Rockefeller University

Digital Commons @ RU

Student Theses and Dissertations

2021

Accessory Nucleases Provide Robust Antiparasite Immunity for
Type lll CRISPR-Cas Systems

Jakob Traeland Rostgl

Follow this and additional works at: https://digitalcommons.rockefeller.edu/

student_theses_and_dissertations

b Part of the Life Sciences Commons


https://digitalcommons.rockefeller.edu/
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F643&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F643&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1016?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F643&utm_medium=PDF&utm_campaign=PDFCoverPages

Accessory nucleases provide robust anti-
parasite immunity for type Ill CRISPR-Cas
systems

A Thesis Presented to the Faculty of
The Rockefeller University
in Partial Fulfiiment of the Requirements for
the degree of Doctor of Philosophy

By
Jakob Traeland Rostgl
June 2021



© Copyright by Jakob Traeland Rostal 2021



Accessory nucleases provide robust anti-parasite immunity for

type Il CRISPR-Cas systems

Jakob Treeland Rostal, Ph.D.
The Rockefeller University 2021

To protect against parasites like bacteriophages and plasmids, bacteria employ
diverse and sophisticated defence systems. Clustered, regularly interspaced short
palindromic repeats (CRISPR)-Cas systems are adaptive immune systems that can
integrate short “spacers” from a parasite into its CRISPR locus as a form of immunological
memory. Upon reinfection, short RNAs transcribed from the CRISPR locus can guide Cas
proteins to the viral genome through complementary base pairing. Cas nucleases then
destroy the invader’s genome. To date, six major types and multiple subtypes of CRISPR
systems exist, each with their own signature genes and mechanisms of action.

Type Il CRISPR systems are uniquely able to destroy both the parasite’s DNA and
RNA. Type Il loci contain Cas10 and Csm2-5, which make up the main Cas10-Csm
targeting complex. In addition, loci typically contain an ancillary RNase, csmé6 or csx1.
Upon target transcription, the Cas10-Csm complex recognises a viral transcript
containing a target, which activates DNase activity of Cas10, leading to the destruction of
the invader. In addition, it was recently discovered that the Palm domain of Cas10 can
synthesise cyclic oligoadenylate second messengers (CA). cA can activate Csm6 by
binding to the latter’s CARF domain.

In this work, | first elucidate and illuminate the role and mechanism of action of
Csmé6 during anti-plasmid immunity in staphylococci. | show that Csm6 is required for
efficient immunity against a weakly transcribed target but is dispensable against a well-
transcribed target. Moreover, in vivo, Csmé6 is a non-specific RNase, targeting both host
and invader transcripts. This induces a transient growth arrest in the host cell, which is
relieved upon target clearance. This growth arrest “buys time” for the Cas10-Csm
complex to eliminate the plasmid, which is required for clearance against weakly
transcribed targets.

Further, | expand and characterise broader arsenal of cA-activated CARF genes
that type Ill systems use during immunity. | identify Card1, a nuclease that can degrade
both ssDNA and ssRNA in vitro. These activities required divalent cations, and were
activated by cAs4. In Staphylococcus aureus, Cardi induces a growth arrest upon
activation, and enhance anti-phage immunity. The protection is most likely primarily



through the ssDNase activity, since no RNA degradation was detected in vivo. Together
with collaborators, we were also able to solve the crystal structure of apo-, cAs-, and cAe-
bound Card1 structures, revealing the conformational changes allowing catalysis upon
ligand binding.

| also identify TM-1, a transmembrane helix-CARF gene that also causes a growth
arrest in S. aureus when stimulated by cA production. The mechanism of TM-1 remains
to be elucidated, but likely represents the first CRISPR protection mechanism not
mediated by degrading nucleic acid.

Altogether, my work both deepens and broadens our understanding of the ligand-
mediated immune response of type Ill CRISPR systems. Robust immunity is obtained by
coupling specific invader destruction (Cas10 DNase activity) with non-specific host and
parasite growth arrest (Csm6/Card1/TM-1). This serves as a broader paradigm of how
bacteria can use different catalytic activities and different systems to resist their parasites.
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Chapter |. The bacterium-parasite arms race

Throughout evolution, bacteria have been preyed upon by parasitic
bacteriophages (phages). Everywhere bacteria are found, they coexist with their
respective phages, undergoing continuous cycles of infection. As a consequence, in order
to survive and thrive, bacteria have developed an arsenal of anti-phage mechanisms
which they deploy to prevent phage infection. Due to the immense evolutionary pressure
imposed by phages, the diversity and sophistication of bacteria’s anti-phage mechanisms
are astounding, and we are only now beginning to appreciate the complexity of the
interactions between bacteria and their parasites.

Since their discovery approximately 100 years ago, phages have been central
players in the development of modern biology. As well as providing insights into bacterial
ecology and evolution, phages have acted as probes to ask basic molecular biology
questions. In addition, the study of anti-phage mechanisms has resulted in invaluable
tools, like restriction enzymes and, more recently, revolutionary CRISPR-based gene
editing and diagnostic techniques. With the advent of new technologies, genomics, and
renewed interest in phage therapy due to the rise of antibiotic resistance, the study of
anti-phage mechanisms has recently experienced a revival. This chapter aims to
summarise the means by which bacteria use to resist their phages, with an emphasis of
novel developments in the field.

1.1 Phages and bacteriophage-host interactions

Phages are obligate intracellular parasites of bacteria. They bind to their hosts
through specific receptors, and then hijack the cellular machinery to replicate. Phages are
ubiquitous, estimated to outnumber their hosts in most contexts ', and play crucial roles
in bacterial evolution and ecology. They are extremely diverse 2 and have profound
effects in the different ecological niches they occupy, including the human microbiota 3.
Finally, temperate phages that can undergo lysogeny, staying dormant and replicating
passively with their host, can alter host physiology, potentially providing novel genes and
beneficial traits 4.

The red queen hypothesis states that an organism must constantly evolve to
maintain their relative fitness in the face of a predator °. In the context of the bacteria-
phage relationship, this means that bacteria continuously evolve and update anti-phage
mechanisms, while phages adapt to overcome these mechanisms (Fig. 1.1). Competitive
bacteria-phage coevolution, often referred to as an “evolutionary arms race”, has
produced a multitude of bacterial defence mechanisms that act to inhibit every stage of
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the phage life cycle (Fig. 1.2). Although not discussed extensively in this review, phages
have developed as many means to circumvent these defence strategies. As a result, in
nature, bacteria and phages seem under many circumstances to coevolve and exist in
stable equilibria without dramatic fluctuations or extinction events ©.

Mutations in rapidly evolving
positions regain virus restriction

Host . S

+ *

Virus ’ ------- > ? ------- > '

-
Ll

Time
Figure 1.1. The red queen hypothesis of host-parasite co-evolution. The virus, e.g.
a phage, can mutate to no longer be recognized by the immune component of the host.
In order to keep up, the host factor must also mutate. With time, successive rounds of
virus evasion and host response drives the evolution of both players. Adapted from °
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Figure 1.2. An overview of the phage life cycle, indicating at which stages various
anti-phage mechanisms act. Upon recognising a surface receptor, a phage injects its
genome into the host cell. Alternatively, an incoming phage can enter lysogeny (not
shown). The infecting phage (or excised lysogen) expresses phage genes, making
proteins for new phage particles, as well as replicating its genome. New phages are then
assembled, and the host cell is lysed to release phage patrticles. The host cell can
interfere with all of these steps, as indicated by the red inhibitory arrows.

Although more defence mechanisms should intuitively provide more robust protection,
bacteria only tend to have a subset of the available diversity of anti-phage mechanisms.
For example, while almost all bacteria have restriction-modification (RM) systems, only
about 50% possess CRISPR systems 7 (and substantially less than 50% in some
environments 8). This, and other observations hints that there are fitness costs associated
with carrying immune systems. Indeed, there are energetic burdens associated with
expressing each system, and many systems are prone to low but significant levels of
autoimmunity. Inhibiting incoming parasites also prevents uptake of potentially useful
DNA by horizontal gene transfer, both from phages and plasmids. Additionally, altering or
losing a phage receptor (e.g. bacterial pili) can, while preventing phage infection, also
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result in loss of receptor function and lowered fitness overall. Bacterial defence systems
are prone to horizontal gene transfer, are often found on plasmids, and are relatively
easily gained or lost °. Bacteria must therefore tune the fitness trade-off between the cost
of carrying anti-phage systems and the benefit of resisting phage infection °. In addition,
immune systems can be regulated to minimize this cost, e.g. only turned on when phage
infection is likely.

1.2 Preventing phage entry

For the phage to begin an infection cycle, it must bind to a susceptible host
(adsorb) and inject its genome. Phages require specific exposed cellular proteins or cell
wall components, and binding to the right receptor initiates genome transfer from phage
to host cell. Bacteria use a range of mechanisms to prevent phage adsorption (Fig. 1.3)
and injection, both broad and phage-specific, to avoid phage access to the bacterial
cytoplasm.

N

Figure 1.3. Examples of mechanisms bacteria employ to prevent phage adsorption
1. A successful binding of the phage to its receptor (green). 2. A phage particle is
sequestered by OMVs containing the phage receptor (e.g. E. coli; V. cholerae). 3. The
receptor is directly glycosylated to prevent phage binding (e.g. type IV pilus glycosylation
in P. aeruginosa). 4. The bacterium hides its surface inside a peptidoglycan capsule (e.g.
E. coli using a K1 capsule made from polysialic acid to prevent T7 infection). 5. Another
protein changes the conformation of a phage receptor, which can no longer bind phage
(e.g. phage T5-expressed Lip binding FhuA to prevent superinfection of other T5 virions).
6. Mutations in the receptor to abolish phage binding (e.g. LamB mutating to no longer be
recognised by phage lambda). 7. The receptor is no longer expressed on the surface (e.g.
Bvg phase Bordtella not expressing pertactin receptor for phage BPP-1; lysogen-
encoded Tip protein preventing pilus exposure).
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1.2.1 Preventing phage adsorption

Many bacteria spend much of their life cycle embedded in biofilms, an extracellular
matrix made up of polymers where bacteria live in close proximity, often on surfaces.
Biofilms protect bacteria in various ways, but how these structures affect phage-bacteria
interactions remains incompletely understood. Computational modelling suggests that
biofilms can conditionally survive and grow in the presence of phage ''. This was also
shown experimentally in E. coli with a virulent phage, where, depending on nutrient
availability and phage infectivity, the colony size reaches equilibrium '2. In this scenario,
cells inside the colony divide, and are shielded by peripheral cells that get infected.
Another study showed that while early biofilms were quickly eradicated, mature E. coli
biofilms prevented cell killing by T7 phage '3. Fluorescent labelling of cells and phages
revealed that the biofilm structure prevents phage access to the biofilm interior. This
depended on the presence of bacterial curli, through the formation of a proteinaceous
matrix which promotes denser cell packing.

Many bacteria, especially gram-negatives, can secrete outer membrane vesicles
(OMVs), spherical structures made up of outer membrane components and periplasmic
cargo which pinch off the cell '# . Since they contain exposed outer membrane proteins
which can act as phage receptors, OMVs can act as decoys, sequestering extracellular
phage. One report showed that pre-incubation with OMV's reduced T4 infectivity in E. coli,
and phage-OMV complexes could be visualized with electron microscopy '°. The same
was done more recently with Vibrio cholerae OMVs interacting with three separate
phages, and this neutralisation was dependent on the presence of phage receptor in the
OMVs 16, OMV-mediated phage protection is likely to be a widespread phenomenon, and
future studies will further elucidate their significance to phage protection.

On the cell surface, phage receptors can be hidden or masked to be made
inaccessible to incoming phage. Many phages bind structures like pili or flagella to initiate
infection. P. aeruginosa counters this interaction through glycosylation of type IV pili, a
bulky modification that prevents binding by the phage 7. Receptors can also be blocked
by polysaccharide capsules, which shield the whole bacterial surface. For example. the
E. coli K1 capsule, made of polysialic acid, prevents T7 attachment to its receptor LPS,
thereby reducing infectivity '8. In response, phages can have enzymes in their tails that
degrade various capsules, giving rise to an evolutionary arms race that results in the
extreme diversification of capsule synthesis and hydrolysing enzyme genes of the host
and phage, respectively.



Surface proteins can also hide phage receptors. E. coli lytic phage T5 uses the
outer membrane iron uptake protein FhuA as its receptor. Early during infection T5
expresses the lipoprotein Llp, which binds FhuA and neutralizes its receptor properties.
This prevents additional T5 particles, as well as other phages that use FhuA as receptor,
such as T1 and phi80, from entering and disturbing T5’s infection cycle 9. This has the
added benefit that upon lysis, newly made T5 does not bind to FhuA in the cell debris,
something which would inactivate the phage particles for further infection 29. This
phenomenon is an example of a superinfection exclusion (Sie) mechanism, a process
where a lysogen or intracellular phage blocks the infection of the same (homotypic) or a
different (heterotypic) phage.

Finally, mutations within receptor genes that affecting the protein or its expression
can prevent phage adsorption. The interaction between a phage and its receptor is highly
specific, and altering the structure of the receptor can break this specific interaction. For
example, the receptor for phage lambda is the mannose permease LamB, and mutating
LamB can give rise to lambda-resistant strains 2'. In response to this, J tail protein
mutations in lambda can restore infectivity 22, and receptor-phage interactions can co-
evolve through various cycles of mutations. However, receptor mutations can incur fitness
costs. For example, mutating LamB can abrogate E. coli’s ability to grow on mannose.
For this reason, it might be more efficient to control the expression of the receptor,
rendering the cell resistant to phage when the receptor is absent. This can be done
through phase variation, which is a non-random genetic and heritable on/off switch of one
or more genes that cells use to adapt to different environments 23. Bortdella can change
between a Bvg* state, expressing genes involved in virulence, and the Bvg- state, which
increases fitness when growing outside a host. Phage BPP-1 uses pertactin as its
receptor, and this adhesion protein is only expressed in the Bvg* phase 24. As a result,
Bvg- cells are 108-fold more resistant to infection by BPP-1. Receptor expression can also
be modulated by lysogenic phages via Sie. The P. aeruginosa phage D3112 expresses
the protein Tip, which inhibits type IV pilus polymerization 25. Tip interacts with PilB, an
ATPase essential for pilus extension, and this leads to the loss of exposed type IV pili on
the cell surface. Phages that use pili as receptors, including D3112, are therefore unable
to infect cells harboring this lysogen. Indeed, a systematic screen of P. aeruginosa Sie
mechanisms identified many lysogens interfering with either type 1V pilus function, or with
the O-antigen, another typical P. aeruginosa phage entry receptor 26.

1.2.2 Preventing DNA injection
Blocking the entry of phage DNA into the cytoplasm is another mechanism of
preventing phage infections, acting after of phage adhesion to the host and therefore
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titrating phages out from the surroundings. The lambda-like E. coli phage HK97 can
confer Sie against itself as well as resistance to the closely related phage HK75 27. gp15
is expressed during lysogeny, and is an inner membrane transmembrane protein that
blocks DNA transfer across the inner membrane. Normally, the HK97 tape-measuring
protein forms a pore across the inner membrane for DNA transfer from the viral capsid
into the cytoplasm 28, This process requires the help of the periplasmic chaperone FkpA,
and an interaction with the glucose transporter PtsG. gp15 interferes with this process by
interacting with PtsG, probably by driving the PtsG-tape measure protein complex into a
non-productive conformation. Fruitloop, a mycobacteriophage that belongs to the F
cluster, offers an example of heterotypic Sie working through the prevention of DNA
injection of the unrelated B2 cluster phages. During the lytic cycle of Fruitloop, its protein
gp52 interacts with and inactivates Wag31, an essential protein involved in cell wall
synthesis at the poles 2°. This is thought to prevent DNA injection by B2 cluster phages,
like Hedgerow and Rosebush, that rely on Wag31.

1.3 Targeting bacteriophage nucleic acid

Once the phage genome is injected into the host cell, it will begin a genetic
programme to achieve viral propagation, or in the case of temperate phages, to integrate
in the host chromosome as a prophage (lysogenic state). Prophages use a common
homotypic Sie mechanism in which the repressor that prevents viral propagation prior to
integration binds to incoming phage DNA, repressing its lytic programme 2°. An even more
direct way to stop a phage’s genetic programme is through the use of nucleases able to
specifically degrade the injected genome. To achieve this, bacteria use restriction-
modification (RM) systems, CRISPR-Cas immunity, and prokaryotic Argonautes.

1.3.1 Restriction-modification systems

RM systems (see 3! for a more detailed review) are ubiquitous, with many bacterial
species harbouring multiple systems, and extremely diverse. RM systems are normally
made up of two activities; the restriction endonuclease and the methyltransferase (the
modification component). The restriction endonuclease recognizes small DNA motifs,
usually 4-8 base-pairs long, and cuts the DNA, either within or away from the recognition
site. These motifs exist in both host and invader, but the host protects its genome by using
the methyltransferase to modify its own DNA and avoid recognition by the restriction
enzyme. An invading phage is usually not methylated, and will therefore be cut upon cell
entry. Occasionally, however, the methyltransferase modifies a phage restriction sites
before the restriction endonuclease can cleave, resulting in immunity for the phage.



RM systems are classified into four major types, based their mechanism of action
and subunit composition 3'. Both type | and |1l systems translocate along DNA and cleave
away from the recognition sites. Type Il, known for their use in molecular cloning, cleave
within or near the recognition site. Type IV systems lack a methylase and only contain a
restriction component, where the endonuclease specifically cleaves modified DNA. A
phage might modify its DNA to avoid cleavage by types I-1ll RM systems, but that makes
them susceptible to type IV cleavage instead. For example, T4 contains
hydroxymethylcytosine (HMC) instead of cytosine in its DNA, inhibiting all RM systems
that recognise sites containing cytosine. To counter this, E. coli uses McrBC, a type IV
system specific for HMC-containing DNA 32. In response, T4 can glycosylate its DNA,
which impairs McrBC activity. Against this modification, an additional type IV system, the
GmrS-GmrD system, is active 33.

Examples of “inverted” RM systems have also been found. The phage ¢C31 can
infect Streptomyces coelicolor A2(3) harbouring the pgl locus but only mount one cycle
of infection. The released phages are unable to reinfect Pgl* hosts 34, presumably due to
the action of the methyltransferase pg/X 35, which modifies the phage DNA to make it
susceptible for restriction in the next Pgl+ host by an unknown mechanism. Interestingly,
one of the recently described anti-phage BREX systems 36, type 2, shares two genes
(pglX and pgl2) with the Pgl system. Type 2 BREX methylates DNA at a six nucleotide
repeat, likely responsible for self/non-self discrimination of this system. Phage DNA is
inactivated after injection prior to DNA replication by an unknown mechanism that does
not involve cleavage.

1.3 2 Introduction to CRISPR-Cas systems

One of the most significant scientific advances in the last decades was the
discovery of CRISPR-Cas bacterial immune systems (for a recent review, see®’). These
systems are present in approximately 50% of sequenced bacteria and 90% of sequenced
archaea 7, and provide resistance against invading phages 38 and plasmids 3°. Uniquely,
CRISPR systems are adaptive rather than innate immune systems, where exposure to a
previous infection can be remembered. The molecular basis for immunological memory
are short (30-40 base pairs) “spacer” sequences acquired form invader genomes flanked
by similarly short semi-palindromic repeats. Alternating spacers and repeats form the
CRISPR locus, which is transcribed and processed into small CRISPR RNA (crBRNA)
guides. CRISPR associated (cas) genes are found adjacent to the CRISPR locus, and
encode the protein machinery required for the acquisition of new spacer sequences upon
infection (the immunization phase) and for the sequence-specific elimination of the
invader (the targeting phase). During the latter, RNA-guided Cas nucleases use the
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crBNAs to find the target (also known as “protospacer”) with the invader’s genome via
complementary base pairing. Based on the composition of cas genes, CRISPR systems
can be classified into two classes, six types, and multiple subtypes 49, with diverse
mechanisms of action.

1.3.3 CRISPR targeting — destroying the invader

During targeting, crRNA-guided Cas nucleases specifically identify the target and
effects the destruction of the invader nucleic acid, either destroying DNA, RNA, or both,
depending on the CRISPR type (Fig. 1.4). The interference complexes of types |, Il, and
V bind the DNA of the invader, starting by recognising the protospacer adjacent motif
(PAM), followed by directional unwinding of the DNA double helix and R loop formation.
If the protospacer matches the crRNA spacer, DNA cleavage proceeds. For these types,
the PAM sequence is required for target binding, and viral mutations in the PAM is
frequently a means for the phage to escape type Il immunity 41. In addition, base pairing
in the seed sequence (approximately the first eight nucleotides next to the PAM) is
essential for type | and Il 4243, while single mismatches elsewhere in the crRNA-DNA
interface can be tolerated and still allow for interference.

I | 1l \Y Vv VI

Cascade Cas9 Cas10-Csm Cas12a Cas13

Nascent

transcript \/\R‘%. Csm6 Transcripts

Figure 1.4. An overview of the CRISPR targeting mechanisms of the six CRISPR
types. For details, see text. PAMs are purple boxes, 5’ ends of crRNAs are black circles,
spacers/protospacers are pink, and 5’ crRNA tags inhibiting type Ill/VI autoimmunity are
blue. For types Ill and VI, RNA polymerase is actively transcribing, with the targeting
complex recognising the nascent transcript rather than the DNA.

In type |, the crRNA-guided complex that binds DNA is the large seahorse-shaped
Cascade, which is responsible for finding the target but does not possess any catalytic
activity. Conformational changes in Cascade upon DNA binding 4+ allows Cas3 to be
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recruited. Cas3 is a nuclease and ATP-dependent helicase, and will nick the displaced
DNA strand, followed by unidirectional ATP-dependent DNA degradation 45 46, with
subsequent elimination of the phage. For type Il CRISPR systems, Cas9 is the only
protein required for interference. Once bound to a matching target, the HNH and RevC
nuclease domains of Cas9 cleave the target and non-target strands, respectively, giving
a blunt-end cut three nucleotides upstream of the PAM 434748 Type V, like type Il, has a
single subunit effector complex, but type V cleaves both DNA strands with the same RuvC
domain 49, generating a staggered cut %°.

Type Il CRISPR systems are composed of the main effector complex (Csm or
Cmr for lI-A or 11I-B, respectively), and of an accessory RNase (Csmé6 or Csx1 for IlI-A or
[lI-B, respectively). Transcription across the target is an absolute requirement for
immunity 5'. This is because rather than recognizing the protospacer within the target
DNA, the effector complex binds the protospacer within the nascent RNA through
complementary RNA-RNA base-pairing. Target binding unleashes the non-specific
single-stranded DNase activity in the HD domain of Cas10 (the main subunit of both the
Csm and Cmr complexes), which cuts the non-template strand of the viral DNA
associated with RNA polymerase %2 . In addition, target recognition results in the synthesis
by the Palm domain of Cas10 of cyclic oligo-adenylates (cA), a ligand that activates the
Csm6/Csx1 non-specific RNase 5354, This accessory RNase is required for targets that
are poorly recognized by the crRNA guide and thus provide inefficient activation of the
Cas10 ssDNase, such as weakly transcribed % or mutated targets 6. Finally, the
Csm3/Cmr4 subunit of the effector complex cleaves the protospacer RNA at six
nucleotide intervals 57:°8. This cleavage event neutralizes both activities of the Cas10
subunit to restrict spatiotemporally the otherwise toxic non-specific DNase and RNase
activities triggered by the Type Ill immune response. Type llI-A targeting has no PAM or
seed requirements %°, and therefore can tolerate more mismatches while still effecting
immunity. As a consequence of this, Type IlIl-A CRISPR systems offer more robust
defense against a rapidly mutating phage invader than a type 11 5° and Type | 8° systems,
where single PAM or seed mutations can abolish targeting.

Type VI CRISPR systems are characterised by the effector protein Casi3.
Uniquely, type VI only targets RNA, using an active site formed by two HEPN domains 6'.
Similar to type lll CRISPR systems, transcription across the target is required for
interference and there is no PAM sequence requirement 2. Binding to the target induces
conformational changes that bring the two HEPN domains together 83, resulting in the
cleavage of both target and non-target transcripts, the latter being the probable cause of
the growth delay observed in cells undergoing Type VI CRISPR immunity 62 61. The role
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of Cas13 in anti-phage immunity remains unclear, however. L. shahii cas13-a was able
to confer protection against the single-stranded RNA virus MS2 in an E. coli heterologous
host. Still, it is believed that only a minority of prokaryotic viruses are RNA viruses 64, so
protecting against RNA phages may not be the primary function of type VI CRISPR
systems. Instead, it has been suggested that Cas13 activity might lead to growth arrest
upon infection by DNA phages, buying time for other bacterial immune systems to clear
the phage. Alternatively, programmed cell death could be induced, preventing the release
of new virions from an infected host.

1.3.4 CRISPR adaptation — remembering the invader

Adaptation is the process where a short sequence from an invader is incorporated into
the CRISPR array as a new spacer, offering protection against future invaders containing
the same protospacer sequence (for a recent review, see 9°). Although rare in laboratory
conditions, metagenomic studies have shown that bacteria actively adapt against phages
in their natural environments through the acquisition of multiple spacers ¢ . Diversity in
the spacer repertoire of a bacterial population is important to successfully suppress
phages and prevent the emergence of escape phages with mutated target sequences .
While the different CRISPR types have different signature effector proteins that work on
the targeting phase, most share the same core genes, cas1 and cas2, for spacer “4°.
Adaptation has two steps; the selection of functional protospacers and their insertion into
the leader end of the CRISPR array.

For the first part of adaptation, the adaptation machinery is faced with a difficult
task; distinguishing self (chromosomal) from non-self (phage) DNA. Frequent adaptation
against self would incur a great fitness cost to the host via self-targeting and
autoimmunity. A study in E. coli carrying the type I-E CRISPR-Cas system 6 showed
that both replication and the RecBCD complex (involved in repair of dsDNA breaks) were
required for adaptation, with adaptation hotspots in regions where dsDNA breaks are
common, like replication forks. More recently, it was demonstrated that the adaptation
machinery of the type II-A CRISPR-Cas system preferentially samples the free DNA end
injected by the staphylococcal phage ¢12 6°, also requiring AddAB, the Gram-positive
RecBCD ortholog. Both of these studies suggest that free DNA ends, generated either
through breaks during replication or during injection of the phage genome, are captured
by the Cas machinery as “soon-to-be” spacers (also known pre-spacers). Resection by
the RecBCD dsDNA repair pathway generates more fragments with free DNA ends that
amplifies the adaptation process.
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Another obstacle faced by the adaptation machinery is to select targets flanked by
a proper PAM sequence to produce functional viral targets. In type I|lI-A systems,
mutations within Cas9 that abrogate PAM recognition result in the acquisition of random,
non-functional spacer sequences; i.e. that do not match a protospacer followed by a PAM
70, This suggests that Cas9, which forms a complex with Cas1, Cas2, and Csn2 (all
required for spacer acquisition), is responsible for the selection PAM-adjacent spacers.
Recently, three studies identified a similar mechanism for type | systems harbouring the
cas4 gene 7173, The Cas4 protein helps select pre-spacers with a PAM sequence
compatible with the system’s Cascade complex, while also ensuring the correct spacer
length and orientation during spacer integration into the array.

Pre-spacers are integrated into the CRISPR array by the Cas1-Cas2 complex, via a
reaction mechanism similar to that of retroviral integrases and transposases 7# . Cas1
facilitates two staggered nucleophilic attacks by the 3’-OH hydroxyl at the end of each
pre-spacer DNA strand onto the phosphodiester backbone of the repeat DNA 75. Spacers
are always added to the leader end of the CRISPR array, and in type Il systems this is
achieved by the recognition of a ‘leader-anchoring sequence’ directly upstream of the first
repeat by the Cas1-Cas2 complex 7677, Significantly, leader-proximal spacers provide
better immunity, and integrating the spacers from the most recent infection in this
polarized manner ensures protection against the most pressing viral threat 76.

A so far unique aspect of type | adaptation is the presence of priming, where pre-
existing spacers against an invader enhances further adaptation against the same threat
8. This allows the CRISPR system to keep up with rapidly mutating phages that might
have altered their target sequence to escape CRISPR targeting, and to offer fast
adaptation against phages that are related to pre-encountered phages. Primed
adaptation requires the binding by Cascade to mutated protospacers, harbouring a non-
functional PAM or seed sequence mismatch with the crBNA. The complex then adopts
an “open” conformation 79, which recruits Cas1-Cas2 along with Cas3 8 to capture pre-
spacers from the target. Finally, interference-driven adaptation can occur in the presence
of a perfect target cleaved by Cas3, which is recruited by Cascade adopting a “closed”
confirmation 81,

Adaptation of type Ill systems has only been observed in the relatively rare subset
of loci that encode reverse transcriptase-Cas1 (RT-Cas1) fusions 8. In a type III-B system
from Marinomonas mediterranea, adaptation was shown to integrate DNA spacers
derived from cellular RNA via a reverse transcription reaction mediated by RT-Cas1 83,
This is thus an elegant way for the transcription-dependent type lll systems to sample
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from well-transcribed regions and ensure functional spacers. In the same organism, the
type Ill targeting machinery can use crRNAs derived from the type | CRISPR array ©°.
Cross-talk between type | and type Il systems could be the reason for their frequent co-
occurence, and might help explain the lack of dedicated adaptation machinery in many
type Il loci (which would use spacers acquired by the type | system) 7.

1.3.5 Prokaryotic Argonautes

Prokaryotic Argonautes (pAgo) represent a recently discovered bacterial innate
defence mechanism found in approximately 9% of bacterial genomes and 32% of
archaeal genomes (for a recent review, see 84). They are often encoded within defence
islands, i.e. in regions enriched for phage resistance systems, and have undergone
extensive horizontal gene transfer 85, two factors which suggest a defensive role. So far,
several mechanisms have been demonstrated, including DNA-guided DNA silencing and
RNA-guided DNA silencing. For the former mechanism, it was shown in two systems that
the apo form of pAgo can first degrade a target DNA non-specifically. The degradation
products from this DNA can then be incorporated and used as guide DNAs, which allows
sequence-specific interference against the same target 887, Some pAgos are also
predicted to be catalytically inactive, but are encoded near other nuclease genes that
might be guided by pAgo to the invader. So far, however, in vivo pAgo immunity has only
been demonstrated against invasive plasmids, and further studies will determine what
role this class of mechanistically diverse defence proteins plays against phages.

1.4 Abortive infection and toxin-antitoxin systems

Abortive infection (Abi) and toxin-antitoxin (TA) systems are highly versatile and
widespread, albeit poorly understood, anti-phage and stress systems. They target both
self and invader, and through autoimmunity are able to inhibit the phage life cycle,
preventing virion release from the infected cell. This might doom the bacterium, but
provides protection for the clonal population. An alternative outcome from Abi/TA
activation might be reversible dormancy induction, which affords the infected cell extra
time to eliminate the invader. Abi systems are phenotypically, rather than genetically,
defined, and are always involved in disrupting phage infection. TAs, on the other hand,
comprise of a well-defined TA gene pair, where the antitoxin inhibits the toxic catalytic
activity of the toxin. Abi and TAs have some overlap; some TAs might work through Abi-
like mechanisms, e.g. genetic analysis of the lactococcal Abi systems AbiQ (Samson et
al., 2013) and AbiE (Dy et al., 2014) revealed that they were bona fide TA systems. A
central outstanding question is to what extent TA systems, but also Abi systems,
irreversibly lead to cell death as opposed to temporary growth arrest and dormancy.
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1.4.1 Abortive infection

Abi is a process by which cells prevent release of functional phage virions at the
expense of host cell survival/fitness (for a more detailed treatment, see 29). As such, it is
considered an altruistic action, “programmed cell death”, where the cell protects the
surrounding clonal population from phage spread at its own expense. This overall fitness
advantage requires cells to be in a structured environment, where sacrificing oneself
benefits nearby cells that are kin 88. The mechanisms of Abis are highly diverse, and often
poorly understood, but tend to target essential processes in ways that are detrimental to
both host and phage, like translation, transcription, replication, or inducing membrane
leakage. How phages are recognised and trigger Abi is often unknown, but specific phage
proteins can be involved.

Although Abis are widespread, most characterised systems have been studied in
E. coliand Lactobacillus lactis. The Lit and PrrC systems of E. coli both target translation.
The Lit protease of E. coli K12 is activated by the 29 amino acid Gol peptide of the T4
major capsid protein, a gene that is transcribed late in the phage infection cycle °. Lit is
a zinc metalloprotease which, when activated, specifically cleaves the ribosomal
elongation factor EF-Tu, thereby arresting translation for both the phage and its host. PrrC
of E. coli CT196 cleaves the tRNAYS in the anticodon loop; this depletes the tRNAYYS pool
and inhibits global translation °°.

In L. lactis, a bacterium important in the dairy industry which is susceptible to phage
attack, more than 20 Abi systems have been identified. The single-gene abiK system is
able to reduce phage infectivity 10°-fold. AbiK possesses polymerase activity,
synthesising long DNA molecules with random sequences in vitro, an activity that is
essential for its Abi function in vivo °!. Since phage mutants that escape AbiK have
mutations in phage-encoded recombinases, it was hypothesized that AbiK-synthesised
DNA interferes with phage recombination, preventing phage replication and maturation.
How this activity is also detrimental to the host, and what triggers AbiK during infection,
remains unclear. Another lactococcal Abi system, AbiZ, reduces the burst size of phage
®31 a 100-fold. AbiZ seems to act cooperatively with the phage pore-forming protein holin
to induce premature lysis and the release of immature, non-infectious phage particles %2.

Recently, a kinase-mediated Abi mechanism protecting against Siphoviridae
phages was uncovered in Staphylococcus epidermidis °3 (Figure 1.5). The eukaryotic-like
Serine/Threonine kinase Stk2, located next to CRISPR-Cas and RM systems, was found
to be sufficient to result in host cell death upon phage infection without the release of viral
progeny. Stk2 phosphorylates a range of targets in diverse cellular pathways, including
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transcription, translation, replication, and metabolism, presumably inhibiting their
activities to robustly effect host death. Phages able to escape Stk2 Abi defense carry
mutations in the pacK gene, suggesting that PacK induces Stk2 phosphorylation;
however phages lacking the pacK gene could also activate the pathway, indicating that
other factors might also trigger Stk2.

: Transcription (greA)
Translation (EF-Tu)
] | Cell cycle (fts2)
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>
Stress, DNA repair,

pacK triggers Stk2 metabolism
T Stk2 autophosphorylates ¢
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Figure 1.5. The staphylococcal Abi system Stk2. The phage protein pacK triggers the
S. epidermidis Stk2 kinase. Stk2 autophosphorylates, and goes on to phosphorylate Stk1
and miscellaneous cellular factors, eventually leading to abortive infection and cell death.

1.4.2 Toxin-antitoxin systems

TA systems are widespread genetic elements consisting of a toxin-antitoxin pair,
where the activity of a toxin is inhibited by its cognate antitoxin (for a recent review, see
94). Typically, the antitoxin is labile and prone to degradation, and must be continuously
expressed and replenished to remain at appropriate stoichiometric ratios with the toxin.
How antitoxin degradation is triggered under physiological conditions remains mysterious
in many cases. The toxin can possess various catalytic activities, including DNase and
RNase, or can inhibit DNA replication, ATP synthesis, or cell division machinery. There
are at least six TA types, categorised based on the nature of the toxin and antitoxin
(protein or RNA), and the mechanism of toxin neutralisation, with many strains harbouring
dozens of TA gene pairs (E. coli K-12 has more than 35 TA pairs for example 94). This
high genetic diversity is reflected in the many functions found for TA systems: In addition
to phage defence, they have been implicated in stress responses, plasmid maintenance,
and persister cell formation.

There are many lines of evidence linking TA pairs to anti-phage immunity. First,
many TA systems are encoded near other bacterial defence systems, suggesting a
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protective function. Second, phages have evolved mechanisms to overcome TA systems,
indicating that TAs are part of the host-phage arms race. For example, Lon can degrade
different labile antitoxin proteins upon infection, releasing the toxin to interfere with the
phage life cycle. T7 encodes a Lon protease inhibitor that prevents antitoxin degradation
and allows infection in the presence of the TA pair %. Phage T4 carries the ADP-
ribosyltransferase Alt, which, upon infection, modifies the toxin MazF to inhibit its RNase
activity °6. Two other toxins are inhibited by the T4 dmd gene, which acts as an antitoxin
and binds and sequesters the toxins directly °7. Third, TAs can directly inhibit the phage
life cycle. In E. coli, the type Il TA system MazF/MazE can suppress the T4 infection 6.
Upon infection, T4 inhibition of host transcription leads to reduced MazE antitoxin
expression, thereby releasing the RNase toxin MazF to inhibit the phage and host life
cycles %. The plant pathogen P. atrosepticum possesses the type Ill ToxN/ToxI, where
the endoribonuclease ToxN is sequestered by binding the noncoding RNA antitoxin Toxl
99, Upon phage infection, the RNase activity of ToxN is unleashed to target both host and
phage transcripts, arresting the infection. In spite of these examples, only a handful more
TA systems have so far been shown to protect against phage infection.

Even if the activity of the toxin is recognized, in many cases how toxicity contributes
to phage defence is unclear. TA systems are often described as inducing programmed
cell death akin to Abi systems, where TA induction causes altruistic suicide of the cell
while also aborting phage propagation. However, the activation of toxins per se can in
some cases be reversible. With the MazF/MazE and ToxN/ToxI systems, cells where the
toxin MazF or ToxN was expressed could be rescued and were viable upon induction of
the expression of the antitoxin (MazE or Toxl, respectively) after a delay 190, Recently,
a comprehensive analysis of MazF cleavage sites revealed that most mRNAs, as well as
rRNA precursors, are cleaved at multiple sites '°'. Presumably, upon toxin neutralization,
the cells can replenish their RNA pool and resume growth. Given the extensive diversity
of TA systems, it is probable that TAs can work both as dormancy induction and
programmed cell death (Abi) systems, and the outcome will depend on a range of factors
including the toxin mechanism of action, the duration of the toxin’s activity, and the life
cycle of the phage.

1.5 Bacteriophage assembly interference

Phage-Inducible Chromosomal Islands (PICIs) form a group of genetic elements
that parasitise phage for replication and transmission (for a recent review, see '92). PICIs
are integrated into a bacterial chromosome and excise in the presence of a ‘helper phage’
(by infection or lysogen induction). Although the main role of PICIs seems to be the
dissemination of the genetic material they harbour (in many cases virulence
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determinants), they interfere with the phage life cycle, and therefore can be classified as
an anti-phage mechanism.

PICI genomes are often small (~15 kb), encoding genes required for excision and
integration, factors to manipulate helper phages to facilitate PICI packaging and
dissemination and a repressor that prevents their expression in the absence of the helper
phage. They are best characterized in Staphylococcus aureus, where they are named
‘SaPlIs’ (S. aureus Pathogenicity Islands). SaPls are induced when their repressor, Stl, is
sequestered from the SaPl promoter by an anti-repressor expressed early during the
helper phage lytic cycle 193 (Fig. 1.6). Derepression induces the expression of the SaPI
genes and couples its propagation cycle with that of the helper phage. Specialized SaPI
structural proteins modulate the assembly of the helper phage’s capsid to produce a virion
that can only be packaged with the SaPI’s smaller genome. As a result, the host bacterium
lyses, but primarily releases SaPlI virions that infect neighbouring cells to disseminate the
SaPl genomes and the virulence factors they encode. Recently, PICls were found to also
be widespread in gram-negative bacteria 1%4. Instead of being regulated by a repressor,
gram-negative PIClIs are induced by a PICl-encoded activator whose expression requires
the helper phage.

' Helper phage
structural proteins .
Helper phage antlrepressor % P Smaller capsid

size

Q Late gene
. repression
\ Preferential PICI

PICI repressor _
(eg Stl) genome packaging
PICI excision l
Bacterial chromosome Replication
Translation é

Mature PICI
/i\ particles

Figure 1.6. PICI-mediated interference of phage assembly. A phage antirepressor
inactivates the PICI repressor (or for gram-negative PICls, an activator is expressed in
the presence of the helper phage), leading to PICI excision from the host chromosome.
The PICI genome replicates, and proteins modulating the behaviour of the helper phage
are expressed. These proteins repress late phage genes, they alter the phage capsid size
to be more appropriate for the PICI genome size, and they lead to preferential packing of
PICI genomes. Mature PICIs are produced at the cost of helper phage propagation.
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To fight phage, V. cholerae encodes PICI-like elements (PLEs) 9, which are
similar to other gram-negative PICIs except for their somewhat larger size and different
gene content. Upon infection of the host bacterium by the phage ICP1, the PLE-encoded
recombinase Int excises PLE from the V. cholerae chromosome 1%, PLE then replicates
to high levels and inhibits ICP1 phage replication by yet unknown mechanisms.
Interestingly, phage ICP1 encodes its own CRISPR system capable of targeting PLEs 195,
allowing propagation in PLE+ V. cholerae strains.

1.6 Recently discovered anti-phage mechanisms

In spite of decades of intense study, much remains unknown about anti-phage
mechanisms. For example, CRISPR and Argonautes were only recently described, and
other systems probably await discovery. Interestingly, bacterial defence systems often
cluster in defence islands '°7. This has allowed a ‘guilt-by-association’ approach to
uncover new defence mechanisms, the BREX system 36 (see above) being one
successful example of this method. Another recent example is the DISARM system 198,
which was identified as a five-gene cassette frequently associated with genomic defence
islands. This system provides broad anti-phage immunity through a novel RM mechanism
that includes a methyltransferase modifying a five-nucleotide motif and a multi-component
restriction element that probably cleaves unmodified phage DNA early in the phage life
cycle, though the exact mechanism remains to be elucidated. Also using this genetic
neighbourhood approach, a study identified 26 candidate systems harbouring genes
predicted to interact with nucleic acids (including helicases and nucleases) that were
ectopically expressed in E. coli or Bacillus subtilis and assayed for anti-phage activity '9°.
Of these, eight provided robust protection against at least one type of phage (and one
worked against plasmids), including the ‘Zorya’ system, found in 3% of sequenced
bacterial genomes. Zorya most likely works as an Abi system that causes membrane
depolarization of the host using a predicted proton channel similar to MotA/MotB.

The guilt-by-association approach was also used to identify genes regularly
associated with CRISPR loci 119111, These studies identified a diverse range of CRISPR-
associated accessory candidate genes, likely to complement or expand on the
functionality of the core cas gene machinery. Finally, an extensive screen of
mycobacterial phages revealed varied mechanisms of phage-encoded Sie, which
included a (p)ppGpp synthetase and a single-subunit RM system, as well as classical Sie
modes like promoter repression and inhibition of entry "2, This suggests that phage-
encoded anti-phage mechanisms are more widespread than previously thought.
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1.7 Putting it all together

The phage resistance mechanisms discussed so far have mostly been studied
individually in the lab, though this is rarely how a bacterium’s arsenal is applied against
phage. Bacteria usually employ several complementary lines of defence, none of which
are mutually exclusive, and a phage has to overcome each system to allow successful
infection. On the other hand, contrary to experimental settings, the environment typically
contains a heterogeneous mix of phages. Whether multiple defense systems have an
additive effect or work synergistically, and how exposure to multiple phages affects the
development and effectiveness of these defenses, is not well understood.

Complicating the picture further are potential synergistic effects between anti-
phage mechanisms, where the activity of one system might enhance that of another. RM
and CRISPR systems often co-exist, and spacer acquisition by the CRISPR system is
enhanced in the presence of an RM system '3, Marinomonas mediterranea contains two
CRISPR systems, and spacers incorporated from phage into the type I-B array can be
used by the 1lI-B machinery against phage ©°. The cross-talk between the type | and
systems makes protection more robust since it is harder for phages to escape type lll
targeting through protospacer mutations %°. Although not experimentally demonstrated, it
is tempting to speculate that there can also be synergy between dormancy-inducing
components (TA systems) and effector components (i.e. CRISPR and RM systems).
Indeed, their clustering in genomic defence islands suggests a functional coupling
between systems 4. The rationale is that TA or Abi systems could “buy time” for the cell,
inducing short-term dormancy while CRISPR or RM mechanisms eliminate the phage. An
example of this is seen in the type IlI-A CRISPR-Cas response, where the non-specific
RNase Csm6 causes a transient growth arrest until the DNase activity of the Cas10-Csm
complex has eliminated the plasmid invader®. Induction of dormancy could also afford
time for the acquisition of new spacers during CRISPR adaptation. Alternatively, if the
invader is not cleared and immunity fails, continuous activity of TA or Abi could lead to
cell death, acting as a failsafe to prevent further spread of the phage.

1.8 Outlook and future directions

Recently, both novel technologies and experimental approaches, as well as
renewed interest in the field, have dramatically boosted our knowledge of how bacteria
resist their parasites. Scientists have probed both broader (new systems) and deeper
(expanding repertoire of known systems). Future studies will surely continue this trend,
which will most likely translate into clinical outcomes and technological innovations. Still,
there are hurdles to overcome. The study of more natural models, or more integrative
models where it is possible to appreciate how different immune mechanisms interact and
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complement each other, as well as more ecological approaches, where the fluxes of
multiple and different bacteria and phages can be observed, will undoubtedly expand our
understanding of prokaryotic immunity. Last but not least, given the importance of phages
as mediators of horizontal gene transfer, the study of defence mechanisms will help us
understand prokaryotic evolution. Considering the millions of years bacteria and phages
have had to coevolve, there surely remains a cornucopia of unknown unknowns for us to
discover.
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Chapter II. The discovery of cyclic oligoadenylate second

messengers in type |l CRISPR-Cas immunity

At the beginning of my research, little was known about how the main interference
complex of type Ill CRISPR systems interact and activate the accessory RNase Csmé,
or ancillary factors more generally. However, we initiated a collaboration with the
laboratory of Prof. Martin Jinek (University of Zurich, Switzerland) that helped define cyclic
oligoadenylate second messengers as central to type Ill activation of downstream
effectors. This work was published in 201753, and will briefly be outlined in this chapter.

2.1 Previous knowledge on type Il accessory proteins

The type llI-A CRISPR-Cas locus of S. epidermidis RP62a type IlI-A is shown in
Fig. 2.1. Previous work from our group demonstrated that the main interference complex
for this CRISPR type is composed of Cas10 and Csm2-5 "5, The RNase Csm6, on the
other hand, did not interact with the Cas10-Csm complex, at least under non-targeting
circumstances. One hypothesis was the existence of a transient interaction between the
Cas10-Csm complex and Csm6, allowing recruitment and allosteric activation of Csm6
during interference. Another hypothesis was ligand binding of a nucleotide derivative to
the CARF domain of Csm6, based on bioinformatic predictions ''® 117, This was also
supported by the similarity of the Palm domain of Cas10 to nucleotidyl transferases and
DNA polymerases. Yet, many of these predictions were not supported by strong
evidence, and required experimental testing and validation.

i 2B cas10 Yesm2 csm3fcsmd)csmB)] csm6)cas6)— S. epidermidis RP62a

Figure 2.1. The S. epidermidis RP62a type Ill-A CRISPR-Cas locus. The naturally
occurring spacers 1 to 3 are shown as coloured boxes. The adaptation machinery (cas1,
cas2) is in purple, genes encoding the Cas10-Csm complex are green, the accessory
RNase csmé6 is yellow, and the gene responsible for crRNA maturation (cas6) is brown.

2.2 The discovery of cyclic oligoadenylates

To address this problem, our collaborators made two assumptions. Firstly, they
assumed there was an activating ligand that was nucleotide-derived. Secondly, they
assumed the ligand was symmetrical, based on the symmetrical proposed ligand binding
site in the homodimeric Csm6'18. In the concomitant assays, they tested various ligands’
ability to activate the RNase activity of Csm6. One ligand, cyclic-di-AMP (c-di-AMP),
robustly activated Csm6, and they initiated the collaboration with our laboratory to see if
| could validate their findings in vivo. c-di-AMP is a bacterial second messenger involved
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in various processes like cell growth, homeostasis and osmotic regulation''®. Thus, |
initiated work in S. aureus to try to establish a link between c-di-AMP
production/degradation and Csm6 function during CRISPR immunity.

However, the further work by our collaborators showed that the c-di-AMP link was
an artifact. Upon purchasing another commercial batch of c-di-AMP, the Csmé6 activation
was no longer observed. The previous (functional) batch was synthesised chemically,
while the newer (non-functional) batch was made enzymatically. It turned out that trace
impurities in the first batch were responsible for activating Csm6. Subsequent
experiments confirmed that other oligoadenylates were responsible. Further biochemical
experiments by our collaborators demonstrated that the Cas10-Csm complex could, once
bound to a target RNA, synthesise oligoadenylates of various sizes from ATP. Of these,
cyclic hexa-oligoadenylate (cAs) activated the RNase activity of Csmeé.

To corroborate these findings in vivo, | performed experiments in S. aureus during
infection by phage ¢(pNM1y6. During infection, against a protospacer transcribed late in
the phage life cycle, Csmé6 is required for immunity%6. Since the Palm domain of Cas10
was shown biochemically to be required for cAes synthesis, the Palm domain should also
be required for phage protection, i.e. it should phenocopy a loss of Csm6. Moreover, a
double loss of the Palm domain of Cas10 and of Csm6 should phenocopy both single
mutants. This is indeed what was observed (Fig. 2.2). Thus, the genetic link between the
Palm domain and Csmé6 activation was demonstrated in vivo.
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Figure 2.2. The Palm domain of Cas10 activates Csm6 in vivo. Cells harbouring a
type IlI-A CRISPR system in a wild-type setting (WT), with no targeting spacer (ASpacer),
with catalytically dead Csmé6 (dSeCsm6HEPN), inactivated Cas10 Palm domain
(dSeCas10fam), or a double mutant variant. Cells are infected at 60 minutes with a
multiplicity of infection (MOI) of 30, each data point representing the mean of three
biological replicates +s.e.m.

The results of these studies were published in 2017 %3, Another research group
independently published similar results at the same time %¢. The finding of ligand-
mediated activation of accessory CRISPR proteins had important consequences for my
later research. In particular, | demonstrated that the Cas10-Csm complex of one system
(S. epidermidis 111-A) can generate cA to activate an accessory gene from a different type
[l system (in this case, the Csm6 of Enterococcus italicus), highlighting the modularity of
these factors.

Interestingly, another nucleotide second messenger-centred anti-phage immune
system, cyclic-oligonucleotide-based anti-phage signalling systems (CBASS) has
recently been identified'29-122, These systems sense phage infection through an unknown
mechanism, and initiate the synthesis of diverse di- and tri-nucleotides. These signalling
molecules then activate downstream effectors. In spite of being genetically and
mechanistically distinct, there are striking parallels between type Il CRISPR systems and
CBASS systems.
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Chapter Il — The role of, and the mechanism of action of, the

accessory type lll RNase Csm6

My primary research project upon the start of my PhD was to investigate the role
of the accessory RNase Csm6. Specifically, its role in anti-plasmid immunity was not
understood, and its mechanism of action, i.e. what is being targeted upon activation, was
unknown. The findings from chapter Il, that Csm6 is activated by the ligand cAs,aided in
experimental design, but also raised questions of how Csm6 might specifically target
invader RNA. At the time, many researchers believed that Csm6 was a cell death factor
acting through abortive infection, irreversibly killing the host bacterium in order to prevent
parasite spread. Through my work, however, | show that Csm6 induced a reversible
dormant state, allowing the cell to resume growth upon clearance of the invader. In the
context of anti-plasmid immunity, | showed that Csm6 is required specifically when
transcription across the target is weak, necessitating a more robust immune response.
This chapter is based on our publication from early 2019 55,

3.1 Background on Csm6 and type IlI-A anti-plasmid immunity

To date, six major types of CRISPR systems have been identified, which vary in
their cas gene composition and mechanism of action. Type Il systems are uniquely able
to degrade both the DNA and RNA of the invader'?3. The Cas10-Csm (type IlI-A) and
Cas10-Cmr (type 11I-B) complexes use crRNA guides to detect and anneal to transcripts
harbouring a complementary sequence®:58.124125  This base pair interaction unleashes
the single-stranded DNase activity of Cas105%2126.127 and the sequence-specific RNase
activity of Csm3%8.124.128 or Cmr457.125, DNA degradation by Cas10 is transient, and
cleavage of the protospacer RNA by Csm3/Cmr4 results in Cas10 inactivation and the
dissociation of the effector complex from its target®2126.127,

In addition to the Cas10 complexes, type lll systems also use an accessory
RNase, Csmé6 for type llI-A and Csx1 for type IlI-B7. Csm6 is an endoribonuclease''®
whose activity is modulated by cyclic oligoadenylate (cA), a second messenger
synthesised by the Palm domain of Cas10 upon target recognition by the crRNAS53:54.117,
The de-activation of Csmé6 is the consequence of two events: the lack of synthesis of new
cA molecules by the Palm domain after cleavage of the target transcript by
Csm3/Cmr45354129 and the degradation of the existing cA, presumably by specific ring
nucleases’3°.

The function of Csm6 has been studied during the type IlI-A CRISPR-Cas immune
response against lambda-like dsDNA phages, where Csm6 RNase activity is required
only when the target is transcribed late in the phage life cycle®®. Because late targeting
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cannot prevent phage replication, it is hypothesized that Csm6 degradation of viral
transcripts prevents the completion of the lytic cycle and allows Cas10 DNase activity to
clear the phage genomes that accumulated before the transcription of the target. Csm6
has also been shown to be required for the prevention of plasmid conjugation and plasmid
transformation by type IlI-A CRISPR-Cas systems'15131; however how Csm6 contributes
to plasmid clearance is still not understood. Here | show that low levels of target
transcription are sufficient to activate Csm6 and trigger non-specific degradation of both
host and plasmid transcripts. This accelerates plasmid clearance by the Cas10-Csm
complex, presumably through the depletion of transcripts required for efficient plasmid
replication and maintenance. Simultaneously, the destruction of host transcripts produces
a growth arrest, as was previously proposed®354132, Since plasmid DNA degradation
leads to the disappearance of the targets that activate Csme6, the growth arrest is short
lived and the cells resume normal growth following plasmid clearance. Our study furthers
our understanding of the mechanisms by which type IlI-A CRISPR-Cas systems employ
a two-pronged combination of DNase and RNase activities to provide robust immunity
against foreign genetic parasites.

3.2 Csm6 RNase activity is required for immunity against poorly transcribed
targets in pG0400

Spct in the CRISPR-cas locus of S. epidermidis RP62A (Fig. 3.1a) targets the
nickase (nes) gene of the conjugative plasmid pG0400, preventing pG0400 transfers°.
However, Northern analysis of the crRNAs derived from spc1 indicated that the CRISPR
locus is transcribed unidirectionally 33 and that the spc7 crBRNA has the same, not the
complementary, sequence as the putative transcript of the nes gene. Given the
requirement of direct binding between the crRNA guide and a target RNA for type IlI-A
CRISPR-Cas immunity®'.134 | performed RNA-seq analysis of pG0400 transcripts to look
for the presence of nes antisense transcripts that could elicit the spc1-mediated anti-
plasmid response. | found very low levels of reads corresponding to transcripts derived
from the nes non-template strand, which | hypothesised would result in infrequent
activation of the DNase activity of the spc7-crBRNA/Cas10-Csm complex. In turn,
inefficient clearance of the pG0400 genome would lead to the Csm6 requirement for anti-
plasmid immunity that our laboratory reported previously''>.
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Figure 3.1. Csmé6 is required for interference against pG0400 when the target is
weakly transcribed. (a), The S. epidermidis RP62A type IlI-A CRISPR, with the catalytic
residues of Cas10 and Csmé6 highlighted. The black boxes, representing repeats, flank
the coloured boxes, symbolising spacers. Spc1 matches the nes antisense transcript of
the conjugative plasmid pG0400. (b) The architecture around the nes protospacer in
pG0400, with RNA-seq traces representing read depth. The annealing positions for spc1
and spci-flip are indicated. RPM, reads per million. (¢) Conjugation of pG0400 or pG0420
into S. aureus cells containing pCRISPRs with the indicated csmé6 variant and spacer,
after filter mating. Each bar represents the mean of three biological replicates +s.e.m. (d)
Like (b), but for plasmid pG0420, with the inserted transcriptional promoter shown as a
black arrow.

To test this hypothesis, | generated a construct harbouring a reversed spc1 (spc1-
flip) that would produce a crBRNA complementary to the highly abundant nes transcript
(Fig. 3.1b). This was achieved by using Staphylococcus aureus RN4220'35 harbouring an
S. epidermidis type IlI-A CRISPR-Cas locus on the chloramphenicol-resistant pC194
staphylococcal plasmid, pCRISPR''5, with modified spacer sequences. | found that, in
contrast to spc? where targeting requires csmé6''> (Fig. 3.1c), spci-flip blocks pG0400
conjugation in recipients expressing a catalytically dead (R364A, H369A) csmé6 version
(desmé6) 56118 (Fig. 3.11c¢). | also constructed a pG0400 derivative (pG0420) in which |
inserted a strong promoter that drives high transcription of the nes non-template strand
(Fig. 38.1d). Next, | tested the ability of spc1 to mediate immunity against pG0420 in the
presence or absence of Csm6 RNase activity and found that, similarly to spc1-flip, the
increased transcription of the target RNA eliminated the Csm6 requirement observed for
pG0400 (Fig. 3.1c). Altogether, these results support our hypothesis that Csm6 RNA
degradation is not required for plasmid clearance in conditions of high target transcription.
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3.3. Csm6 RNase activity accelerates plasmid clearance in conditions of

low target transcription

To determine how Csm6 affects anti-plasmid immunity in the presence of different
levels of target transcription, | placed the gp43 protospacer®® (from phage doNM1y6°1)
under the control of a tight and tuneable anhydrotetracycline (aTc)-inducible promoter?36,
flanked by strong transcriptional terminators (pTarget, Fig. 3.2a). | performed Northern
blots to validate these useful features of pTarget (Fig. 3.2b); | did not detect a target
transcript in the absence of aTc, and found that target transcription levels correlate with
the aTc concentration.
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Figure 3.2. Properties of an aTc-inducible target plasmid, pTarget. (a) Overview of
the pTarget plasmid, with salient features labelled. Upon the addition of the inducer
anhydrotetracycline (aTc), transcription is initiated from promoter Pt and the gp43
protospacer is transcribed. This transcription allows interference against pTarget by the
I1I-A CRISPR system (pCRISPR). The transcriptional terminators prevent non-specific
background transcription across the gp43 target. (b) Northern blot analysis of pTarget,
detecting the gp43 target transcript prior to, or two minutes after, addition of either low or
high levels of aTc. The empty plasmid pE194 is used as a control.

| first investigated the effect of Csm6 on the fate of plasmid DNA. | generated S.
aureus cultures harbouring both pTarget and pCRISPR, added different concentrations
of aTc, purified the plasmids, and visualized them using agarose gel electrophoresis. |
found that at high levels of aTc, i.e. high target transcription, plasmid loss was equally
efficient in wild-type and dcsmé6 backgrounds (Fig. 3.3a). This result corroborates our
previous result that type IlI-A immunity is independent of Csm6 at high levels of target
transcription, and that this ribonuclease is not necessary for DNA degradation per se. In
contrast, at low levels of aTc, pTarget remained stable in hosts carrying the dcsmé allele
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(Fig. 3.3b), demonstrating that the RNase activity of Csm6, which is essential for immunity
in these conditions, leads to an accelerated rate of plasmid DNA loss.
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Figure 3.3. Csm6 accelerates plasmid clearance when interfering against a weakly
transcribed protospacer. (a) pTarget plasmid curing assay, where plasmid DNA is
extracted from cells containing pTarget and a pCRISPR with the specified csmé6 allele,
before or at the specified time after adding high levels of aTc, and visualised by gel
electrophoresis. Gel image is representative of three independent experiments. (b) Like
a, but with induction of protospacer transcription by low levels of aTc. Gel image is
representative of three independent experiments. (c) Like a, but with mutations in the
Cas10 Palm or HD domains, both in a dcsmé6 background. Gel image is representative of
three independent experiments.

3.4. Csm6 activation leads to non-specific degradation of host and plasmid

transcripts
How can an RNase impact plasmid DNA stability? | investigated if Csm6 was
responsible for the degradation of host and/or plasmid transcripts important for plasmid
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replication/maintenance using RNA-seq. Because plasmid degradation carried out by the
DNA cleavage activity of the type IlI-A system would lead to differences in transcript
abundance due to different plasmid template levels (not only due to Csm6 RNase
activity), | performed RNA-seq in a cas10 mutant genetic background lacking DNase
activity.

Previously, our laboratory reported that the Palm domain of the Cas10 subunit of
the type lll-A S. epidermidis complex is implicated in DNA cleavage'?®. However, recent
work on other type Ill systems showed that Cas10 nuclease activity relies on its HD
domain®2126.127.137 gnd that the Palm domain is involved in the synthesis of Csm6’s
inducer, cA5354.129 To clarify this discrepancy, | repeated the experiment of Fig. 3.3ain a
genetic background harbouring HD or Palm domain mutations [H14A, D15A (Cas10MP)
or D586A, D587A (Cas10Pam)] (Fig. 3.1a). | tested conditions of high target transcription,
in a dCsm6 background, to avoid the interference of RNA degradation in the interpretation
of the results. | found that the HD, but not the Palm, domain of Cas10 is required for the
clearance of pTarget (Fig. 3.3c), and therefore used a pCRISPR-cas10"® mutant for our
RNA-seq experiment.

For the RNA-seq experiment, wild-type or dcsmé cells were harvested in duplicate
either before or two minutes after induction with a low concentration of aTc. RNA was
extracted, sequenced, and the average transcript abundance of every gene at 0 or 2
minutes after induction was plotted. Host transcripts exhibited a marked decrease in
global transcript abundance in the presence of Csm6, i.e. most genes falling below the
identity line (Fig. 4.1a). In the absence of the RNase activity of Csm6, however, this
reduction was not detected. pTarget transcripts showed a similar difference in abundance
(Fig. 4.1b). To corroborate the RNA-seq results, Northern blot analysis was performed to
detect a subset of transcripts (Fig. 4.1c). The transcripts corresponding to the pTarget
protospacer, the plasmid replication repF gene, and the chromosomal gene def (peptide
deformylase) were all rapidly degraded in the presence of Csm6 RNase activity.
Together, these experiments demonstrate that Csm6 activation during the type IlI-A
CRISPR-Cas immune response results in significant depletion of both host and plasmid
transcripts.

29



a b cTime Csm6  dCsmé
(min) 0 2 0 ‘2

T O

Csmé6 P O Csmé tetR OQ P gp43 s &
dCsm6 o © dCsm6 “pre | target o

¢ ‘ RNA

4 o !
S C
°. dDerm

cop "/' repF
0

N
]

def

o
T ,
2_ arge "" repF

def

Log,, reads at 2 min
N
|

Log 1o reads at 2 min

-2 - T | | O’ T T
-2 0 2 4 6 0 2 4 6

Log,, reads at 0 min Log 1greads at 0 min rRSi -

Figure 3.4. Csm6 activation results in non-specific degradation of host and plasmid
transcripts. (a) RNA-seq was performed with S. aureus cells harbouring a pCRISPR with
wild-type (red) or mutated csmé (blue), extracting RNA before or after inducing target
transcription by adding low levels of aTc. L. seeligeri spike-in RNA was added to allow
absolute normalisation of read depth. Chromosomal genes falling on the identity line are
unchanged from 0 to 2 minutes, while genes falling below the line are depleted after 2
minutes. Both are done in a Cas10HD background. The def gene (peptide deformylase)
is highlighted. The average of two replicates for each condition is shown. (b) Like a, but
showing pTarget genes. (¢) Northern blot analysis of RNA from cells with pTarget and
pPCRISPRs containing either csm6 or dcsmé6, before or after inducing pTarget
transcription with low levels of aTc (performed once). Probes detecting either the gp43
target transcript, the repF transcript of pTarget, or the chromosomal transcript def are
used.

3.5 Degradation of host transcripts induces a growth arrest

The results described above suggest two hypotheses: (i) that the general
destruction of host transcripts should result in host cell toxicity during type IlI-A CRISPR-
Cas immunity, and (ii) that the degradation of transcripts important for replication and/or
maintenance should prevent the replenishment of plasmid DNA and therefore facilitate
plasmid clearance by the DNase activity of the Cas10-Csm complex. | tested the first
hypothesis by looking at the effect of CRISPR immunity against pTarget on host growth.
To determine if Csm6 activation results in collateral RNA degradation | measured the
effect of type IlI-A targeting on culture growth in the absence of erythromycin, i.e. without
plasmid selection. Under low target transcription conditions that require Csmé6 for rapid
plasmid loss (Fig. 3.3b), | detected a significant growth arrest that was dependent on the
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presence of Csm6’s RNase activity (Fig. 3.5a). To measure plasmid destruction, |
enumerated the cells that still contained pTarget at the end of the growth experiment by
counting the erythromycin-resistant colony forming units (cfu) that remain after induction
(Fig. 3.5b). | found a csm6-dependent decrease in cfu that reflects extensive plasmid
clearance in the culture. These results show that Csm6 activation, which is required for
plasmid loss under low target transcription conditions, is also responsible for generating
a growth defect of the host. Interestingly, this growth defect is triggered by Csm6’s
enzymatic activity even in conditions of high transcription, when this RNase is not required
for plasmid clearance (Fig. 3.5¢-d).

a

low [aTc] low [aTc]
1.5 10°+
108+ B total cfu
/. B ermR cfu
g 1.0+ = 1071
[a) 3
o — Csm6 G 1064
05 dCsmé
1054
— Aspc
0.0 —T T 1 1044
0 250 500 750 Csm6 dCsm6 ASpC
Time [min]
c high [aTc] d high [aTc]
— WT total cfu ermR cfu
159 — dcsmé 100 -
— Aspc ' 108
1.04
o - 7 =
08 E 10
(@] '*3 106-
0.5
10°+
0.0 —T T 1 104-
0 250 500 750 WT dCsm6 Aspc
Time [min]

Figure 3.5. Prevention of expression of genes important for plasmid replication
accelerates plasmid clearance. (a) Growth of staphylococci containing pTarget and
PCRISPRs with either csm6 or dcsm6, upon inducing transcription across the target with
low levels of aTc, in the absence of erythromycin. Aspc is a no spacer control. OD600
measurements are taken every 10 minutes, each data point representing the mean of
three biological replicates +s.e.m. (b) Cells at the end of the experiment in a are spotted
onto TSB plates in the presence or absence of erythromycin, selecting for the presence
of pTarget, and enumerated. Each bar represents the mean of three biological replicates
+s.e.m. (c), Same as panel b, but without erythromycin. For the Aspc control curve, the
same data as from Fig. 3.7a is shown. (d), Cells at the end of the experiment in panel ¢
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are spotted onto TSB plates in the presence or absence of erythromycin, selecting for the
presence of pTarget, and enumerated. Each bar represents the mean of three replicates
+s.e.m.

3.6 Non-specific degradation of host and plasmid transcripts facilitates

plasmid clearance

Next, | investigated the second hypothesis; whether the prevention of expression
of genes important for plasmid replication could accelerate plasmid clearance. pTarget
genes such as repF and cop are important for plasmid replication and maintenance, and
our RNA-seq analysis determined that these transcripts are targeted by Csmé. In
addition, Csm6-mediated depletion of host transcripts required for plasmid replication,
such as DNA polymerase and single-stranded DNA binding protein'38, could also impair
plasmid stability and facilitate clearance by the type IlI-A CRISPR-Cas system. To test if
a global reduction of gene expression, similar to that caused by Csm6 activation, can
accelerate plasmid loss during the type IlI-A CRISPR-Cas immune response, | used
neomycin, an inhibitor of the 30S ribosomal subunit, and measured pTarget clearance
after induction with low levels of aTc. In contrast to Fig. 3.3b results, repeating this
experiment in the presence of neomycin led to rapid pTarget clearance also in the dCsm6
background (Fig. 3.6), comparable to that of cells expressing wild-type Csm6. Importantly,
neomycin did not affect pTarget stability in non-targeting hosts (Fig. 3.6, Aspc). These
results support the idea that reduction in expression of both plasmid and host genes,
either by the non-specific mMRNA degradation by Csm6 or by neomycin-induced inhibition
of translation, can facilitate the type IlI-A CRISPR-Cas immunity against plasmids with
low rates of protospacer transcription.

WT dCsm6 Aspc
Time (min) 0 15 30 45 O 15 30 45 O 15 30 45

5 kb- ' pTarget

bt

+ neomycin

Figure 3.6. A general suppression of gene expression is sufficient to promote
plasmid clearance. Plasmid curing assay, where plasmid DNA is extracted from cells
harbouring the specified pCRISPR and pTarget, before or at different times after induction
of protospacer transcription by the addition of low levels of aTc, and visualised by gel
electrophoresis. The cells are grown in the presence of the translational inhibitor
neomycin. Gel image is representative of three independent experiments.
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3.7 Complete plasmid clearance requires DNA cleavage by Cas10

Finally, | examined whether transcript degradation by Csmé6 alone is sufficient for
anti-plasmid type IlI-A CRISPR-Cas immunity. | measured the growth of cells carrying the
cas10HP mutation after induction of target transcription in the absence of erythromycin
selection. | found a growth arrest that was much more severe than detected with wild-
type Cas10 (Fig. 3.5a), likely due to the absence of DNA cleavage and the persistence of
pTarget, leading to continuous activation of Csm6 (Fig. 3.7a). This growth arrest was
dependent on the ability of the Cas10 Palm domain to make cA, and on the RNase activity
of Csm6. In addition, all the cells that recovered at the end of the experiment were able
to grow on erythromycin and therefore retained pTarget (Fig. 3.7b), escaping arrest
through the accumulation of mutations that abrogate type IlI-A immunity and the activation
of Csm6 (Figs. 3.7c-e). Altogether these results demonstrate that the Csm6-mediated
non-specific degradation of host and plasmid transcripts that affect plasmid replication is
not sufficient to mount an efficient type IlI-A CRISPR-Cas immune response, which also
requires the destruction of plasmid DNA by the Cas10 nuclease.

| also investigated the effect of Csm6-mediated growth arrest on the type IlI-A
immune response against pG0400, the natural plasmid target of the S. epidermidis
CRISPR system. Previously, our laboratory showed that mutations in csm6 and cas10
Palm domain, but not in its HD domain, led to an increase in the number of pG0400
transconjugants, i.e. lack of type IlI-A immunity''S. Similar results were recently obtained
by analyzing this system in an Escherichia coli heterologous host'3!. Given my findings
with pTarget, | thought that previous work might have failed to see pG0400
transconjugants in the cas10"P background if the Csm6-mediated growth arrest affected
colony growth. Therefore, | performed conjugation assays and incubated the plates
seeded with transconjugants for a longer time (24 hours, as opposed to the 16 hours used
in previous assays). | found that indeed cas70"P hosts do produce a large number of
transconjugants, indicating a loss of CRISPR immunity (Figs. 3.8a-b). However,
transconjugant colonies are markedly small (Fig. 3.8b). As | hypothesized, Csm6 is
responsible for this phenotype, which is eliminated by the addition of the dcsm6 mutation
(Cas10MP vs Cas10HP/dCsme, Fig. 3.8b). Altogether, these results with both pTarget and
pG0400 suggest that Csm6-mediated growth arrest is only temporary and not essential
for type IlI-A immunity against plasmids. Cas10-mediated DNA cleavage, on the other
hand, is absolutely necessary to fully eliminate the plasmid target and turn off Csm6’s
non-specific RNase activity.
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Figure 3.7. The Cas10 HD domain is required for efficient plasmid clearance during
type lll-A pTarget immunity. (a) The ODsoo of staphylococci harbouring pTarget and the
specified pCRISPR was measured every 10 min after induction of protospacer
transcription by the addition of high levels of aTc, in the absence of erythromycin. Each
data point represents the mean of three biological replicates + s.e.m. (b) Cells at the end
of the experiment in a were spotted onto TSB plates in the presence or absence of
erythromycin, selecting for the presence of pTarget, and enumerated. Each bar
represents the mean of three biological replicates + s.e.m. (¢) Cells that recovered at the
end of the experiment in in Fig. 3.7a (expressing the Cas10"P mutant) were streaked out
to obtain single colonies. Four colonies were picked and seeded into a new microwell
plate where growth was tracked by measuring the ODsoo every 10 minutes in the presence
of high levels of aTc. The four isolates displayed unrestricted growth, similar to a control
culture lacking aTc induction of CRISPR immunity. A culture that had previously not
grown in the presence of aTc (non-escaper) is shown as a targeting control. (d) All four
escapers were analysed by PCR using primers that include the CRISPR locus. and
Sanger sequencing to determine the presence of escaper mutations. A 300 bp PCR
amplicon spanning the pTarget-specific spacer (S) and its two flanking repeats (R) is
expected from wild-type loci. (e) Agarose gel electrophoresis of the PCR products from
the ampilification illustrated in panel b. A wild-type locus was used a control (ctrl).
Escapers 1 through 3 contained a reduced CRISPR array. Sanger sequencing revealed
that they carry a deletion of the spacer and a one of the flanking repeats (Aspc). Escaper
4 did not produce a PCR product. Sanger sequencing of plasmid DNA isolated from this
escaper showed that it harboured a complete deletion (~9kb) of the cas operon (Acas).
All these deletions render pCRISPR unable to target pTarget, and therefore allow to
escape the Csm6-mediated growth arrest.
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Figure 3.8. The Cas10 HD domain is required for pG0400 immunity. (a) Conjugation
of pG0400 into S. aureus cells carrying the specified pCRISPRs, after filter mating. Each
bar represents the mean of three biological replicates + s.e.m. (b), Representative plate
images from the conjugation experiment in panel c, performed once. Scale bars, 5 mm.

3.8 Discussion

Here, | show that Csm6 RNase activity is only required for S. epidermidis type Ill-
A CRISPR-Cas immunity under conditions of low transcription of the plasmid target
sequence. | found that activated Csmé6 results in the non-specific degradation of host and
plasmid transcripts and promotes the fast clearance of the target plasmid by reducing the
expression of genes important for its replication and/or maintenance. In addition, the
global depletion of host transcripts leads to a growth arrest. Csm6 RNase activity is not
sufficient for plasmid clearance and the slow degradation of plasmid DNA by the Cas10
nuclease is also required. Upon complete plasmid loss promoted by both activities, the
target transcript is eliminated and cA production ceases (and is eventually degraded),
resulting to Csm6 deactivation and the return of normal growth. Although our studies only
addressed type IlI-A CRISPR-Cas systems, type |lI-B systems have a similar targeting
mechanism, and it is therefore likely that their accessory RNase, Csx1'39, has a similar
function to that described here for Csm6.

| believe that when target transcription is low there are few recruitment events of
the Cas10-Csm complex to the invading plasmid, and DNA cleavage is inefficient. Under

35



such conditions a “two-hit punch” is required for immunity, where Csm6 prevents the
plasmid from replicating while the Cas10-Csm complex slowly degrades the plasmid. This
is in line with studies of the type llI-A anti-phage response®, where it was found that
Csmé is required when the target is expressed late in the phage lytic cycle. In this case,
the accumulation of many phage genomes before the activation of type IllI-A immunity
would overwhelm the DNA cleavage capacity of the Cas10-Csm complex. Csm6-
dependent degradation of both host and phage transcripts would hinder phage replication
and allow time for the gradual degradation of phage genomes by Cas10. Also, Csm6 was
determined to be essential when the phage target contains multiple mismatches with the
crBNA guide. It is conceivable that such mismatches will specifically inhibit activation of
the HD domain but not the Palm domain, leading to low DNA cleavage but normal Csm6-
mediated RNA degradation. Therefore Csm6 appears to be an accessory RNase that
rescues type IlI-A immunity when DNA targets are difficult to detect or eliminate.

One fundamental difference in the Csm6-mediated response against phages and
plasmids is the observation of a host growth defect only in the latter. | speculate that as
result of both the high concentration of phage genomes and the preferential transcription
of these genomes during infection, the host cell contains a much higher proportion of
phage transcripts®®. Therefore, assuming that the cA degradation enzymes prevent
accumulation of the inducer in most of the bacterial cytoplasm except around its site of
production where there is a local concentration of active Csm6 molecules, during the anti-
viral type IlI-A CRISPR response this volume will be occupied mostly by phage RNA, and
the impact on host transcripts (and thus growth) is less noticeable.

Interestingly, the indiscriminate RNA degradation of Csm6 has similarities to
ribonuclease toxins. Indeed, HEPN domains are found in a wide range of predicted toxin-
antitoxin (TA) modules and abortive infection systems in all three domains of life. In
contrast to the function sometimes ascribed to these systems, our data suggests that the
role of Csm6 in immunity is not through the induction of host cell death, but instead leads
to a temporary growth arrest. Although not found in our experimental system, there are
possible scenarios where Csm6 activation could trigger cell death. For example, at very
high phage concentrations the Cas10-Csm complex might be unable to clear the virus,
prolonging Csm6 activity to degrade total cellular RNA. This could kill the host, but would
also prevent the release of functional viral particles, similar to programmed cell death
pathways of eukaryotic cells'#? and abortive infection defense systems of prokaryotes?0.
Further, there might be circumstances where the DNase activity of Cas10 is completely
compromised, such as base modifications in phage DNA that affect cleavage, or anti-
CRISPR proteins that could specifically inhibit the HD domain of Cas10. Future studies
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will determine if Csm6 global degradation of host transcripts can mediate abortive
infection-like immunity.
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Chapter IV — Discovering novel ligand-activated type Ill CRISPR

effectors

In this short chapter, | outline the approach used to identify further novel cA-
activated accessory genes in diverse type lll CRISPR systems. This work begun while
finishing the work on Csmé6 described in the previous chapter, and generated two projects
| pursued further (in chapters V and VI).

4.1 Rationale behind type lll-associated CARF genes

Type Ill CRISPR systems are capable of producing the ligand cA upon target
recognition to activate downstream effectors. The most common accessory gene in type
lll loci is csm6 (and the related gene csx7), encoding a non-specific RNase which
provides another layer of immunity, required against weakly transcribed targets®® or
against phage targets expressed late in the infection cycle®. The CARF domain is
responsible for cA binding in Csm6, with two CARF domains from the Csm6 homodimer
forming a composite ligand binding site. Each CARF domain is fused to a HEPN domain,
and ligand binding activates the RNase activity of the HEPN domain.

Yet, bioinformatic studies have revealed a range of different CARF domain-
containing genes beyond just csm6/csx1 110111116141 These genes often contain a
predicted effector domain fused to a CARF domain. For csmé, the effector domain is the
HEPN ribonuclease, but other effector domains include other RNase domains like RelE
or PIN domains, predicted restriction endonuclease-like (REase) domains,
transmembrane domains, proteases, and transcription factors. It is therefore likely that
these are diverse accessory factors activated by Cas10 and cA ligands within their
respective type lll CRISPR systems. These effectors might then induce toxicity in the host
cell, either leading to dormancy (inhibiting the replication of the invader) or cell death in a
sequence non-specific manner, analogous to Csmeé.

4.2 ldentifying and testing new CARF genes for functionality in S. aureus

To investigate the hypothesis of CARF genes non-specifically inducing growth
arrest in the presence of cA production, | first identified promising candidates, choosing
from previously published lists of predicted CARF genes 6. Since they would have to be
active in a heterologous host (S. aureus), | prioritised genes found in mesophilic gram-
positive bacteria wherever possible. | selected 14 genes of three categories, being
REase-containing genes (six chosen), RNase-containing genes (four RelE and two PIN
genes chosen), and transmembrane domain-containing genes (two chosen). Candidates
are summarized in table 4.1.
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These CARF candidates were ordered to be synthesised as DNA fragments, all of
them codon optimised for S. aureus. Each gene was then cloned onto a pTarget plasmid,
which in addition to expressing the candidate constitutively, has an aTc-inducible
promoter followed by a protospacer (see chapter Ill). A second plasmid, pCRISPR,
contains the matching spacer, as well as the full type Ill system. However, this plasmid
has a mutated Cas10 HD domain and mutated Csm6. Thus, this locus has no direct
interference mechanism, but is able to synthesise cA upon activation. These two plasmids
were transformed into S. aureus. For the experiment itself, aTc was added to cells
habouring both plasmids to initiate pTarget protospacer transcription, and subsequent cA
synthesis, and ODsoo was monitored over time. An inactive CARF gene candidate will
show no difference in growth, whereas an active CARF gene candidate, with non-specific
catalytic activity, will result in a growth delay or growth arrest. The results are summarised
in table 1.
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Table 1. Overview of CARF genes tested for autotoxicity.

Bacterial origin

CARF gene class

Activity observed?

(predicted

function)
Syntrophomonas wolfei subsp. | REase (DNase) No
wolfei str. Goettingen
Prevotella nigrescens ATCC 33563 | REase (DNase) Yes
Bergeyella  zoohelcum CCUG | REase (DNase) Yes
30536
Treponema succinifaciens DSM | REase (DNase) Yes
2489
Cardiobacterium hominis ATCC | REase (DNase) No
15826
Ignavibacterium album JCM 16511 | REase (DNase) Yes

Thermococcus CLA1

PIN (RNase)

Maybe (very minor)

Methanotorris igneus Kol 5

PIN (RNase)

No

Desulfococcus oleovorans Hxd3

RelE (RNase)

Maybe (very minor)

Desulfobacca acetoxidans DSM | RelE (RNase) Yes (minor)
11109
Rhodomicrobium vannielii ATCC | RelE (RNase) Yes (minor)
17100
Candidatus Cloacamonas | RelE (RNase) No
acidaminovorans Evry
Nitrosococcus halophilus Nc 4 Transmembrane Yes

helix (pore?)
Methylosarcina lacus LW14 Transmembrane No

helix (pore?)

The gene classes of the highest interest, CARF-REase and CARF-TM, had 4/6
and 1/2 genes providing robust toxicity, respectively (not shown). For further work, the
CARF-REase from Treponema succinifaciens DSM 2489 was chosen and renamed
Card1 (chapter V). The CARF-TM gene from Nitrosococcus halophilus Nc 4 was also
selected, and renamed TM-1. Of the remaining genes, some RNases displayed modest
toxicity, but were also generally quite toxic to cells in the absence of stimulation. Further
characterisation of these could have been attempted with expression of each gene on a
lower copy plasmid, but this was not prioritised. Yet, these results, combined with
additional CRISPR-associated CARF gene candidates recently identified
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bioinformatically 4! highlight the diverse and fascinating mechanisms of type Ill CRISPR
immunity that remain to be understood.
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Chapter V - Characterising the in vitro and in vivo functions of the

new type Il effector Card1

In this chapter, my work on the CARF accessory gene Card1 will be described.
Card1 was identified to be active in S. aureus in the previous chapter, being able to induce
cell toxicity upon cA production. Based on its REase domain, often being found in
restriction enzymes and other enzymes that interact with and cut DNA, Card1 was
predicted to also be a DNase. However, in vitro experiments revealed that Card1 can in
fact cut both ssDNA and ssRNA. Still, in vivo, | was unable to detect any RNase activity,
suggesting that the ssDNase activity is responsible for the anti-phage and anti-plasmid
immunity observed, at least a heterologous host. This project resulted in a fruitful
collaboration with the laboratory of Prof. Dinshaw Patel, of Memorial Sloan Kettering
Cancer Center (NYC, USA). His group, through the excellent experimental work of Dr.
Wei Xie, was able to solve the atomic structure of Card1, and contributed invaluable
biochemical input. This chapter largely includes work performed by me, but some data
generated from our collaborators is included, which is indicated appropriately throughout.
A paper based on the work in this chapter is currently under peer review.

5.1 Introduction
Depending on their cas gene content, CRISPR-Cas systems can be classified into

six different types 4. Of these, type lll systems display the most complex targeting
mechanism. The crBRNA in the type Il Cas10 effector complex recognizes complementary
invader’s transcripts 5257, resulting in the activation of two catalytic domains within Cas10.
The HD domain initiates single-stranded DNA (ssDNA) cleavage near the target
transcription site 52128; j.e. within the genome of the invader. At the same time the Palm
domain converts ATP into 3’-5’ cyclic oligoadenylate (cA) of various sizes, commonly cAs
and cAs354. These molecules function as secondary messengers that bind the CRISPR-
Cas Associated Rossmann Fold (CARF) domain of Csm6 42 or Csx1 43, accessory
RNases most commonly found in type IlI-A or 1lI-B loci, respectively. Binding of cA to the
CARF domain activates an RNase HEPN domain, through which Csm6 degrades host
and invader transcripts non-specifically 55, inducing a growth arrest essential for the type
[lI-A CRISPR-Cas immune response against targets that are transcribed either at low
levels 55131 or late in the viral infection cycle 6.

Recent bioinformatics studies revealed the existence of a great diversity of genes
associated with type Ill CRISPR-cas loci %111, Many of them contain CARF domains
fused to different effector domains with predicted catalytic or regulatory functions 6. One
of the most abundant (found in 929/6665 CARF-containing proteins) is the PD-D/ExK
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domain 41, Biochemical and structural analysis determined that one such protein,
Thermus thermophilus Can1, is activated by cAs binding to introduce nicks only in
supercoiled DNA at 60 °C '#4. However, whether and how these type lll-associated,
CARF:PD-D/ExK proteins, can be activated to provide immunity to prokaryotes remains
to be demonstrated. To investigate this, we characterized Tresu_2185, found in the type
[lI-A CRISPR-cas locus of the mesophilic gram-negative spirochete Treponema
succinifaciens 1% (Fig. 5.1). Tresu_2185 contains 373 amino acids (43.9 kDa), is a
member of the Pfam family pfam09002 (domain of unknown function 1887, DUF1887),
and is composed of an N-terminal CARF domain and a C-terminal restriction
endonuclease-like (PD-D/ExK) domain, typically found in type Il restriction
endonucleases or Holliday junction resolvases involved in DNA restriction,
recombination, replication and repair %5, where the two acidic residues coordinate a
divalent cation important for catalysis.

B8 [0 CRISPR(+Card1)]

cas10°m(D586A,D587A) @BaHa [pCRISPR(dCard1)]
Aspc [pCRISPR(Aspe)]  CaSHORIRIEADISA) desme6 [pCRISPR(-Card1)]
} } }
R cas10 Ncsm2)csm3|csm4) csmb) csm6)casb ) S. epidermidis RP62a

25 22 40 20 18
(45) (38) (58) (35) (30)
T. succinifaciens -| cas6x cas10 )| csm2] csm3] csm4] csmb, .

Figure 5.1. Context of Card1 in the Treponema succinifaciens CRISPR-Cas locus.
Schematic of the S. epidermidis type IlI-A locus showing the replacement of csm6 by
card1 and the different mutations used later in this chapter. A comparison with the T.
succinifaciens type IlI-A locus is provided. Numbers indicate the % identity between the
genes that encode the Cas10 complex (with % similarity in parenthesis), as determined
by EMBOSS Needle pairwise sequence alignment!®,

5.2 ssDNase activity of Card1 in vitro

To evaluate the biochemical activity of Tresu_2185, | expressed and purified it from
Escherichia coli, and incubated with different nucleic acids and cAs. | found that the
addition of cAs4, but not cAs, resulted in the degradation of circular ssDNA ®X174 (Fig.
5.1a) and M13 ssDNA (5.1b), but cA4 did not promote cleavage of supercoiled or
linearised ®X174 dsDNA (Figs. 5.1c-d), at least at 37 °C. ssDNA degradation required
the addition of manganese, but not magnesium, calcium, or zinc, divalent cation (Fig.
5.1e) and resulted in a smear of products, suggesting that ssDNA cleavage is non-
specific. These results demonstrate that Tresu_2185 is a cAs-activated, non-specific
ssDNA nuclease.
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Figure 5.2. Card1 is a non-specific ssDNase. (a) Card1 cleavage of ®X174 circular
ssDNA for 15 minutes (2, 5, 15 minutes in the increasing time annotation) in the presence
of cA4 and cAe. Wild-type (wt) or catalytically dead (K308A+E310A) (mut) Tresu_2185
(Card1) is used, and Mn?* is present or absent. (b-d) Cleavage of (b) M13 ssDNA, (c)
uncut, supercoiled ®X174 dsDNA, or (d) ®X174 linearised dsDNA, for the time indicated
(b) or for 30 minutes (c-d), all visualised by agarose gel electrophoresis. (e) Card1
digestion of ®X174 ssDNA (60 minutes) in the presence of cA4 and different divalent
cations, visualized by agarose gel electrophoresis

To further understand the ssDNA cleavage requirements of Card1, cleavage
products resulting from 2 hours of digestion of either ®X174 ssDNA or M13 ssDNA were
analysed by next-generation sequencing (Fig. 5.3). Since each DNA 5’ end represents a
cut site, the cut site preference of Card1 could be determined. Weblogos from ®X174
digestion (Fig. 5.3a) and M13 digestion (Fig. 5.3d) showed a similar cleavage preference
upstream of T(A/G) sites, with cleavage occurring across both genomes (Figs. 5.3b,e),
and DNA fragments being on average 150-165 nucleotides in length (Figs. 5.3c,f).
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Figure 5.3. Next-generation sequencing analysis of Card1 ssDNase specificity. (a).
Cleavage preference of Card1, represented as a WebLogo, determined after next
generation sequencing of ®X174 degradation products (2 hours digestion). Five
nucleotide positions upstream (-5 to -1) and downstream (1 to 5) of the detected cleavage
sites are shown. (b) Overview of Card1 cleavage sites across the ®X174 genome based
on the 5’ end mapping of DNA degradation products obtained after 2 hours of digestion,
per 1 million reads. There appears to be preferential cleavage sites that may reflect lack
of Card1 access to secondary structures formed within the ssDNA molecule. 26.7% of
cuts occur at the 25 most frequent positions. (¢) Fragment size distribution of the ®X174
degradation products after 2 hours of Card1 digestion. The average fragment length
(163.6 nucleotides) is marked by the dotted line. (d-f) Like a-c, but from digestion of M13

ssDNA by Card1. For e, 31.1% of cuts occur at the 25 most frequent positions.
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5.3 ssRNase activity of Card1 in vitro

Even if the REase catalytic domain found in Card1 is predicted to cut DNA, and is
found in type Il restriction enzymes and other enzymes interacting with DNA, | also tested
Card1’s activity against RNA substrates. Surprisingly, Card1 robustly degraded ssRNA
oligonucleotides (Fig. 5.4a), but not dsRNA (Fig 5.4b). Interestingly, both Mn and Mg
cations supported the ssRNase activity (Fig. 5.4c). | explored the sequence specificity
using polyA, polyC and polyU oligonucleotides harboring fluorescent-quencher pairs, and
found that all were equally degraded (Fig 5.4d), similarly to the non-specific RNase |
control. Neither Card1 nor RNase | cleaved polyG, most likely due to the formation of
higher order structures by G quartets'#’. Therefore, given the cleavage of both ssRNA
and ssDNA, we renamed Tresu_2185 cA-activated ssRNase and ssDNase 1, or Card1.
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Figure 5.4. cAn-mediated cleavage of ssRNA by Card1 at 37 °C. (a) Card1 cleavage
of a 60-nt ssRNA oligonucleotide for 15 minutes in the presence of cA4 and cAs, witho or
without Mn?+, or with a catalytically dead Card1 (K308A+E310A) (mut). (b) Card1
digestion of a ssRNA or a dsRNA molecular weight ladder. Card1 rapidly degrades the
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SSRNA, but not the dsRNA, ladder. (¢) Digestion of a 60-nucleotide (nt) RNA species for
15 minutes in buffers containing either no divalent cation, or either Mn?+, Mg?+, Ca?*, or
Zn?+, (d) Cleavage of RNA oligonucleotides containing a fluorophore-quencher pair,
measured as the increase in fluorescence, by Card1 with or without cA4, or with the non-
specific RNase | as a positive control. The RNA oligonucleotides are either poly-A1s, poly-
C1s, or poly-U1s. Cleavage of poly-G1s could not be tested due to its resistance to cleavage
by RNases. Each bar represents the mean of three replicates + s.e.m., given as relative
fluorescent units

In order to compare the relative efficiencies of the DNase and RNase activities, |
labeled 30-nt ssDNA and 50-nt ssRNA oligonucleotides with Cy3, as well as the 30-nt
ssRNA and 50-nt ssDNA oligonucleotides with Cy5, incubated the 30-nt species together,
or the 50-nt species together, with increasing concentrations of Card1/cA4 in the presence
of Mn (Fig. 5.5). | observed that both ssRNA oligos were cleaved at lower nuclease
concentrations than those required to observe ssDNA degradation.
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Figure 5.5. A comparison of the relative rates of the DNase and RNase activities of
Card1. Simultaneous Card1 digestion of a pair of 30-nt DNA and RNA oligonucleotides,
or of a pair of 50-nt DNA or RNA oligonucleotides, with increasing concentration of Card1
and cAa4. This results in direct competition between the DNase and RNase activities of
Card1 in each reaction. For each pair, one oligonucleotide is labelled with Cy3 and the
other with Cy5 fluorescent groups, and the two panels display the same gel imaged
through different filters. All reactions were quenched after 15 minutes.
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5.4 Structural studies of Card1

To further understand Card1 at a molecular level, our collaborators solved the
structure of Card1 in the apo-, cAs-, and cAe-bound forms. The 2.3 A crystal structure of
apo-Card1 showed a symmetric dimeric topology (space group C2; 1460 A2 interface)
with a sizeable central hole between the CARF and REase domains. The crystal structure
of the co-crystallized cA4-Card1 complex at 3.0 A, which retained the dimer topology
(space group P21, 1608 A2 interface), shows the second messenger bound in the central
cavity, with a Mn cation bound to the individual catalytic pocket of each monomer.
Pronounced conformational changes are observed following superposition of the apo-
and cAs-bound dimeric structures of Card1 with an r.m.s.d. = 5.2 A (over 709 residues
Fig. 5.6¢). However, superposition of individual monomers of apo- and cAs-bound Card1
yields a much smaller r.m.s.d. of 1.0 A over 301 residues, suggesting that the transition
to the active conformation involves a rotation of the monomers relative to each other after
cA4 binding. Molecular modelling confirmed that one single-stranded DNA can sterically
fit in each REase subunit.
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Figure 5.6. The crystal structure of apo- and cA4-bound Card1. (a) Crystal structure
of dimeric apo-Card1 at 2.3 A resolution. The monomers are colored yellow and magenta
in the symmetrical dimer, with labeling of the CARF, hinge and REase domains, and
highlighting the central hole between domains. (b) Crystal structure of co-crystallized cAs-
bound to dimeric Card1 at 3.0 A resolution, with one cAs (in space-filling representation)
bound per dimer and positioned within the periphery of the central hole. In addition, one
Mn (in green) per monomer is bound in each REase catalytic pocket. (¢) Conformational
transitions following superposition of apo- (in silver) and cA+-bound (in color) states of
dimeric Card1. Data courtesy of Dr. Wei Xie and Prof. Dinshaw Patel.
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Isothermal calorimetry showed that cAs4 and cAe bind Card1 with similar affinities
(15 nM and 78 nM respectively) (not shown). Indeed, the structure of cAs-bound Card1
showed cAe bind in the same pocket as cA4. However, binding by cAs shows no significant
conformational change relative to the apo structure, helping to explain why Card1 is
activated by cA4 and not cAe.

The structural studies also revealed the exact binding mode of cAs, including
important residues, and conformational changes likely responsible for allowing catalysis.
This will not be discussed in further detail here.

5.5 Effect of Card1 activation in staphylococci

Next, | investigated the function of Card1 during the type IlI-A CRISPR-Cas
immune response. | hypothesized that the non-specific ssSDNA cleavage could introduce
DNA lesions, for example on R-loops generated during transcription or ssDNA
intermediates that result from DNA replication. On the other hand, the ssRNase activity
could lead to the degradation of host transcripts. Since deleterious activity against DNA
would in principle also affect cellular RNAs, | first looked at the effect of Card1 in the
transcriptome. To do this, | constructed pCRISPR(+Card1) by cloning into the
staphylococcal plasmid pC194 '48the Staphylococcus epidermidis RP62 type IlI-A locus,
which Cas10 complex genes display a high similarity (30-58 %) to those of the T.
succinifaciens type llI-A locus, carrying the card1 open reading frame instead of that of
the cA-activated accessory protein of staphylococci, Csm6 (Fig. 5.1). As a control |
introduced mutations that inactivate Card1 (E308A, K310A) in pCRISPR(dCard1), that
inactivate Csm6 in pCRISPR(-Card1) or that lack a targeting spacer in pCRISPR(Aspc).
Each of these plasmids were transformed into Staphylococcus aureus RN4220 3% cells
containing pTarget (described in section 3.3), a second plasmid producing a target
transcript, i.e. complementary to the crRNA expressed by the pCRISPR plasmids, that is
under the control of an anhydrotetracycline(aTc)-inducible promoter®®. In this
experimental system, the addition of the inducer triggers the type IlI-A response, with the
production of cA by the Palm domain of Cas10 and the subsequent activation of Card1.
RNA was extracted from +Card1 or dCard1 cultures 3 minutes after addition of aTc for
RNA-seq analysis. The standard normalization procedure, against the total number of
reads in the sample, cannotbe used if Card1 causes global RNA destruction.
Therefore, an equal amount of Listeria seeligeri RNA was added to each sample prior to
RNA extraction for normalization of the S. aureus RNA reads. From two replicates,
the average number of reads mapping to S. aureus, pCRISPR and pTarget genes
was calculated and the transcript abundance of every gene at 0 or 3 minutes
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after induction was plotted. | was not able to detect significant differences between the
presence or absence of Card1 nucleases activities (Fig. 5.7a-c). This is in contrast to
previous results obtained for the type lll-associated RNase Csm6 (chapter 3.4), whose
activation leads to significant RNA degradation (Fig. 3.4a-c). To corroborate the absence
of Card1 effects on cellular transcripts, | performed Northern blot analysis of the target
RNA and repF transcript in pTarget, as well as the def, and msaB mRNAs of the host,
either before or three minutes after aTc induction of the two cultures (Fig. 5.7d). | also
included a wild-type pCRISPR control, expressing the non-specific RNase Csm6. While
the selected transcripts were degraded by Csm6, no difference was detected in the
presence of Card1 activity. Altogether these results suggest that Card1 activation, either
through attacking host or plasmid ssDNA or ssRNA, does not substantially affect the
transcriptome of S. aureus.
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Figure 5.7. The RNase activity of Card1 is not detected in vivo. (a) RNA-seq of
staphylococci harbouring pTarget and pCRISPR-Cas10"P, and +Card1. At 0 minutes,
targeting is induced by the addition of aTc, and cells are harvested after 3 minutes. An
equal amount of RNA from Listeria seeligeri was added to all samples prior to RNA
purification to allow absolute comparison between timepoints. Each dot represents a
gene, and is the average of two biological replicates. Genes that fall on or near the identity
line are unchanged by 3 minutes of Card1 activity. (b) Like (a), but in cells carrying a
catalytically dead Card1 (dCard1). (c) A comparison between the logio read depth for all
individual chromosomal genes between +Card1 cells and dCard1 cells, at 3 minutes. A
value of 0 means that a gene showed no difference between +Card1 and dCard1 cells.
Overall, there is no clear trend for depletion (or enrichment) in +Card1 cells relative to
dCard1 cells. (d) Northern blot analysis of cells carrying pTarget and pCRISPR-Cas10P°,
with either +Card1, dCard1, +Csm6, or dCsmé6. Targeting was induced at time 0 with the
addition of aTc, and RNA was analysed with probes specific to the protospacer target
transcript (in pTarget), the plasmid replication gene repF (in pTarget), the def gene
(peptide deformylase, in the S. aureus chromosome), or the msaB gene (in the msaABCR
operon, in the S. aureus chromosome). 5S rRNA is used as a loading control. Card1
activation showed no detectable RNA degradation, in contrast to robust RNA depletion
following Csmé activation. ODeoo measurements confirmed that the +Card1 and +Csm6
cells both experienced growth arrest.

Next, | explored whether Card1 attacks the host DNA. However, the quantification
of non-specific nicks across chromosomal or plasmid DNA using next-generation
sequencing is not possible. Instead, | hypothesized that chromosomal DNA lesions
caused by the ssDNA activity of Card1 would result in cell toxicity. To test this, | monitored
the growth of the different cultures after the addition of aTc, in the absence of antibiotic
selection of pTarget (Fig. 5.8a). dCard1 cultures continued exponential growth, similarly
to Aspc cells that cannot trigger the type IlI-A CRISPR-Cas immune response. In contrast,
+Card1 cultures displayed a severe growth defect after the induction of target
transcription, which was completely eliminated by the introduction of mutations in the
Palm domain of Cas10 (D586A, D587A; Cas10Pam) that prevent the production of cA (Fig.
5.8a). | observed an increase in ODsoo at around 10 hours after addition of aTc, which
was a result of the propagation of “escaper” cells carrying re-arranged, non-functional
pCRISPR or pTarget plasmids within +Card1 cultures (Figs. 5.8b,c).
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Figure 5.8. Effect of Card1 activation on growth of staphylococci. (a) Growth of
staphylococci carrying pTarget and different pCRISPR variants, measured as ODeoo after
the addition of aTc to induce the production of cA4 by the Cas10 complex, in the absence
of antibiotic selection for pTarget. Mean of three biological triplicates + s.e.m. are
reported. (b) Growth of staphylococci carrying different pCRISPR(+Card1) taken from six
escaper colonies obtained from streaking out surviving cells from +Card1 in (a), measured
as ODeoo after the addition of aTc to induce the production of cA4 by the Cas10 complex.
Mean of three biological triplicates + s.e.m. are reported. (¢) Agarose gel electrophoresis
of plasmid DNA was extracted from escaper cells grown in (b), showing deletions in
pTarget or pCRISPR. Sanger sequencing determined the same promoter deletion in
pTarget escapers 1-3, and similar pCRISPR deletions in escapers 4-6, all comprising the
whole CRISPR-cas locus.

The lack of growth induced by Card1 could be due to either the arrest or the death
of individual cells within the culture. To distinguish between these possibilities, |
enumerated viable staphylococci after Card1 induction, plating culture aliquots taken at
different times after addition of aTc on solid media lacking the inducer (Fig. 5.9). This
procedure removes the inducer and turns off Card1, allowing the formation of colonies
from cells that were arrested in the liquid culture, but not from those that died after
activation of Card1. Over a course of three hours of target transcription and Card1
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activation, | observed that while dCard1 cultures displayed a steady growth and an
increase in colony formation, +Card1 cultures showed an initial decrease in colony counts
of an order of magnitude that slowed down after one hour, demonstrating the presence
of a population of viable cells that cannot grow, but do not quickly die, upon activation of
the nuclease. To determine what fraction of these colonies are escapers, | also
enumerated colonies resistant to aTc induction (Fig. 5.9). | found that escaper numbers
rise over time and comprise approximately half of the cells in the culture at the end of the
experiment; the other half are bona fide dormant cells.
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Figure 5.9. Enumeration of surviving cells following continuous Card1 activity.
Enumeration of colony-forming units (cfu) from staphylococcal cultures carrying different
pPCRISPR variants where cA4 production was activated by the addition of aTc to start
target transcription. At the indicated times after induction aliquots were removed and
plated on solid media with or without aTc to count the remaining viable cells. Mean of
three biological replicates + s.e.m are reported.

Next, | looked at the effects of Card1 activation on pTarget by agarose gel
electrophoresis of plasmid DNA extracted at different time points after aTc addition (Fig.
5.10a). In dCard1 cultures the plasmid remained intact for 120 minutes after the activation
of cA production, similarly to the Aspc control. In contrast, +Card1 cells cleared pTarget,
but not pCRISPR, 20 minutes after addition of the inducer. However, in cells lacking the
ssDNase activity of Cas10 (H14A, D15A; Cas10MP), but that are still able to produce cA,
pTarget remained intact (Fig. 5.10b) and the Cardi-mediated growth arrest was
maintained (Fig. 5.10c), a result that highlights the importance of Cas10 for target DNA
destruction.
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Figure 5.10. Effect of Card1 on pTarget stability. (a-b) pTarget plasmid curing assay,
where plasmid DNA was extracted from cells containing pTarget and different pCRISPR
plasmids after induction with aTc. Plasmids were linearized and visualized by gel
electrophoresis. Gel images are representative of three independent experiments. (c)
Growth of staphylococci carrying different pCRISPR variants expressing Cas10P,
measured as ODesoo after the addition of aTc to induce the production of cA4 by the
Cas10"P complex. Mean of three biological triplicates + s.e.m. are reported.

Together with the data showing the absence of detectable transcript degradation,
these results show that the ssDNase activity of Card1, can produce a growth arrest of the
host cell, presumably by introducing DNA lesions in the host chromosome, and act
synergistically with Cas10 to specifically eliminate the target DNA (but not pCRISPR,
which has the same replication mechanism as pTarget).

5.6 The role of Card1 in anti-phage immunity in staphylococci

| also tested the importance of Card1 during immunity against phage infection. Due
to the dependence on target transcription to activate the HD domain of Cas10, type IlI-A
immunity results in the rapid elimination of the phage DNA from the host when the target
is expressed early during infection and the viral genome has not yet replicated to increase
its copy number®6. In contrast, when the viral target is located in a late-expressed
transcript, the Cas10 complex can only initiate its attack on the invading DNA after the
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phage has replicated and accumulated in the host. In this situation the complete
degradation of the viral genomes within the infected cells is much slower®® and, during
the type llI-A response in staphylococci, efficient immunity requires the activity of the
Csm6 RNase %6. | programmed the different pCRISPR plasmids with spacers targeting
either early- or late-expressed viral genes, infected the cultures with staphylococcal
virulent phages at a multiplicity of infection (MOI) of 2-8 and followed their growth to
determine the effectiveness of the type IlI-A immune response in the presence or absence
of Card1. As expected from previous results®®, when the early ORF9 transcript of the
lambda-like, dsDNA phage ®12y3 ©° was targeted, the presence of Card1 activity was
not required for immunity (Figs. 5.11a, b). In contrast, when immunity was activated by
the late ORF27 transcript, +Card1 but not dCard1 cultures were able to survive infection
(Fig. 5.11c). Moreover, in vitro data from our collaborators revealed that a series of
mutated Card1 variants (S11A, Q13A, M42A, Y122A, 1125A) were unable to bind cA4 and
perform catalysis (data not shown). During phage infection, survival of staphylococci also
required the ability to bind cA4, as the same mutations in the nucleotide binding pocket
abrogated Card1-mediated immunity (Fig. 5.11d).
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Figure 5.11. Card1 provides anti-phage immunity against phage ®12y3. (a)
Schematic of the genomes of the staphylococcal phages used in this study, ®12y3 and
®NM1y6, showing the location of the transcripts targeted by the type IlI-A CRISPR-Cas
system. Grey arrows indicate promoters. (b) Growth of staphylococci carrying different
pCRISPR variants programmed to target the ORF9 transcript of ®12y3, measured as
ODeoo at different times after infection at a multiplicity of infection (MOI) between 2 and 8.
Mean of three biological triplicates + s.e.m. are reported. (¢) Same as in (b) but targeting
the ORFZ27 transcript at an MOI ~8. Mean of three biological triplicates + s.e.m. are
reported. (d) Same as in (c) but following cultures carrying different mutations in the cA4
binding pocket of Card1, at an MOI ~15.
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Similar results were obtained when the pCRISPR plasmids were programmed with
spacers that target an early or late transcript of the staphylococcal phage ®NM1y6 51
(Figs. 5.12a-b).
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Figure 5.12. Card1 provides anti-phage immunity against phage ®NM1y6. (a).
Growth of staphylococci carrying different pCRISPR variants programmed to target the
gp14 (a) or gp43 (b) transcript of ®NM1y6, measured as ODsoo at different times after
infection at a multiplicity of infection (MOI) of 15. Mean of three biological triplicates +
s.e.m. are reported.

| also measured phage propagation in cells programmed to target the ORF27
transcript of ®12y3 by counting plaque forming units (pfu) at different times after infection
(Fig. 5.13a). | found that while the phage propagated to high titers in both -Card1 and
Aspc cultures, +Card1 cells effectively suppressed ®12y3 from the culture.
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Figure 5.13. Card1 impedes phage propagation in staphylococci. (a) Enumeration of
plaque-forming units (pfu) within staphylococcal cultures carrying different pCRISPR
variants after infection with ®12y3 at an MOI ~10. At the indicated times after infection
aliquots were removed and plated on top agar media seeded with a susceptible strain.
Mean of three biological replicates + s.e.m are reported. Significant p values (p<0.05),
obtained with two-sided t-test, are shown. (b) Enumeration of plaque-forming units (pfu)
within staphylococcal cultures carrying different pCRISPR variants after infection with
®12y3 at an MOI ~10. At the indicated times after infection aliquots were removed and
plated on top agar media seeded with a susceptible strain. Mean of three biological
replicates + s.e.m are reported. Significant p values (p<0.05), obtained with two-sided t-
test, are shown.

| also investigated whether Card1 activity was sufficient to provide immunity by
infecting cells that express Cas10HP in the presence or absence of Card1. Remarkably,
both when the ORF9 (Fig. 5.11b) and ORF27 (Fig. 5.11c) transcripts were targeted by
the Cas10 complex, activated Card1 alone was able to provide immunity to growing cells
as well as reduce the phage titer in the cultures (Fig. 5.13b).

To further examine the immunity provided by Card1 alone, | performed infection
assays at a higher MOI (~25), when the great majority of cells are infected. Both when
targeting ORF9 (Fig. 5.14a) and ORF27 (Fig. 5.14b) Card1 failed to provide immunity,
suggesting that in the absence of Cas10 nuclease activity and low MOls, defense is
achieved through the growth of the cells that are not infected and not arrested by Card1
activity.
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Figure 5.14. Anti-phage protection of Card1 at high MOls. (a) Growth of staphylococci
carrying different pCRISPR variants programmed to target the ORF9 transcript of ®12y3,
measured as ODesoo at different times after infection at an MOI ~25. The immunity provided
by the Cas9 nuclease, which directly recognizes and cleaves the phage genome shortly
after its injection and therefore allows the survival of the infected cells, is used as a control
to show that the observed growth delays are not due to an excessive amount of phage

58



added in the experiment. Mean of three biological triplicates + s.e.m. are reported. (b)
Same as in (a) but targeting the ORF27 transcript. In both (a) and (b), Cas10"P cells with
+Card1 do not lyse from infection (as it is the case for Aspc cells), indicating an incomplete
phage life cycle. Mean of three biological triplicates + s.e.m. are reported. In (a) and (b),
the data representing Cas9 and Aspc is from the same experiment.

Altogether, these results demonstrate that Card1 activity is sufficient to provide
anti-phage defense in staphylococci at low MOIs and also required for an efficient type
[lI-A CRISPR-Cas immune response when the target is expressed late after infection.

5.7 Discussion

To date, two prokaryotic defense systems have been described that use cyclic
oligonucleotide second messengers to activate auxiliary proteins needed for immunity,
type lll CRISPR-Cas®35 and CBASS (cyclic-oligonucleotide-based anti-phage signaling
system) 120-122,149,150  While the mechanisms of invader recognition and cyclic
oligonucleotide synthesis are very different, both pathways lead to the activation of non-
specific nucleases that affect host viability®>159. For type Ill CRISPR, the most common
effector proteins are the non-specific ssRNases Csm6 and Csx1'10.111_|n contrast, for
CBASS, the cyclic oligonucleotides have so far mainly been shown to activate a majority
of non-specific dsDNases such as NucC 4% and Cap4 '%°. Here | described that Card1, a
ssDNase and ssRNase, provides immunity to the host in the context of type IlI-A CRISPR-
Cas immunity. During plasmid targeting, Card1 activation did not affect the transcriptome
of the host cell and resulted in cell toxicity. This produced a growth arrest followed by the
death of a substantial fraction of the host population. In addition, both Cas10 and Card1
nuclease activities were required for efficient clearance of a target plasmid. During phage
infection, Card1 was necessary for defense when the target transcript recognized by the
crBNA in the Cas10 complex is expressed late in the viral lytic cycle, but it was also
sufficient to allow survival of a host population lacking the ssDNase activity of Cas10,
both when activated by cA4 production early and late during infection.

Based on these data | propose that, at least in staphylococci, Card1 protective
function is achieved by two separate but overlapping mechanisms. First, Card1 toxicity
can provide an abortive infection mechanism of defense in which compromised cells stop
growing and prevent the exponential replication of the phage. This activity is similar to the
function of Csm6 during type IlI-A immunity against plasmid-borne, weakly transcribed
targets®>13" and viral threats recognized late in the infection cycle®¢. One difference |
observed, which could be the result of the more toxic effects caused by degradation of
the DNA, as opposed to the RNA, of the host, is that while Csm6 induction results in a
stable population of dormant cells®®, Card1 activation leads to a gradual but continuous

59



decrease in cell viability (Fig. 5.9). This toxicity is believed to not only constrain viral
propagation and allow the growth of the non-infected cells, but also to facilitate the
clearance of the foreign DNA within infected, non-growing cells by Cas10. Interestingly,
Card1 orthologs are present in type IlI-D systems''®, where Cas10 naturally lacks a
functional HD domain and is predicted to be unable to destroy the invader’s DNA.
Therefore, our results suggest that these systems might protect the host population via a
crBNA-guided abortive infection mechanism, similar to the defense provided by type VI
systems, which also elicit a growth arrest upon infection, but through the direct recognition
of the target transcript (i.e.; without the need of a second messenger) by the RNA-guided,
non-specific RNase Cas13 5! (although organisms that carry type Ill and VI CRISPR
systems usually also possess bona fide abortive infection systems as well). Second, in
contrast to Csm6, Card1 could directly destroy the phage genome. Many phages and
plasmids copy their DNA through rolling-circle replication, which involves the formation of
ssDNA intermediates?%?, likely making them sensitive to Card1 digestion. Moreover, since
Cas10 also cuts ssDNA, possibly at the transcription fork of the target'28, it could generate
more ssDNA intermediates that are sensitive to Card1 cutting, a hypothesis that explains
our result showing synergy between both nucleases to specifically destroy pTarget (Figs.
5.10a,b).

Finally, | can also compare Card1’s in vivo effects to the function the CBASS
effector dsDNases NucC and Cap4. Likely due to the introduction of more severe lesions
to the host genome in the form of dsDNA cuts, these nucleases cause the irreversible
death of the cell'#%-1%0 to provide an abortive infection mechanism of defense where the
only survivors are the non-infected bacteria. In contrast, our results show that Card1 is
less immediately toxic, possibly allowing the time needed to clear the invader before cell
death occurs and enabling the rescue of the infected host.

Card1, ssRNA-specific Csm6 142 Csx1 143, and supercoiled dsDNA-specific
nickase Can1'4 all bind cA4, while dsDNA-specific Cap4 binds cAs 150, in each case within
a dimeric pocket formed by a pair of CARF domains. There is little sequence conservation
amongst the CARF domains of Card1 (classified as CARF4 family'4'), Csm6é (CARF1),
Can1 (CARF4) and Cap4 (SAVEDS), and Card1 binds cA4 in a different manner to these
other proteins (collaborator’s analysis, not shown here). In addition, Csm6 quickly
converts cA4 to ApA>p 142 to auto-regulate its RNase activity; in contrast, degradation of
cAs was not observed in the Card1 structure (collaborator’s data, not shown here), raising
the possibility that its ssDNase activity could be controlled by trans-acting, CARF domain-
containing ring nucleases'3°. Also, as opposed to the substantial conformational changes
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detected across the REase domain of Card1 upon cA4 binding (Fig. 5.6), a cAs-dependent
conformational change has yet to be identified for either Csm6 42 or Csx1 43, limiting our
understanding of how the second messenger activates their RNase domains.

Card1 can also be compared with Can1, a type lll-associated, CARF-containing
nickase activated by cAs4 whose structure was recently solved, but its role during type llI
CRISPR-Cas immunity is unknown'#4. Can1 contains a pair of CARF domains
interspaced between nuclease and nuclease-like domains and binds cAs as a monomer.
Both CARF domains are involved in cA4 recognition with the nuclease and nuclease-like
domains brought together to form a postulated nucleic acid binding site. It is unclear
whether these structural differences account for the distinct substrate specificity of each
nuclease. Because Can1 nuclease assays were performed at 60°C 44, it is possible that
at this high temperature the supercoiled DNA used as substrate could partially melt,
unwind and expose short ssDNA regions for Can1 cutting, and therefore its activity could
be similar to the ssDNase of Card1. Finally, Card1 has many structural differences with
CBASS effectors. For example, NucC adopts a trimeric scaffold, with bound cAs ligands
promoting the formation of a dimer of trimers with endonuclease activity'#°. Cap4 150,
which is composed of an endonuclease followed by a SAVED domain, recognizes diverse
cAs with mixed 2’,5’ and 3’,5 linkages through a pair of tandem CARF domains within the
SAVED module. Cap4 proteins are activated through ligand-dependent oligomerization,
with this higher order state proposed to mediate cleavage of target dsDNA.

Due to the impossibility to culture and genetically manipulate Treponema
succinifaciens bacteria, | decided to study Card1 function as an accessory protein of the
type IlI-A CRISPR-Cas system of S. epidermidis, in staphylococci. A caveat of this
approach is the possibility that Card1 function could be different in its native host. In
particular, | wonder whether the ssRNase activity, which | failed to detect in staphylococci,
is more relevant in T. succinifaciens. Card1-mediated RNA degradation is robust in vitro,
and there is the possibility that the S. aureus cellular environment is inhibitory of this
activity. On the other hand, a recent neighborhood analysis'' showed an enrichment of
the csx1 RNase (cd09741, cd09732, and cd09747) near card1 (pfam09002). The
absence of significant in vivo RNase degradation for Card1 would assign these two genes
with complementary, rather than redundant, functions, and perhaps influence the
observed co-localization. Finally, because CRISPR-Cas loci are able to transfer
horizontally between different species to provide defense without the need of host factors
(with only a few exceptions), | believe that our findings for Card1 would reflect its function
in the native host. Supporting this idea, | previously found that the Palm domain of S.
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epidermidis Cas10 produces cAs to heterologously activate Enterococcus italicus Csm6
in staphylococcal hosts (chapter 1) 53. Interestingly, the results showing that Card1 is
activated by cA4 but not cAs indicate that the S. epidermidis Cas10 complex is able to
produce cA rings of different sizes to activate a wide range of CARF-containing proteins,
offering the possibility for the functional genetic exchange of type Ill accessory proteins.
My study highlights the variety of defense systems and mechanisms that prokaryotic
organisms have evolved to counteract the diversity and rapid evolution of their genetic
parasites.
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Chapter VI — Preliminary studies on TM-1, a membrane-

associated type lll accessory protein

In this chapter, my research on TM-1, an effector gene identified in chapter V, is
described. TM-1 showed robust toxicity upon cA production in vivo, and behaves in a
similar manner to Csm6 and Card1 during immunity. With merely a single transmembrane
helix and a cytosolic CARF domain, the mechanism of toxicity and immunity of this gene
is less obvious than that of the predicted nuclease domains of Csm6 and Card1. One
possibility is the oligomerisation of individual TM-1 monomers, resulting in a membrane
pore and the loss of protonmotive force or osmotic pressure. The project is currently
unfinished and not ready for publication, though future experiments will be outlined at the
end of the chapter, which will be performed by another lab member. In addition, structural
studies of TM-1 have been initiated by Dr. Wei Xie and Prof. Dinshaw Patel (the same
collaborators as chapter V), though this effort has so far not yielded any results.

6.1 Introduction
During type Il CRISPR-Cas immunity, the Cas10-Csm complex binds a

complementary target transcript through base pairing. This initiates the single-stranded
DNase activity of the HD domain of Cas10 which helps destroy the invader. In addition,
the Palm domain of Cas10 starts synthesising cA of various sizes. cA can bind the CARF
domain of Csm6/Csx1 and Card1 (chapter V), activating the non-specific catalytic
activities of these accessory genes. The type Ill CRISPR immune response is therefore
a multi-pronged attack, combining specific DNA degradation of the invader with non-
specific, growth arrest-inducing activities mediated by ancillary genes.

Bioinformatic studies have revealed a variety of diverse accessory, CARF-
containing genes in bacterial and archaeal genomes, often associated with type lll
CRISPR-Cas loci. Beyond the already characterised Csm6 (RNase), Csx1 (RNase),
Can1 (DNase?), and Card1 (DNase/RNase), other genes have other predicted RNase
domains, protease domains, transcription factor-like motifs, and transmembrane helices.
These are likely to also be activated by cA produced by the Cas10 domain, to either cause
growth arrest through diverse mechanisms, or to coordinate the immune response in
other ways.

6.2 TM-1 from Nitrosococcus halophilus
In chapter 1V, | performed a screen for cA4-mediated toxicity by various CARF-

containing genes when activated in S. aureus. One hit, which produced robust toxicity in
growth assays, was a gene from the type IlI-A CRISPR-Cas system from Nitrosococcus
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halophilus Nc 4 (GenBank accession number CP001798), a halophilic Gram-negative
bacterium isolated from saline ponds. This gene was listed in the bioinformatic study 1,
in cluster 11023, in the family called “CARF+2TM”. The gene encodes a relatively small
protein of 206 amino acids, with a domain architecture shown in Fig. 6.1. Even if the
general protein family from ! states 2TM, and most genes of this family do have two
predicted transmembrane helices, TM-1 only has one predicted transmembrane helix.
Beyond this helix (approximately amino acids 20-40) and the CARF domain
(approximately amino acids 66-187), there are no other domains, limiting the potential
mechanisms of action of TM-1. One possibility is that TM-1 is a membrane-tethered toxin
with catalytic activity in the cytosolic CARF domain. However, CARF domains themselves
have not previously been shown to possess catalytic activity (except for slow cleavage of
bound cA'42). Another possibility is the formation of a membrane pore by oligomerisation
of TM-1. In this scenario, the affinity of CARF domains to bind each other might be
increased by the presence of cA.
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Figure 6.1. The architecture of TM-1. The transmembrane (TM) domain is shown as a
red horizontal bar, and the CARF domain is shown as a black horizontal line. The
probability of there being a transmembrane helix is shown on the y-axis. The N-terminus
(pink) is predicted to be periplasmic, while the blue portion is predicted to be cytosolic.
The output is generated by TMHMM 153,

6.3 Toxicity of TM-1 in staphylococci
In chapter IV, TM-1 was shown to be toxic in the context of cA production, with

TM-1 on a separate plasmid. To confirm these findings, TM-1 was cloned into pCRISPR,

being expressed after the last S. epidermidis type IlI-A cas gene, casé6. Cells harbouring

the aTc-inducible pTarget (Fig. 3.2) were then transformed with different versions of

pCRISPR (containing TM-1), and their growth was tracked in 96-well plate with a
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microplate reader upon the addition of aTc (induction of targeting). All pCRISPRs
harboured a mutation in the HD domain of Cas10 to prevent pTarget elimination, and
lacked functional Csm6. As expected, TM-1 induced a growth defect upon the addition of
aTc relative to a no targeting spacer (TM1, Aspc) (Fig. 6.2a). The cells that recover after
500 minutes in the TM-1 condition are targeting escapers, which were no longer able to
induce toxicity (data not shown). This toxicity depended on cA production by a functional
Cas10 Palm domain (TM-1, Cas10Pam). | also tested whether both main domains of TM-
1 were important to toxicity, so | generated a plasmid with a TM-1 lacking the
transmembrane domain (deleting residues 2-40) and without the CARF domain (deleting
residues 51-206) (referred to as TM-1"° ™ and TM-1n° CARF regpectively). Both these
mutations failed to induce toxicity (Fig. 6.2b), showing that TM-1 is not a membrane-
tethered cytosolic toxin (since TM-1" ™ sgshould still be active), and that the
transmembrane portion alone is not sufficient.
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Figure 6.2. cA-mediated toxicity by TM-1 in staphylococci. (a-b) Growth of cells
habouring pTarget and the pCRISPR specified, upon pTarget transcription and cA
production inducuction by aTc. The TM-1 and TM1, Aspc data are the same in both
curves. The average of three biological replicates +s.e.m. is shown.

6.4 Anti-phage protection of TM-1
Next, | tested whether TM-1 could provide anti-phage protection in S. aureus. With

TM-1 on pCRISPR, in a wild-type Cas10 HD context, against ORF27 (late target) of
®12y3 (Fig. 5.11a), protection was robust at MOls of both 0.5 and 10 (Fig. 6.3a). (Note,
however, that there is no minus TM-1 control in this experiment.) Moreover, in the
absence of functional Cas10 DNase activity (Cas10HP), protection against ®12y3 allowed
survival of the culture at MOls of 0.5 and 10 when targeting ORF9 (early target) (Fig.
5.11a), in an abortive infection-like mechanism (Fig. 6.3b).
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Figure 6.3. Anti-phage protection mediated by TM-1. S. aureus cells carrying the
PCRISPRs indicated are infected by ®12y3 at time 0, and their growth is measured over
time. (a) cells carry a wild-type Cas10 DNase, while (b) harbours a Cas10 HD mutation.
The data for Uninfected and Aspc, MOI 0.5 are the same in both graphs. Each data point
represents the average of three biological replicates +s.e.m.

TM-1 therefore seems to offer protection in a manner similar to Csm6 and Card1,
i.e. allowing extra protection against a late expressed phage target in the context of a
functional Cas10 DNase, and mediating abortive infection protection in the absence of
Cas10 DNase activity. However, the protection offered by TM-1 is a bit less robust, being
weaker at higher MOls. This could be due to TM-1 being in a heterologous host, made
more incompatible by S. aureus being a Gram-positive bacterium (c.f. Gram-negative
natural host), and not being halophilic, as different salt concentrations might affect a
proposed membrane pore.

6.5 Proposed mechanism of TM-1 and remaining experiments

The mechanism of action of TM-1 remains unknown, and the experiments
performed so far do not provide much insight. However, the cytosolic part of TM-1 alone
is not sufficient for toxicity (Fig. 6.2b), suggesting that the cytosolic domain (the CARF
domain) is not alone toxic, and that TM-1 is not just a membrane-tethered toxin. Instead,
the transmembrane helix-CARF domain combination is essential for function. One
possible mechanism is the formation of an oligomeric inner membrane pore that
assembles in the presence of cA. Membrane pores that either collapse the protonmotive
force or form larger membrane holes are known to be involved in growth arrest and cell
death, for example with phage holins (phage pores that help phage escape infected cells
at the end of the life cycle) 15 or as a pore-forming effectors used together with bacteria-
bacteria type VI secretion systems 5. Moreover, it has been suggested that some
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CBASS effectors, also activated by nucleotide second messengers, are pore-forming
proteins that induce growth arrest or cell death upon phage infection.

In this model, in the absence of cA, TM-1 (and other genes of this family) would
exist as monomers in the inner membrane of cells. Upon cA binding, individual CARF
domains might oligomerise, bringing individual transmembrane helices in close proximity
which allows pore formation. Even in the absence of cA, TM-1 is mildly toxic, with S.
aureus cells displaying a small colony phenotype when carrying TM-1. Moreover,
overexpressing TM-1 in E. coli, where higher copy number plasmids and stronger
promoters allow higher production, lead to long-lasting growth defect (data not shown). It
is possible that at high concentrations, TM-1 monomers can oligomerise even in the
absence of cA. Indeed, both Csm6 and Card1 exist as homodimers, so TM-1 might
already be a dimer which can undergo conformational changes with cA binding,
increasing the affinity for TM-1 homodimers for each other.

In an attempt to test this hypothesis, | stained cells with activated TM-1 with the
dye DiOC2(3) (from the ThermoFisher BacLight Bacterial Membrane Potential Kit). S.
aureus cells with pTarget and a pCRISPR carrying TM-1 were incubated with aTc for 20
minutes to provide enough time for TM-1 to be sufficiently activated, with possible
depolarisation. The cells were then stained with DiOC2(3), and analysed using flow
cytometry. DiOC2(3) stains all cells with green fluorescence equally, but higher membrane
potentials give more red fluorescent staining. Thus, depolarised cells should have a lower
red/green ratio. Some cells were stained with CCCP as a positive control for
depolarisation. The data shown in Fig. 6.4 shows that there appears to be depolarisation
with aTc for TM-1, but this difference is not statistically significant, and the experiment
was only performed once. It therefore cannot yet be concluded that TM-1 induces
dormancy by neutralising the protonmotive force.
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Figure 6.4. Attempting to observe a loss in membrane potential upon activation of
TM-1. The relative fluorescent signals from red or green per cell is measured from each
sample. Untreated cells were not depolarised in any way, +CCCP cells were depolarised
by the uncoupler agent CCCP, and aTc was added to induce cA synthesis and TM-1
activation. Csm6 was used as a control for cells that undergo growth arrest.

Finally, | also attempted to observe membrane localisation of TM-1 in S. aureus. |
cloned a TM-1-mCherry fluorescent protein and tried to observe enrichment of mCherry
fluorescence in cell edges. However, this was difficult to clone into the pC194 backbone
| normally use, and | failed to observe fluorescence in cells with a lower copy number
plasmid. This could possibly be due high levels of TM-1 stabilised by mCherry, giving a
higher protein concentration and spontaneous pore formation. Instead, | have tagged TM-
1 with a C-terminal His tag (which still allows TM-1 function, data not shown). For future
work, bacteria expressing TM-1 will be fractionated, and the cytosolic and membrane
fractions will separately be stained with a His tag-specific antibody to detect the
subcellular localisation of TM-1.

6.5 TM-1 perspectives
Of the many CARF-containing accessory type IlI CRISPR genes, the

transmembrane helix-containing CARF genes are among the most interesting, possibly
effecting a cA-mediated host cell growth defect without cleaving nucleic acid. My
hypothesis of TM-1 forming oligomeric membrane pores that arrests the cell by destroying
the membrane potential/protonmotive force remains to be proven. Yet, | think it is likely
due to i) The small colony phenotype in S. aureus, and the complete growth arrest upon
overexpression in E. coli, both consistent with spontaneous oligomerisation at high
concentrations in the absence of cA, ii) The small size of TM-1, too small to contain
additional catalytic domains that can help explain the growth defect in the presence of cA,
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iii) The insufficient but promising depolarisation data from Fig. 6.4, and iv) pore-forming
channels being present or being suggested in other host-parasite interactions. Future
experiments, to be performed by other members in the lab, will shed light on the
mechanism of TM-1. Additionally, our structural biology collaborators might successfully
purify and solve the structure of TM-1, giving invaluable insight into molecular details that
mediate the potential oligomerisation of TM-1. | also note that the anti-phage protection
offered by TM-1 is less robust than that of Csm6 and Card1, possibly suggesting that TM-
1 naturally works in conjunction with other proteins from its native locus, or that expression
or function in a heterologous host is compromised.
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Chapter VIl — Perspectives and reflections

In the last decade, CRISPR has seen a meteoric rise to the front stage of science
and biotechnology, and has also enjoyed widespread fame with the general public, lauded
for its promise to revolutionise medicine. CRISPR-Cas deserves all this and more, Nobel
prize included, but one should not forget its humble roots in basic, curiosity-driven
microbiology research. Genetic conflict, the struggle between entities that compete for
limited resources, lies at the heart of evolution, and if evolution indeed is a tinkerer and
not an engineer %6, nowhere can be greener pastures for tinkering than in the interactions
between bacteria and their viruses, bacteriophages. Astronomical numbers of hosts and
parasites, quick life spans, and high rates of mutation and gene transfer all set the stage
for the emergence of elegant and ingenious mechanisms of offence and defence.
Bacteria-phage interactions have, in addition to CRISPR, given rise to other innovations
like restriction enzymes, phage display, phage therapy, lambda red recombination
systems, DNA/RNA ligation, to mention a few. With the advent of CRISPR, a phage
research renaissance has occurred, with exciting recent discoveries and more surely to
come.

In CRISPR-Cas immunity, two common themes hold true for all six types and
multiple subtypes. The first is that Cas1-Cas2 participates in incorporating immunological
memories into the CRISPR array; the property that makes CRISPR-Cas immunity
adaptive. The second is that short CRISPR RNAs (crRNAs) guide a main protein targeting
complex to the target upon exposure to a parasite; the property that makes CRISPR
highly specific. However, recent research in the field, including my work, has shown that
the specificity trademark of CRISPR is not absolute.

As is often the case with new discoveries, bioinformatic studies foreshadowed and
predicted what was later shown experimentally. The ability of type 11l CRISPR systems to
generate nucleotide-based ligands (as well as CBASS immunity mediated by nucleotide-
based signalling molecules) was suggested by earlier reports 16117, However, it was
difficult to square the circle of how a diffusible ligand could provide the specificity so
characteristic of other CRISPR systems. Also, bioinformatics can be wrong, like when it
was postulated that CRISPR loci encoded DNA repair systems 57, In parallel, the
mechanism of action of Csm6, the most common accessory RNase found in type |l
systems, was unknown. Work from our laboratory had established that it was required
during immunity against the conjugative plasmid pG0400 15, and against phage when
the target was a late transcribed late gene 6. Still, what Csm6 targeted during immunity,
and how this achieved protection, was unclear, and many reports suggested a strict
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abortive infection mechanism, where the cell dies upon exposure to the invader, was
frequently proposed 54,

Yet, the nucleotide-based messenger hypothesis was confirmed in 2017 with two
reports %3 %4, one of which | was involved in (chapter II), describing cyclic oligoadenylate
production by the Cas10 Palm domain upon Cas10-Csm recognition of a target RNA.
Suddenly, a downstream immune signalling pathway existed in type Ill CRISPR immunity,
which was involved in Csm6 activation during immunity 53, and which likely could
coordinate other CARF-containing (CA-binding) genes in other type Il systems. Yet, how
exactly this contributed to immunity remained unclear.

To date, the work described herein (chapter Ill) is the most thorough and
mechanistic research done on Csm6, and indeed on any CARF gene. My starting point
was with the conjugative plasmid pG0400, a natural target of the S. epidermidis type IlI-
A CRISPR system. One advantage of a plasmid target is that the effect seen on growth
of the host cell is largely from the CRISPR system directly. In contrast, when working with
phage, it is difficult to distinguish direct effects of collateral CRISPR targeting and toxicity
from the phage infection. | was firstly able to solve why Csm6 was required against
pG0400, which was previously counter-intuitive, since pG0400 is a DNA target which
should not require an RNase for clearance. The natural crRNA of the S. epidermidis
system targeted the “wrong” strand of pG0400, i.e. the non-transcribed strand, which
RNA-seq confirmed was very poorly transcribed. Therefore, the CRISPR system was
infrequently activated and inefficient, and immunity was compromised. Indeed, when
targeting the well-transcribed strand of pG0400, Csm6 was dispensable, with the DNase
activity of the Cas10-Csm complex being sufficient for immunity. Moreover, using
pTarget, an inducible target plasmid, revealed that Csm6 targets host and plasmid
transcripts non-specifically, resulting in a temporary growth arrest.

From this emerges a theme of type Ill CRISPR immunity, namely the coupling of
a specific targeting activity and a non-specific targeting activity. Once activated, Csm6
can induce a host cell growth defect, preventing the replication of both the host and the
plasmid. This “buys” time for the CRISPR system to eliminate the plasmid, even if
targeting is inefficient. Upon target clearance, Cas10 is inactivated with no further cA
synthesis, and cA is degraded, turning off Csm6. Against “difficult” invaders, like with a
weakly transcribed plasmid target, or a phage with a late transcribed target, the Cas10-
Csm complex alone is insufficient for adequate immunity, and Csm6 arrests the cell for
as long as it takes to clear the invader. However, in the absence of target clearance, like
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in a Cas10 HD domain mutation, the arrest is permanent, showing that Csm6 can be a
bona fide abortive infection module.

Bioinformatic studies have revealed a range of other CRISPR-associated genes,
many containing CARF domains '10.111.116,141 Knowing that cA is a diffusible ligand that
bind and activate CARF domains, and that many CARF genes are fused to other domains
of predicted catalytic functions, it is likely that these new CARF genes also work through
inducing arrest in a non-specific manner. In particular, genes containing the PD-D/ExK
motif (restriction endonuclease) represented a promising class of genes which might work
like Csm6, but targeting host and invader DNA, not RNA. Through my screen in chapter
IV | found multiple genes that could be toxic during cA production by the S. epidermidis
Cas10-Csm complex, and | pursued one such gene, named Card1 (Cyclic oligoadenylate-
activated RNase and DNase 1).

Biochemical characterisation revealed that Card1 is a ssDNase in vitro, activated
by cA4 but not by cAs. However, to my surprise, Card1 could also degrade ssRNA, in fact
more efficiently than ssDNA (Fig. 5.5). All previous bioinformatics suggested Card1 to be
a DNase, and a recent report of a similar cA-activated protein with a similar catalytic motif
144 (albeit a dsDNase targeting supercoiled DNA). Some known nucleases, like the
commercially available mung bean nuclease and S1 nuclease, as well as some toxins %8,
can target both DNA and RNA. It can be imagined that targeting both DNA and RNA might
more rapidly and robustly induce a growth arrest in the case of Card1.

In vivo, however, | was unable to detect any Card1 RNase activity through RNA-
seq or Northern blotting, which previously showed strong RNase activity for Csm6. Yet,
Card1 induces growth arrest in a Cas10 Palm-dependent manner, and can protect
against phages in a similar way to Csm6. Detecting ssDNase activity in vivo was
challenging and ultimately unsuccessful, but given the absence of RNase activity, which
should be readily detected if present (like with Csme6), it is likely that the ssDNase activity
is primarily responsible for the toxicity and immunity observed. In addition to being able
to induce a general growth arrest, inhibiting the parasite as well as the host, a ssDNase
might directly target ssSDNA intermediates from phages and plasmids. Both of these
parasites often employ rolling circle replication with significant ssSDNA stages, and might
be particularly vulnerable to the ssDNase activity of Card1.

The project investigating the final CARF gene candidate, TM-1, was not completed
(chapter VI). Like Csm6 and Card1, in vivo activation of TM-1 by cA induces cell dormancy
(Fig. 6.2) and offers anti-phage protection (Fig. 6.4), suggesting the theme of non-specific
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immunity is true also here. Although it remains to be proven, | suspect it works by
oligomerisation and pore formation, and if true, would be the first example of a CRISPR-
Cas effector that works without targeting nucleic acid.

Fig. 1.2 shows an overview of immunity mechanisms employed by bacterial cells
upon phage infection. CRISPR-Cas systems typically act directly against invading DNA
(represented by the red inhibitory), recognising the viral DNA directly and promptly
destroying it. This DNA recognition step is highly specific, which is what allows e.g. Cas9
to be used as a precise genome engineering tool. Before my work, it was known that even
if the Cas10-Csm complex recognises transcribed RNA, it still destroys the DNA the viral
RNA is transcribed from 128,

Also in Fig. 1.2, in the middle at the bottom, are multiple inhibitory arrows from
“Toxin-antitoxin systems/Abortive infection”. These represent cellular components and
pathways that respond to viral infection by shutting down the cell. This can be a transient
growth arrest or a programmed cell death %, though the latter outcome is more likely in
the absence of a component that can directly destroy the viral genome. Even if the host
cell dies, phage propagation is hampered and surrounding cells can survive.

With the accessory cA-activated CARF genes found in CRISPR loci, | propose that
type lll CRISPR systems combine the specificity of the DNA-targeting CRISPR system
with the non-specific, collateral, and dormancy-inducing catalytic activities of the ligand-
activated CARF proteins. Whether this activity is an RNase, DNase, or potentially pore
forming, the outcome remains host cell growth arrest, buying time for the DNA-targeting
specific arm of the type Ill CRISPR immune system to destroy the parasite. It is possible
that the dormancy sometimes results in cell death, for example with high MOls or against
phages that can protect themselves against the direct DNA targeting of CRISPR160.161,
and future research will address this. Interestingly, type VI CRISPR systems possess only
non-specific RNase activity upon viral recognition, and is a bona fide abortive infection
system'5'. However, it is likely that type VI CRISPR systems can combine with a DNA-
targeting component, e.g. a restriction-modification system, to result in reversible
dormancy and viral clearance.

Much work remains to obtain a fuller understanding of the role of cA-activated
ancillary type Ill genes in diverse bacteria. Firstly, the mechanism of action of TM-1, as
well as other predicted RNases (chapter IV), need to be elucidated. These might possess
surprising functions. Likewise, other CARF genes more recently identified 4 include
more complex transmembrane helix proteins and proteases, which might have novel roles
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in immunity. There are also reports that CBASS-associated effectors might be activated
by cAs'4°, which might be produced both by CBASS systems and type Ill CRISPR
systems'®1. This raises the possibility that there is cross-talk between effectors of these
two separate nucleotide-based bacterial immune systems.

More importantly, however, is the study of these CARF genes in their native loci,
and if possible, in their native bacterial hosts. The universality of the cA ligand allows
activation of proteins with heterologous Cas10-Csm complexes (like | did with Card1 and
TM-1), but much interesting biology might get lost. Type Il CRISPR loci are often more
complex than the S. epidermidis locus (Fig. 2.1), with multiple genes of known function
that are not part of the Cas10-Csm complex. These might have regulatory roles,
dampening or amplifying the activity of a given CARF gene. Also, more than one CARF
gene can occur in a type lll locus, possibly resulting in multiple non-specific activities to
provide a more robust dormant state. For example, the CARF-RNase ¢sx1 is sometimes
enriched in card1 neighbourhoods. This would result two effectors with combined
ssDNase and ssRNase activities. The study of full systems from different organisms is
difficult to make work (I tried a few, not presented here), and it is even more difficult to
work in a non-model bacterium. Still, the fascinating biology left to discover will surely
make it worth pursuing.
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Chapter VIl - Methods

7.1 Bacterial strains and growth conditions

S. aureus RN4220'35 was grown in tryptic soy broth (TSB) medium or Brain Heart
Infusion (BHI) medium at 37°C, supplemented with 10 pyg/ml of chloramphenicol or
erythromycin for maintenance of plasmids pC194'48 or pE194162 respectively. 5 uM CaClz
was supplemented in phage experiments.

7.2 Molecular cloning

The sequences of the oligonucleotides used in this study are provided in Table 1.
The plasmids used in this study are shown in Table 2. The plasmid cloning strategies are
showed in Table 3. All pCRISPR plasmids contain one spacer flanked by two repeats.
For obtaining the coding sequence of Card1, the amino acid sequence of Tresu_2185
(NCBI Reference Sequence WP_013702306.1) from Treponema succinifaciens DSM
2489 (Genbank accession number CP002631) was codon optimised for expression in S.
aureus and synthesised by Genewiz (NJ, USA).

7.3 Conjugation

Conjugation was performed using filter mating as previously described''® into
recipients containing the specified pCRISPRs (pGG25, pGG-Bsal-R, pJTR111, pJTR135,
pJTR138, pJTR175, or pJTR177). Pictures of colonies for Fig. 3.8b were obtained by
imaging the plates with the Axygen Scientific GD1000 gel documentation system, 24
hours after plating.

7.4 Plasmid curing assay

For chapter Il plasmid curing assays, overnight RN4220 cultures carrying pTarget
(pdTR162) and the specified pCRISPRs (pWJ191, pWJ241, pJTR125, pJTR147, pGG-
Bsal-R) were diluted to an OD of exactly 0.15 in TSB containing 10 pg/ml of
chloramphenicol. Where relevant, 200 pyg/ml of neomycin was added. aTc was added to
a final concentration of either 7.5 ng/ml (“low aTc condition”) or 50 ng/ml (“high aTc
condition”), and cells were isolated and plasmid extracted at the specified timepoints. 300
ng of total plasmid was then linearised with the common single cutter BamHI-HF (NEB),
and imaged by gel electrophoresis.

For chapter V, plasmid curing experiments were largely performed as above.

Overnight cultures of S. aureus cells harbouring pTarget and a pCRISPR containing
either Card1, dCard1, or no spacer (Aspc) were diluted to exactly OD 0.15 in tryptic soy
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broth with 10 ug/ml chloramphenicol. After removing a cell aliquot for the 0 timepoint, aTc
was added to a concentration of 9.3 ng/ml (Fig. 5.10a) or 125 ng/ml (Fig. 5.10b)

7.5 Growth curves

For chapter lll, triplicate overnight RN4220 cultures carrying pTarget and the
specified pCRISPRs (pWJ191, pWJ241, pGG-Bsal-R, pJTR109, pJTR121, pJTR125)
were diluted 1:100 in fresh TSB with 10 pg/ml of chloramphenicol, and 10 pyg/ml of
erythromycin where specified, and outgrown for an hour. Cells were then diluted and
normalised for OD, moved to a 96-well plate in triplicate, and aTc was added to a final
concentration of either 2.5 ng/ml (“low aTc condition”) or 12.5 ng/ml (“*high aTc condition”).
ODeoo readings were then taken every 10 minutes by a microplate reader (TECAN Infinite
200 PRO). For measuring colony forming units from each well, plateau phase cells from
the end of the experiment were resuspended, serial diluted, and spotted on TSB agar
plates. Plates contained 10 pg/ml of chloramphenicol when selecting for pCRISPR only,
or 10 pg/ml of chloramphenicol and 10 pg/ml of erythromycin when also selecting for
pTarget. For the Cas10 dHD targeting escaper growth curves, cells that recovered from
the end of the experiment in 5a (Cas10"P cells grown in high aTc conditions) were
streaked out, and single colonies were picked for a new growth experiment, in the
presence of high levels of aTc. To analyse these escapers, DNA was isolated, subjected
by PCR using primers JTR390 and W1022, with the products being visualised by gel
electrophoresis. PCR products (escapers 1-3) or isolated plasmid (escaper 4) were sent
for Sanger sequencing to confirm the observed deletions.

For chapter V, with in vivo Card1 toxicity induction, triplicate RN4220 overnight
cultures harbouring pTarget and a pCRISPR are diluted 1:100, outgrown for about an
hour, and normalised for OD. Cells are then seeded in a 96 well plate. To induce targeting,
6.25-12.5 ng/ml of anhydrotetracycline (aTc) is added to the appropriate wells.
Absorbance at 600 nm is then measured every 10 minutes by a microplate reader
(TECAN Infinite 200 PRO). To analyse targeting escapers, cells from the end of the
experiment (either cells from wells without aTc, i.e. naive cells, or cells from wells that
recovered later in the time course due to Card1 toxicity) are re-streaked on BHI agar
plates, and individual colonies were launched in liquid culture, diluted the next day, and
used for a new time course experiment. From these overnight cultures, plasmid DNA was
isolated (QIAgen Spin Miniprep Kit), digested by BamHI-HF (single-cutter for both pTarget
and pCRISPR) (New England Biolabs), and visualised by gel electrophoresis. The
deletion of important features in pTarget (making it unable to be targeted by pCRISPR)
or pCRISPR was confirmed by Sanger sequencing.
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For in vivo anti-phage immunity, cells harbouring various pCRISPRs were
launched in triplicate overnight, diluted 1:100, outgrown for about an hour, and normalised
for OD. Cells were seeded into a 96 well plate. Phage ®12y3 89 ®NM1y6 %! or was added
at the specified multiplicity of infection, and OD measurements were taken every 10
minutes.

7.6 Liquid anti-phage infection for counting pfu (chapter V)

To obtain CFU and PFU counts over time from cultures infected with phage,
RN4220 cultures harbouring various pCRISPRs were launched overnight, diluted 1:100,
and outgrown for about one hour. Cells were then infected with phage ®12y3 at an MOI
of 10, and an aliquot was taken shortly after to obtain PFUs at time 0. The cultures were
then incubated further, with aliquots taken at 1 and 4 hours.

7.7 RNA purification

For isolating RNA for pG0400/pG0420 RNA-seq, 5ml of S. aureus RN4220 cells
at OD 0.6 containing the relevant plasmid were spun down. For isolating RNA for Csm6
targeting RNA-seq, 20 ml of S. aureus RN4220 cells at OD 0.15 were spun down at 0 min
or 2 min after aTc addition. For both RNA-seq runs, cells were lysed in PBS with treatment
with 1 mg/ml lysostaphin and 2 mg/ml lysozyme for five minutes, followed by addition of
1% sarcosyl. For the Csm6 targeting RNA-seq, 2.5 ug of Listeria seeligeri RNA was
added at this stage. RNA was then purified using Quick-RNA Miniprep Plus Kit (Zymo
research). For Northern blot analysis, 80 ml of OD 0.15 S. aureus RN4220 cells were
spun down and lysed as above. The RNA was then isolated by resuspending the lysed
cells in Trizol (Thermo Fisher Scientific), and following the Trizol manufacturer’s protocol.

7.8 RNA-seq of pG0400/pG0420

RNA was isolated from cells harbouring pG0400/pG0420 as described above,
DNase treated (Invitrogen TURBO DNA-free kit according to the manufacturer’s protocol),
and rRNase depleted (lllumina Ribo-Zero rRNA Removal Kit (Bacteria) according to the
manufacturer’s protocol). Library preparation was done using TruSeq Stranded mRNA kit
(Mlumina), and the sequencing was performed by lllumina MiSeq. Reads were aligned
using STAR'63 version 2.5 to either pG0400'%* (Genebank reference KT780705) or S.
aureus NCTC 8325 (Genebank reference CP000253), without normalisation.

7.9 RNA-seq of pTarget using a spike RNA (chapter lll)
In duplicate, overnight cultures of S. aureus RN4220 carrying pTarget and
pCRISPRs containing Cas10HP and either Csm6 or dCsm6 (pJTR109 or pJTR125) were
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diluted to an ODsoo of exactly 0.15 in TSB. Cells were then harvested for the 0 minute
timepoint. Then, aTc was added to a final concentration of 7.5 ng/ml (similar to “low”
concentration for plasmid curing), and cells were harvested after 2 minutes, quenching
the reaction with cold TSB. RNA was then isolated as described above. At the cell lysis
stage (after adding the TRI reagent of the Quick-RNA Miniprep Plus Kit (Zymo research)),
an equal amount of purified Listeria seeligeri RNA was added to each sample, to be
carried through the purification to allow absolute comparisons between the samples.
Library preparation was then carried out like for pG0400/pG0420 RNA-seq, and the
samples were submitted to NextSeq (lllumina) sequencing at the Rockefeller University
Genomics core (New York, USA). For the analysis, inspired by'%5, the normalisation
protocol relied on the number of spike reads mapping to the Listeria seeligeri genome
(NC_013891.1). In the first round of read mapping, the reads for each sample were
mapped to S. aureus using STAR aligner, with standard parameters except for allowing
maximum one mismatch. The unmapped reads were then aligned to the L. seeligeri
genome. Since each sample initially had the same number of L. seeligeri spike reads at
the lysis stage, a scaling factor was calculated to make number of L. seeligeri reads
identical between the samples. This scaling factor is later used to normalise the reads
mapping to the S. aureus chromosome or pTarget between samples. Then, for the
second round of mapping, all reads are first aligned to L. seeligeri (to eliminate spike
reads), and the remaining reads were mapped to either S. aureus or pTarget. The total
assigned reads per gene was determined using featureCounts'66 with largestOverlap set
to TRUE. The number of assigned reads to each gene was then normalised by multiplying
with the previously calculated scaling factor, thus allowing absolute comparison between
the number of assigned reads to a gene between different samples.

7.10 RNA-seq of +Card1 and dCard1 cells (chapter V)

To investigate the RNase activity of Card1 in vivo, RNA-seq using spike-in
normalisation was performed similarly to described before®. In duplicate, cells containing
pTarget and pCRISPR with Cas10"P and either +Card1 or dCard1 were grown overnight
and normalised to an OD of exactly 0.15. Cells were harvested (quenching growth with
the addition of ice-cold media) for the 0 minute timepoint, and aTc was added to 125
ng/ml to initiate pTarget transcription and Card1 activation. At 3 minutes, the cell growth
was quenched. The cells were lysed in PBS with 1 mg/ml of lysostaphin and 2 mg/ml of
lysozyme at 37°C for 5 minutes before adding TRI reagent. At this step, 3 ug of Listeria
seeligeri was added to each sample to serve as an internal normalisation control. RNA
was then purified with the Quick-RNA Miniprep Plus kit according to the manufacturer’s
protocol (Zymo Research). The RNA was DNase treated (Invitrogen TURBO DNA-free
kit) and rRNA depleted (Ribo-Zero Plus rRNA Depletion Kit (lllumina)), before undergoing
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library preparation with a TruSeq Stranded mRNA kit (lllumina). The samples were
sequenced using an lllumina NextSeq at the Rockefeller University Genomics Core.
Mapping was performed by STAR v2.7.5 allowing one mismatch. To determine the
scaling factor to apply to the reads (to normalise the read depth for spike reads), the reads
were first mapped to the genome of S. aureus NCTC 8325 (GenBank reference
CP000253) to remove non-spike reads, and the remaining reads were mapped to the L.
seeligeri genome (NC_013891.1). This process was then reversed, first mapping all the
original reads to L. seeligeri (to remove spike reads), and the remaining reads were
mapped to S. aureus. Reads were assigned to each gene with featureCounts'® with
largestOVERLAP set to TRUE. The number of reads per gene for each sample was then
scaled according to the previously calculated scaling factor, allowing direct comparison
of read depth per gene between all samples.

7.11 Northern blot

Overnight RN4220 cultures carrying pTarget and the specified pCRISPRs (pWJ191
or pWJ241) were diluted to an OD of exactly 0.15 in TSB containing 10 pg/ml of
chloramphenicol. 80 ml of cells were harvested for the 0 minute timepoint. Then aTc was
added to a final concentration of 7.5 ng/ml, and 80 ml of cells were again harvested after
2 minutes. RNA was then isolated described as above. The RNA was separated on a 6%
PAGE gel by electrophoresis, and blotted onto nylon filters (Invitrogen BrightStar Plus)
using a semi-dry blotting apparatus. The oligonucleotide probes were radiolabelled with
vy-32P-labelled ATP using PNK (NEB), and incubated with the nylon membranes overnight
at 42 °C in the presence of 0.1 mg/ml salmon sperm DNA. The membranes were then
visualised by phosphorimaging (Typhoon FLA 7000, GE Life Sciences). For assaying
pTarget induction at “low” or “high” aTc concentrations, cells containing either pJTR162
or pE194 were isolated before or 2 minutes after adding 7.5 ng/ml or 50 ng/ml,
respectively. The rest of the protocol was done as described above.

The Northern blot in chapter V was performed as above, but in BHI, with three
minutes incubation time, and with 125 ng/ml of aTc

7.12 Protein expression and purification

The corresponding sequence of full-length Card1 (1-372) was cloned to plasmid
pJTR330 with a C-terminal hexahistidine (His6)-tag. The protein was overexpressed in E.
coli strain BL21-CodonPlus(DE3)-RIL (Stratagene). Bacteria were grown at 37 °C to
OD600 of 0.8 and induced by 0.5 mM isopropyl $-D-1-thiogalactopyranoside (IPTG) at
18 °C overnight. Bacteria cells were lysed by sonication in buffer A (20 mM Tris-HCI, 500
mM NaCl, pH 8.0) supplemented with 20 mM imidazole and 1 mM phenylmethylsulfonyl
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fluoride (PMSF). Cell lysates were centrifuged, and the supernatant was loaded onto a 5
mL HisTrap FF column (GE Healthcare) with extensive washing by buffer A
supplemented with 50 mM imidazole. The target protein was eluted with buffer A
supplemented with 300 mM imidazole. The eluate was further purified on 5 mL HiTrap
Heparin column (GE Healthcare) by a linear gradient from 100 mM to 1 M NaCl, and then
on Superdex 200 16/60 column pre-equilibrated in buffer B (20 mM Tris-HCI, pH 7.5, 150
mM NaCl, 1mM DTT). The high purity eluting fractions were detected by SDS-PAGE and
collected. The protein was flash-frozen in liquid nitrogen and stored at -80 °C.

7.13 Crystallization and structure determination (performed by collaborators)

Crystallization conditions were determined with crystal screens (Qiagen) by sitting-
drop vapor diffusion. As for apo Card1, the protein was prepared at 15 mg/mL in buffer
B. As for cAs-Card1 or cAs-Card1 complex, cA4 or cAe at the final concentration of 1 mM
was added to the 15 mg/mL Card1 in buffer B and incubated on ice for 1 hr before
crystallization. Apo Card1 crystals were grown from drops with 1.5 uL protein solution
and 1.5 pL reservoir solution (0.2 M K2HPO4, and 20% PEG3350 (w/v)). cAs-Card1
crystals were grown from drops with 1.5 uL protein solution and 1.5 L reservoir solution
(0.1 M citric acid, 10% PEG6000 (w/v), final pH 5.0). cAs-Card1 crystals were grown from
drops with 1.5 pL protein solution and 1.5 L reservoir solution (0.2 M NaCl, 0.1 M Na/K
phosphate, pH 6.2, and 20% PEG1000 (w/v)). cAs-Card1(D294N) crystals were grown
from drops with 1.5 pL protein solution and 1.5 uL reservoir solution (0.1 M HEPES, pH
7, and 30% Jeffamine M-600 (v/v)). Crystals were cryoprotected by mother liquor
containing 25% glycerol and flash-frozen in liquid nitrogen.

All the diffraction data sets were collected on the 24-1D beamline at the Advanced Photon
Source (APS) at the Argonne National Laboratory, and auto-processed by XDS package
167 in the NE-CAT RAPD online server. The structure of apo- Card1 was solved by single
wavelength anomalous diffraction method with the AutoSol and AutoBuild programs and
followed by molecular replacement with PHASER program 168 in the PHENIX package
169 The structure of cAs-Card1 complex was solved by molecular replacement using one
monomer of apo Card1 structure as the search model. The structure of cAes-Card1
complex was solved by molecular replacement using the dimeric apo-Card1 structure as
the search model. The structure of cAs-Card1(D294N) complex was solved by molecular
replacement using the dimeric cAs-Card1 structure as the search model. Iterative manual
model building was performed using the program COOT'°, and refinement with
phenix.refine’”! to produce the final models. Figures were generated using PyMOL
(http://www.pymol.org).

80



7.14 In vitro DNA/RNA cleavage assays for Card1

All reactions were performed at 37°C in a reaction buffer containing 20 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 1mM DTT, and 5 mM MnClz, unless otherwise stated. For the
reactions in Figs. 5.2, the reactions were done as above, but with 250 nM Card1 and 2.5
uM of cA4, with 2 pg M13 ssDNA (NEB), 500 ng of non-linearized and linearized ®X174
dsDNA (NEB), or 2 ug ®X174 ssDNA (NEB), for 15 minutes, before being quenched by
25 mM EDTA. For testing the metal dependence of Card1, the reaction was performed
as above, but with 5 mM of MgClz, CaClz, or ZnSOs4, in the presence of 1 mM EDTA.

For the RNA oligo cleavage assay, 250 nM of a Cy3-labelled RNA oligo was added
to the reaction. The reaction products were run on Mini-PROTEAN TBE-Urea precast gel
with 15% acrylamide (Bio-Rad), and visualised on an Amersham Typhoon 5 Biomolecular
Imager. For degradation of ssRNA or dsRNA ladders, 1 ug of either ssRNA ladder (NEB)
or dsRNA ladder (NEB) was digested. After 15 minutes, the reactions were stopped by
the addition of 25 mM of EDTA. The reaction products were visualised by agarose gel
electrophoresis.

For determining the nucleotide cleavage preference of the RNase activity of Card1,
the reaction was performed as above, with 1 M of each RNA oligo (IDT). The RNA oligos
had a 5’ end fluorophore (FAM) and a 3’ end quencher (lowa black), generating a
fluorescent signal upon cleavage of the linker RNA. Fluorescent measurements were
taken in a microplate reader (TECAN Infinite 200 PRO), using values from when the
reaction was complete. 0.5 ul of RNase | (Thermo Fisher Scientific), which cuts next to
all four RNA nucleotides, was used as a positive control. Guanine polynucleotides could
not be tested due to their propensity to form degradation-resistant secondary structures.

For comparing relative catalytic rates of the DNase and RNase activities of Card1,
Card1 was incubated with the reaction buffer described before, in the presence of one
pair of DNA/RNA fluorescently labelled oligonucleotide of the same sequence (IDT). The
increasing Card1 concentrations are 50 nM, 250 nM, 1.25 yM, and 6.25 uM respectively,
and the cA4 concentrations are 250 nM, 1.25 uM, 6.25 yM, and 31.25 uM, respectively.
The 30 nucleotide oligonucleotides (with the sequence of the top ®X174 cut site as
determined by NGS) had the DNA oligonucleotide labelled with Cy3 and the RNA
oligonucleotide labelled with Cy5, and for the 50 nucleotide oligonucleotides (with the
sequence of the top M13 cut site as determined by NGS) the DNA species was labelled
with Cy5, and the RNA species labelled with Cy3. This allowed the RNA and DNA
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oligonucleotides to be visualised on the same gel using different fluorescent filters. Each
fluorophore was at 250 nM, and both reactions were done for 15 minutes before being
quenched by 25 mM EDTA. The products were separated on a 15% acrylamide TBE-
urea gels, and visualised on an Amersham Typhoon 5 Biomolecular Imager.

7.15 Card1 toxicity assay

To measure the effect of Card1 activity on S. aureus viability over time, colonies
of S. aureus harbouring pTarget and the specified pCRISPR were launched in liquid
culture overnight in triplicate. The next day, cells were diluted 1:100 and grown out for
about an hour, and normalised for OD. One aliquot was taken from each culture, and then
aTc was added to induce CRISPR targeting and Card1 activity to a concentration of 3
ng/ml. At each timepoint, cell aliquots were removed, centrifuged, resuspended in media
lacking aTc, and serial dilutions were plated on solid BHI agar plates with or without aTc.
All viable cells should grow on the solid agar plates, but only targeting escapers (cells
that recover due to mutations in pTarget or pCRISPR) should form CFUs on plates with
aTc.

7.16 Next-generation sequencing of ssDNA degradation products

To assess the ssDNA cleavage patterns of Card1, 2 ug of ®X174 virion DNA (NEB)
or M13 ssDNA (M13mp18) (NEB) was first digested by 250 nM Card1 with 2.5 uM of cA4.
At the specified time points, the reaction was quenched by adding 25 mM of EDTA. Half
the reaction was visualised by agarose gel electrophoresis. The remaining digestion
products from the 2 hour timepoint were purified by phenol chloroform extraction.

Without further fragmentation, the purified digested DNA was subjected to the
Accel-NGS 1S Plus DNA Library Kit (Swift Biosciences), proceeding according to the
manufacturer’s protocol, using a 1.5 x ratio of magnetic beads (AMPure XP beads by
Beckman Coulter) to also include small DNA fragments. One of the library preparation
steps involves the addition of on average 8 nucleotides to the 3’ end of the DNA. The 5’
end of the input DNA molecules remains unchanged. Paired-end sequencing was
performed on an lllumina MiSeq. The 5’ end of each read R1 represents the start of a
DNA molecule, and thus a Card1 cut site. Using a custom python script, the location of
7,020,067 ®X174 reads (mapping to Genbank reference NC_001422) and 7,670,616
M13 reads (mapping to Genbank reference X02513) was determined. To account for
reads mapping at the circular junctions, 65 nucleotides of the first 5’ end of the maps were
copied and added at the 3’ end of the maps. The DNA sequence 20 nucleotides upstream
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and downstream of the cut sites was extracted using a custom Python script, and the
Card1 cleavage motifs for ®X174 and the M13 were determined separately using
Weblogo3'72, with basal nucleotide compositions determined by the base compositions
in each map (®PX174 with A:24.0, C:21.4, G:23.3, T:31.3, and M13 with A:24.4, C:21.1,
G:21.1, T:38.4). For the fragment size analysis, 8 nucleotides were removed from all the
reads from the 3’ end pair mate by the “Trim Ends” option in the Geneious Bioinformatics
Software platform'73. Using the STAR aligner (version 2.7.3) 63, 7,505,136 reads were
successfully mapped to ®X174, and 8,179,356 reads were successfully mapped to M13,
using default arguments with the addition of --alignintronMax 1 --alignMatesGapMax 6000
--peOverlapNbasesMin 5 --alignEndsProtrude 10 ConcordantPair.

7.17 Membrane depolarisation flow cytometry experiment for TM-1

This experiment was performed using the BacLight Bacterial Membrane Potential Kit
according to the manufacturer’s protocol (Thermo Fisher Scientific). Cells containing
pTarget and pCRISPR with TM-1 or Csm6, and one with no targeting spacer, were diluted
to an ODeoo 0.035 in 1 ml BHI (equals 1E7 cells), each in biological triplicate. To +aTc
conditions, 125 ng/ml of aTc was added, and all wells were incubated for 12 minutes at
37 °C. Cells were then spun down and resuspended in PBS. To +CCCP samples, CCCP
was added up to 5 yM, incubated for 5 minutes. DIOC2(3) was then added to 30 yM,
incubated for 30 minutes at room temperature in the dark, and put on ice. The cells were
then analysed with flow cytometry, with channels for Alexa 488 and Texas Red.
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Table 2. Oligonucleotides used in this work.

Name Sequence Purpose

AV552 tcgagtcagaaaaatatacctgtatct Cloning

AV553 cctagaccatgggtatggacagatc Cloning

GG424 CATATTGCCTGATGAAGTGAATAG Cloning

GG425 CTATTCACTTCATCAGGCAATATG Cloning

JTR405 gaacctttgtactgatgatttatatacttcggcatacgt Cloning

JTR406 gatcacgtatgccgaagtatataaatcatcagtacaaag Cloning
GAACAGTGTCTAACAACTGCAATTCACTAAATGCT  Cloning

JTR476 GTAA
GATCTTACAGCATTTAGTGAATTGCAGTTGTTAGAC Cloning

JTR477 ACT
TTTTGTGTGTTGCGGCTCCTATTCTCCCGACTTTG  Protospacer
GTACC target transcript

JTR592 Northern probe
GCGGGAACCAATCATCAAATTTAAACTTCATTGCAT repF Northern

JTR595 AATC probe
CTTTAGTTAATGGTAATTCTAACTCAGCTGCTTTTT  def Northern

JTR600 GACG probe
GTGTTCGGCATGGGAACAGGTGTGACCTCC 55 rRNA

JTR606 Northern probe

JTR632 ATGATAAATAAAATTACAGTAGAGTTAGACTTGC Cloning

JTR633 TATAGCACCTCATTATTTAACTCTTGAAAAC Cloning
CAAGAGTTAAATAATGAGGTGCTATAATGAAAGAG  Cloning

JTR638 ACTATTTTGGTTAACTTGG
CTAACTCTACTGTAATTTTATTTATCATATGTATATC  Cloning

JTR639 TCCTTCTCATAATTGTGTACCGTCTTTAATGTC
GTTACACGTGATAGCATGTGCTAGTTTCGTCGATG  Cloning

JTR678 GAAACG
GACGAAACTAGCACATGCTATCACGTGTAACTTATT Cloning

JTR679 GTCTTTGTC

JTR859 GATCCGGCTGCTAACAAAGC Cloning
ATGTATATCTCCTTCTTAAAGTTAAACAAAATTATTT  Cloning

JTR860 CTAG
GTTTAACTTTAAGAAGGAGATATACATATGAAAGAG Cloning

JTR861 ACTATTTTGGTTAACTTGG
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CGGGCTTTGTTAGCAGCCGGATCTTAGTGATGGTG Cloning

JTR862 ATGGTGATGTCCTG

JTR951 CAACAAAAGTATTTAAACTTTCTTTTAAGACTC Cloning
GAAAGTTTAAATACTTTTGTTGCCAATGTCATTCAC Cloning

JTR952 CTACTTAATTTTAAGATTTG

JTR972 AACAATTCCTAATGTACAATTTATCAAGTGG Cloning
GATAAATTGTACATTAGGAATTGTTGCCTCACTAAC Cloning

JTR973 CAAGTTAACCAAAATAGTC

JTR974 GAGCAAACAATTCCTAATGTACAATTTATC Cloning
GTACATTAGGAATTGTTTGCTCTGCAACCAAGTTAA Cloning

JTR975 CCAAAATAGTCTCTTTC

JTR976 ATGGAACAGAAAGAAAAATCATTGTTC Cloning
CAATGATTTTTCTTTCTGTTCCATTGCCTTAGTACT  Cloning

JTR977 CACTAACAATATCTTCATTGG

JTR978 GAACAGAAAGAAAAATCATTGTTCATCAAG Cloning
GAACAATGATTTTTCTTTCTGTTCTGCCTCCTTAGT  Cloning

JTR979 ACTCACTAACAATATCTTCATTGG

JTR980 AGGTAAAGAATTGCAGGAGTTATACC Cloning
GTATAACTCCTGCAATTCTTTACCTGCAGGTTGGTA Cloning

JTR981 GAATATCTCTGTGTTAGG

JTR982 GTAAAGCAACACTTGTATACGAAAAG Cloning
CTTTTCGTATACAAGTGTTGCTTTACTGCTAATCCG Cloning

JTR983 AACTTACTCTTGATGATCG

JTR984 ATGTAAGAGTTTCGTCGATGGAAACG Cloning
CCATCGACGAAACTCTTACATGCTATCACGTGTAA  Cloning

JTR985 CTTATTGTCTTTGTCC

JTR986 AATGTAAGAGTTTCGTCGATGG Cloning
CCATCGACGAAACTCTTACATTGTATCACGTGTAAC Cloning

JTR987 TTATTGTCTTTGTCC

JTR993 CAACCTATAGGTAAAGAATTGCAGG Cloning
CAATTCTTTACCTATAGGTTGTGCGAATATCTCTGT  Cloning

JTR994 GTTAGGTTTGTTATTAAAGAAATC

JTR995 GTTATCTACTTGGACAAAGACAATAAGTTAC Cloning
GTCTTTGTCCAAGTAGATAACTGCCAACTCGTTTTT Cloning

JTR996 GTCATTTCCC

JTR105 TAATACGACTCACTATAGGGTATAGTTTAACAACGT msaB Northern

2

TTGCAGCTTGTGGAC
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W614 GGTTATACTAAAAGTCGTTTGTTGG Cloning

PM797  AAACCATCCTCAAGACTTATTAAGTCAATTAGTTG Cloning

PM798  AAAACAACTAATTGACTTAATAAGTCTTGAGGATG  Cloning

/56-FAM/rUrUrUrUrUrUrUrUrUrUrUrUrUrUrU/3IABKFQ/ Card1 ssRNase
specificity
fluorescence

poly-rU assay

/56-FAM/rArArArArArArArArArArArArArArA/3IABkFQ/  Card1 ssRNase
specificity
fluorescence

poly-rA assay

/56-FAM/rCrCrCrCrCrCrCrCrCrCrCrCrCrCrC/3I1ABKFQ/ Card1 ssRNase
specificity
fluorescence

poly-rC assay

W852 CCAACAAACGACTTTTAGTATAACC Cloning

CCGATTAAAAATAAAGCTGCACCGCCTGAATATATA Cloning
W1169 GCAGTAATTTG

TATTCAGGCGGTGCAGCTTTATTTTTAATCGGTGCA Cloning
W1170 TGGGATG

/5Cy3/TGATATTAATAACACTATAGACCACCGCCC Cy3 30-nt DNA

for RNase
reaction. Used

soJTR1 with soJTR2
/5Cy5/rUrGrArUrArUrUrArArUrArArCrArCrUrArUrArGr - Cy5 30-nt RNA
ArCrCrArCrCrGrCrCrC for RNase
reaction. Used

soJTR2 with soJTR2
/5Cy5/GCGTTGGTAAGATTCAGGATAAAATTGTAGC Cy5 50-nt DNA
TGGGTGCAAAATAGCAACT for RNase
reaction. Used

soJTR3 with soJTR4
/5Cy3/rGrCrGrUrUrGrGrUrArArGrArUrUrCrArGrGrArUr - Cy3 50-nt RNA
ArArArArUrUrGrUrArGrCrUrGrGrGrUrGrCrArArArArUr  for RNase
ArGrCrArArCrU reaction. Used

soJTR4 with soJTR3
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/5Cy3/rGrGrCrArCrArCrCrCrGrCrArGrGrGrArGrGrArGr  Cy-3 labelled
60-nt CrCrArArArGrCrArCrGrUrCrCrArUrCrArUrUrCrCrGrUr 60nt RNA for
RNA UrGrCrCrArCrArGrCrArGrArArGrCrCrC use in Card1

Cy3 RNase assays
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Table 3. List of plasmids used in this work

Plasmid

name Plasmid contents

pE194 pTarget backbone

pGG-

Bsal-R Type Ill with no spacer

pGG25 pPCRISPR with nes spacer

pG0420 pG0400 with promoter

pJTR109 pCRISPR with gp43 spacer, dHD

pJTR111  pCRISPR with nes spacer, dCsm6

pJTR121  pCRISPR with gp43 spacer, dHD, dPalm

pJTR125 pCRISPR with gp43 spacer, dHD, dCsm6

pJTR135 pCRISPR with flipped nes spacer

pJTR138 pCRISPR with flipped nes spacer, dCsm6

pJTR170 Type lll, ®12y3 ORF27 spacer, Csm6

pJTR172  Type lll, ®12y3 ORF27 spacer, dCsm6

pJTR175 pCRISPR with nes spacer, dHD

pJTR177  pCRISPR with nes spacer, dHD, dCsm6
Genome editing plasmid, with spacer targeting homology arm of pG0400,

pJTR193 and homology arms with a promoter inside

pJTR330 Cad1-Hise on pET23 overexpression

pJTR378 dCad1-Hiss on pET23 overexpression

pJTR393 Type lll, no targeting spacer, Cad1

pJTR394  Type lll, anti-pTarget spacer, Cas10HP, Cas10Pam Cad1

pJTR395 Type lll, anti-pTarget spacer, Cad1

pJTR396 Type lll, anti-pTarget spacer, Cas10HP, Cad1

pJTR400 Type lll, ®12y3 ORF9 spacer, Cad1

pJTR401  Type lll, ®12y3 ORF9 spacer, Cas10HP, Cad1

pJTR402 Type lll, ®12y3 ORF27 spacer, Cad1

pJTR403  Type lll, ®12y3 ORF27 spacer, Cas10HP, Cad1

pJTR405 Type lll, anti-pTarget spacer, Cad1

pJTR406 Type lll, anti-pTarget spacer, Cas10HP, dCad1

pdJTR424  Type lll, ®12y3 ORF27 spacer, Cad1Q13A

pdJTR426  Type lll, ®12y3 ORF27 spacer, Cad1E41A

pdJTR427  Type lll, ®12y3 ORF27 spacer, Cad1M+2A

pdJTR428 Type lll, ®12y3 ORF27 spacer, Cad1!125A
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pdJTR429  Type lll, ®12y3 ORF27 spacer, Cad1Y340A
pJTR431  Type lll, ®12y3 ORF27 spacer, Cad1E308Q
pJTR434  Type lll, ®12y3 ORF27 spacer, Cad15''A
PJTR435 Type lll, ®12y3 ORF27 spacer, Cad1E308A
pdJTR436  Type lll, ®12y3 ORF27 spacer, Cad1Y'22
pdJTR437  Type lll, ®12y3 ORF27 spacer, Cad1DP294A
pJTR439 Type lll, ®12y3 ORF9 spacer, dCad1

pJTR441  Type lll, ®12y3 ORF27 spacer, dCad1
pJTR443 Type lll, PDNM1y6 gp14 spacer, Cad1

pJTR444  Type lll, anti-pTarget spacer, dCad1

pJTR446  Type lll, anti-pTarget spacer, Cas10Pa@™m dCad1
pPM169 Cas9 targeting ®12y3

pTarget aTc-inducible promoter in front of a protospacer (also known as pJTR162)
pWJ191 pCRISPR with gp43 spacer

pWJ241 pCRISPR with gp43 spacer, dCsm6

pWJ246 Type lll, ®DNM1y6 gp14 spacer, dCsm6 (-Cad1)
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Table 4. Cloning strategies used for plasmids used in this work

Name

Cloning strategy

pG0420

Homology-directed allelic exchange with Cas9 elimination was
performed as in 74, Briefly, a plasmid (pJTR193) with the promoter to
be inserted between 1 kb homology arms was transformed into pG0400-
containing S. aureus RN4220 cells. This plasmid also contained Cas9
with a spacer targeting the unedited pG0400 template. Subsequently,
pJTR193 was cured by growing the cells at the non-permissive
temperature (37C)

pJTR109

PCR amplification of pWJ191 with W852/GG425, and pJTR119 with
W614/GG424, following a Gibson assembly of the two products

pJTR111

PCR amplification of pGG25 with W852/GG425, and pWJ241 with
W614/GG424, following a Gibson assembly of the two products

pJTR121

PCR amplification of pWJ191 with W852/GG425, and pJTR120 with
W614/GG424, following a Gibson assembly of the two products

pJTR125

PCR amplification of pWJ191 with W852/GG425, and pJTR124 with
W614/GG424, following a Gibson assembly of the two products

pJTR135

Bsal-HF (NEB) digestion of plasmid pGG-Bsal-R, followed by ligation
with annealed oligos JTR405 and JTR406 with compatible overhangs

pJTR138

PCR amplification of pJTR135 with W852/GG425, and pWJ241 with
W614/GG424, following a Gibson assembly of the two products

pJTR170

Cleavage of plasmid pGG-Bsal-R with Bsal-HF, then ligation of the
linearized plasmid with the annealed oligo pair JTR476 and JTR477

pJTR172

PCR amplification of pJTR170 with W852 and GG425, and of pWJ241
with GG424 and W614, followed by Gibson assembly of the two PCR
products

pJTR175

PCR amplification of pGG25 with W852/GG425, and pJTR109 with
W614/GG424, following a Gibson assembly of the two products

pJTR177

PCR amplification of pGG25 with W852/GG425, and pJTR25 with
W614/GG424, following a Gison assembly of the two products

pJTR193

PCR amplification of pJTR173 with AV552/W614 and AV553/W852, and
pJTR190 with JTR530/JTR531, following a Gibson assembly of the
three products

pJTR330

PCR amplification of pPS3 with JTR859 and JTR860, and with pJTR325
by JTR861 and JTR862, followed by Gibson assembly of the two PCR
products
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pJTR378

PCR amplification of pJTR330 by JTR861 and JTR679, and with
JTR860 and JTR678

pJTR393

PCR amplification of pGG-Bsal-R with W852 and GG425, and of pRF7
with GG424 and W614, followed by Gibson assembly of the two PCR
products

pJTR394

PCR ampilification of pJTR121 with W852 and GG425, and of pRF7 with
GG424 and W614, followed by Gibson assembly of the two PCR
products

pJTR395

PCR amplification of pWJ191 by JTR633 and JTR632, and of pJTR224
by JTR638 and JTR639, followed by Gibson assembly of the two PCR
products

pJTR396

PCR amplification of pJTR125 with JTR632 and JTR633, and of
pJTR224 with JTR638 and JTR639, followed by Gibson assembly of the
two PCR products

pJTR400

PCR amplification of pJTR169 with W852 and GG424, and of pJTR395
with W614 and GG424, followed by Gibson assembly of the two PCR
products

pJTR401

PCR amplification of pJTR169 with W852 and GG424, and of pJTR396
with W614 and GG424, followed by Gibson assembly of the two PCR
products

pJTR402

PCR amplification of pJTR170 with W852 and GG425, and of pJTR395
with GG424 and W614, followed by Gibson assembly of the two PCR
products

pJTR403

PCR amplification of pJTR170 with W852 and GG425, and of pJTR396
with GG424 and W614, followed by Gibson assembly of the two PCR
products

pJTR405

PCR amplification of pJTR395 with JTR678 and W614, and with
JTR679 and W852, followed by Gibson assembly of the two PCR
products

pJTR406

PCR amplification of pJTR396 with JTR678 and W614, and with
JTR679 and W852, followed by Gibson assembly of the two PCR
products

pJTR424

PCR amplification of pJTR402 with JTR972 and W614, and with
JTR973 and W852, followed by Gibson assembly of the two PCR
products

pJTR426

PCR amplification of pJTR402 with JTR976 and W614, and with
JTR977 and W852, followed by Gibson assembly of the two PCR
products
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pJTR427

PCR amplification of pJTR402 with JTR978 and W614, and with
JTR979 and W852, followed by Gibson assembly of the two PCR
products

pJTR428

PCR amplification of pJTR402 with JTR980 and W614, and with
JTR981 and W852, followed by Gibson assembly of the two PCR
products

pJTR429

PCR amplification of pJTR402 with JTR982 and W614, and with
JTR983 and W852, followed by Gibson assembly of the two PCR
products

pJTR431

PCR amplification of pJTR402 with JTR986 and W614, and with
JTR987 and W852, followed by Gibson assembly of the two PCR
products

pJTR434

PCR amplification of pJTR402 with JTR974 and W614, and with
JTR975 and W852, followed by Gibson assembly of the two PCR
products

pJTR435

PCR amplification of pJTR402 with JTR984 and W614, and with
JTR985 and W852, followed by Gibson assembly of the two PCR
products

pJTR436

PCR amplification of pJTR402 with JTR993 and W614, and with
JTR994 and W852, followed by Gibson assembly of the two PCR
products

pJTR437

PCR amplification of pJTR402 with JTR995 and W614, and with
JTR996 and W852, followed by Gibson assembly of the two PCR
products

pJTR439

PCR amplification of pJTR400 with W852 and JTR679, and with W614
and JTR678, followed by Gibson assembly of the two PCR products

pJTR441

PCR amplification of pJTR402 with W852 and JTR679, and with W614
and JTR678, followed by Gibson assembly of the two PCR products

pJTR443

PCR amplification of pJTR288 with W852 and JTR952, and with W614
and JTR951, followed by Gibson assembly of the two PCR products

pJTR444

PCR amplification of pJTR109 with W852 and GG425, and of pJTR441
with W614 and GG424, followed by Gibson assembly of the two PCR
products

pJTR446

PCR amplification of pJTR395 with W852 and W1169, and with W614
and W1170, followed by Gibson assembly of the two PCR products
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