on
day 5 (Figures 5.9 and S14). The number of papillae at the highest level of sulA
induction in the lexA3 background was approximately equal to that of the wild type.
Therefore, the activity of sulA upregulates spacer acquisition.

pBAD Cas1-Cas2 0.002% L-arabinose

SulA overexpression from pMARI,,,, SulA,
Vanillic acid (uM)

0 0.1 0.2 0.5 1.0 2 5 10 20
lexA3 NT NT NT NT | B

Figure 5.9. Overexpression of sulA in the lexA3 background increases the level of
papillation to wild type

Papillation assays were performed while overexpressing sulA in E. coli JB028 and
JB028 /exA3. pBADCas1-Cas2 expression was induced by 0.002% L-arabinose.
pMARIy,nSulA expression was induced by 0 — 20 M vanillic acid. Representative
day 5 colonies are shown. Green squares indicate conditions where colonies were
not produced. NT refers to conditions not tested.

5.6 Overexpression of ymfM increases the level of papillation

YmfM prevents Z-ring formation at the first stage of assembly in E. coli [271, 284].
Its expression is repressed by YmfK rather than LexA, and is therefore expressed
independently of sulA during the SOS response [284—286]. This is of interest, since

the lexA3 mutant has a decreased level of papillation, but it is not abolished.

The ymfM gene was cloned into the marionette vanillic acid expression vector and
transformed into the papillation reporter strain along with pBAD Cas1-Cas2. Papil-
lation assays were performed across a range of 0 - 20 pM vanillic acid to induce
ymfM expression. By Day 5, the number of papillae across the titration are ap-

proximately the same. However, when ymfM is overexpressed, the papillae arise
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earlier, which is most apparent on Day 3. This indicates that spacer acquisition is

taking place earlier in the development of the colony.

pBAD Cas1-Cas2 0.002% L-arabinose
ymfM overexpression from pMARI,,,, ymfM,
Vanillic acid (uM)
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Day 2

Day 3

Day 4

Day 5

Figure 5.10. Overexpression of ymfM increases the level of papillation

Papillation assays were performed in E. coli JB028 while overexpressing ymfM.
pBAD Cas1-Cas2 expression was induced by 0.002% L-arabinose. pMARIyan
ymfM expression was induced across a range of 0 - 20 uM vanillic acid. Daily
representative colonies are shown for all conditions.
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5.7 Deletion of sulA and ymfM does not alter the level of papilla-

tion

As sulA overexpression causes papillae to develop earlier, | wanted to examine
the effect of its deletion. The sulA gene was removed from the reporter strain
by P1 transduction from the Keio collection. Papillation assays were performed
in the AsulA mutant and no papillae were produced (Figure S15). This result is
inconsistent with the effect of the lexA3 background, as the level of papillation
was decreased and not abolished (Figure 5.3). Furthermore, against expectation,
overexpression of sulA from a plasmid did not restore papillation (Figure S15).
To troubleshoot the result, | transduced the strain using a P1 lysate generated
from the Keio ycbZ mutant to restore the native sulA gene. However, this did not
restore papillation (Figure S15). These results suggest that the sulA mutant from
the Keio collection has an unknown genetic change that interferes with CRISPR

adaptation.

As an alternative to the Keio sulA mutant, | obtained an alternative deletion mu-
tant in the form of E. coli EAW13 made by Roger Woodgate [235]. This is E. coli
MG1655, with the sulA gene replaced by a KanR gene by lambda red recombina-
tion. When this sulA allele was transduced into the papillation reporter strain, there

was no change in the level of papillation (Figure 5.11a&b).

Since ymfM overexpression also increases the level of papillation, | wanted to ex-
amine the effect of ymfM deletion. The ymfM gene was deleted from the reporter
strain by P1 transduction from the Keio collection (Figure 5.11c). Papillation assays
showed that the wild type and AymfM had the same level of papillation (Figure

5.11c). Therefore, ymfM is not essential for adaptation.

| wanted to determine the effect of deletion of both sulA and ymfM genes. The P1
lysate from EAW13 was transduced into the AymfM papillation reporter to remove

the sulA gene (Figure 5.11e). Papillation assays performed in the AymfMAsulA
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background showed the same level of papillation as the wild type (Figure 5.11f).

Therefore, sulA and ymfM are not essential for spacer acquisition.
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Figure 5.11. Deletion of sulA and ymfM does not alter the level of papillation

(A) PCR verification of the sulA deletion from JB028.

(B) Papillation assays were performed in E. coli JB028 and AsulA. pBAD Cas1-
Cas2 expression was induced by 0.002% L-arabinose. Representative day 5
colonies are shown.

(C) PCR verification of the ymfM deletion from JB028.

(D) Papillation assays were performed in E. coli JB028 and AymfM. pMARIara
Cas1-Cas2 expression was induced by 0.02% L-arabinose. Representative day 5
colonies are shown.

(E) PCR verification of the sulA deletion from JB028 AymfM.

(F) Papillation assays were performed in E. coli JB028 and AymfMAsulA. pBAD
Cas1-Cas2 expression was induced by 0.002% L-arabinose. Representative day
5 colonies are shown.
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5.8 Growth in the presence of sub-inhibitory concentrations of
antibiotics increases the level of papillation

As Cas1-Cas2 expression induces filamentation, | wanted to determine whether
the chemical induction of filamentation also increases the rate of spacer acquisi-
tion. Exposure to some antibiotics has been shown to result in filamentation. This
is achieved by the action of cell-wall targeting antibiotics, such as ampicillin and
cefalexin, or by DNA-targeting antibiotics, such as mitomycin C and nalidixic acid
[287—290]. Papillation assays were performed in the reporter strain in the presence
of sub-inhibitory concentrations of these antibiotics. All four antibiotics increased

the level of papillation (Figure 5.12).

Since the lexA3 mutation prevents induction of the SOS response (Figure 5.3),
papillation assays were also performed in the /exA3 mutant in the presence of
sub-inhibitory concentrations of antibiotics. When grown in the presence of ampi-
cillin and cefalexin, there is a slight decrease in the level of papillation at high
concentrations (Figure 5.13). This is in contrast to the wild type, which saw an in-
crease. When grown in the presence of nalidixic acid and mitomycin C, the level of
papillation was reduced at all concentrations. At high concentrations, white bumps
also developed on the colonies. Growth at 8 ug/mL nalidixic acid and 1.0 ug/mL
mitomycin C was not achieved in the /lexA3 background, unlike in the wild-type.
Therefore, LexA and the SOS response are required for the stimulation of spacer

acquisition in the presence of sub-inhibitory concentrations of antibiotics.
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Figure 5.12. Growth in sub-inhibitory concentrations of antibiotics increases the
level of papillation in JB028

Papillation assays were performed in E. coli JB028 in sub-inhibitory concentrations
of antibiotics. Ampicillin (A), cefalexin (B) and nalidixic acid (C) were used across
a gradient of 0 — 8 pg/mL. Mitomycin C (D) was used across a gradient of 0 —
1.0 pg/mL. pMARIsra Cas1-Cas2 expression was induced by 0.02% L-arabinose.
Representative day 5 colonies are shown.
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Figure 5.13. Growth in sub-inhibitory concentrations of antibiotics decreases the
level of papillation in JB028 /exA3

Papillation assays were performed in E. coli JB028 lexA3 in sub-inhibitory concen-
trations of antibiotics. Ampicillin (A), cefalexin (B) and nalidixic acid (C) were used
across a gradient of 0 — 8 pg/mL. Mitomycin C (D) was used across a gradient of 0
—1.0 pg/mL. pMARIAra Cas1-Cas2 expression was induced by 0.02% L-arabinose.
Representative day 5 colonies are shown.
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5.9 Mitomycin C and nalidixic acid induce the SOS response

As nalidixic acid and mitomycin C decreased the level of papillation in the /lexA3
background (Figure 5.13), | wanted to determine if the concentration of antibiotics
used induces the SOS response. The SOS reporter plasmid was transformed into
the papillation reporter strain. This was grown on LB agar plates supplemented
with the sub-inhibitory concentrations of antibiotics used in Figure 5.12. Exposure
to ampicillin did not induce the SOS response (Figure 5.14a). Furthermore, ce-
falexin only induced gfp expression at a significant level at 8 ug/mL (Figure 5.14b).
However, growth in the presence of nalidixic acid induced the SOS response to a
significant level at 2 ug/mL and above (Figure 5.14c). Exposure to mitomycin C
resulted in a significant induction of the SOS response at all concentrations (Fig-
ure 5.14d). Therefore, the increased level of papillation in cells treated with sub-
inhibitory concentrations of nalidixic acid and mitomycin C is probably due to the
induction of the SOS response, but the effects of ampicillin and cefalexin are due

to an alternative mechanism.
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Figure 5.14. Growth in sub-inhibitory concentrations of nalidixic acid and mito-
mycin C induces the SOS response

E. coli JB028 was grown on LB agar supplemented with 0, 1, 2, 4, 8 ug/mL ampi-
cillin (A), cefalexin (B) and nalidixic acid (C) or 0, 0.1, 0.2, 0.5, 1.0 xg/mL mitomycin
C (D). The GFP SOS reporter plasmid (pRC2790) was used to measure the induc-
tion of the SOS response. All assays were repeated in triplicate. The mean is
plotted and the error bars are SEM. The intensity is compared to the no antibiotic
control by a two-way t-test. P value: ns = non-significant, * < 0.05, ** < 0.01, *** <
0.001, **** < 0.0001. Raw intensity values and P values are listed in S2.
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5.10 Antibiotics Induce Spacer Acquisition Events

As part of the SOS response, three error-prone DNA polymerases are expressed in
E. coli [291—-293]. These allow the repair of DNA lesions that block DNA replication.
All three SOS-inducible DNA polymerases play a role in mutagenesis, which can
induce frameshift mutations [258]. Exposure to sub-inhibitory concentrations of
beta-lactam antibiotics has been demonstrated to upregulate DNA polymerase IV
independent of the SOS response [294, 295]. Frameshift mutations of lacZ have
also been shown when cells reach stationary phase and lactose is the only carbon
source, such as in the papillation assay [296]. If a +1 frameshift mutation arose
between the promoter and the stop codon in the Leader of the reporter array, this
would result in a frameshift to remove the stop codon and result in the expression

of lacZ.

To show that the papillae produced from antibiotic exposure were due to bona fide
spacer acquisition, 15 papillae from each treatment were isolated and subjected
to genomic PCR reactions to determine the size of the CRISPR reporter locus.
These were run alongside a negative and positive control. All PCR products were
the same size as the positive control (Figure 5.15). Therefore, | concluded that

exposure to antibiotics increases the rate of spacer acquisition.
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Figure 5.15. Antibiotics induce spacer acquisition

15 papillae were subcultured from papillation assays performed in the presence
of 2 pug/mL ampicillin, cefalexin & nalidixic acid or 0.5 ug/mL mitomycin C (Figure
5.12). PCRs were performed across the reporter CRISPR locus using genomic
DNA as template. The unexpanded CRISPR locus of JB028 was used as the tem-
plate for the negative control. The template for the positive control was pRC1644,
which contains an extra spacer-repeat unit to the reporter array. PCR products
from papillae presented bands at expanded loci size and therefore had a Lac+
phenotype as a result of spacer acquisition.
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5.11 Chapter Summary

» The use of a lexA3 mutant decreases the rate of spacer acquisition.

The overexpression of recX decreases the level of papillation.

The deletion of recA increases the rate of adaptation.

» The overexpression of sulA and ymfM causes papillae to develop earlier.

Growth in the presence of sub-inhibitory concentrations of antibiotics increases

the rate of spacer acquisition.

Sub-inhibitory concentrations of nalidixic acid and mitomycin C induce the

SOS response, but ampicillin and cefalexin do not.
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Chapter 6

Degradation of FtsZ by HfIKC/FtsH
Supports CRISPR Cas Adaptation
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6.1 Introduction

The function of the Cas genes was quickly determined following their discovery
as part of an adaptive prokaryotic immune system due to their proximity to the
CRISPR array. Other host factors play a role in CRISPR adaptation, but their roles
are less well understood. For example, IHF plays a mechanistic role in DNA bend-
ing at the CRISPR locus in the type I-E system to stabilise the interaction of the
Cas1-Cas2 complex with the Leader [120]. The DnaQ exonuclease trims spacers

before integration and aids in spacer orientation [297, 298].

To discover other host factors required for naive CRISPR adaptation in E. coll,
Dr. Jack Braithwaite performed a random Tn5 transposon mutagenesis screen
to select for hypopapilating host mutants [237]. The screen recovered multiple
transposon insertions into an operon encoding the hfIC and miaA genes. Since
the host mutants have extreme hypopapillation phenotypes (Figure 6.1), | decided

to investigate them further.

hflC- miaA

Figure 6.1. Tn5 insertion into hfIC and miaA reduces the rate of papillation

Papillation assays were performed with the indicated Tn5 transposon insertion mu-
tants. Compared to the wild type JB028 host, the mutants produced only a few very
tiny papillae. Images of day 5 colonies are shown. Images taken with permission
from (Braithwaite, 2021).
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6.2 Deletion of genes from the hfIC and miaA operon

The hfIC and miaA genes are present in an operon of 12 genes (Figure 6.2a).
The yjeV and tsaE gene are essential, and therefore, a genetic deletion is not
present in the Keio collection. As tsaE has opposite polarity to hfIC and miaA, the
genes downstream of it were removed from the reporter strain by P1 transduction
of the kanamycin resistance gene from the Keio collection. This gives non-polar
deletions that do not disrupt the other genes in the operon. Papillation assays were
performed in these mutant strains with the kanamycin resistance gene present.
The deletion of miaA, hfIC and hflK reduced the rate of papillation compared to the
wild type, whereas the deletion of hfq increased the rate of papillation (Figure 6.2b).
As hfg has been shown to regulate hundreds of mRNA transcripts, this mutant was
not studied due to the pleiotropic effects that deletion will have on the bacterium

[299, 300]. I, therefore, decided to focus on miaA, hflK and hfIC.

A

yjeV* queG | nnr tsaE * amiB > mutL >/ miaA > hfq )| hflX hflK hflC yjeT

WT AamiB AmutL AmiaA Ahfq

AhfIX AhfIK AhfIC AyjeT

S i

e B .0

Figure 6.2. Deletion of miaA, hflIC and hfIK reduces the rate of papillation.

(A) The structure of the miaA and hfIC operon. The orientation of the arrow shows
relative gene polarity. * represents gene deletions not present in the Keio collection.
(B) Papillation assays were performed in the wild type JB028 E. coli reporter strain
and the indicated mutants created by P1 transduction from the Keio collection.
pBAD Cas1-Cas2 expression was induced by 0.02 % L-arabinose. Representative
day 5 colony images are shown.
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6.3 Deletion of miaA inhibits papillation but not spacer acquisi-

tion

MiaA is a tRNA dimethylallyltransferase that catalyzes the first step of hypermodi-
fication of the A37 base of specific tRNAs, for example tRNA™" and tRNAP"® [301—
303]. The KanR-FRT selection marker was removed from the AmiaA mutant re-
porter by flp recombination (Figure 6.3a). Papillation assays performed in the
AmiaA background had a reduced rate of adaptation compared to the wild type
(Figure 6.3b). This is the same as shown in Tn5 transposon mutagenesis (Figure

6.1).

To determine whether the deletion of the miaA gene inhibits papillation, PCR-based
SPIN assays for adaptation were also performed. The AmiaA background acquired
spacers at an equivalent rate to the wild type (Figure 6.3b). The deletion of the

miaA gene must, therefore, prevent papillation but not spacer acquisition.
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Figure 6.3. Deletion of miaA reduces the rate of papillation but spacers are ac-
quired in SPIN assays

(A) PCR verification of the AmiaA deletion from JB028.

(B) Papillation assays were performed in E. coli JB028 and AmiaA. pMARIara
Cas1-Cas2 expression was induced by 0.02% L-arabinose. Representative day
5 colonies are shown.

(C) PCR-based SPIN assays were performed in E. coli JB028 and AmiaA. pBAD
Cas1-Cas2 expression was induced by 0.2% L-arabinose. Sub-cultures (1:1000
dilution) were initiated daily for three days.

6.4 Deletion of hfIK or hfIC reduces the rate of spacer acquisi-

tion

The HfIKC complex regulates the activity of the FtsH protease [304]. HfIKC pre-
vents FtsH-catalysed proteolysis of the cll protein of lambda bacteriophage, secY
and sigma 32 [304—-306]. When HfIKC-FtsH recognises a proper substrate, HflK
and HflC dissociate to allow the proteolytic activity of FtsH to degrade the target
proteins [304]. Therefore, the HfIKC complex has been suggested to be a FtsH
specificity factor [305].

The KanR-FRT selection marker was removed from both the AhfIK and AhfIC mu-
tants by flp recombination (Figure 6.4a). Papillation assays were performed and the

deletion of both genes resulted in a decreased rate of papillation compared to the
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wild type (Figure 6.4b). This is the same as that shown in Tn5 transposon muta-
genesis (Figure 6.1). PCR-based SPIN assays were also performed. Both AhfIC
and AhfIK mutants exhibited a decreased rate of spacer acquisition compared to
the wild type (Figure 6.4c). However, the difference is smaller than that seen in

the papillation assay. Therefore, the deletion of hfIK or hflC reduces the rate of

CRISPR adaptation.
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Figure 6.4. Deletion of hflK or hiIfC inhibits adaptation

(A) PCR verification of the hflIK and hflC deletion from JB028 by P1 transduction
from the Keio collection.

(B) Papillation assays were performed in E. coli JB028, AhflK and AhfIC. pMARIra
Cas1-Cas2 expression was induced by 0.02% L-arabinose. Representative day 5
colonies are shown.

(C) SPIN assays were performed in E. coli JB028, AhfIK and AhfIC. pBAD Cas1-
Cas2 expression was induced by 0.2% L-arabinose. Sub-cultures (1:1000 dilution)
were initiated daily for three days.
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6.5 Complementation of hfIK and hfIC restores spacer acquisi-

tion

The hflK and hfIC genes were cloned into vanillic acid inducible expression vec-
tors to test if they could complement the adaptation defect of the original mutants.
These expression vectors were transformed into their respective deletion strains
together with pPBADCas1-Cas2. The hflIK and hflIC genes were induced across a
range of 0 - 20 M vanillic acid. Increasing the expression of hflK or hflC increased

the rate of papillation (Figure 6.5a&b).

As complementation of hflK and hflC resulted in the formation of smaller papillae
than usual, both genes were cloned into the vanillic acid expression vector. This
was transformed into the deletion strains along with pBADCas1-Cas2. The expres-
sion of hfIKC was induced across a range of 0 - 20 M vanillic acid. Increasing the
expression of hfIKC increased the rate of papillation in both deletion strains. At
20 pM vanillic acid, the papillae had their usual large size not seen in the single

complementation assays (Figure 6.5¢c&d).

6.6 Overexpression of the hfIKC complex increases the rate of

spacer acquisition

Since the deletion of the hflK and hflIC genes reduces the rate of papillation, |
wanted to determine the effect of overexpressing these genes. The hflK and hflC
vanillic acid expression vectors were transformed into the reporter strain along with
pBADCas1-Cas2. Overexpression of either gene did not alter the rate of papillation
(Figures S17 and S18). Since uncomplexed subunits of hflK and hflC are unsta-
ble individually [307, 308], | decided to overexpress both genes from the vanillic
acid expression vector. Induction of both hflIK and hlfC simultaneously caused the

papillae to arise earlier (Figure 6.6). This is most obvious on day 3.
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- % ‘ _\

Figure 6.5. Complementation of hfIK and hfIC restores the adaptation defect phe-
notype

Papillation assays were performed complementing JB028 AhfIK and JB028 AhfIC.
Either the deleted subunit (a&b) or both subunits (c&d) were overexpressed.
PMARIy.,hfIK is the hflK expression vector. pMARIy,,hflC is the hflC expression
vector. pMARIy,,hfIKC is the hflKC expression vector. Overexpression was in-
duced across a gradient of 0 — 20 pM vanillic acid. pBAD Cas1-Cas2 expression
was induced by 0.002% L-arabinose. Representative day 5 colonies are shown for
each condition.
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JB028 pBAD Cas1-Cas2 0.002% L-arabinose
hfIKC overexpression from pMARI, ., hfIKC
Vanillic acid (uM)

Day 1
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Day 4

Day 5

Figure 6.6. Overexpression of hflKC causes papillae to arise earlier and a higher
rate of papillation

Papillation assays were performed while overexpressing hfIKC in E. coli JB028.
pBAD Cas1-Cas2 expression was induced by 0.002% L-arabinose. pMARIy,,hflKC
expression was induced by 0 — 5 M vanillic acid. Representative daily colonies
are shown for each condition.
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6.7 Overexpression of ftsH increases the rate of adaptation

Although it is possible that the HfIKC complex directly affects the rate of CRISPR
adaptation, it is more likely to act through one of its targets, such as the FtsH
protease. FtsH is an ATP-dependent zinc metalloprotease located in the inner
membrane of the E. coli cell envelope [309]. It degrades inner membrane and cy-
toplasmic proteins as part of a general stress response [310-312]. One of these
substrates is the cell division protein FtsZ [313]. As Cas1-Cas2 expression induces
filamentation due to the activity of SulA preventing the formation of FtsZ protofil-
aments (Chapter 4), | decided to study the role that FtsH plays in CRISPR Cas

adaptation.

As ftsH is an essential gene in E. coli [309], | decided to clone it into the vanillic
acid inducible expression vector to determine the effect of overexpression. This
was transformed into the reporter strain along with pBAD Cas1-Cas2. Papillation
assays were performed across a range of 0 - 5 pM vanillic acid to induce ftsH
expression. Papillae appeared earlier when ftsH was overexpressed (Figure 6.7).
The difference in the rate of papillation is most apparent on day 3. The same
number was recorded on day 5, but they are larger at 5 M vanillic acid induction,

indicating that the spacer acquisition event arose earlier.
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pBAD Cas1-Cas2 0.002% L-arabinose
FtsH overexpression from pMARlI,,,, FtsH
Vanillic acid (uM)

Day 1
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Figure 6.7. Overexpression of FtsH increases the rate of papillation

Papillation assays were performed while overexpressing ftsH in E. coli JB028.
pBAD Cas1-Cas2 expression was induced by 0.002% L-arabinose. pMARIy,,ftsH
expression was induced by 0 — 5 M vanillic acid. Representative daily colonies
are shown for each condition.
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6.8 Overexpression of fisZ decreases the rate of adaptation

As Cas1-Cas2 expression induces filamentation (Figure 4.1) and FisH has been
shown to degrade FtsZ in vitro [313], | wanted to determine the role that FtsZ plays
in CRISPR adaptation. The ftsZ gene was cloned into the marionette vanillic acid
expression vector and transformed into the reporter strain along with pBAD Cas1-
Cas2. Overexpression of ftsZ was achieved across a range of 0 - 10 M vanillic
acid. Induction of ftsZ reduced the rate of papillation compared to the uninduced

control (Figure 6.8a).

To determine whether the reduction in the rate of papillation was due to ftsZ over-
expression negatively affecting the growth of papillae, PCR-based SPIN assays
were also performed. Expression of the ftsZ gene was induced by 10 uM vanillic
acid. PCR amplification of the CRISPR locus showed that overexpression of fisZ

reduced the spacer acquisition rate (Figure 6.8b).
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A pBAD Cas1-Cas2 0.002% L-arabinose
FtsZ overexpression from pMARlI,,,, FtsZ
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pMARlIy,,FtsZ
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Figure 6.8. Overexpression of ftsZ decreases the rate of spacer acquisition

(A) Papillation assays were performed while overexpressing ftsZ in E. coli JB028.
pBAD Cas1-Cas2 expression was induced at 0.002% L-arabinose. pMARIy,,ftsZ
expression was induced by 0 — 10 M vanillic acid. Representative daily colonies
are shown for each condition.

(B) PCR-based SPIN assays were performed while overexpressing ftsZ in E.
coli JB028. pBAD Cas1-Cas2 expression was induced by 0.2% L-arabinose.
pPMARI\,nftsZ expression was induced by 0 or 10 xM Vanillic acid. Sub-cultures
(1:1000 dilution) were initiated daily for three days.
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6.9 Chapter Summary

Deletion of miaA abolishes papillation but not spacer acquisition.

Deletion of either hfIC or hfIK decreases the rate of adaptation.

Overexpression of hflC or hflK does not affect the rate of spacer acquisition.
» Overexpression of hfIKC increases the rate of adaptation.
» Overexpression of ftsH causes papillae to arise earlier.

» Overexpression of ftsZ decreases the rate of spacer acquisition.
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Chapter 7

Deletion of LapB/FtsH Inhibitors
Decreases the Rate of Spacer

Acquisition
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7.1 Introduction

The bacterial envelope acts as the interface between the extracellular and intracel-
lular environment. In Gram-negative bacteria, it consists of a cytoplasmic and outer
membrane with peptidoglycan present in the periplasmic space [314]. The outer
membrane is an asymmetric bilayer consisting of phospholipids and lipopolysac-
charide (LPS). Covalent and non-covalent interactions between outer membrane
proteins and peptidoglycan link the two together. Consequently, cell membrane
synthesis and peptidoglycan biogenesis need to be carefully coordinated to main-

tain the integrity of the cell envelope.

To discover host factors required for naive CRISPR adaptation in E. coli, Dr. Jack
Braithwaite performed a random Tn5 transposon mutagenesis screen in the JB028
papillation reporter strain to select for hypopapilating host mutants [237]. The
screen recovered transposon insertions into the lapC, rfaH, waaG and waaQ genes
(Figure 7.1). LapC functions as part of a pathway that maintains LPS homeostasis
[315, 316]. RfaH is a transcription anti-terminator that upregulates the expression
of the waaQ and waaG genes, which play a role in the modification of LPS [317—
319]. Since multiple mutations in pathways that modulate LPS have extreme hy-
popapillation phenotypes, | decided to investigate the role that these genes play in

spacer acquisition.

WT lapC rfaH waaG waaQ

Figure 7.1. Tn5 insertion into lapC, rfaH, waaG and waaQ reduces the rate of
papillation

Papillation assays were performed with the indicated Tn5 transposon insertion mu-
tants. Compared to the E. coli JB028 wild type host, the mutants produced fewer
papillae. Images of day 5 colonies are shown. Images taken with permission from
(Braithwaite, 2021).
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7.2 Truncation of lapC reduces the rate of spacer acquisition

LapC is an essential inner membrane signalling-protein that indirectly controls lipid
A biosynthesis by protecting LpxC from degradation by the FtsH-LapB protease
complex [315, 316]. Although /apC is essential, a nonsense mutation has been
recovered that removes the 396-residue periplasmic domain while leaving the 190
residue transmembrane domain intact [320]. It came to our attention because a
Tn5 insertion was recovered in a screen for adaptation mutants (Figure 7.1). This
insertion removes the final 139 codons of the gene. This truncation reduces the
rate of spacer acquisition compared to the wild type in the PCR-based SPIN assay

(Figure 7.2a).

A
pBAD Cas1-Cas2
0.2% L-arabinose
Truncated
WT lapC
0 1 2 3 0 1 2 3 Day
i G e e —— S
 — - e e -
- - - » 3
B

pMARI,, Cas1-Cas2 0.02% L-arabinose
CHIR-090 (nM)

0 2 5 10 20 50

: SR o I
Figure 7.2. Truncation of /lapC reduces the rate of adaptation

(A) PCR-based SPIN assays were performed in E. coli JB028 and the Tn5 trunca-
tion lapC mutant. pBAD Cas1-Cas2 expression was induced by 0.2 % L-arabinose.
Sub-cultures (1:1000 dilution) were initiated daily for three days.

(B) Papillation assays were performed in E. coli JB028 across a range of 0 - 50 nM
CHIR-090. pMARIa, Cas1-Cas2 expression was induced by 0.02% L-arabinose.
Representative day 5 colonies are shown.

136



The target of LapC signalling, LpxC, is also essential [321]. However, the antibiotic
candidate CHIR-090 is a potent and specific chemical inhibitor [322]. In vitro, the
inhibitory constant (Ki) is 4 nM, which is the amount needed to reduce the activity
of purified LapC protein by 50%. In contrast, the minimal inhibitory concentration
(MIC) for E. coli is 500 nM. When papillation assays were performed, spacer ac-
quisition was significantly stimulated by 5 nM CHIR-090 (Figure 7.2b). At higher
concentrations, the number of papillae reduced progressively, presumably due to
the effects of inhibiting LpxC. It remains to be seen whether this reflects an increase

in the rate of spacer acquisition in the SPIN assay.

7.3 Deletion of waaG and waaQ decreases the rate of spacer ac-

quisition

Insertion into the waaG and waaQ genes in a random Tn5 mutagenesis screen
produced colonies with a hypopapillating phenotype (Figure 7.1). These genes are
located in the same operon and modify the core structure of LPS [319]. As the
truncation of /apC decreases the rate of spacer acquisition, | wanted to study the

roles of waaG and waaQ on CRISPR adaptation.

The waaG and waaQ genes were deleted from the reporter strain by P1 trans-
duction from the Keio collection (Figure 7.3a). Papillation assays were performed
and the deletion strains showed a reduced rate of adaptation compared to the wild
type (Figure 7.3b). PCR-based SPIN assays were also performed. The AwaaG
and AwaaQ mutants had a decreased rate of spacer acquisition relative to the
wild type (Figure 7.3c). However, the difference is smaller than that seen in the
papillation assay. Therefore, the deletion of waaG and waaQ decreases the rate of

CRISPR adaptation.
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Figure 7.3. Deletion of waaG and waaQ decreases the rate of spacer acquisition

(A) PCR Verification of the deletion of waaG and waaQ from JB028.

(B) Papillation assays were performed in E. coli JB028, AwaaG and AwaaQ.
PMARI,, Cas1-Cas2 expression was induced by 0.02% L-arabinose. Represen-
tative day 5 colonies are shown.

(C) SPIN assays were performed in JB028, AwaaG and AwaaQ. pBAD Cas1-
Cas2 expression was induced by 0.2% L-arabinose. Sub-cultures (1:1000 dilution)
were initiated daily for three days.

7.4 Deletion of rfaH decreases the rate of spacer acquisition

In a mutagenesis screen, Tn5 insertion into the rfaH gene produced a hypopapillat-
ing colony (Figure 7.1). RfaH is a transcriptional anti-terminator of multiple operons
involved in the synthesis, assembly, and export of the LPS core [323, 324]. These
include the waaG and waaQ genes, which | showed the deletion of decreases the
rate of spacer acquisition (Figure 7.3). Consequently, | decided to investigate the

effect of rfaH.
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To study the role of rfaH in CRISPR adaptation, the gene was removed from the
reporter strain by P1 transduction from the Keio collection (Figure 7.4a). | tested
the rate of spacer acquisition in the papillation reporter and its ArfaH derivative.
The number of papillae per colony was significantly lower in the rfaH background
(Figure 7.4b). PCR-based SPIN assays for adaptation also showed that the ArfaH
mutant had a decreased rate of spacer acquisition compared to the wild type (Fig-
ure 7.4c). Therefore, the deletion of rfaH decreases the rate of CRISPR adapta-

tion.

e 3 pMARI,, Cas1-Cas2
0.02% L-arabinose

' WT ArfaH
-

-
c pBAD Cas1-Cas2 0.2% L-arabinose
WT ArfaH

0 1 2 3 0 1 2 3 Day

Figure 7.4. Deletion of rfaH reduces the rate of spacer acquisition

(A) PCR Verification of the deletion of rfaH from JB028.

(B) Papillation assays were performed in E. coli JB028 and ArfaH. pMARIas
Cas1-Cas2 expression was induced by 0.02% L-arabinose. Representative day
5 colonies are shown.

(C) SPIN assays were performed in JB028 and ArfaH. pBAD Cas1-Cas2 expres-
sion was induced by 0.2% L-arabinose. Sub-cultures (1:1000 dilution) were initi-
ated daily for three days.
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7.5 Overexpression of lapB decreases the rate of papillation

LapC, WaaG and WaaQ are all negative regulators of LapB [315, 316, 318]. As the
disruption of these genes decreases the rate of papillation, | wanted to determine
the role that /apB plays in spacer acquisition. The lapB gene has been reported to
be both essential and non-essential [240, 325]. | was unable to delete it from the
reporter strain by P1 transduction from the Keio collection. Therefore, to determine
the effect of /lapB overexpression on the rate of adaptation, | decided to clone the
gene into the vanillic acid expression vector. This was transformed into the reporter
strain along with pBAD Cas1-Cas2. Papillation assays were performed across a
range of 0 - 10 uM vanillic acid to induce lapB expression. The overexpression of
lapB at 10 uM significantly reduced the rate of papillation (Figure 7.5). Therefore,

lapB is a negative regulator of spacer acquisition in E. coli.
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Figure 7.5. Overexpression of /lapB reduces the rate of papillation

Papillation assays were performed in JB028 while overexpressing lapB. pBAD
Cas1-Cas2 expression was induced by 0.002% L-arabinose. pMARly,, lapB ex-
pression was induced by 0 - 10 «M vanillic acid. Daily representative colonies are
shown for all conditions.
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7.6 Chapter Summary

« Truncation of /apC decreases the rate of spacer acquisition.

CHIR-090 treatment increases the rate of papillation.

Deletion of rfaH, waaG and waaQ decreases the rate of spacer acquisition.

» Overexpression of lapB decreases the rate of papillation.
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Chapter 8

Discussion and Future Work
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The work described in this thesis was undertaken to characterise novel host factors
required for CRISPR Cas adaptation in E. coli. The function of the Cas genes
was quickly determined due to their proximity to the CRISPR array. Other host
factors have also been characterised, such as IHF and DnaQ, but their roles need
to be better understood [120, 297, 298]. | hypothesized that more genes might be
involved. Consequently, | used a papillation spacer acquisition reporter strain to

determine the role of unknown host factors in CRISPR adaptation.

8.1 Coupling the SOS Response and CRISPR Adaptation

| showed that the Cas1-Cas2 complex induces filamentation because the catalytic
activity of Cas1 activates the SOS response and the consequent expression of the
cell cycle inhibitor sulA (Figures 4.1 and 4.3). The induction of filamentation by
Cas1-Cas2 overexpression has previously been reported to be due to the activity
of Cas2, as the L88A point mutation prevents both filamentation and spacer ac-
quisition [254]. Cas2 functions as a molecular ruler which controls the length of
spacers and mutations that disrupt the formation of the Cas1-Cas2 complex alter
spacer acquisition [127, 129]. The L88 residue of Cas2 forms hydrogen bonds with
V81, is located in a beta-sheet that stabilises prespacer binding and is at the inter-
face between Cas1 and Cas2 proteins [127, 129]. As a result, | hypothesise that
the L88A mutation would disrupt the structure of the Cas1-Cas2 complex, which in-
directly perturbs the catalytic activity. As the Cas1-Cas2 complex cannot integrate
spacers, the SOS response is not induced and sulA is not expressed. Conse-
quently, filamentation does not arise. Therefore, the nuclease activity of Cas1 is

what induces filamentation.

Disintegration reactions are the most frequently catalysed by the Cas1-Cas2 com-
plex [326]. | showed that the expression of Cas1-Cas2 induces filamentation in
an A/HF strain (Figure 4.3), and it has been reported that spacers can be inte-
grated at locations away from the CRISPR array [327—330]. The induction of the

SOS response, therefore, may be a consequence of aborted integration events.
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Activating the SOS response would allow for the repair of DNA damage caused
by these off-target events, protecting the host from deleterious mutations. It would
also allow time for the newly integrated spacer-repeat unit in the CRISPR array to
be efficiently repaired [136], providing adaptive immunity against future infections

(Figure 8.1).

Cas1-Cas2-Spacer Complex binds DNA

SOS Response

4

SulA Expression

, T A

Disintegration Spacer Acquisition

l Repair and Replication

Figure 8.1. Model linking induction of the SOS response to spacer acquisition

The Cas1-Cas2-Spacer complex (shown in purple and green) binds to DNA (shown
in red and blue). The catalytic activity of Cas1 induces the SOS response, which in-
duces sulA expression to inhibit FtsZ polymerisation so the cell undergoes filamen-
tation. In most cells, the Cas1-Cas2-Spacer complex disintegrates from the DNA
without adaptation. In a subpopulation, the spacer is integrated into the CRISPR
array (the DNA shown in yellow). The DNA is repaired and replicated to provide
immunity against future infections.
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The SOS response has been linked to CRISPR interference in Serratia, P aerugi-
nosa and S. aureus [331-333]. The data | have presented show that induction of
the SOS response aids in naive spacer acquisition in E. coli. This would provide
maximum immunity when the risk of infection is highest. Infection from foreign ge-
netic elements, such as plasmids and bacteriophages, has been shown to induce
the SOS response [334, 335]. These pose a potential fitness risk to the host bac-
terium. The linking of the SOS response and CRISPR Cas adaptation increases
the likelihood that spacers will be acquired against these invading genetic elements

when innate defence mechanisms have been overcome.

The deletion of recA has previously been shown not to alter the rate of spacer
acquisition [336]. This work was performed using the PCR-based SPIN assay. The
data generated by the papillation assay and flow cytometry demonstrates that the
deletion of recA significantly increases the rate of adaptation (Figures 5.6 and 5.7).
Since these assays are more sensitive than the PCR-based SPIN assay, this is

why the effect of recA deletion was not previously determined.

RecA plays a role in DNA repair beyond LexA cleavage. The binding of RecA to
ssDNA in regions where replication has stalled has been suggested to serve a role
in protection from degradation by exonucleases whilst awaiting repair [337]. The
digestion products of restriction nucleases are a source of spacers for adaptation
[145, 148]. Therefore, | hypothesise that the deletion of recA increases the rate of

adaptation due to an increase in the prespacer substrate.

The overexpression of sulA in the lexA3 background restores the rate of papillation
to that of the wild type (Figure 5.9). Constitutive high expression of sulA prevents
cell division due to the inability to form FtsZ protofilaments and results in cell lysis
[338]. As Cas1-Cas2 induces native sulA expression (Figure 5.3c), it can only be
moderately expressed from the vanillic acid expression vector in the wild type. This
is why papillae arise earlier, but the total number remains the same. The /exA3

allele prevents induction of the SOS response and chromosomal sulA expression
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(Figure 5.2b). A moderate level of sulA expression is, therefore, possible in this
background, which will increase the time taken for cell division to arise but not in-
hibit it altogether. This allows extra time for the Cas1-Cas2 complex to integrate
spacers. | hypothesise that this is why sulA expression increases the rate of papil-
lation in the lexA3 background. This implies that sulA is a key protein of the SOS

response to support adaptation.

There could be an overlap in the function of genes that inhibit FtsZ polymerisation.
Antibiotic exposure has been shown to upregulate cell division inhibitor genes from
three prophages in E. coli K12 [196]. In addition, the MINCDE and Nucleoid oc-
clusion systems, downregulation of cell division genes and induction of the SOS
response also modulate the assembly of the Z-ring [249-253]. These genes are
under the control of different regulatory mechanisms. For example, the induction
of the SOS response leads to sulA and ymfM expression. However, this is due to
the derepression of distinct inhibitors [252, 253, 271]. Bacteriophages have been
shown to encode proteins that inhibit LexA cleavage and enhance its DNA binding
[339, 340]. Expressing a gene that enhances filamentation independent of LexA
will overcome this phage defence mechanism and facilitate spacer acquisition. This
could explain why the /lexA3 mutation has a decreased rate of adaptation. Expo-
sure to nalidixic acid does not induce sulA expression in this background (Figure
5.2). However, ymfM will be expressed as it is repressed by YmfK instead of LexA
[284—286]. Therefore, the activity of YmfM will inhibit FtsZ polymerization and de-
lay cell division. This may not induce filamentation as strongly as sulA expression,

so the rate of spacer acquisition is reduced but not abolished.

Induction of kilR, encoded by the rac prophage, induces filamentation in E. coli
[341]. Tn5 insertion into this gene produced a hypopapillating phenotype during
a random transposon mutagenesis screen (Figure S20). lts expression is upreg-
ulated following exposure to nalidixic acid and the beta-lactam antibiotic azlocillin

[237, 342]. However, the deletion of the kilR gene from the reporter by P1 transduc-
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tion from the Keio collection did not alter the rate of papillation (Figure S20). This is
the same as when sulA and ymfM are deleted (Figure 5.11). It would be interesting

to overexpress kilR to determine if this also increases the rate of adaptation.

8.2 Effect of Sub-inhibitory concentrations of Antibiotics

Sub-inhibitory concentrations of bacteriostatic but not bactericidal antibiotics have
been reported to increase the rate of spacer acquisition due to a decrease in phage
growth rate in P. aeruginosa [343]. This includes exposure to mitomycin ¢, which
did not increase CRISPR immunity. The data presented here argue the opposite of
this (Figure 5.15). These phage challenge assays were performed in liquid culture,
which | found less permissive than growth on an agar plate. | want to determine
the effects of sub-inhibitory concentrations of antibiotics on adaptation when P,

aeruginosa is challenged with phage in a biofilm environment.

The fact that all four antibiotics tested increased the rate of papillation, but only
nalidixic acid and mitomycin c induced the SOS response, implies a different mech-
anism. The data presented in Chapter 5 suggests that activation of the SOS re-
sponse supports spacer acquisition. Therefore, the induction of the SOS response
by exposure to nalidixic acid and mitomycin c is likely the mechanism that increases
the rate of papillation. Ampicillin and cefalexin must increase the rate of adaptation

by an alternative mechanism.

Exposure to sub-inhibitory concentrations of ampicillin promotes cell-to-cell plas-
mid transformation in E. coli [344]. This study was performed using an E. coli
biofilm model, which mimics the papillation assay more closely than liquid-culture
assays [345]. Cell-to-cell plasmid transformation could be the DNA source from
which the spacers are derived to increase the rate of papillation when cells are

exposed to sub-inhibitory concentrations of beta-lactam antibiotics.

Exposure of E.coli DH5« to ampicillin alters the expression of multiple transcription

factors, including IHF, which was upregulated over ten-fold [346]. The expression
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of IHF is tightly regulated, with small reductions in abundance having a significant
effect on several IHF-dependent functions [347]. IHF is an essential host factor for
spacer acquisition in the type I-E CRISPR system of E. coli [123]. Consequently,
exposure to sub-inhibitory concentrations of beta-lactam antibiotics may increase

the rate of adaptation due to the upregulation of IHF expression.

Sub-inhibitory concentrations of ampicillin have been reported to induce and not
induce the SOS response [247, 348-351]. The data in Figure 5.14 supports the
hypothesis that sub-inhibitory concentrations of ampicillin do not induce the SOS
response. This contrasts with the majority of the literature, which suggests that
beta-lactam antibiotics induce the SOS response. Again, this data was generated
from experiments performed in LB broth. | found that liquid culture growth was
much less permissive than on an agar plate. | hypothesise that the different re-
ported effects of sub-inhibitory concentrations of ampicillin are due to the growth

method.

8.3 HIfIKC and LapB: Equilibrium of FtsH Specificity Factors

The deletion of the hflK and hflC genes by P1 transduction from the Keio collection
produced a hypopapillating phenotype (Figure 6.4). HfIC and HfIK form a complex
to regulate the activity of the metalloprotease FtsH [304]. Overexpression of either
subunit individually does not alter the rate of papillation, but overexpression of both
causes papillae to arise earlier and increases the rate of papillation (Figure 6.6).
Overexpression of FtsH also causes papillae to arise earlier and increases the rate

of papillation (Figure 6.7).

Tn5 transposon insertion into /apC and the deletion of either the waaG or waaQ
genes produced colonies with a hypopappilating phenotype (Figures 7.2 and 7.3).
These all interact with LapB to regulate the activity of the FtsH/LapB complex. The

overexpression of /apB also decreases the rate of papillation (Figure 7.5).
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| hypothesise that the concentration of FtsH specificity factors changes the equilib-
rium position to determine the substrate for degradation (Figure 8.2). Increased
abundance of LapB promotes FtsH/LapB catalysed proteolysis of LpxC to de-
crease LPS concentration in the inner membrane [315, 316]. The increased LapB
concentration decreases free FtsH available for HfIKC to guide to substrates. Delet-
ing hfIK or hflIC will also shift the equilibrium to favour FtsH/LapB complex for-
mation. Conversely, overexpression of hflKC will alter the equilibrium to promote
FtsH/HfIKC complex formation and favour FtsZ degradation. This shift will enhance
the Cas1-Cas2 induced filamentation phenotype to prolong the time taken for cell

division and support adaptation.

L+ B — -

LapB  HfIKC FtsH HfIKC LapB FtsH

@IDTD

Figure 8.2. The equilibrium of FtsH specificity factors determines the choice of
substrate

When FtsH/HfIKC is favoured in the equilibrium, FtsH degrades FtsZ at an en-
hanced rate. LpxC concentration consequently increases, which leads to LPS
build-up in the inner membrane. This relieves LapC repression of LapB and shifts
the equilibrium to favour the formation of FtsH/LapB and degradation of LpxC. Cel-
lular levels of FtsZ consequently increase. Deletion of LapB repressors results in
hyperactive FtsH/LapB due to a shift in the equilibrium away from ftsH/HfIKC.
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This hypothesis is dependent upon FtsH-mediated degradation of FtsZ. However,
FtsH has only been shown to degrade FtsZ in vitro [352]. FisH localises to the mid-
cell site during septation, where the FtsZ ring structure forms during cell division
[353, 354]. This links the proteins spatially within the cell. FtsH overexpression
also prolongs the D phase of the cell cycle [355]. This is the same as when the
SOS response is induced, which results in filamentation to prevent DNA damage
from being passed onto daughter cells. The data presented in this thesis supports

the hypothesis that FtsZ is a substrate of FtsH in vivo.

The ClpXP protease degrades FtsZ in vivo [356]. The deletion of either subunit
increases cellular FtsZ levels. However, as it is possible to delete either clpX or
clpP [240, 356], this can not be the only protease involved in FtsZ degradation.
Both genes were deleted by P1 transduction from the reporter strain, and the rate
of papillation was not altered (Figure S21). Consequently, another protease must
be involved in FtsZ degradation to aid in spacer acquisition, which needs to be

determined.

FtsH may not degrade FtsZ under the conditions previously tested, or a factor may
be protecting FtsZ from proteolysis. For example, GTP/GDP can stabilise FtsZ
against FtsH degradation in vitro [357]. The ftsH gene is essential, so it can-
not be removed by P1 transduction [240]. As FtsZ is not a regular substrate of
FtsH in vivo [358], there may be a stimulus to activate FtsH-mediated degrada-
tion. In D. radiodurans, FtsZ can undergo phosphorylation following DNA damage
which inhibits growth [359, 360]. FtsZ has been shown to undergo phosphotyro-
sine modifications in E. coli and the overexpression of the Mycobacterium Ser/Thr
Kinase PknA in E. coli results in phosphorylation and cell filamentation [361, 362].
Post-translational modifications, such as phosphorylation, may modify FtsZ to bring

about FtsH-mediated degradation in E. coli.
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8.4 FtsZ: the keystone of spacer acquisition

The data presented in Chapters 4, 5, 6 and 7 are linked through FtsZ. Either
through the inhibition of polymerisation by induction of the SOS response or by
the degradation by HfIKC-FtsH (Figure 8.3). Controlled inhibition of cell division
appears to be the critical link to support CRISPR adaptation. This will allow time

for immunity to be generated against invading genetic elements.

u RfaH
i LexA3  Antibiotics i iWaaGNVaaQ

>/ \

l RecX —\ SOS llTHfIKC — TFtSH <—lLapB ‘_ LapC i

| 1

TSuIA —] l FisZ LpxC |— CHIR-OQOT

Figure 8.3. Linking the SOS Response, HfIKC-FtsH and LapB-FtsH

Summary of the data presented in Chapters 4 - 7. Black arrows represent the
induction of gene expression. Lines with bars indicate repression of gene expres-
sion. Coloured arrows indicate the effect on the rate of adaptation. Blue arrows
refer to insertion into the gene during Tn5 random mutagenesis. Red arrows refer
to a gene deletion. Green arrows refer to gene overexpression. Downward arrows
show a decrease in the rate of spacer acquisition. Upward arrows represent an
increase in the rate of adaptation.
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It is difficult to predict what benefit filamentation provides to a cell during adaptation.
The pause of cell division may give the host more time to destroy the invading
genetic element by CRISPR interference. However, the time taken for adaptation,
crRNA transcription and maturation, and interference is likely too long to prevent
the bacterium from becoming overcome by the infection. Indeed, infection with
defective phage, that is either unmethylated or mutated, significantly increases the
rate of spacer acquisition [148, 150]. The CRISPR system may, therefore, provide
immunity against future reinfection and the host may rely on alternative defence
systems to deal with the invading genetic element, such as restriction-modification

or argonaute.

During filamentation, DNA replication continues in the absence of cell division.
The extra copies of the chromosome mean multiple CRISPR arrays can acquire
spacers. Multiple arrays in the filament may acquire spacers with different DNA
sequences to increase diversity. When the cells divide after the resolution of fila-
mentation, the colony will have spacers complementary to multiple sequences in
the invading genetic element. The increased diversity of spacers will mean that es-
cape mutants are less likely to kill the whole colony during future infections. Since
the crRNA of the first spacer in the array is twice as abundant as the fifth [102],
having multiple cells in a filament acquire a spacer instead of one cell acquiring
multiple will help to maximise the immunity provided by the colony’s CRISPR sys-

tems.
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8.5 Future Work of SOS and Adaptive Immunity

| hypothesise that more genes of SOS response will play a role in adaptation. As
overexpression of sulA and ymfM increases the rate of papillation, this implies
that these aid in spacer acquisition. However, as adaptation arises when they are
deleted, they are not essential. | want to determine which genes are responsible

for the decreased rate of papillation in the /lexA3 mutant.

RecA isoforms from different organisms have been shown to possess alternate
activities [363]. The P aeruginosa and D. radiodurans recA proteins bind to ss-
DNA with the same affinity as that in E. coli. However, D. radiodurans recA does
not induce the SOS response, whereas P aeruginosa recA induces it to a greater
degree than the E. coli recA protein. The mutant E. coli recA430 has DNA recom-
bination activities but does not cleave LexA to induce the SOS response, due to
the G204S mutation in the region that triggers LexA autoproteolysis [267]. To pre-
cisely determine the role that recA plays in spacer acquisition, | would complement
the ArecA reporter strain with these isoforms. They would be placed under the
control of the recA promoter, RBS, -10 & -35 sites and LexA box to provide native
expression [259, 364]. | would insert these genes onto the chromosome using the
clonetegration kit [275]. | hypothesise that the SOS-deficient isoforms would have
a decreased rate of papillation relative to the wild type reporter, and the SOS+ iso-
form would be higher. These would be lower than the ArecA mutant, as this strain
has an increased rate of adaptation over and above the decrease caused by the

loss of the SOS response.

To determine how the catalytic activity of the Cas1-Cas2 complex induces the SOS
response, | would use a gene conversion assay to study if the Cas1-Cas2 complex
acts as a DNA roadblock. A modified reporter system based on the recombination
assay described by Klaric et al., 2021 [365] is shown in Figure 8.4. Upstream of
the minimal CRISPR reporter locus is a lacZ gene with a loss of function active

site mutation. A recovery fragment that contains the wild-type active site but also a
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non-functional truncated /acZ would be located elsewhere in the genome. These
colonies will not metabolise lactose, so they will be white when grown on agar sup-
plemented with X-gal. If the Cas1-Cas2 complex acts as a DNA roadblock, there
will be a crossing over event between the mutated and recovery lacZ fragments to
restore the wild-type active site. If there is also a spacer acquisition event, the lacZ

will become in-frame, and papillae will form.

To determine why exposure to sub-inhibitory concentrations of ampicillin increases
the rate of papillation, | would perform a cell-to-cell plasmid transformation exper-
iment. | would mix the papillation reporter strain, transformed with pBADCas1-
Cas2, with a lactose non-metabolizing strain of E. coli transformed with an alter-
native plasmid, such as p15a with a chloramphenicol resistance gene (Figure 8.5).
Selection of colonies on minimal media agar supplemented with lactose as the car-
bon source and the two antibiotics encoded by the plasmids would show colonies
that have undergone cell-to-cell plasmid transformation and spacer acquisition. Se-
quencing of the spacers would determine if they were derived from the transferred
plasmid. Repeating this assay in the presence of sub-inhibitory concentrations of
ampicillin should increase the number of colonies if the transformed plasmid is the

source of acquired spacers.
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Figure 8.4. Gene Crossover Assay for Cas1-Cas2 as a DNA roadblock

(A) A minimal CRISPR array consists of a Leader sequence (orange arrow), two
type A repeats (yellow square) and a single spacer (brown diamond). The Leader
contains a STOP codon. The /acZ is out-of-frame and contains an active site mu-
tation (asterisk) which abolishes function.

(B) A recovery lacZ fragment is inserted at a distant location in the genome (blue
line). This contains the wild type active site (light brown box). This is a truncated
form of lacZ, which is functionally inactive.

(C) A crossover event restores the wild type lacZ active site to restore function.
(D) Spacer acquisition (red diamond) will provide a frameshift, so lacZ is ex-
pressed.
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Figure 8.5. Cell-to-cell transformation as a substrate for spacers

(A) A model where cell-to-cell transformation arises. The JB028 papillation re-
porter strain (orange cell) is transformed with pBAD Cas1-Cas2 (orange circle). It
is mixed with a lactose non-metabolizing strain of E. coli (green cell) transformed
with a p15a chloramphenicol plasmid (green circle). The cells are mixed in a biofilm
model in the presence of arabinose to induce Cas1-Cas2 expression. Cell-to-cell
transformation occurs to move the p15a chloramphenicol plasmid into the reporter
strain.

(B) A minimal CRISPR array consists of a Leader sequence (orange arrow), two
type A repeats (yellow square) and a single spacer (brown diamond). The Leader
sequence contains a STOP codon (asterisk) which prevents lacZ expression.
Spacer acquisition (green diamond) will provide a frameshift and result in lacZ
expression.

(C) Growth on minimal lactose media selects for cells that have acquired a spacer
and express lacZ. The presence of two antibiotics selects for cells that have re-
ceived the p15a chloramphenicol plasmid. PCR amplification across the reporter
CRISPR array and Sanger sequencing will show where the spacer DNA is derived
from.
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8.6 Future Work of Membrane Stress and Adaptive Immunity

A BacterioMatch two-hybrid system could determine the equilibrium between the
HfIKC and LapB. The construction of a reporter system where HfIKC and FtsH
need to come together to induce the expression of a GFP reporter gene would
allow this (Figure 8.6) [366]. HfIKC would be linked to the N-terminal of GFP and
FtsH to the C-terminal. When these fragments are nearby, the GFP protein will
form and the cells will fluoresce. When the FtsH and HfIKC proteins are distant
from each other, GFP will not form, so the cells will not fluoresce. Alteration of the
equilibrium would determine if this hypothesis is correct. When the equilibrium is
shifted to favour FtsH/LapB complex formation, either by deletion of hflK or hflC,
truncation of /apC or overexpression of lapB, GFP fluorescence should decrease.
When the equilibrium is shifted to favour FtsH/HfIKC complex formation by over-
expression of hflKC or negative regulators of LapB, induction of GFP fluorescence

should increase.

HfIKC S HfIKC
=
NGFP CGFP CGFP NGFP&

Figure 8.6. Principle of an E. coli two-hybrid system based on functional comple-
mentation of GFP fragments to study FtsH/HfIKC and FtsH/LapB Interactions

The N- and C-terminal halves of the GFP protein are split. The two fragments,
fused to two interacting proteins, FtsH and HfIKC, are brought into proximity, re-
sulting in GFP fluorescence.
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The mutation of the three tyrosine residues of FtsZ would show whether post-
translational modifications support FtsH-mediated degradation. The wild-type chro-
mosomal ftsZ gene would be replaced with the point mutants. If these mutations
prevent FtsH-mediated degradation, overexpression of FtsH will not increase the

rate of papillation.

A microarray should be performed to discover any host factors that modify FtsZ to
facilitate FtsH-mediated degradation. Analysis should be performed in the absence
and presence of Cas1-Cas2 induction. Any genes that are upregulated following
overexpression, especially those with known or predicted post-translational modi-
fication capability, will be of interest. These proteins could then be purified and in

vitro assays performed to determine if they modify FtsZ.
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Figure Source Licence Number
Figure 1.1 Isaev et al., 2021 Creative Commons licence
Figure 1.4 Gao et al., 2022 Creative Commons licence
Figure 1.6 Hille et al., 2018 5319241302768
Figure 1.7 Xue and Sashital, 2019 Creative Commons licence
Figure 1.8 Wang et al., 2015 5319240363088
Figure 1.9 Ma et al., 2021 Creative Commons licence
Figure 1.10 Rice et al., 1996 5319240497977
Figure 1.11 Xue and Sashital, 2019 Creative Commons licence
Figure 1.12 Makarova et al., 2020 5319240091213
Figure S8 Amlinger et al., 2017 Creative Commons licence

Table S1. Licence numbers for the reproduction of published figures in this work.

Figure Condition Values (a.u.) | P Value
3.8a Cuminic Acid 0 uM 6522 6548 6571
Cuminic Acid 25 uM 27025 26380 35328 0.0013
Cuminic Acid 50 uM 30975 38238 37914 0.18
Cuminic Acid 100 M 37810 35946 37735 0.58
3.8b Cuminic Acid 0 uM 7020 6404 6196
Cuminic Acid 25 uM 21163 22063 22891 <0.0001
Cuminic Acid 50 uM 24537 24119 24192 0.012
Cuminic Acid 100 M 24064 24778 23033 0.57
3.8c Salicylic Acid 0 uM 5860 5900 5859
Salicylic Acid 25 yM 41571 40460 40945 <0.0001
Salicylic Acid 50 uM 46257 44410 49066 0.016
Salicylic Acid 100 M 51300 47844 48304 ns
3.8d Salicylic Acid 0 uM 6651 6871 6567
Salicylic Acid 25 uM 47317 55585 48192 <0.0001
Salicylic Acid 50 M 45375 42711 49169 0.23
Salicylic Acid 100 M 33380 24399 21799 0.0084
3.8¢e Vanillic Acid 0 uM 5694 5540 4764
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Figure Condition Values (a.u.) | P Value

Vanillic Acid 25 uM 8153 7846 7695 0.0013

Vanillic Acid 50 M 14398 14890 13212 0.0003

Vanillic Acid 100 M 24304 22655 22132 0.0004

3.8f Vanillic Acid 0 M 3756 4427 3589 -

Vanillic Acid 25 uM 10152 10447 10117 <0.0001

Vanillic Acid 50 M 16358 18042 16981 0.0002

Vanillic Acid 100 M 29149 27096 29301 0.0002

3.89 Vanillic Acid 0 uM 8246 10949 9214 -
Vanillic Acid 25 uM 9733 10870 9593 0.53
Vanillic Acid 50 M 9266 9408 10525 0.78
Vanillic Acid 100 M 9689 8440 9094 0.67

3.8h Vanillic Acid 0 uM 5206 4143 3806 -
Vanillic Acid 25 uM 7000 6560 7331 0.0057

Vanillic Acid 50 M 14551 14796 14933 <0.0001

Vanillic Acid 100 M 23502 25527 25791 0.0002

4.3b Nalidixic Acid 0 pg/mL 10430 9314 8364 -

Nalidixic Acid 0.1 pg/mL | 12415 12550 12360 0.0069

Nalidixic Acid 0.2 pg/mL | 21555 19485 17365 0.0017

Nalidixic Acid 0.4 pg/mL | 25728 19958 19563 0.004
4.3c 0% Ara 6582 6301 5907 -
0.05% Ara 6449 6743 6177 0.49
0.1% Ara 6318 6634 6130 0.71
0.2% Ara 7253 6737 6699 0.075
4.3d Cas1-Cas2 0% Ara 9602 8698 10199 -

Cas1-Cas2 0.05% Ara 18075 18840 21666 0.0010

Cas1-Cas2 0.1% Ara 21541 21474 21268 <0.0001

Cas1-Cas2 0.2% Ara 20928 26225 25300 0.0010

4.3e dCas1-Cas2 0% Ara 8162 8650 7932 0.0612

dCas1-Cas2 0.05% Ara | 13622 14326 14248 0.0080

dCas1-Cas2 0.1% Ara 13226 15415 15457 0.0062

dCas1-Cas2 0.2% Ara 14251 14634 14865 0.0043

4.3f AlHFa 0% Ara 9685 9422 9824 0.7670

AlHF« 0.05% Ara 19705 18150 20135 0.8817

AlHFa 0.1% Ara 20217 20216 21036 0.0301
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Figure Condition Values (a.u.) | P Value
AlHFa 0.2% Ara 20450 23053 21455 0.2376
5.2b JB028 Nalidixic Acid 0 pg/mL 8726 9314 10123 -
5.8a Nalidixic Acid 0.2 pg/mL | 12831 13849 13578 0.0014
Nalidixic Acid 0.4 ug/mL | 15296 15581 15918 0.0002
Nalidixic Acid 0.8 ug/mL | 22654 25262 23813 <0.0001
5.2b lexA3 Nalidixic Acid 0 pg/mL 19834 20988 19212 -
Nalidixic Acid 0.2 ug/mL | 19983 21182 23779 0.2557
Nalidixic Acid 0.4 ug/mL | 18912 21508 19535 0.9792
Nalidixic Acid 0.8 ug/mL | 24781 19390 20425 0.4295
5.3c JB028 0% Ara 8506 9236 10704 -
0.05% Ara 18776 18950 20499 0.0003
0.1% Ara 20283 19598 22358 0.0004
0.2% Ara 22757 22547 25448 0.0002
5.3c lexA3 0% Ara 4134 4448 5148 -
0.05% Ara 1899 4706 4247 0.36
0.1% Ara 4526 3613 4028 0.26
0.2% Ara 2521 3688 5360 0.46
5.8a ArecA | Nalidixic Acid 0 pug/mL 12644 10022 11982 -
Nalidixic Acid 0.2 ug/mL | 128867 12068 12648 0.2980
Nalidixic Acid 0.4 ug/mL | 11439 11298 9740 0.4916
Nalidixic Acid 0.8 ug/mL | 8955 12712 8507 0.3899
5.8b ArecA 0% Ara 4134 4448 5148 -
0.05% Ara 1899 4706 4247 0.36
0.1% Ara 4526 3613 4028 0.26
0.2% Ara 2521 3688 5360 0.46
5.14a Ampicillin 0 ug/mL 13350 12412 13593 -
Ampicillin 1 pug/mL 12100 11877 12785 0.13
Ampicillin 2 pg/mL 13208 11988 10731 0.23
Ampicillin 4 pg/mL 12644 12906 13112 0.58
Ampicillin 8 pg/mL 13841 15070 17493 0.11
5.14b Cefalexin 0 ug/mL 13184 9925 13672 -
Cefalexin 1 pg/mL 12798 12098 13067 0.76
Cefalexin 2 pug/mL 12836 12253 13512 0.65
Cefalexin 4 pg/mL 12935 12605 14059 0.50
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Figure Condition Values (a.u.) | P Value
Cefalexin 8 ug/mL 16224 22866 18299 0.04
5.14c Nalidixic Acid 0 ug/mL 7910 4516 5102 -
Nalidixic Acid 1 pg/mL 8927 8597 6499 0.17
Nalidixic Acid 2 ug/mL 13844 12381 12215 0.004
Nalidixic Acid 4 pg/mL | 28631 23242 25425 0.0005
Nalidixic Acid 8 ug/mL | 31952 23651 30239 0.0011
5.14d Mitomycin C 0 pg/mL 3644 3631 3955 -
Mitomycin C 0.1 ug/mL | 25785 21389 36752 0.0061
Mitomycin C 0.2 ug/mL | 28061 26090 38458 0.0021
Mitomycin C 0.5 ug/mL | 31042 30405 38186 0.0003
Mitomycin C 1.0 ug/mL | 39453 38719 39044 <0.0001
S10c Nalidixic Acid 0 pg/mL 8123 7933 8429 -
Nalidixic Acid 0.1 ug/mL | 8781 8992 9069 0.0095
Nalidixic Acid 0.2 ug/mL | 9576 10932 10434 0.0070
Nalidixic Acid 0.4 ug/mL | 13644 14337 14912 <0.0001
Si10d 0% Ara 12176 12939 11455 -
0.05% Ara 23377 23521 23324 <0.0001
0.1% Ara 24056 25088 26428 <0.0001
0.2% Ara 23954 24934 24232 <0.0001
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Figure | Condition | Total Cells | YFP- Cells % YFP+Cells | % | P Value
4.2c Mixed 25445 25331 99.55 114 0.45 | 0.3959
6 hours 20000 19910 99.55 90 0.45

20000 19912 99.56 88 0.44
Filamentous 21090 20986 99.51 104 0.49
6 hours 20000 19900 99.5 100 0.10
20000 19886 99.43 114 0.57
Rod 17268 17170 99.43 98 0.57
6 hours 20000 19917 99.59 83 0.42
20000 19932 99.66 68 0.34

Mixed 20000 19556 97.78 444 222 | 0.7492
24 hours 20000 19502 97.51 498 2.49
20000 19573 97.87 427 2.14
Filamentous 20000 19559 97.80 441 2.21
24 hours 20000 19534 97.67 466 2.33
20000 19384 96.92 616 3.08
Rod 20000 19556 97.78 444 2.22
24 hours 20000 19525 97.63 475 2.38
20000 19362 96.81 638 3.19

5.7b MLS989 20000 19992 99.96 8 0.04 | 0.0226
20000 19991 99.96 9 0.05
20000 19990 99.95 10 0.05
MLS989 20000 19965 99.83 35 0.18
ArecA 20000 19939 99.70 61 0.31
20000 19969 99.85 31 0.16

5.7¢c MLS989 20000 19876 99.38 124 0.62 | 0.0498
20000 19802 99.01 198 0.99
20000 19811 99.06 189 0.95
MLS989 20000 19781 98.91 219 1.10
ArecA 20000 19673 98.37 327 1.64
84750 83287 98.27 1463 1.73

Table S3. Raw Cell Sorting Data
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Figure S1. Control Images of BL21-Al
BL21-Al grown in the absence of inducer, in 0.2% L-arabinose, in 0.2% L-arabinose
& 1 mM IPTG and in 100 ¢ M Vanillic Acid. 10 images included for each condition.
The scale bar is 2 um.
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BL21-Al pT7Cas1-Cas2
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Figure S2. Overexpression of Cas1-Cas2 from either a T7 or pBAD plasmid in-

duces filamentation

BL21-Al pT7Cas1-Cas2 grown in the absence of inducer and induced at 0.2%
L-arabinose & 1 mM IPTG. BL21-Al pBADCas1-Cas2 grown in the absence of
inducer and induced at 0.2% L-arabinose. 10 images included for each condition.

The scale bar is 2 um.

167



BL21-Al pT7ClpX
Uninduced

BL21-Al pT7ClpX
Induced 1 mM IPTG 0.2% L-arabinose

N

Figure S3. ClpX overexpression from a T7 promoter does not induce filamentation
BL21-Al pT7ClpX grown in the absence and presence of 0.2% L-arabinose & 1
mM IPTG. 10 images included for each condition. The scale bar is 2 um.

BL21-Al pBADCas1-Cas2 D221A (Inactive Point Mutation)
Uninduced

Figure S4. Overexpression of dCas1-Cas2 does not induce filamentation
BL21-Al pBADdCas1-Cas2 (D221A) grown in the absence and presence of 0.2%
L-arabinose. 10 images included for each condition. The scale bar is 2 pum.
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BL21-Al pBADCast1
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BL21-Al pBADCas2
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BL21-Al pBADCas2
Induced 0.2% L-arabinose

Figure S5. Overexpression of Cas1 or Cas1 does not induce filamentation
BL21-Al pBADCas1 and BL21-Al pBADCas2 grown in the absence of inducer and
induced at 0.2% L-arabinose. 10 images included for each condition. The scale
baris 2 ym.
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BL21-Al AIHFa pBADCas1-Cas2
Uninduced

BL21-Al A/IHFa pBADCas1-Cas2
Induced 0.2% L-arabinose

Figure S6. Cas1-Cas2 overexpression induces filamentation in BL21-Al IHF«
BL21-Al AIHFa pBADCas1-Cas2 grown in the absence of inducer and induced at
0.2% L-arabinose. 10 images included for each condition. The scale bar is 2 um.

Rod CIIs 7

Figure S7. Passing cells through a 1.2 um filter separates filamentous from rod-

shaped cells
BL21-Al pT7Cas1-Cas2 grown in 0.2% L-arabinose & 1 mM IPTG. Passed through

a 1.2 um filter to separate filamentous and rod-shaped cells. The scale baris 2 yum.
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Figure S8. Verification of YFP Spacer Acquisition Reporter Strain

(A) Schematic of fluorescent CRISPR adaptation reporter. An unexpanded
CRISPR array, consisting of two repeats (diamonds), one spacer (rectangle) and
partial leader (grey) with in-frame stop codon, is inserted downstream of a consti-
tutive promoter and RBS (top). The reporter yfp gene is in the +2 frame of the ATG
and not translated with unexpanded array (top). Spacer acquisition adds 61 bp to
the array (bottom), moving yfp into frame and stop codons out of frame, resulting
in expression and fluorescence. Taken with permission from Amlinger et al., 2017,
Figure 1 [236].

(B) Detection of fluorescent colonies after spacer acquisition. MLS989 used as
negative control and MLS990 used as positive control. A liquid culture of MLS989
pBAD Cas1-Cas2 grown for 24 hours in the absence and presence of 0.2% L-
arabinose to induce Cas1-Cas2 expression. Culture diluted to give ~200 colonies
per plate. Grown overnight and imaged with Cy3 setting of Amersham Typhoon.
Plate photos and YFP+ images shown.

(C) PCR Verification of YFP -/+ colonies. MLS989 used as negative control. Fluo-
rescent colonies 1-3 from (B) used.
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Figure S9. YFP- cells grow faster than YFP+ cells

Overnight cultures of YFP- (MLS989) and YFP+ (MLS990) cells washed in PBS
three times. The ODgy was measured and normalised to 1.0. Cultures were di-
luted 1:1000 in LB broth and incubated overnight in a 96-well plate shaking at
37 °C. The ODgy was measured every 15 minutes using the Biotek Epoch 2 mi-
croplate spectrophotometer. This was repeated in triplicate. The mean is plot-
ted and the error bars are SEM. MLS989 (YFP-) is represented by open circles.
MLS990 (YFP+) is represented by open squares.
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Figure S10. Deletion of yjaB does not alter the rate of papillation or induction of
the SOS Response

(A) PCR Verification of deletion of yjaB from JB028

(B) Papillation assays were performed in E. coli JB028 and AyjaB. pMARIara
Cas1-Cas2 expression was induced by 0.02% L-arabinose. Representative day
5 colonies are shown.

(C) E. coli JB028 AyjaB grown in the presence of a gradient of 0 - 0.8 ug/mL
Nalidixic Acid.

(D) Cas1-Cas2 overexpressed in E. coli JB028 AyjaB from pBAD Cas1-Cas2
across a gradient of 0 - 0.2 % L-arabinose.

SOS reporter plasmid with GFP downstream of SulA promoter used to measure
induction of the SOS response. Repeated in triplicate. The mean is plotted and
the error bars are SEM. Intensity compared to no treatment control. P value: ns =
non-significant, * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. Raw intensity values
and P values listed in S2.
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Figure S11. Verification of yjaB deletion from /lexA3 to remove the Tn9 marker

(A) PCR Verification of deletion of yjaB from JB028 /exA3.

(B) Streaks to show chloramphenicol sensitivity. JB028 used as negative control.
JB028 /lexA3 malB::Tn9 used as positive control.

(C) Sequence data to confirm the /exA3 mutation.

(D) Papillation assays were performed in JB028 and lexA3 AyjaB. pMARIar

Cas1-Cas2 expression was induced by 0.02% L-arabinose. Representative day
5 colonies are shown. JB028 lexA3 AyjaB has a decreased rate of papillation

compared to wild type JB028.
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Figure S12. Verification of spacer acquisition in MLS989 ArecA

(A) PCR verification of ArecA deletion from MLS989

(B) Detection of fluorescent colonies after spacer acquisition. MLS989 used as
negative control and MLS990 used as positive control. A liquid culture of MLS989
ArecA pBAD Cas1-Cas2 grown for 24 hours in the absence and presence of 0.2%
L-arabinose to induce Cas1-Cas2 expression. Culture diluted to give ~200 colonies
per plate. Grown overnight and imaged with Cy3 setting of Amersham Typhoon.
Plate photos and YFP+ images shown.

(C) PCR Verification of YFP -/+ colonies. MLS989 used as negative control. Fluo-
rescent colonies 1-3 from (B) used.
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Figure S13. Overexpression of sulA increases the rate of papillation in JB028

Papillation assays were performed while overexpressing sulA in E. coli JB028.
pBAD Cas1-Cas2 expression was induced by 0.002% L-arabinose. pMARIy,
sulA expression was induced across 0 - 2.0 M vanillic acid. Daily representa-
tive colonies are shown for all conditions.
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JB028 /exA3(Ind-)
pBAD Cas1-Cas2 0.002% L-arabinose
SulA overexpression from pMARI,,,, SulA,
Vanillic acid (uM)
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Figure S14. Overexpression of sulA increases the rate of papillation in JB028
lexA3

Papillation assays were performed in E. coli JB028 lexA3 while overexpressing
sulA. pBAD Cas1-Cas2 expression was induced by 0.002% L-arabinose. pMARIyn,
sulA expression was induced across 0 - 20 M vanillic acid. Daily representative
colonies are shown for all conditions.
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Figure S15. Deletion of sulA by P1 transduction from the Keio collection abolishes
papillation but complementation does not restore adaptation

(A) PCR verification of the sulA deletion from JB028.

(B) Papillation assays were performed in JB028 and AsulA. pMARI, Cas1-Cas2
expression was induced by 0.02% L-arabinose. Representative day 5 colonies are
shown.

(C) Papillation assays performed while overexpressing sulA in JB028 AsulA.
pBAD Cas1-Cas2 expression was induced by 0.002% L-arabinose. pMARIy,,SUlA
expression was induced by 0 - 50 ;M vanillic acid. Representative colony images
from day 5 are shown. (D) PCR verification of ycbZ deletion and restoration of
SulA by P1 transduction.

(E) Papillation assays were performed in JB028 and AycbZ. pMARIsra Cas1-Cas2
expression was induced by 0.02% L-arabinose. Representative day 5 colonies are
shown.
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pMARI,,, Cas1-Cas2 0.02% L-arabinose
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Figure S16. Papillation assays performed in the presence of sub-inhibitory con-
centrations of antibiotics in the ArecA background decreases the rate of papillation

Papillation assays were performed in JB028 ArecA in sub-inhibitory concentrations
of antibiotics. Ampicillin (A), Cefalexin (B) and Nalidixic Acid (C) were used across
a gradient of 0 — 8 pg/mL. Mitomycin C (D) was used across a gradient of 0 —
1.0 pg/mL. pMARIara Cas1-Cas2 expression was induced by 0.02% L-arabinose.
Representative day 5 colonies are shown.
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Figure S17. Overexpression of hfIK does not increase the rate of papillation

Papillation Assays performed while overexpressing hflK in JB028. pBAD Cas1-
Cas2 expression was induced by 0.002% L-arabinose. pMARIy,,hflK expression
was induced by 0 — 5 uM vanillic acid. Representative daily colonies are shown for

each condition tested.
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Figure S18. Overexpression of hflC does not increase the rate of papillation

Papillation Assays performed while overexpressing hfIC in JB028. pBAD Cas1-
Cas?2 expression was induced by 0.002% L-arabinose. pMARIy,,hflC expression
was induced by 0 — 5 uM vanillic acid. Representative daily colonies are shown for

each condition tested.
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Figure S19. All genetic deletion strains grown on M9 minimal media agar

JB028 and deletion mutants grown on M9 minimal media agar supplemented with
0.2 % glucose. An overnight culture was grown in LB broth. This was washed in
sterile PBS three times and looped onto the agar plate. Incubated at 37 °C for 3
days. Whole plate images taken. All mutant strains grew.
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Figure S20. Deletion of kilR does not alter the rate of papillation
(A) Tn5 insertion into kilR in a random mutagenesis screen produces a colony with
few papillae. (B) PCR Verification of deletion of kilR from JB028. (C) Papillation as-
says performed in JB028 and AkilR. pBAD Cas1-Cas2 expression was induced by
0.002% L-arabinose and pMARI,, Cas1-Cas2 expression was induced by 0.02%
L-arabinose. Representative colonies from day 5 shown.
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Figure S21. Deletion of clpX or clpP does not alter the rate of papillation
(A) PCR Verification of deletion of clpX and clpP from JB028. (B) Papillation as-
says performed in JB028, AclpX and AclpP. pBAD Cas1-Cas2 expression was
induced by 0.002% L-arabinose and pMARI., Cas1-Cas2 expression was induced
by 0.02% L-arabinose. Representative colonies from day 5 shown.
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Spacer GCCCAATTTACTACTGGTACCGGTGTTTCTCGT
1 CCCGCTGGCGCGGGGAACACGCCCAATTTACTACTGGTACCGGTGTTTCTCGTGGTTTATCCCCGCTGGCGCGGGGAACACTCTAAACATAACC

2 CCCGCTGGCGCE666AACACGCCCAATTTACTACTGGTACCGGTGTTTCTCGTGGTTTATCCCCGCTGGCGCGGGGAACACTCTAAACATAACE

Figure S22. Electroporation of spacer DNA and Cas1-Cas2 complex results in
spacer acquisition in the CRISPR array

(A) Selection of spacer acquisition events. An unexpanded CRISPR array, consists
of two repeats (yellow), one spacer (brown) and leader (orange) with an in-frame
stop codon. Cas1-Cas2 and spacer DNA was electroporated into cells. Spacer
acquisition adds 61 bp to the array (bottom), moving /acZ into frame and the stop
codon out of frame resulting in lacZ expression. Plating onto minimal media agar
plates supplemented with lactose selects for cells that have acquired the ability to
metabolise lactose as a carbon source.

(B) Growth on LB agar supplemented with X-Gal for a negative and positive control
and replicates 1 & 2. White colonies do not express lacZ, whereas blue colonies
do.

(C) PCR ampilification of the CRISPR array. JB028 used as the negative control &
pRC1644 used as a positive control template. Replicates 1 & 2 are blue colonies
from (B).

(D) Sanger sequencing of the two replicates across the CRISPR array. Aligned
against the unexpanded locus and the electroporated spacer.
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