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Propositions

1. CRISPR-Cas technologies are by no means the first or last example of
ground-breaking applications that have been derived from bacterium-
phage interaction studies.

(this thesis)
2. Multifunction proteins are ingenious designs created by evolution’s
tinkering.

(this thesis)

3. Directed evolution holds tremendous potential to solve mankind’s
chemical and pharmaceutical problems.

4. Infusion of funds for fundamental research is a force multiplier for
the emergence of cutting-edge technological applications.

5. Flexible working hours offer tremendous productivity improvement.

6. Real creativity lies in how we can simplify things.

Propositions belonging to the thesis entitled:

Microbial Treasure Trove - Unravelling the Potential of
Class 2 CRISPR-Cas Systems

Prarthana Mohanraju
Wageningen, 25" October 2019
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Chapter 1

General introduction and thesis
outline






Prokaryotes versus viruses

PROKARYOTES VERSUS VIRUSES

Survival of all forms of life is continuously confronted by their constantly changing sur-

roundings. Prokaryotes (bacteria and archaea) dominate many natural habitats, includ-
ing some highly competitive and harsh environments. They thrive in such environments de-
spite facing a constant threat of invasions by selfish Mobile Genetic Elements (MGEs) such as
transposons, plasmids and viruses.

L ife on earth is comprised of three domains; the Bacteria, the Archaea, and the Eukarya.

Bacteriophages (phages), are the viruses of bacteria that have been estimated to be the most
abundant biological entities on the planet with population numbers in the order of 10°' (1, 2).
Phages are divided into two groups, virulent and temperate. Virulent phages follow a strictly
productive lytic life cycle for propagation which ultimately kills the host for the release of new
viral particles, each of which can engage in another round of infection. Temperate phages
have the choice to switch between productive and dormant states. They either multiply in
their host cells leading to cell lysis similar to virulent phages or integrate their phage genome
into the bacterial chromosome to become a ‘dormant’ prophage. Prophages are propagated
passively by the replication machinery of the bacterial cell (3). Microscopic phage-bacteria
interactions have quite a profound effect on the macroscopic scale as they strongly influence
global biogeochemical cycles (4), global climate (5), incidence of human diseases (6), as well as
patterns of microbial genome diversity (7).

The Red Queen hypothesis (Box 1) posits that antagonistic biotic interactions, such as those
displayed by hosts and parasites, generates a selective pressure on host organisms to continu-
ously evolve systems that neutralize infections leading to adaptations of the host and counter-
adaptations on the parasite’s end (8). The continuous arms race of developing infection and
resistance strategies results in a rapid co-evolution of the parasite’s offence systems and host
defence systems. Such an evolutionary trend is extremely prominent in phage-microbe inter-
actions. This is mainly due to the rapid evolution and turnover of phage particles (4) leading to
acute selective pressure on microbial communities to evade infection by developing immunity.

BACTERIAL IMMUNE ARSENALS

To combat the rapid turnover and evolution of phages, bacteria have evolved a diverse arsenal
of defence mechanisms that act on the various stages of the viral life cycle (9-177). The combi-
nation of these defence mechanisms allows bacteria to fight off invading phages. Analogous
to the immune systems in higher eukaryotes, defence mechanisms in bacteria can be divided
into innate and adaptive immune systems. Innate immune systems are generic defence mech-
anisms that respond to invaders in a non-specific way, whereas adaptive immune systems are
highly specific to a particular pathogen (72).
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f Box 1| The Red Queen hypothesis

The Red Queen hypothesis is related to the co-evolution of species. It
is often used to describe evolutionary biological arms race based on the
hypothesis originally proposed by Leigh Van Valen in 1973. The name
is derived from a statement that the Red Queen tells Alice in Lewis
Carroll’s Through the Looking Glass in her explanation of the nature of
Looking-Glass Land: “Now, here, you see, it takes all the running you
can do, to keep in the same place. If you want to get somewhere else,
you must run at least twice as fast as that!”(13).

Van Valen coined the hypothesis “Red Queen” to explain the “law of ex-
tinction” where species must “run” - i.e. continuously adapt and evolve
to survive rather than from going extinct. In tightly coevolved inter-
actions, an adaptation in a population of the host or parasite species
may change the selection pressure on a population of the parasite or
host species, giving rise to an antagonistic co-evolution. The original
theory suggested that in prey-predator relationship changes (e.g., run-
ning faster (evolve) on the prey’s end may lead to the predator to go ex-
tinct. The only way the predator can maintain its fitness is by counter-  The Red Queen is teaching Alice, as de-
adaptation (running even faster). This will lead to a perturbed balance  picted by John Tenniel in Chapter two -
between prey and predator, where both species must constantly evolve ~ The Garden of Live Flowers of Lewis Car-

I’s famous book
to stay at the same place. ro
\. J

In bacteria, defence mechanisms provide innate immunity that interfere at many different lev-
els of the invader’s infection cycle: (i) by receptor masking and/or mutation to prevent phage
adsorption to the surface of the cells, (ii) by preventing the phage genome from entering the
cytoplasm through Superinfection exclusion (Sie) systems, (iii) by cleaving the phage genome
using Restriction-Modification (R-M systems) or prokaryotic Argonaute (pAgo) proteins, (iv)
by restricting phage replication through the Bacteriophage Exclusion (BREX) or Defence Island
System Associated with Restriction-Modification systems (DISARM), (v) by inducing Toxin-
Antitoxin (TA) modules that trigger premature cell death, and (vi) by Abortive infection (Abi)
mechanisms in which the host cell undergoes programmed cell death to prevent phage prop-
agation (74-19). Together these innate immune mechanisms provide the first line of defence
against infecting phages and other MGEs.

The above-mentioned innate immunity strategies are complemented by an adaptive immune
function of the prokaryotic systems of Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and CRISPR-associated (Cas) proteins (20, 27). The CRISPR-Cas system
serves to specifically recognize and destroy genomes of MGEs. An overview of the discovery,
biology and applications of the prokaryotic CRISPR-Cas defence systems is provided in this
chapter. The chapter is concluded with an outline of this thesis, which describes the unravel-
ling of unique mechanisms and developing applications of novel class 2 CRISPR-Cas systems.

OVERVIEW AND NOMENCLATURE OF CRISPR-CAS SYSTEMS

Components and basic biology of CRISPR-Cas systems

The molecular machinery involved in CRISPR-Cas immunity is encoded by the CRISPR-Cas
locus. A typical CRISPR-Cas locus consists of two genetic components that are often located
next to each other in microbial genomes: a CRISPR array and an operon of multiple cas genes.
The cas genes encode for the Cas proteins, which are necessary for the acquisition of new spac-
ers, the maturation and binding of the CRISPR RNAs (crRNAs), and the targeting of MGEs.



Overview and nomenclature of CRISPR-Cas systems

The CRISPR array is composed of a series of short, partially palindromic repeating sequences
(repeats) interspaced by variable sequences (spacers), originating from genomes of invading
MGE. The spacers act as a ‘memory bank’ of prior infections and enable recognition of the
invaders upon infection. Spacers complementary to the host genome (self-targeting spacers)
have also been observed in some instances, albeit at low frequencies (22). Typically, new spac-
ers are inserted at a specific end of the CRISPR array adjacent to a “leader” region. The leader
usually contains promoter elements to drive transcription of the array as well as binding sites
for other regulatory elements, some of which play a role in integration of new spacers (23—
26). The integration of new spacers at the leader end enhances defence against recently en-
countered MGEs (27). Using these basic components, CRISPR-Cas systems mediate adaptive
immunity through three general phases: adaptation, expression, and interference (28). During
the adaptation phase, a subset of Cas proteins called the ‘adaptation module’ obtain and in-
sert fragments of an invading MGE in the CRISPR array of the host genome. A sequence on
the MGE (termed the protospacer) is selected, processed and added to the CRISPR array as
a new spacer. Selection of protospacers occurs on the basis of a short Protospacer Adjacent
Motif (PAM). This expands the memory of the immune system. In the expression phase, the
cas genes are transcribed as a poly-cistronic mRNA and the CRISPR array is transcribed as
a long precursor CRISPR RNA (pre-crRNA) and processed into individual small crRNAs (the
guides). Each mature crRNA bears a segment complementary to the previously encountered
MGE as well as a part of the CRISPR repeat. During interference, the crRNAs guide the ‘effec-
tor complex’ to complementary invading nucleic acids. Only in case a PAM motif is present
next to the target sequence, Cas nuclease activity is induced to cleave the matching DNA and
to neutralize the invasion (29).

Classification of CRISPR-Cas systems

A plethora of distinct variants of CRISPR-Cas systems have been identified in 87% of the ar-
chaeal genomes and 45% of the bacterial genomes sequenced to date (crispr.i2bc.paris-saclay.fr,
accessed April 2019) (30, 37). However, a recent study analysing the genomes of uncultivable
microbes from environmental samples revealed a CRISPR-Cas abundance of only 9-10% in the
sequenced organisms (32). This might suggest that the real abundance of CRISPR-Cas systems
in nature is lower than previously thought. Nevertheless, the natural diversity of CRISPR-Cas
systems is remarkably extensive. Whereas all systems use crRNA guides, there is variation
concerning the nature of the target nucleic acid: many systems target DNA, some systems
target RNA, and some systems target both DNA and RNA (33). To capture the diverse evolu-
tionary origins and mechanisms of action, the current CRISPR-Cas classification includes two
broad classes, each of which is subdivided into three types and many subtypes (33). Class 1
systems (types |, Il and V) utilize multi-subunit Cas protein complexes for the recognition and
interference of target nucleic acids, while the less common class 2 systems (types Il, V and VI)
employ a single multi-domain effector complex that performs target recognition and cleavage.
This classification has evolved during the last decennium as new genomic and metagenomic
information has become available at an incredible pace, resulting in discovery and functional
characterisation of new types and sub-types.
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BRIEF HISTORY CRISPR-CAS SYSTEMS
Discovery of CRISPR-Cas

An array of alternating repeats with interspersed spacers downstream of the iap gene was first
observed in 1987 in the genome of Escherichia coli K12 (34) (Figure 1.1). This region was later
given the CRISPR acronym (27). The first clues on the function of CRISPR-Cas systems came in
early 2002 from two bioinformatics studies, both based on the principle of ‘guilt by association’.
One of these studies reported the presence of conserved operons that appeared to encode a
novel DNA repair system [on the basis of predicted helicases, nucleases (e.g. HD, now known as
Cas3/Cas10 in type | systems), polymerases] (35). The other reported that the spatial clustering
of CRISPR arrays to specific CRISPR-associated cas genes indicates a functional relationship
between them (27). A major subsequent breakthrough was the finding that some of the spacer
sequences possess homology with DNA fragments of phages, leading to the hypothesis that the
CRISPR-Cas could function as an immune system against the corresponding phages (36, 37).
Around the same time, another study on Streptococcus thermophilus reported more spacers
that matched phage sequences and identified a large CRISPR-associated protein containing
the DNA-cleaving HNH domain, which is now known as Cas9, the signature protein of type
[l systems (38). The detection of defined CRISPR transcripts and the in silico prediction of cas
gene functions suggested that CRISPR-Cas was an RNA-based interference system analogous
to RNAi mechanism found in eukaryotes (39). Despite the link between CRISPR-Cas and
phage infection, the specific function of CRISPR spacers in immunity remained unclear.

Elucidation of the role of CRISPR-Cas systems

The first experimental evidence of CRISPR-Cas mediated adaptive immunity emerged in 2007
with the isolation of phage-resistant lactic acid bacterium Streptococcus thermophilus possess-
ing new CRISPR spacers after a phage challenge. Acquisition of specific spacers from the phage
genome into the bacterial CRISPR locus was shown to be causative for the phage resistant phe-
notype of the cells (20). Moreover, cas genes were required for both immunization as well as
immunity (20).

In 2008, the first insight into the molecular mechanism of CRISPR-Cas came from the work on
the type I-E system in E. coli (40). After transcription of the CRISPR array as a pre-crRNA, pro-
cessing of mature crRNAs was demonstrated to be catalysed by a ribonuclease subunit of the
CRISPR-associated complex for anti-viral defence (Cascade) complex. After transplantation of
Cascade and a predicted nuclease Cas3 to an appropriate E. coli strain, the introduction of a
designed CRISPR array with spacers of phage lambda genes resulted in efficient and specific
protection of the bacterial host against transfection by phage lambda (40). Not only was it
shown that the Cascade effector complex can be directed to multiple targets by adjusting the
crRNA sequence, it was also demonstrated that both orientations of the crRNA guides were
effective, thus for the first time indicating that DNA was the most likely target. This was in
agreement with the predicted DNA targeting by the HD-containing Cas3 nuclease (40).

These exciting results established CRISPR-Cas as a novel microbial adaptive immune system.
Unlike the adaptive immune system in humans (12), the CRISPR-Cas system is inheritable (20,
28). In subsequent studies it was demonstrated that Cas3 activity resulted in severe damage
of the target DNA, through exonuclease activity of the displaced DNA strand (41, 42). Analy-
ses of distinct Cascade-like complexes of type Il systems reported that the transformation of
plasmids carrying sequences matching to the CRISPR spacers was blocked by the type IlI-A
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CRISPR-Cas system in Staphylococcus epidermidis, thereby limiting horizontal gene transfer
(43). Interestingly, in 2009, it was reported that the type I11-B CRISPR-Cas system in Pyrococcus
furiosus was shown to target RNA instead of DNA (44). This study underscored the substan-
tial mechanistic differences between the CRISPR-Cas systems. The studies mentioned above
established and kicked off further mechanistic exploration of the function of CRISPR-Cas.

Molecular requirements of CRISPR-Cas systems

The role of CRISPR-Cas in microbial cell immunity sparked intense research interest in the
understanding of its underlying molecular mechanisms. Discrimination between self and non-
self is a universal necessity of immune systems. In 2009, it was demonstrated that a short
well-conserved sequence motif adjacent to CRISPR targets on the invader DNA is required
for recognizing the target for successful Cas9-mediated interference (45). This motif has been
called the PAM (46) and it is now known that different systems have different PAM require-
ments (47). Typically, Cas proteins use PAM directly adjacent to their target to differentiate
between the spacer found in the host CRISPR array, which lacks the PAM, and a viral pro-
tospacer. In this way, the requirement of a PAM facilitates discrimination between self and
non-self DNA and thereby prevents autoimmunity.

In 2010, an important study demonstrated that S. thermophilus Cas9 is guided by crRNAs to
generate double-stranded breaks (DSBs) at the targeted sites in invading phage and plasmid
DNA. Moreover, Cas9 was shown to be the only protein required for crRNA-mediated target
DNA cleavage (48). In 2011, small-RNA sequencing of Streptococcus pyogenes revealed the pres-
ence of an additional small RNA associated with the CRISPR array of type Il systems (Cas9)
(49). This additional RNA, termed the trans-activating CRISPR RNA (tracrRNA), forms a dsRNA
duplex with the direct repeat sequences on the pre-crRNA that is recognized by a non-Cas ri-
bonuclease (RNaselll), resulting in a mature, dual RNA (crRNA:tracrRNA) (49). In the same
year, another important step in understanding the components required for the CRISPR-Cas
system came from the reconstitution of the CRISPR-Cas9 locus from S. thermophilus in E. coli.
It was found that E. coli cells harbouring the CRISPR-Cas9 loci (including the gene encoding
for tracrRNA) were resistant to plasmids containing DNA fragment that match with the spac-
ers in the CRISPR-array (50). Finally, in 2012, a breakthrough study revealed that recombinant
purified S. pyogenes Cas9 protein with the crRNA and tracrRNA can be used for targeted DNA
cleavage in vitro (57). It was demonstrated that S. pyogenes Cas9-crRNA-tracrRNA complex
cleaves DNA 3 bp upstream of the PAM, in agreement with previous in vivo results with the S.
thermophilus system (48). Furthermore, it showed that the HNH domain and the RuvC domain
is responsible for cleaving the target DNA strand and the non-target DNA strand, respectively.
Inactivation of either domain turns the Cas9:crRNA:tracrRNA RibonucleoProtein (RNP) com-
plex into a DNA nickase. Finally, the study also showed that the crRNA and tracrRNA can
be fused to create a chimeric single guide RNA (sgRNA), leading to a simple two component
system for targeted DNA cleavage (57). Similar findings using a purified RNP complex of S. ther-
mophilus Cas9 reported in parallel (52). However, since this study was based on purified RNP
complex from bacteria without analysing the components of the complex, it failed to identify
the requirement of the tracrRNA for Cas9 function (52).

Early applications of CRISPR-Cas systems

The key milestones in the discovery and characterisation of the function of CRISPR-Cas sys-
tems (Figure 1.1) has provided the basis for the utilization of CRISPR-Cas system for diverse
applications. However, some applications were applied even before elucidation of all the details
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1985 -
é——— [1987] First report of CRISPR clustered repeats (Ishino et al.)

2000 -

2002

2004 -

2006

2008

2010

2012

2014

2016

2018

¢——— [2000] Recognition that CRISPR families are present throughout prokaryotes (Mojica et al.)

| — [2002] DNA repair hypothesis for cas genes (Makarova et al.)
_— [2002] Coined “CRISPR name, identification of cas genes and CRISPR arrays (Jansen et al.)

o——— [2005] Proposal of CRISPR as an adaptive immune system (Mojica et al., Pourcel et al., Bolotin et al.)

[2007] Experimental evidence of CRISPR adaptive immunity (Barrangou et al.)

»———— [2008] PAM is required for Type Il Cas9-mediated interference (Deveau et al.)

¢——— [2008] crRNAs guided DNA interference (Brouns et al.)

_o——— [2009] Type III-B CRISPR targets RNA (Hale et al.)

[2010] Type Il Cas9 cleaves DNA in bacteria (Garneau et al.)
:i—— [2011] Identification of tracrRNA in type Il systems (Deltcheva et al.)

[2011] Type Il CRISPR system can be heterologously expressed in other organisms (Sapranauskas et al.)
/ [2012] In vitro characterisation of DNA targeting by Cas9 (Jinek et al., Gasiunas et al.)

[2013] Discovery of Anti-CRISPR proteins (Bondy-denomy et al.)

[2013] Development of Cas9 for eukaryotic genome editing (Cong et al., Mali et al.)

[2013] Use of dCas9 to repress genes (Qi et al.)

[2013] Development of Cas9 for prokaryotic genome editing (Jiang et al.)

[2014] Cas9-mediated genetic screening (Wang et al., Shalem et al.)

»———— [2015] Elucidation of Cas12a mechanism and development for genome editing (Zetsche et al.)

¢——— [2016] Elucidation of Cas13 mechanism and collateral activity (Abudayyeh et al.)

_&——— [2017] Simplified Cas12a system for in vivo multiplex gene editing (Zetsche et al.)

[2019] Characterisation of functionally diverse Type V systems (Harrington et al., Yan et al., Strecker et al.)

2020 -

Figure 1.1| Key CRISPR milestones and seminal discoveries. Select publications of fundamental CRISPR research
as well as development of CRISPR into a genome editing tool are shown. This list is not exhaustive.

of the

CRISPR-Cas defence mechanism. The heterogeneity of CRISPRs among isolates that

are otherwise isogenic was used as a basis for bacterial strain genotyping (37, 53, 54). Further-
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more, it was used in its native context where S. thermophilus cells harbouring the CRISPR-Cas
systems were inoculated with phages to generate phage-resistant strains that can be deployed
in industrial dairy applications, such as yogurt and cheese making (55). After the elucidation
of its function, some of the proposed early applications for the use of CRISPR-Cas include
transcriptional silencing in microbes (56), combating antibiotic resistance, vaccination against
plasmid DNA uptake, and targeted DNA destruction (43, 48).

ADAPTATION OF CRISPR-CAS EFFECTORS TO THE MOLECU-
LAR BIOLOGY TOOLBOX

In 2013, CRISPR-Cas was harnessed for mammalian genome editing for the first time. The hu-
man codon-optimised S. pyogenes Cas9 tagged with a nuclear localization signal and chimeric
sgRNA was used for gene editing in human and murine cell lines (57, 58). The functional-
ity of Cas9 in eukaryotic cells set the stage for a range of applications in biotechnology and
biomedicine. Subsequently, additional studies also reported the use of Cas9 in human and an-
imal cells (59, 60) and a catalytically inactivated variant of Cas9 was used to achieve targeted
silencing of gene expression (67). Although CRISPR-Cas system was first used in mammalian
and bacterial cells only six years ago, it has already been used for a myriad of applications, in-
cluding but not limited to: genome engineering, pathway component screens, transcriptional
regulation of gene expression, imaging of specific DNA sequences, epigenetic modification of
specific sequences, and detection of specific nucleotide sequences for diagnostics (57, 58, 61-73)
(References not exhaustive). The finding that Cas effectors can be repurposed as programmable
enzymes for technological applications has shaped the CRISPR-Cas field as we know it to date.

The success of Cas9-based technologies has stimulated extensive exploration of bacterial ge-
nomes for discovering new class 2 systems with the potential to expand the capabilities of
CRISPR-based technologies (74-76). In just the last four years, a veritable explosion in the iden-
tified number of class 2 types and sub-types has taken place, with many novel systems likely
remaining to be discovered. Further investigations into the microbial diversity has revealed
many additional subtypes of CRISPR-Cas systems (74, 77-81) and provided insight into the
origin, evolution, and function of these sophisticated systems. By mining the microbial diver-
sity for signatures of CRISPR-Cas systems (e.g., conserved genes and CRISPR-like arrays) (76,
82) and elucidation of the functions, type V systems containing the signature DNA-targeting
Cas12 (formerly Cpf1 or C2c1) effectors (83, 84) and type VI containing the RNA-targeting
Cas13 (formerly C2c2) effectors (85, 86) have been added to the CRISPR tool chest. The class
2 effectors represent the enormous diversity of CRISPR-Cas systems offer an extensive toolkit
for a broad array of technologies. The focus of this thesis is on the diverse types of the class 2
CRISPR-Cas systems, therefore specific molecular mechanistic details on the different types
will be detailed in the following chapters.

PHAGES FIGHT BACK

As bacteria find ways to evade the infection by phages through evolving new defence systems,
the phages evolve to counter these hurdles. Relatively high rates of mutation and recombi-
nation in phages helps them to rapidly counter the microbial antiviral defence mechanisms.
Phages can modify their receptor-binding proteins to recognize altered receptors or acquire en-
zymes to access masked receptors and overcome adsorption inhibition (76, 87). Phages protect
themselves from R—M systems by expressing proteins to modify nucleotides in their genome
(88-90), by expressing proteins that mimic DNA to bind and block R-M effectors (97), or by
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degrading R-M cofactors (92). To counteract the TA systems, some phages express antitoxin
molecules that silence resident toxin-antitoxin modules (76, 87).

Phage evasion from CRISPR-Cas systems was first found to rely on mutational drifts, predom-
inantly occurring in regions that require perfect complementarity between the crRNA and the
protospacer (so-called seed region) for interference or in the PAM sequences (46, 93, 94). De-
pending on the location of the mismatch (between the crRNA and the protospacer), a single
mutation can be sufficient to abolish CRISPR-Cas immunity (46, 95). Deletion of the proto-
spacer sequence and/or the PAM have also been shown to provide an effective way for phages
to escape CRISPR-Cas targeting, despite the potential of imposing a fitness cost due to loss
of gene function (46). Moreover, some phages encode their own CRISPR locus that encodes
crRNAs that target host antiviral genomic regions, such as chromosomal (defence) islands (96).

A more refined countermeasure of phages against CRISPR-Cas mediated immunity is the use
of anti-CRISPR (Acr) proteins, that were first discovered in phages to silence class 1 type I-
F and I-E systems of Pseudomonas aeruginosa (97, 98). Acr proteins have distinct sequences,
structures (99, 700) and mechanisms (94) and they provide phages with a direct and specific
means to inhibit targeting by the CRISPR-Cas system. To date, 45 unique families of Acr
proteins have been discovered, and categorized into class 1 and class 2 CRISPR-Cas inhibitors
(707). These highly diverse and small (typically 50 — 330 amino acids) proteins do not share
considerable sequence or protein domain similarity to each other or to any protein of known
function (702). Anti-CRISPR proteins impede CRISPR-Cas systems using a wide variety of
mechanisms, including but not limited to: steric occlusion of DNA binding (94), mimicking
DNA and sgRNA (94, 103, 104), leading to dimerization of Cas9 (105), and acetylation of the
residues involved in the recognition of the PAM (706). Several AcrlIA and AcrlIC proteins have
been used as “off-switches” for Cas9 activity during genome editing experiments in human cell
lines (707, 108).

The Acr proteins that have been identified so far underscore the sequence and structural di-
versity of Acrs. Therefore, the discovery of new Acrs, especially those targeting CRISPR-Cas
(sub)types for which Acr proteins have not yet been found, is expected to expand the numbers
of distinct Acr protein families. Elucidation of the mechanisms of multiple Acr proteins is ex-
pected to fuel the Acr-based fine-tuning of CRISPR-Cas applications, such as gene editing. On
the basis of the everlasting arms-race between bacteria and phages, it is anticipated that bac-
teria have also developed mechanisms to counteract Acr protein activity. Future research will
increase our understanding on phage-bacterium coevolution and expand the CRISPR toolbox
for biotechnological applications.

CRISPR-CAS: BEYOND DEFENCE

Apart from the canonical role in host defence, certain studies have suggested additional in-
volvement of the CRISPR-Cas systems in other cellular processes. Nevertheless, this is not
the first time that a protein complex has been associated in more than one function. Methyl-
transferases of the type 11l R-M system are known for their role in defence, but they also play
a key function in phase variation (709). The eukaryotic RNAi system has been implicated in
host defence as well as in gene regulation (770).

Although the exact mechanism is not known, the cas genes of the CRISPR-Cas type I-C system
in the soil bacterium Myxococcus xanthus appear to be implicated in the regulation of the gene
circuits that control fruiting-body formation during sporulation in its life-cycle (777). In Pseu-
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domonas aeruginosa, the type I-F system is involved in phage-mediated inhibition of swarming
and biofilm formation (772, 113). Cas2 is requisite for infection of amoebae by Legionella pneu-
mophila (114). In Listeria monocytogenes, a cas genes-independent CRISPR targets the host
genome, and the crRNAs increase the level of target RNA by stabilizing it, thereby involving in
direct gene regulation (715). Another study based on bioinformatics revealed that resistance
of Enterococcus faecalis to antibiotics is inversely correlated with the presence of CRISPR-Cas
systems (176). Suggestive of a role in DNA repair, association of Cas1 of type I-E system in E.
coli with DNA repair components (RecB, RecC and RuvB), as well as defects in chromosome
segregation and DNA repair in AcasT strains have been reported (777). Consistent with this
report, cas gene expression in Pyrococcus furiosus is upregulated in response to gamma irradi-
ation (778).

Comparative genomic analysis revealed high prevalence of CRISPR-Cas9 systems in bacte-
rial pathogens (779). Notably, in intracellular bacterial pathogens such as Francisella novicida,
Neisseria meningitidis, and Camplyobacter jejuni, Cas9 activity correlates with induced death
of infected human cells (720) or infected laboratory animals (727). Overproduction of a specific
bacterial lipoprotein (BLP) in the membrane of F. novicida was found to significantly decrease
its survival in host macrophages (722). It was later demonstrated that F. novicida is able to
silence the production of this BLP via a CRISPR-Cas9 based antisense RNA mechanism that is
activated upon invasion of eukaryotic cells (727). In C. jejuni, Cas9 has been demonstrated to be
translocated across the intestinal epithelial barrier, as well as in cytotoxicity (720). However,
the molecular mechanism and the (in)direct involvement of CjeCas9 in inducing cell death
awaits characterisation. It is, however, not clear if these proposed additional roles developed
prior to the function as an immune system, in parallel with it, or from it. Evolutionary tinker-
ing is particularly evident in the microbial world (723), so perhaps, these “additional roles” are
an outcome of that.
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THESIS OUTLINE

As introduced in Chapter 1, the eternal biological arms-race between phages and bacteria
has led to the relatively fast evolution of diverse bacterial defence systems. The prokaryotic
CRISPR-Cas adaptive defence systems are an elegant complementation to the bacterial innate
immune systems that combat invaders such as phages and plasmids. In addition to providing
insight into the molecular underpinnings of life in the microbial world, CRISPR-Cas systems
have successfully been adapted into powerful technologies for broad applications in life sci-
ences, medicine, and industrial biotechnology. The development of crucial molecular biology
technologies such as restriction enzymes and green fluorescent proteins have benefitted signif-
icantly from explorations of natural diversity. Inspired by these spectacular fundamental dis-
coveries, the overall aim of this thesis is to unravel molecular mechanisms of hitherto unchar-
acterised class 2 CRISPR-Cas systems, and to harness the fundamental mechanistic features
of different class 2 systems for the design and development of innovative genome engineering
tools.

Chapter 2 | Diverse evolutionary roots and mechanistic variations of CRISPR-Cas
systems

The second chapter reviews the recent advances in the field of CRISPR-Cas research. The
latest CRISPR-Cas classification scheme delineates two classes that are each subdivided into
three types. Integration of biochemistry, molecular genetics, structural analysis and single
molecule studies has revealed many unique features of the variant CRISPR-Cas types, which
are described in this chapter. This chapter also provides a plausible scenario of CRISPR-Cas
evolution, and briefly describes the latest developments of a wide range of CRISPR-based ap-
plications.

Chapter 3 | Heterologous expression and purification of CRISPR-Cas12a/Cpf1

Chapter 3 provides a brief background of CRISPR-Cas12a based genome editing in diverse
species and provides a step-by-step protocol for heterologous expression of Francisella novicida
Cas12a (previously known as Cpf1) in Escherichia coli. In addition, it includes a protocol for
high-purity purification as well as instructions on how to verify the activity of the purified
proteins. These protocols can additionally be used for the purification of other Cas12a ortho-
logues for use in biochemical and genome editing experiments. This purification protocol has
been applied in the other chapters of this thesis.

Chapter 4 | Multiplex gene editing by CRISPR-Cas12a (Cpf1) using a single crRNA
array

In this chapter, the mechanism of crRNA biogenesis in type V-A CRISPR-Cas systems is re-
vealed. Unlike Cas9, which utilizes a tracrRNA as well as the endogenous RNaselll for matu-
ration of its dual crRNA/tracrRNA guides, crRNA processing of the Cas12a system proceeds
in the absence of tracrRNA or other Cas proteins. It is demonstrated that Cas12a nucleases
possess a previously unknown RNase domain that is responsible for cleaving the precursor-
crRNA to generate the mature crRNAs. Thus, Cas12a is sufficient for pre-crRNA maturation in
type V systems. The ability to autonomously process crRNA has significant implications from
a genome editing standpoint, as it would provide a simple route to editing multiple genomic
loci at a time (multiplex editing). It is demonstrated that using a single customized CRISPR
array up to four genes in mammalian cells and up to three genes in mouse brain cells can be
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edited simultaneously.
Chapter 5 | Characterising the CRISPR-Cas type V-U1 C2c4 effector enzyme

The characterisation of a novel, diminutive type V-U1 Cas effector from Mycolicibacterium
mucogenicum (MmuC2c4) is described in Chapter 5. Type V-U effectors are highly similar to
the typical transposon-encoded TnpB and appear to have originated independently from dis-
tinct TnpB families. Akin to most type V effectors characterised so far, MmuC2c4 recognizes
a 5-TTN-3’ PAM on a double-stranded target DNA. Unexpectedly, it was found that this en-
zyme does not cleave dsDNA; in fact MmuC2c4 can be used for single- and multiplex- gene
silencing in E. coli. Additionally, experiments are presented that hint towards a unique tar-
geting mechanism where binding to a transcription-associated dsDNA activates MmuC2c4 to
conduct mRNA cleavage.

Chapter 6 | Characterising a thermostable Cas9 for bacterial genome editing and si-
lencing

This chapter focuses on the characterisation of ThermoCas9, a thermostable Cas9 orthologue
from the type 1I-C CRISPR-Cas system of Geobacillus thermodenitrificans. It is demonstrated
that ThermoCas9 can be programmed to cleave DNA in vitro up to 70°C. This ability of Ther-
moCas9 provided new inroads for the development of versatile and robust Cas9-based genome
engineering tools, applied on Bacillus smithii at 55°C as well as on Pseudomonas putida at 37 C.
This study expands the potential of Cas9-based genome editing and opens up new avenues
for using Cas9 technologies in novel applications requiring activity over a wide temperature
range.

Chapter 7 | Development of a CRISPR-Cas12a based genome editing tool for faculta-
tive thermophiles

This chapter describes the biochemical characterisation of four Cas12a orthologues in order to
assess their salt tolerance as well as pH- and temperature- stability. In addition, it describes
the first application of Francisella tularensis subsp. novicida (FnCas12a) and Eubacterium eli-
gens (EeCas12a) for genome editing in a moderate thermophilic bacterium, Bacillus smithii.
Plasmid-borne editing templates introduce the desired mutations into the B. smithii genome
at higher culturing temperatures via homologous recombination (HR), while consequent cul-
turing at lower temperatures allows for Cas12a-based introduction of lethal double-stranded
DNA breaks to the genomes of the non-edited cells, acting as a counter-selection mechanism.
It is shown that using this process, a mutant can be generated within a short span of 2-3 days.
This protocol can be easily adapted for gene editing in a wide variety of both mesophilic- and
moderate thermophilic- organisms.

Chapter 8 | Characterising an anti-CRISPR based on/off switch for bacterial genome
engineering

This chapter presents the effort to harness the activity of an anti-CRISPR protein for control-
lable bacterial genome engineering. It is demonstrated that AcrlIC1yp. anti-CRISPR protein
from Neisseria meningitidis can bind to two thermo-active Cas9 orthologues (ThermoCas9 and
GeoCas9) and transform them into their catalytically inactive forms in vivo in E. coli at 37 °C.
The Cas9/AcrllC1yme complexes possess a transcriptional silencing effect with an efficiency
that is comparable to the catalytically “dead” ThermodCas9 and GeodCas9 variants. Finally,
a controllable and efficient Cas9/AcrlIC1ype-based tool for coupling silencing and targeting in
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bacteria is described.

Chapter 9 | Guide-free Cas9 from pathogenic Campylobacter jejuni bacteria causes
severe DNA damage

A novel biological role for the CRISPR-Cas9 system of the pathogen Campylobacter jejuni (Cje-
Cas9) is presented in Chapter 9. It is demonstrated that upon C. jejuni infection of human
cells CjeCas9 is secreted into the cytoplasm of the infected cells, and it can autonomously en-
ter the nucleus. Inside the nucleus, it catalyses metal-dependent and sequence-independent
nicking of double stranded DNA, eventually leading to cell death. Genome editing using Cje-
Cas9 is compared with the widely used Cas9 from Streptococcus pyogenes (SpyCas9), and the
latter is shown to be superior. It is concluded that the unique catalytic features make CjeCas9
nuclease less suitable for genome editing applications.

Chapter 10 | Summary and general discussion

The final chapter contains a summary of the work detailed in this thesis. It further discusses
the general scope of the thesis, describes additional experiments not reported in the preced-
ing chapters, and presents the described results in perspective. In addition, pertinent recent
developments and outstanding questions in terms of fundamental mechanisms as well as ap-
plications of class 2 CRISPR-Cas systems are discussed.
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Chapter 2

Diverse evolutionary roots and

mechanistic variations of
CRISPR-Cas systems

Prarthana Mohanraju, Kira S. Makarova, Bernd Zetsche, Feng Zhang, Eugene
V. Koonin, John van der Oost

Adapted from:
Diverse evolutionary roots and mechanistic variations of the CRISPR—Cas systems.
2016, Science, 353(6299), aad5147.
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ABSTRACT

the discovery of the CRISPR-Cas defence system, present in almost half of prokaryotic

genomes, proves otherwise. Because of the everlasting parasite-host arms race, CRISPR—
Cas has rapidly evolved through horizontal transfer of complete loci or individual modules, re-
sulting in extreme structural and functional diversity. CRISPR-Cas systems are divided into two
distinct classes that each consist of three types and multiple subtypes. We discuss recent advances
in CRISPR—Cas research that reveal elaborate molecular mechanisms and provide for a plausible
scenario of CRISPR—Cas evolution. We also briefly describe the latest developments of a wide range
of CRISPR-based applications.

%daptive immunity had been long thought of as an exclusive feature of animals. However,
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Introduction

INTRODUCTION

in almost all environments (2). Accordingly, bacteria and archaea have evolved a wide

range of antivirus defence mechanisms (724). Because viruses generally have high rates
of mutation and recombination, they have the potential to rapidly escape these prokaryotic
defence systems. Thus, the hosts’ defences must also adjust and evolve rapidly, leading to an
ongoing virus-host arms race. Protective systems provide innate immunity at all stages of the
parasite’s infection cycle via receptor masking, restriction-modification (R-M) systems, DNA
interference [prokaryotic Argonaute proteins protect the host against mobile genetic elements
(MGEs) through DNA-guided DNA interference], bacteriophage exclusion (BREX systems al-
low phage adsorption but block phage DNA replication; PGL systems have been hypothesized
to modify the phage progeny DNA to inhibit their growth upon reinfection), and abortive in-
fection (14, 16— 18, 125, 126).

Bacteria and archaea suffer constant predation by viruses, which are extremely abundant

The innate immunity strategies are complemented by an adaptive immune function of the sys-
tems of prokaryotic clustered regularly interspaced short palindromic repeats (CRISPR) and
the associated Cas proteins (20, 27). Diverse variants of the CRISPR-Cas systems are present
in the examined genomes of most archaea and almost half of the bacteria (15). Here, we dis-
cuss insights into the evolution and functionality of class 1 and class 2 CRISPR-Cas systems.
This progress has enabled the development of sophisticated tools for genetic engineering in
molecular biology, biotechnology, and molecular medicine.

CRISPR-CAS DEFENSE

The CRISPR-Cas systems provide protection against MGEs — in particular, viruses and plas-
mids — by sequence-specific targeting of foreign DNA or RNA (20, 40, 43, 44, 48, 127). A
CRISPR-Cas locus generally consists of an operon of CRISPR-associated (cas) genes and a
CRISPR array composed of a series of direct repeats interspaced by variable DNA sequences
(known as spacers) (Figure 2.1A). The repeat sequences and lengths as well as the number of
repeats in CRISPR arrays vary broadly, but all arrays possess the characteristic arrangement
of alternating repeat and spacer sequences. The spacers are key elements of adaptive immu-
nity, as they store the “memory” of an organism’s encounters with specific MGEs acquired as
aresult of a previous unsuccessful infection (36—-39). This memory enables the recognition and
neutralization of the invaders upon subsequent infections (20).

CRISPR-mediated adaptive immunity involves three steps: adaptation, expression, and inter-
ference (28, 48, 128, 129) (Figure 2.1B). During the adaptation step, fragments of foreign DNA
(known as protospacers) from invading elements are processed and incorporated as new spac-
ers into the CRISPR array. The expression step involves the transcription of the CRISPR array,
which is followed by processing of the precursor transcript into mature CRISPR RNAs (crRNAs).
The crRNAs are assembled with one or more Cas proteins into CRISPR ribonucleoprotein (cr-
RNP) complexes. The interference step involves crRNA-directed cleavage of invading cognate
virus or plasmid nucleic acids by Cas nucleases within the crRNP complex (28, 48, 130). The
multifaceted and modular architecture of the CRISPR-Cas systems also allows it to play non-
defense roles, such as biofilm formation, cell differentiation, and pathogenicity (737-133).
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Figure 2.1| Overview of the Clustered Regularly Interspaced Short palindromic repeats—CRISPR-associated
proteins (CRISPR-Cas) systems. (A) Architecture of class 1 (multiprotein effector complexes) and class 2 (single-
protein effector complexes) CRISPR-Cas systems. (B) CRISPR-Cas adaptive immunity is mediated by CRISPR RNAs
(crRNAs) and Cas proteins, which form multicomponent CRISPR ribonucleoprotein (crRNP) complexes. The first stage
is adaptation, which occurs upon entry of an invading mobile genetic element (in this case, a viral genome). Cas1 (blue)
and Cas2 (yellow) proteins select and process the invading DNA, and thereafter, a protospacer (orange) is integrated
as a new spacer at the leader end of the CRISPR array [repeat sequences (grey) that separate similar-sized, invader-
derived spacers (multiple colours)]. During the second stage, expression, the CRISPR locus is transcribed and the
pre-crRNA is processed into mature crRNA guides by Cas (e.g., Cas6) or non-Cas proteins (e.g., RNase Ill). During the
final interference stage, the Cas-crRNA complex scans invading DNA for a complementary nucleic acid target, after
which the target is degraded by a Cas nuclease.

CRISPR-CAS DIVERSITY, CLASSIFICATION AND EVOLUTION

The rapid evolution of highly diverse CRISPR-Cas systems is thought to be driven by the con-
tinuous arms race with the invading MGEs (734, 135). The latest classification scheme for
CRISPR-Cas systems, which takes into account the repertoire of cas genes and the sequence
similarity between Cas proteins and the locus architecture, includes two classes that are cur-
rently subdivided into six types and 19 subtypes (37, 76). The key feature of the organization
and evolution of the CRISPR-Cas loci is their pronounced modularity. The module responsible
for the adaptation step is largely uniform among the diverse CRISPR-Cas systems and consists
of the cas7 and cas2 genes, both of which are essential for the acquisition of spacers. In many
CRISPR-Cas variants, the adaptation module also includes the cas4 gene. By contrast, the
CRISPR-Cas effector module, which is involved in the maturation of the crRNAs as well as in
target recognition and cleavage, shows a far greater versatility (Figure 2.2A) (37).

The two classes of CRISPR-Cas systems differ fundamentally with respect to the organization
of the effector module (37). Class 1 systems (including types I, lll, and V) are present in bac-
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teria and archaea, and encompass effector complexes composed of four to seven Cas protein
subunits in an uneven stoichiometry [e.g., the CRISPR-associated complex for antiviral defence
(Cascade) of type | systems, and the Csm/Cmr complexes of type Il systems]. Most of the sub-
units of the class 1 effector complexes — in particular, Cas5, Cas6, and Cas7 — contain variants
of the RNA-binding RNA recognition motif (RRM) domain (724, 136). Although the sequence
similarity between the individual subunits of type | and type Ill effector complexes is gener-
ally low, the complexes share strikingly similar overall architectures that suggest a common
origin (76, 136—138). The ancestral CRISPR-Cas effector complex most likely resembled the
extant type Il complexes, as indicated by the presence of the archetypal type Il protein, the
large Cas10 subunit, which appears to be an active enzyme of the DNA polymerase—nucleotide
cyclase superfamily, unlike its inactive type | counterpart (Cas8) (76, 124, 136).

In the less common class 2 CRISPR-Cas systems (types I, V, and VI), which are almost com-
pletely restricted to bacteria, the effector complex is represented by a single multidomain pro-
tein (37). The best-characterised class 2 effector is Cas9 (type 1), the RNA-dependent endonu-
clease that contains two unrelated nuclease domains, HNH and RuvC, that are responsible for
the cleavage of the target and the displaced strand, respectively, in the crRNA-target DNA com-
plex (57). The type Il loci also encode a trans-acting CRISPR RNA (tracrRNA) that evolved from
the corresponding CRISPR repeat and is essential for pre-crRNA processing and target recog-
nition in type Il systems (49, 139). The prototype type V effector Cas12a (previously known
as Cpf1) (subtype V-A) contains only one nuclease domain (RuvC-like) that is identifiable by
sequence analysis (83). However, analysis of the recently solved structure of Cas12a complexed
with the crRNA and target DNA has revealed a second nuclease domain, the fold of which is
unrelated to HNH or any other known nucleases. In analogy to the HNH domain in Cas9, the
novel nuclease domain in Cas12a is inserted into the RuvC domain, and it is responsible for
cleavage of the target strand (740).

Screening of microbial genomes and metagenomes for undiscovered class 2 systems (76) has
resulted in the identification of three novel CRISPR-Cas variants. These include subtypes V-
B and V-C, which resemble Cas12a in that their predicted effector proteins contain a single,
RuvC-like nuclease domain. Cleavage of target DNA by the type V-B effector, denoted Cas12b
(previously known as C2c1), has been experimentally demonstrated (76). Type VI is unique
in that its effector protein contains two conserved HEPN domains that possess ribonuclease
(RNase) activity (Figure 2.2A).

Recent comparative genomic analyses of variant CRISPR-Cas systems (Figure 2.2B) (76) have
revealed a strong modular evolution with multiple combinations of adaptation modules and
effector modules, as well as a pivotal contribution of mobile genetic elements to the origin
and diversification of the CRISPR-Cas systems. The ancestral prokaryotic adaptive immune
system could have emerged via the insertion of a casposon (a recently discovered distinct class
of self-synthesizing transposons that appear to encode a Cas1 homolog) next to an innate
immunity locus (probably consisting of genes encoding a Cas10 nuclease and possibly one or
more RNA binding proteins). Apart from providing the Cas1 nuclease/integrase that is required
for recombination during spacer acquisition (747-143), the casposon may also have contributed
the prototype CRISPR repeat unit that could have evolved from one of the inverted terminal
repeats of the casposon (744). An additional toxin-antitoxin module that inserted either in
the ancestral casposon or in the evolving adaptive immunity locus probably provided the cas2
gene, thus completing the adaptation module. The Cas10 nuclease and one or more additional
proteins with an RRM fold (the ultimate origin of which could be a polymerase or cyclase that
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Figure 2.2| CRISPR diversity and evolution. (A) Modular organization of the CRISPR-Cas systems. LS, large
subunit; SS, small subunit. A putative small subunit that might be fused to the large subunit in several type | subtypes is
indicated by an asterisk. Cas3 is shown as fusion of two distinct genes encoding the helicase Cas3’ and the nuclease HD
Cas3"; in some type | systems, these domains are encoded by separate genes. Functionally dispensable components
are indicated by dashed outlines. Cas6 is shown with a thin solid outline for type | because it is dispensable in some
systems, and by a dashed line for type Il because most systems lack this gene and use the Cas6 provided in trans
by other CRISPR-Cas loci. The two colours for Cas4 and Cas13 (C2c2) and three colours for Cas9 and Cas12a reflect
the contributions of these proteins to different stages of the CRISPR-Cas response (see text). The question marks
indicate currently unknown components. Modified with permission from (37). (B) Evolutionary scenario for the
CRISPR-Cas systems. TR, terminal repeats; TS, terminal sequences; HD, HD-family endonuclease; HNH, HNH-family
endonuclease; RuvC, RuvC-family endonuclease; HEPN, putative endoribonuclease of HEPN superfamily. Genes and
portions of genes shown in grey denote sequences that are thought to have been encoded in the respective mobile
elements but were eliminated in the course of evolution of CRISPR-Cas systems. Modified with permission from (76).
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gave rise to Cas10) of the hybrid locus could have subsequently evolved to become the ancestral
CRISPR-Cas effector module (76, 124, 136, 144).

The widespread occurrence of class 1 systems in archaea and bacteria, together with the pro-
liferation of the ancient RRM domain in class 1 effector proteins, strongly suggests that the
ancestral CRISPR-Cas belonged to class 1. Most likely, the multiple class 2 variants then
evolved via several independent replacements of the class 1 effector locus with nuclease genes
that were derived from distinct MGEs (Figure 2.2B). In particular, type V effector variants
(Cas12a) seem to have evolved from different families of the TnpB transposase genes that are
widespread in transposons (76), whereas the type Il effector (Cas9) may have evolved from IscB,
a protein with two nuclease domains that belongs to a recently identified distinct transposon
family (745). Notably, class 2 CRISPR-Cas systems, in their entirety, appear to have been de-
rived from different MGEs: Cas1 from a casposon, Cas2 from a toxin-antitoxin module, and the
different effector proteins (such as Cas9 and Cas12a) from respective transposable elements
(76).

CRISPR ADAPTATION

The spacers of a CRISPR array represent a chronological archive of previous invader encounters.
The captured spacer sequences are integrated into the CRISPR loci after exposure to MGEs, at
the leader end of the array that contains the start site of CRISPR transcription (20, 48, 146).
Analysis of invader target sequences (also called protospacers) has revealed a short motif di-
rectly adjacent to the target sequence, called the protospacer adjacent motif (PAM) (46). This
PAM motif allows self/nonself discrimination by the host in two ways: (i) because its presence
in alien targets is required for nonself interference, and (ii) because its absence in the host’s
CRISPR array avoids self-targeting (45). In class 1type | and class 2 type Il systems, the PAM is
not only involved in interference, but also plays a role in spacer selection during the adaptation
stage, implying the acquisition of functional spacers only (747, 148). The PAM is a short [2 to
7 nucleotides (nt)], partially redundant sequence that in itself cannot preclude incorporation
of spacers from the host DNA because of the low information content of the motif. The short
PAM appears to be the result of an evolutionary trade-off between efficient incorporation of
spacers from nonself DNA and preventing an autoimmune reaction.

Although host chromosomal fragments can be incorporated as new CRISPR spacers, detection
of such events obviously implies that this did not result in a lethal phenotype, either due to a
modified PAM and/or to an inactivated CRISPR-Cas effector module (22). Indeed, in the ab-
sence of the effector module, elevated frequencies of self-spacer acquisition occur in Escherichia
coli (149). Similarly, Streptococcus thermophilus with a catalytically inactive Cas9 results in a
major increase of spacers derived from the host genome (750). In addition, there is a strong
preference for the integration of plasmid over chromosomal spacer sequences (749, 151, 152),
with plasmid sequences incorporated more frequently than host DNA by two to three orders
of magnitude (753). Spacer acquisition in E. coli requires active replication of the protospacer-
containing DNA (753). Thus, small, fast-replicating plasmid genomes are a much better source
of spacers than the large host DNA, and such findings are consistent with acquisition of spacers
from an infecting virus genome in the archaeon Sulfolobus islandicus requiring its active repli-
cation (154). In E. coli, the CRISPR-Cas system derives the spacers primarily from products
of RecBCD-catalysed DNA degradation that are formed during the repair of double-stranded
breaks associated with stalled replication forks (755). Other possible sources of substrates for
CRISPR adaptation include DNA fragments generated either by other defence systems, such
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as restriction-modification systems (156), or by the CRISPR-Cas system itself (747).

Cas1 and Cas2 play crucial roles in spacer acquisition in all CRISPR-Cas systems (748, 149). In
addition, these proteins can function in trans, provided that the repeats involved are sufficiently
similar in size and structure. Accordingly, cas? and cas2 genes are missing in many active
CRISPR-Cas loci - in particular, of type Ill as well as types IV and VI (37). Overexpression of
Cas1and Cas2 from the E. coli type I-E system has been shown to be sufficient for the extension
of the CRISPR array (749). Mutations in the active site of Cas1 abolish spacer integration in
E. coli (149), whereas the nuclease activity of Cas2 is dispensable (752). In E. coli, a central
Cas2 dimer and two flanking Cas1 dimers form a complex that binds and processes PAM-
containing DNA fragments (Figure 2.3A) (152, 157), after which the newly generated spacers
can be integrated into a CRISPR array via a recombination mechanism akin to that of retroviral
integrases and transposases (158) (Figure 2.3B).

In several type Ill CRISPR-Cas systems, Cas1 is fused to reverse transcriptase (28), and it
was recently shown that these systems are capable of acquisition of RNA spacers by direct
incorporation of an RNA segment into the CRISPR array followed by reverse transcription and
replacement of the RNA strand by DNA (759). Although the biological function of this pro-
cess remains to be elucidated, these findings demonstrate remarkable versatility of adaptation
pathways.

Spacer acquisition (adaptation) in type | systems proceeds along two distinct paths: (i) naive ac-
quisition, which occurs during an initial infection, and (ii) primed acquisition, when the CRISPR
contains a previously integrated spacer that is complementary to the invading DNA (760). Ac-
cording to the proposed model, naive spacer adaptation involves five steps (Figure 2.3B).

1. Fragmentation of (mainly) invasive nucleic acids by non-Cas systems [e.g., by RecBCD
after stalling a replication fork, or by restriction enzymes (restriction-modification sys-
tems)] (753, 156), or by CRISPR-associated nucleases (747). Although this step may be
non-essential, it probably enhances the efficiency of the overall process and its specificity
toward invading DNA.

2. Selection of DNA fragments for (proto)spacers by scanning for potential PAMs (after
partial target unwinding) by one of the four Cas1 subunits of the Cas1-Cas2 complex
(161).

3. Measuring of the selected protospacer generating fragments of the correct size with 3’
hydroxyl groups by Cas1 nuclease.

4. Nicking of both strands of the leader-proximal repeat of the CRISPR array at the 5" ends
through a direct nucleophilic attack by the generated 3" OH groups, resulting in covalent
links of each of the strands of the newly selected spacer to the single-stranded repeat
ends.

5. Second-strand synthesis and ligation of the repeat flanks by a non-Cas repair system

(146, 158).

Primed spacer adaptation so far has been demonstrated only in type | systems (748, 162, 163).
This priming mechanism constitutes a positive feedback loop that facilitates the acquisition of
new spacers from formerly encountered genetic elements (764). Priming can occur even with
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spacers that contain several mismatches, making them incompetent as guides for targeting the
cognate foreign DNA (764). Based on PAM selection, functional spacers are preferentially ac-
quired during naive adaptation. This initial acquisition event triggers a rapid priming response
after subsequent infections. Priming appears to be a major pathway of CRISPR adaptation,
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Figure 2.3|Spacer acquisition. (A) Crystal structure of the complex of Cas1-Cas2 bound to the dual-forked DNA
(PDB accession 5DQZ). The target DNA is shown in dark blue; the Cas1 and Cas2 dimers of the complex are indicated
in blue and yellow, respectively. (B) Model explaining the capture of new DNA sequences from invading nucleic acid
and the subsequent DNA integration into the host CRISPR array. The numbers on the left correspond to the order of
events as described in the text. The dashed lines indicate nucleotides; the nucleotides C and N on the two sides of the
protospacer are shown in red and green to clarify the orientation.
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at least for some type | systems (762). Primed adaptation strongly depends on the spacer se-
quence (165), and the acquisition efficiency is highest in close proximity to the priming site. In
addition, the orientation of newly inserted spacers indicates a strand bias, which is consistent
with the involvement of single-stranded adaption intermediates (766). According to one pro-
posed model (167), replication forks in the invader’s DNA are blocked by the Cascade complex
bound to the priming crRNA, enabling the RecG helicase and the Cas3 helicase/nuclease pro-
teins to attack the DNA. The ends at the collapsed forks then could be targeted by RecBCD,
which provides DNA fragments for new spacer generation (767). Given that the use of crRNA
for priming has much less strict sequence requirements than direct targeting of the invading
DNA, priming is a powerful strategy that might have evolved in the course of the host-parasite
arms race to reduce the escape by viral mutants, to provide robust resistance against invading
DNA, and to enhance self/nonself discrimination. Naive as well as primed adaptation in the
subtype I-F system of Pseudomonas aeruginosa CRISPR-Cas require both the adaptation and
the effector module (766)

In the type II-A system, the Cas9-tracrRNA complex and Csn2 are involved in spacer acqui-
sition along with the Cas1-Cas2 complex (750, 168); the involvement of Cas9 in adaptation is
likely to be a general feature of type Il systems. Although the key residues of Cas9 involved
in PAM recognition are dispensable for spacer acquisition, they are essential for the incorpo-
ration of new spacers with the correct PAM sequence (768). The involvement of Cas9 in PAM
recognition and protospacer selection (768) suggests that in type Il systems Cas1 may have
lost this role. Similarly, Cas4 that is present in subtypes IA-D and II-B has been proposed to
be involved in the CRISPR adaptation process, and this prediction has been validated experi-
mentally for type 1-B (762). Cas4 is absent in the subtype 11-C system of Campylobacter jejuni.
Nonetheless, a conserved Cas4-like protein found in Campylobacter bacteriophages can acti-
vate spacer acquisition to use host DNA as an effective decoy to bacteriophage DNA. Bacteria
that acquire self-spacers and escape phage infection must either overcome CRISPR-mediated
autoimmunity by loss of the interference functions, leaving them susceptible to foreign DNA
invasions, or tolerate changes in gene regulation (769). Furthermore, in subtypes I-U and V-B,
Cas4 is fused to Cas1, which implies cooperation between these proteins during adaptation. In
type I-F systems, Cas2 is fused to Cas3 (39), which suggests a dual role for Cas3 (28): involve-
ment in adaptation as well as in interference. These findings support the coupling between the
adaptation and interference stages of CRISPR-Cas defence during priming.

B10GENESIS OF CRRNAS

The short mature crRNAs contain spacer sequences, which are the guides that are responsible
for the specificity of CRISPR-Cas immunity (40). They associate with one or more Cas proteins
to form effector complexes that target invading MGEs through crRNA:target sequence—-specific
recognition. The CRISPR arrays are transcribed as long precursors, known as pre-crRNA, that
may contain secondary structured elements (hairpins) in those cases where the CRISPR con-
tains palindromic repeats. The processing of the pre-crRNA typically yields 30- to 65-nt mature
crRNAs that consist of a single spacer flanked by a partial repeat at either one or both ends
(40, 170).

The pathways of crRNA biogenesis differ among the different CRISPR-Cas types. In class 1
systems, the Casé6 protein is critical for the primary processing of pre-crRNA. Casé6 is a metal-
independent endoribonuclease that recognizes and cleaves a single phosphodiester bond in the
repeat sequences of a pre-crRNA transcript (40, 171, 172). Members of the Cas6 family contain
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two RRM-type RNA-binding domains. The primary cleavage by Cas6 results in crRNAs con-
taining a repeat-derived 5" “handle” of 8 nt with a 5" hydroxyl group, followed by the complete
spacer sequence and a repeat-derived 3" handle of variable size that in some subtypes forms
a hairpin structure with either a 3’-phosphate or a cyclic 2'3’-phosphate (40, 171, 173). The
Cas6 family proteins show considerable structural variation that might reflect the cleavage
specificity (170, 174, 175).

In type I-E and I-F systems, the Cas6 ribonuclease is a single-turnover enzyme that remains
attached to the crRNA cleavage product. In these cases, Cas6 is a subunit of a multisubunit
Cascade complex (40, 176) (Figure 2.4A). In the type I-F systems, the crRNP complex consists
of the crRNA, Casé6f, and Csy1, Csy2, and Csy3 proteins (177-179). In other systems (subtypes
[-A, I-B, I-D, and IlI-A to l1I-D), Cas6 is not associated with the crRNA-processing complex. The
absence of a Casé6 subunit in the complex correlates with the lack of a hairpin structure of the
3" handle and a variable 3" end. The absence of a cas6 gene in type I-C is complemented by
another double RRM-fold subunit, Cas5d, which has adopted the role of the endoribonuclease
that in other subtypes is carried out by Cas6 (780). Some systems coexisting in the same species
have been demonstrated to share the same set of guides; examples include type I1I-A (Csm) and
type llI-B (Cmr) of Thermus thermophilus (181), and type I11-B (Cmr), type I-A (Csa), and type I-
G (Cst) of Pyrococcus furiosus (182). Given that the type Il loci usually lack cas6 genes, a single
stand-alone Cas6 nuclease is likely to be responsible for the supply of crRNAs to the type IlI
complexes in T. thermophilus (187). In P. furiosus, Cas6 nuclease of type | generates the crRNAs
from all CRISPR loci for the different coexisting complexes (782). Cas6-based processing of
pre-crRNA in type Ill systems is typically followed by a sequence-unspecific trimming at the
3" end (by RNases yet to be identified) to yield mature crRNAs with a defined 8-nt 5" end and
a variable 3" end (737, 183, 184).

Type Il systems use a unique mechanism for crRNA biogenesis whereby processing depends
on Cas9, a host RNase Ill, and a tracrRNA that forms base pairs with the repeats of the pre-
crRNA (31, 49, 57) (Figure 2.4B). The cleaved crRNA-tracrRNA hybrid is bound and stabilized
by Cas9, triggering a conformational change toward a state compatible with target scanning,
recognition, and interference (49, 51, 52). Trimming of the 5" end of the crRNA probably occurs
by a non-Cas RNase. The absence of type Il systems in archaea is consistent with the absence
of RNase Ill genes in most archaeal genomes (785). In the type 1I-C system of Neisseria menin-
gitidis, short intermediate crRNA guides are transcribed from multiple promoters embedded
within the repeats of the CRISPR array, implying that the system does not require RNase IlI
(186) (Figure 2.4C). Expression of tracrRNA has also been demonstrated for the subtype V-B
system, suggestive of a crRNA processing pathway analogous to that in type Il. By contrast,
in subtype V-A and type VI systems, no tracrRNA is co-expressed with the pre-crRNA (76,
83). Class 2 CRISPR-Cas systems lacking tracrRNA can be expected to function using novel
mechanisms of crRNA biogenesis, including processing by other host RNases or by the effector
proteins themselves.

A third variant of guide maturation has recently been described for the Cas12a effector com-
plex, a class 2 system that (unlike Cas9) does not associate with a tracrRNA. It has been demon-
strated that Cas12a has an intrinsic RNase activity that allows for the primary processing of
the pre-crRNA to crRNA guides with a 5" hairpin (787). The biosynthesis of crRNAs by Cas12a
system is metal-, sequence-, and structure-dependent (787). Secondary processing of CRISPR
guides probably occurs via a non-Cas RNase; maturation of Cas9-associated guides occurs
by trimming at the 5" end (Figure 2.4B), whereas in Cas12a the 3’ flanks of the crRNA are
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removed.

TARGET INTERFERENCE

Selection of CRISPR-Cas targets is a stepwise process that relies on recognition of a nonself
sequence, a complementary spacer of which is stored in the CRISPR locus. In most cases, with
the exception of the RNA-targeting type Il systems, cognate protospacer sequences flanked
by a PAM sequence are recognized by a CRISPR ribonucleoprotein (crRNP) complex [type |
Cascade, type Il Cas9, type V Cas12a (Cas12a) (Figure 2.5) and specifically degraded (40, 48,
83). In addition, selection of an appropriate target sequence depends on a so-called seed se-
quence on the guide (95, 176). The seed is a sequence of seven or eight base pairs in close
proximity to the PAM. Matching PAM and seed sequences are crucial for target interference
(95, 176, 188) and act as a quality control step that is required for the complete displacement
of the noncomplementary strand of the target DNA by the crRNA guide, the so-called R-loop
conformation. Downstream of the seed region, mismatches between spacer and protospacer
are tolerated to some extent (see below) (95).

In type | systems, the Cascade RNP complex scans DNA for complementary target sites, ini-
tially by identifying an appropriate PAM motif, followed by partial melting and base pairing
by the guide’s seed sequence, and eventually by formation of a complete R-loop structure (173,
189). Upon reaching a PAM-proximal mismatch, the R-loop propagation stalls and the inter-
ference is aborted (790). When base pairing between guide and protospacer is complete, the
R-loop structure appears to be locked in a state to license DNA degradation by the Cas3 nucle-
ase/helicase (39, 40, 190).

Single-molecule experiments with E. coli Cascade demonstrate that crRNA-guided Cascade
exhibits two distinct binding modes for matching and mismatched targets, which trigger ei-
ther interference (matching target) or primed spacer acquisition (mismatched target). Unlike
the interference of matching targets, mismatched targets are recognized with low fidelity, as
indicated by a short-lived binding. The latter association is PAM- and seed-independent and
can involve base pairing by any part of the crRNA spacer. In this case, the Cascade complex
does not adopt a conformation that allows docking of Cas3 (797), precluding DNA interference.
Instead, this Cascade-target complex primes the formation of a spacer acquisition complex
that consists of Cas3 and Cas1-Cas2 and generates DNA fragments that are integrated as new
spacers in the CRISPR array (789). These dual roles of Cascade allow for efficient degradation
of bona fide targets and priming the acquisition of new spacers from mismatched targets (e.g.,
from viral escape mutants) as an update of the CRISPR memory (797).

Although type 1l systems are structurally related to the type | system (Figure 2.5) (7137, 138,
192-197), they show some substantial mechanistic variations. Initial analyses indicated that
Csm (I11-A) complexes target DNA (43), whereas Cmr (111-B) complexes target RNA (44, 198, 199).
However, it has recently been demonstrated that both type Il complexes are transcription-
dependent DNA nucleases (181, 200); that is, they initially recognize their target through spe-
cific interaction of the crRNA guide with a complementary nascent mRNA, after which cleav-
age of the flanking DNA sequences occurs (207-206). Robust interference by these systems
relies on the concerted cleavage of the transcript RNA and the transcribed DNA. The Cas7-like
backbone subunits (Csm3, Cmr4) are responsible for the RNase activity, typically resulting in
cleavage of the target RNA at 6-nt intervals (181, 196, 199, 200, 207-209). Binding of the Cmr
complex to its complementary RNA target induces a conformational change (738, 796) that
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results in activation of the Cas10 DNA-cleaving subunit (Csm1/Cmr2) (202, 203, 205). Disrup-
tion of the RNase active sites (in Csm3/Cmr4), at least in some cases, does not hamper the
activation of the DNA nuclease activity of the complexes (200, 202). Exonucleolytic cleavage of
single-stranded DNA and RNA by recombinant Staphylococcus epidermidis Csm1 (Cas10) and
by Thermotoga maritima and P. furiosus Cmr2 has been demonstrated in vitro (202, 203, 210).
In the S. epidermidis system, a Csx1 ortholog (Csmé6) provides an auxiliary RNA-targeting ac-
tivity that operates in conjunction with the RNA- and DNA-targeting endonuclease activities
of the Csm effector complex (2711-213); in the P. furiosus Cmr system, Csx1 appears not to be
an essential component (200). The relative contribution of the different nuclease subunits ap-
pears to vary in the different type Il systems and under different conditions and awaits further
characterisation.

Figure 2.5| CRISPR
RNP complexes.
Crystal structures of
the CRISPR
ribonucleoprotein
(crRNP) complexes
responsible for target
interference. Shown
are the type I-E
Cascade complex (PDB
accession 4QYZ) and
type I11-B Cmr complex
(PDB accession 3X1L)
from class 1, and the
type I1-A Cas9 complex
(PDB accession 4008)
and type V-A Cas12a
(Cas12a) complex (PDB
accession 5B43) from
class 2. Colours of
nucleic acid fragments
are the same as in
Figure 2.6.

Cas9 complex (Type II-A) Cpf1 complex (Type V-A)

Another unique feature of type Il system concerns the mechanism of self/nonself discrimina-
tion. Genetic analyses have revealed that type Il systems do not use the PAM-based “nonself-
activation” mechanism of type | (Cascade), type Il (Cas9), and type V (Cas12a). The mechanism
used by the S. epidermidis Csm system apparently involves crRNA- or protein-based recogni-
tion of the repeats in the CRISPR locus, resulting in “self-inactivation” (274, 215). However,
the DNA cleavage activity of the P. furiosus Cmr complex was recently reported to require the
presence of a short sequence adjacent to the target sequence within the activating target RNA
(i.e., an RNA PAM) (203). Additional analysis is required to reveal whether the reported motifs
are typical features that distinguish the two subtypes.

Class 2 systems require only a single protein for interference. In type Il, the crRNP complex
involved in target recognition and degradation consists of Cas9 bound to the crRNA guide base-
paired with the tracrRNA (49). The crystal structures of Cas9 reveal two distinct lobes that are
involved in target recognition and nuclease activity (Figure 2.5). The positively charged groove
at the interface of the two lobes accommodates the crRNA-DNA heteroduplex (276, 217). A ma-
jor step in Cas9 activation is the reorientation of the structural lobes upon crRNA/tracrRNA
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Target interference

loading, which results in the formation of a central channel that accommodates the target DNA
(216). Binding and cleavage of the target DNA by the Cas9-crRNA effector complex depend
on the recognition of an appropriate PAM located at the 3" end of the protospacer (188), which
serves as a licensing element in subsequent DNA strand displacement and R-loop formation.
The PAM motif resides in a base-paired DNA duplex. Sequence-specific PAM readout by Arg'***
and Arg'** in Cas9 positions the DNA duplex such that the +1 phosphate group of the target
strand interacts with the phosphate lock loop (278). This promotes local duplex melting, allow-
ing the Cas9-RNA complex to probe the identity of the nucleotides immediately upstream of
the PAM. Base pairing between a 12-nt seed sequence of the guide RNA and the target DNA
strand (788) drives further stepwise destabilization of the target DNA duplex and directional
formation of the guide RNA-target DNA heteroduplex (218). This R-loop triggers a conforma-
tional change of the two nuclease domains (HNH and RuvC) of Cas9, which adopt an active
state that allows for the completion of interference by cleavage of both target strands (217,
219). Cas9 generates a blunt-end double-strand break, typically located 3 nt from the 3’ end of
the protospacer (48, 220). Recently, however, PAM-independent single-stranded targeting by
N. meningitidis Cas9 has been described (227).

Similar to type Il, the effector modules of type V systems consist of a large multidomain protein
complex (Cas12a and Cas12b in subtypes V-A and V-B, respectively). Like Cas9, these proteins
encompass a RuvC-like nuclease domain and an arginine-rich bridging helix. However, in con-
trast to Cas9, the RuvC-like domain of and Cas12b is more compact and the HNH domain is
missing (Figure 2.6). Subtype V-B systems resemble type Il with respect to the requirement
for a tracrRNA, both for processing and for interference. In contrast, Cas12a-crRNA (type V-A)
complexes are single RNA-guided endonucleases that cleave target DNA molecules in the ab-
sence of a tracrRNA (83). A model is proposed for a stepwise cleavage of the target DNA by
(i.e., initial RuvC-dependent cleavage of the displaced strand, followed by cleavage of the target
strand by the novel nuclease domain) (83, 787) suggests that the novel nuclease is allosterically
activated by the RuvC cleavage event. Although allosteric control has also been demonstrated
in interference by Cas9 (219), details appear to differ (740). Both and Cas12b from different
bacteria efficiently cleave target DNA containing a well-defined T-rich PAM at the 5’ end of the
protospacer (5'-PAM) (76, 83), in contrast to the more variable, G-rich 3’-PAM sequence of Cas9
(222). Structural analysis has shown that recognizes its PAM through a combination of base
and shape readout, in which several PAM-interacting amino acid residues that are conserved in
the family are involved (740). Another unique feature of the endonuclease is the generation of
staggered double-stranded DNA breaks with 4- or 5-nt 5" overhangs (83); Another unique fea-
ture of the Cas12a endonuclease is the generation of staggered double-stranded DNA breaks
with 4- or 5-nt 5" overhangs (740) (Figure 2.6).

The type VI systems contain a unique effector protein (Cas13, formerly known as C2c2) with
two HEPN domains. The Leptotrichia shahii Cas13 protein provides efficient interference against
the RNA phage MS2. Cas13 is guided by a single crRNA and can be programmed to cleave
ssRNA targets carrying complementary protospacers (223) (Figure 2.6). Spacers with a G im-
mediately flanking the 3" end of the protospacer are less fit relative to all other nucleotides at
this position, which suggests that the 3’ protospacer flanking site (PFS) affects the efficacy of
Cas13-mediated targeting (224) (Figure 2.6). Remarkably, once primed with the cognate tar-
get RNA, the Cas13 protein turns into a sequence-nonspecific RNase that causes a toxic effect
in bacteria (224). Thus, the defence strategy of type VI systems appears to couple adaptive
immunity with programmed cell death or dormancy induction.
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Genome editing applications

Phages are constantly evolving multiple tactics to avoid, circumvent, or subvert prokaryotic
defence mechanisms (76). Phages can evade CRISPR interference through single-nucleotide
substitution in the protospacer region or in the conserved protospacer-adjacent motif (46). Ad-
ditionally, P. aeruginosa phages encode several proteins affecting the activity of type I-E and I-F
systems (94). Diverse sequences of these proteins and mechanisms of action, coupled with the
strong selection imposed by different antiviral systems, suggest an abundance of anti-CRISPR
proteins yet to be discovered. Strikingly, some bacteriophages themselves encode a CRISPR-
Cas system that in this case functions as an antidefense device targeting an anti-phage island
of the bacterial host and thus enabling productive infection (96). Together, these findings em-
phasize the complexity of the virus-host arms race in which CRISPR-Cas systems are involved
and suggest that many important aspects of this race remain to be characterised.

Very recently, an unexpected claim has been published on the existence of a CRISPR-like de-
fence system in a giant mimivirus infecting unicellular eukaryotes (amoeba) (225). This sys-
tem, named “mimivirus virophage resistance element” (MIMIVIRE), has been proposed to pro-
tect certain mimivirus strains from the Zamilon virophage, a small virus that parasitizes on
mimiviruses. However, the MIMIVIRE locus lacks CRISPR-like repeats or a Cas1 homolog and
encodes only very distant, generic homologs of two Cas proteins (a helicase and a nuclease that
belong to the same protein super families as Cas3 and Cas4, respectively, but lack any specific
relationship with these Cas proteins). Thus, any analogy between this putative eukaryotic
giant virus defence system and CRISPR-Cas should be perceived with caution.

GENOME EDITING APPLICATIONS

The molecular features of CRISPR-Cas systems, particularly class 2 systems with single-protein
effectors, have made them attractive starting points for researchers interested in developing
programmable genome editing tools. In 2013, the first reports of harnessing Cas9 for multi-
plex gene editing in human cells appeared (57, 58, 226, 227). These studies have demonstrated
that Cas9 could efficiently create indels at precise locations and that by supplying exogenous
repair templates, insertion of a new sequence at target sites could be achieved via homologous
recombination. A “dead” Cas9 (dCas9) variant with inactivating mutations in the HNH and
RuvC domains binds DNA without cutting, providing a programmable platform for recruiting
different functional moieties to target sites. The dCas9 has been used for transcriptional acti-
vation and repression (61, 73, 228, 229), localizing fluorescent protein labels (66), and recruiting
histone modifying enzymes (67, 230). Other applications of Cas9 include building gene circuits
(231-233), creating new anti-microbials (234) and antivirals (235-237), and large-scale gain- and
loss-of-function screening (69, 70, 238, 239).

The genome editing toolbox has been expanding through the discovery of novel class 2 effector
proteins, such as Cas12a (83). The Cas12a nuclease possesses on-target efficiencies in human
cells that are comparable with that of Cas9. Besides, Cas12a is also highly specific in its target-
ing, as minimal or no off-target cleavage has been detected (240, 247). Cas12a does not require
a tracrRNA, further simplifying the system for genome editing applications. In addition, it
generates sticky ends, which could potentially increase the efficiency of insertion of new DNA
sequences relative to the blunt ends created by Cas9 (83).

Central to the success of any Cas-based genome editing tool is the specificity of the enzyme,
and many approaches to increase specificity have been reported. For example, “double-nicking,”
which uses dimers of two Cas9 variants, each mutated to create a nick in one strand of the
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DNA, improves specificity by requiring two target matches to create the double-strand break
(242, 243). Another tactic is to control the amount of Cas9 in the cell via an inducible system
that expresses a low level of Cas9 (83, 244). Shortening the region of complementarity in the
guide RNA also reduces off-target cleavage (245). Finally, structure-guided engineering has
been used to mutate specific residues in Cas9, to weaken the interaction with the nontarget
strand or to decrease nonspecific interactions with the target DNA site, favouring cleavage
at sites that are perfectly complementary to the guide RNA and reducing off-target effects to
undetectable levels at many sites (246, 247).

A major outstanding challenge for realizing the full potential of Cas-based genome editing, in-
cluding its use as a therapeutic, is efficient and tissue-specific delivery. Some progress has been
made in this area, including the use of a smaller Cas9 ortholog (248), which is more amenable
to packaging into viral vectors. Other approaches are also being pursued, including non-viral
methods for delivery of DNA or mRNA by nanoparticles (249) and electroporation (250), or
direct delivery of Cas9 protein (257). Additionally, the long-term effects of Cas9 expression in
heterologous eukaryotic cells remain unexplored. Finally, the potential for editing the human
genome as well as the possibility of using Cas-based gene drives for ecosystem engineering
(252) raise ethical concerns that must be fully considered.

OuTLOOK

The intensive research over the past few years on structural and functional features of variant
CRISPR-Cas systems has revealed that they encompass many homologous components and
share common mechanistic principles but also show enormous variability. A key aspect of
this variability is module shuffling, which involves frequent recombination of adaptation and
effector modules coming from different types of CRISPR-Cas within the same locus. Apart
from major differences in the architectures of the effector complexes, functional diversity of
CRISPR-Cas includes versatile mechanisms of crRNA guide processing, self/nonself discrimi-
nation, and target cleavage. The versatility of class 2 systems in particular, where distinct sub-
types apparently evolved via independent recombination of adaptation modules with widely
different effectors, is notable, given the potential of these systems as genome editing tools. The
in-depth analysis of a few well-characterised CRISPR systems has revealed key structural and
mechanistic features. However, the continuing discovery of novel CRISPR-Cas variants and
new molecular mechanisms implies that our current insights have limited power for predicting
functional details of distantly related variants. Hence, such new CRISPR-Cas systems need
to be meticulously analysed to understand the biology of prokaryotic adaptive immunity and
harness its potential for biotechnology. In this Review, we could not cover in any detail sev-
eral fascinating aspects of CRISPR-Cas biology, such as coevolution of immune systems with
viruses, the interplay between CRISPR-Cas activity and horizontal gene transfer, or nonim-
mune functions of CRISPR-Cas. The complexity and extreme variability of the CRISPR-Cas
systems ensure that researchers in this field will have much to do for many years to come.
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Heterologous expression and purification of CRISPR-Cas12a/Cpf1

ABSTRACT

his protocol provides step by step instructions for heterologous expression of Francisella
novicida Cas12a (previously known as Cpf1) in Escherichia coli. It additionally includes

a protocol for high-purity purification and briefly describes how activity assays can be per-
formed. These protocols can also be used for purification of other Cas12a homologs and the purified
proteins can be used for subsequent genome editing experiments.
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Introduction

INTRODUCTION

mids by using CRISPR RNAs (crRNAs) as a guide for sequence-specific targeting of for-

eign DNA or RNA (2715, 253). Class 1 CRISPR-Cas systems (comprising types I, Ill, and
IV) typically form multi-subunit protein-crRNA effector complexes, while the class 2 systems
(comprising types I, V, and VI) rely on single crRNA-guided effector nucleases for target inter-
ference (29).

P rokaryotic CRISPR-Cas immune systems provide protection against viruses and plas-

Effector nuclease enzymes from the Class 2 CRISPR-Cas systems have emerged as efficient
and precise tools for genome editing and gene expression control (222, 242, 254). The widely
used Cas9, which is the signature protein of type Il systems, utilizes a dual guide RNA structure
consisting of crRNA and a trans-activating crRNA (tracrRNA) for target recognition (49). For
genome editing purposes, the dual guide RNA is often replaced by a synthetic fusion of the
mature crRNA and tracrRNA, resulting in a long single-molecule guide RNA (sgRNA) in which
the individual RNAs are fused by a short linker sequence (57). The sequence of the guide RNA
allows binding of complementary DNA targets by base pairing with the target strand, while the
other strand of the DNA is displaced. Upon finding a cognate DNA target, the HNH and RuvC
nuclease domains of Cas9 mediate cleavage of the target and the displaced strand, respectively
(51, 255).

More recently, another novel class 2 CRISPR-Cas nuclease with distinctive features has been
identified in bacterial genomes: Cas12a (also known as Cpf1) (37, 82, 83). Cas12a utilizes a sin-
gle crRNA guide for DNA targeting; it does not require a tracrRNA, resulting in a shorter gRNA
sequence compared to the chimeric single-molecule guide RNAs (sgRNA) used by Cas9. While
Cas9 requires RNase Ill-mediated processing of pre-crRNA or individual expression of sgRNAs
for the formation of mature guide RNAs, Casl12a can process its own pre-crRNA. This pre-
crRNA processing activity allows for simple multiplexing in Cas12a-mediated genome editing
(256, 257). Whereas Cas9 generates double stranded DNA breaks (DSBs) that are blunt ended,
Cas12a generates staggered-end DSBs (83). Such overhangs can be utilized for overhang-based
cloning (258, 259). Moreover, Cas9 typically recognizes a G-rich PAM sequence, while all
Cas12a orthologues characterised to date recognize a T-rich PAM sequence (83). Taken to-
gether, these features make Cas12a a valuable addition to the genome editing toolbox.

Cas12a has been successfully repurposed for genome editing applications in mammalian cells
(83, 241), mice (260, 261), rice (262, 263), yeast (264, 265), zebrafish, xenopus (266), microalga
(267) and plant cells (268, 269). The high efficiency and specificity of Cas12a in human cells,
coupled with fewer off-target cleavage events compared to Cas9 (246), makes Cas12a a robust
and reliable tool for genome editing.

For its in vitro characterisation and crystallization (270), Cas12a from Francisella novicida U112
was purified after heterologous expression in Escherichia coli. The expression strain E. coli
Rosetta™ 2 (DE3) carries a chromosomal T7 RNA polymerase gene under control of an IPTG
inducible lacUV5 promoter. The casi12a gene is expressed using a pET vector (271-273) with a
lacl-controlled T7 promoter. Here we describe the steps (Figure 3.1) required for controlled
expression and purification of FnCas12a. The protocol can also be used for the expression and
purification of Cas12a homologs from Acidaminococcus sp. and Lachnospiraceae bacterium.
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Heterologous expression and purification of CRISPR-Cas12a/Cpf1

Preparation of media, buffers and Casl12a expressing E. coli strain

Overnight culture preparation

Large-scale propagation of Cas12a expressing E. coli cells

Purification of Casl2a

In vitro DNA cleavage assay using purified Casl2a to confirm activity

Figure 3.1| Timeline of activities for the heterologous expression and purification of Francisella novicida
Cas12a (FnCas12a) from Escherichia coli.

MATERIALS AND REAGENTS

Note: Equivalent materials and reagents may be used as substitutes.

Expression of FnCas12a in E. coli Rosetta™ 2(DE3)

1.
. 2-L Erlenmeyer flask (DWK Life Sciences, DURAN®, catalogue number: 21 216 63)
. 5-L Erlenmeyer flasks (DWK Life Sciences, DURAN®, catalogue number: 21 216 73)
. 50-mL conical centrifuge tubes (Sigma-Aldrich, catalogue number: T2318-500EA)

. 2-mL screw top tube (Corning, catalogue number: 430659)

. Nalgene™ PPCO Centrifuge Bottles with Sealing Closure (Thermo Fisher Scientific, Thermo

AN b W N

10.
11.

12.

13.
14.

100-mL Erlenmeyer flask (DWK Life Sciences, DURAN®, catalogue number: 21 213 24)

Scientific™, catalogue number: 3141-0500) or equivalent 500-mL centrifuge bottles

. Pipette tips (DeckWorks™ standard pipet tips, Corning, catalogue numbers: 4110; 4112;

4867)

10-mL syringe (BD, catalogue number: 309604)

0.22 um syringe filter (Mdi, catalogue number: SYPLO60TMNXX204)

250-mL bottle (Greiner Bio One International, catalogue number: 227261)

Escherichia coli Rosetta™ 2(DE3) cells (Merck, Novagen, catalogue number: 71400) [en-
codes a T7 RNA polymerase gene under control of a lacUV5 promoter]

Plasmid pDS015? [pET His6 TEV LIC cloning vector (Addgene, catalogue number: 29653),
with F. novicida U112 cas12a gene insert fused to an N-terminal His-tag; expression under
the control of a lacl-controlled T7 promoter]

Tryptone (Thermo Fisher Scientific, Thermo Scientific™, catalogue number: LP0042B)
Yeast extract (BD, Bacto™, catalogue number: 212720)

*Acidaminococcus sp. BV3L6 Cas12a (AsCas12a) and Lachnospiraceae bacterium ND2006 Cas12a (LbCas12a) proteins
can also be purified using this protocol with expression vectors 6His-MBP-TEV-huAsCpf1 (Addgene, catalogue number:
90095) and 6His-MBP-TEV-hulLbCpf1 (Addgene, catalogue number: 90096)
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https://www.bd.com/x326764.xml
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https://www.addgene.org/29653/
https://www.thermofisher.com/order/catalog/product/LP0042B?SID=srch-hj-LP0042B
https://www.bdbiosciences.com/us/cell-culture/media-supplements/media-supplements/af-animal-free/yeast/yeast-extract/p/212720
https://www.addgene.org/90095/
https://www.addgene.org/90096/

Materials and Reagents

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

Sodium chloride (NaCl) (Fisher Scientific, catalogue number: S271-10)
Sodium hydroxide (NaOH) (Merck, EMD Millipore, catalogue number: 106462)
Ethanol (Fisher Scientific, catalogue number: BP2818500)

Chloramphenicol (Fisher Scientific, catalogue number: BP904100)
Kanamycin sulphate (Thermo Fisher Scientific, catalogue number: 11815024)
Glycerol (Fisher Scientific, catalogue number: BP229-4)

IPTG (Fisher Scientific, catalogue number: BP1755-1)

Agar (Acros Organics, catalogue number: 400400050)

LB medium (see Section Recipes)

1,000x chloramphenicol solution (34 mg mL™") (see Section Recipes)

1,000x kanamycin solution (50 mg mL™") (see Section Recipes)

1 M IPTG (IsoPropyl-1-Thio-B-D-Galactopyranoside) (see Section Recipes)
Glycerol stock (50% solution) (see Section Recipes)

Purification of FnCas12a
1. 5 mL HisTrap HP (GE Healthcare, catalogue number: 17524701)

Dialysis tubing, high retention seamless cellulose tubing, avg. flat width 23 mm (0.9 in.),
MWCO 12,400, 99.99% retention (Sigma-Aldrich, catalogue number: D0405)
Dialysis tubing clamps (Sigma-Aldrich, catalogue number: Z371092)

4. 5 mL HiTrap Heparin HP (GE Healthcare, catalogue number: 17040601)

Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-100 membrane (Merck, EMD Mil-
lipore, catalogue number: UFC9100)

6. HiLoad 16/600 Superdex 200 pg (GE Healthcare, catalogue number: 28989335)

10.

11.
12.

13.
14.
15.
16.

17.

18.
19.

Gosselin™ Round-Base 10-mL Test Tubes (Thermo Fisher Scientific, Fisher Scientific, cat-
alogue number: 11723284) or other equivalent fraction collection tubes

Nalgene™ Oak Ridge High-Speed Centrifuge Tubes (Thermo Fisher Scientific, Thermo
Scientific™, catalogue number: 3114-0050) or equivalent 50-mL centrifuge tubes
Membrane Filter, mixed cellulose esters (Merck, MF-Millipore, catalogue number:
HAWP04700)

Membrane Filter, mixed cellulose esters (Merck, MF-Millipore, catalogue number:
GSWP04700)

Cell pellet from overnight culture in which FnCas12a was expressed (from Procedure A)
cOmplete™, EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich, Roche Diagnostics,
catalogue number: 11873580001)

Lysozyme from chicken egg white (Sigma-Aldrich, catalogue number: L6876-5G)
B-Mercaptoethanol (Sigma-Aldrich, catalogue number: M6250)

TEV protease (Sigma-Aldrich, catalogue number: T4455)

12% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad Laboratories, catalogue num-
ber: 4561043)

4x Laemmli protein sample buffer for SDS-PAGE (Bio-Rad Laboratories, catalogue num-
ber: 1610747)

Bio-Safe™ Coomassie Stain (Bio-Rad Laboratories, catalogue number: 1610786)
PageRuler Prestained Protein Ladder, 10 to 250 kDa (Thermo Fisher Scientific, Thermo
Scientific™, catalogue number: 26619)
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https://www.fishersci.com/shop/products/sodium-chloride-crystalline-certified-acs-fisher-chemical-6/p-33727
http://www.emdmillipore.com/US/en/product/Sodium-hydroxide,MDA_CHEM-106462
https://www.fishersci.com/shop/products/ethanol-absolute-200-proof-molecular-biology-grade-fisher-bioreagents-5/bp2818500?searchHijack=true&searchTerm=BP2818500&searchType=RAPID&matchedCatNo=BP2818500
https://www.fishersci.com/shop/products/chloramphenicol-crystalline-powder-fisher-bioreagents/bp904100?searchHijack=true&searchTerm=BP904100&searchType=RAPID&matchedCatNo=BP904100
https://www.thermofisher.com/order/catalog/product/11815024
https://www.fishersci.com/shop/products/glycerol-molecular-biology-fisher-bioreagents-2/bp2294?searchHijack=true&searchTerm=BP2294&searchType=RAPID&matchedCatNo=BP2294
https://www.fishersci.com/shop/products/isopropyl-d-thiogalactopyranoside-iptg-dioxane-free-fisher-bioreagents-3/bp17551?searchHijack=true&searchTerm=BP17551&searchType=RAPID&matchedCatNo=BP17551
https://www.acros.com/DesktopModules/Acros_Search_Results/Acros_Search_Results.aspx?search_type=CatalogSearch&SearchString=400400050
https://www.gelifesciences.com/en/us/shop/chromatography/resins/affinity-tagged-protein/histrap-hp-histidine-tagged-protein-purification-columns-p-00250?current=29051021
https://www.sigmaaldrich.com/catalog/product/sigma/d0405?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigma/z371092?lang=en&region=US
https://www.gelifesciences.com/en/us/shop/chromatography/resins/affinity-specific-groups/hitrap-heparin-hp-affinity-columns-p-01737
http://www.emdmillipore.com/US/en/search/UFC9100?search=&TrackingSearchType=SB+-+Search+Box&SearchContextPageletUUID=&SearchTerm=UFC9100
https://www.gelifesciences.com/en/us/shop/chromatography/prepacked-columns/size-exclusion/hiload-superdex-200-pg-preparative-size-exclusion-chromatography-columns-p-06283
https://www.thermofisher.com/order/catalog/product/3114-0010
http://www.emdmillipore.com/US/en/product/MF-Millipore-Membrane-Filter-mixed-cellulose-esters,MM_NF-HAWP04700
http://www.emdmillipore.com/US/en/product/MF-Millipore-Membrane-Filter-mixed-cellulose-esters,MM_NF-GSWP04700
https://www.sigmaaldrich.com/catalog/product/roche/coedtafro?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigma/l6876?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/aldrich/m6250?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigma/t4455?lang=en&region=US
http://www.bio-rad.com/en-am/sku/4561043-12-mini-protean-tgx-precast-protein-gels-10-well-30-ul?ID=4561043
http://www.bio-rad.com/en-am/sku/1610747-4x-laemmli-sample-buffer?ID=1610747
http://www.bio-rad.com/en-am/sku/1610786-bio-safe-coomassie-stain?ID=1610786
https://www.thermofisher.com/order/catalog/product/26619?SID=srch-hj-26619
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20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

Dithiothreitol (DTT) (Sigma-Aldrich, catalogue number: D0632)
Ethylenedinitrilotetraacetic acid (EDTA) (Sigma-Aldrich, catalogue number: E9884)
Sodium chloride (NaCl) (Fisher Scientific, catalogue number: S271-10)

Tris (Thermo Fisher Scientific, Thermo Scientific™, catalogue number: 17926)
Imidazole (Sigma-Aldrich, catalogue number: 10250)

Hydrochloric acid (HCI) (Sigma-Aldrich, catalogue number: 258148)
Potassium chloride (KCI) (Merck, EMD Millipore, catalogue number: 104933)
HEPES (Sigma-Aldrich, catalogue number: H3375)

Potassium hydroxide (KOH) (Sigma-Aldrich, catalogue number: 757551)
Glycine (Sigma-Aldrich, catalogue number: G8898)

Sodium dodecyl sulphate (SDS) (Sigma-Aldrich, catalogue number: L3771)

1 M DTT (Dithiothreitol) stock (see Section Recipes)

0.5 M EDTA (Disodium Ethylene Diamine Tetra-Acetate) stock (pH 8) (see Section Recipes)
Lysis Buffer (see Section Recipes)

Wash Buffer (see Section Recipes)

Elution Buffer (see Section Recipes)

Dialysis Buffer (see Section Recipes)

Dilution Buffer (see Section Recipes)

IEX-A Buffer (see Section Recipes)

IEX-B Buffer (see Section Recipes)

SEC Buffer (see Section Recipes)

10x SDS-PAGE Electrophoresis Running Buffer (see Section Recipes)

Activity assay using purified FnCas12a

10.
11.
12.
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1. Purified Cas12a Nuclease (from Procedure B)

2. Nuclease-free water

3.

4. crRNA containing the targeting sequence complementary to the target DNA

Proteinase K, Molecular Biology Grade (New England Biolabs, catalogue number: P8107S)

Note: The RNA can be ordered as a desalted RNA oligonucleotide or as PAGE-purified RNA
oligonucleotide from an RNA synthesis company such as Sigma-Aldrich or IDT.

DNA substrate containing the target sequence and a 5’-TTTN- 3> PAM sequence. Note:
The substrate DNA can be circular or linearized plasmid, PCR products, or synthesized
oligonucleotides). As an example, the DNA substrate and crRNA used in the activity assay
is shown in Figure 3.2

GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific, Thermo Scientific™, catalogue
number: SM0311) or equivalent

DNA gel Loading Dye [e.g., 6x DNA Loading Dye (Thermo Fisher Scientific, Thermo
Scientific™, catalogue number: R0611)]

Invitrogen™ SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific, Thermo Scientific™,
catalogue number: 533102)

Sodium chloride (NaCl) (Fisher Scientific, catalogue number: S271-10)

Magnesium chloride hexahydrate (MgCl,-6H,0)

HEPES (Sigma-Aldrich, catalogue number: H3375)

Ethylenedinitrilotetraacetic acid (EDTA) (Sigma-Aldrich, catalogue number: E9884)


https://www.sigmaaldrich.com/catalog/product/sial/d0632?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sial/e9884?lang=en&region=US
https://www.fishersci.com/shop/products/sodium-chloride-crystalline-certified-acs-fisher-chemical-6/s27110?searchHijack=true&searchTerm=S27110&searchType=RAPID&matchedCatNo=S27110
https://www.thermofisher.com/order/catalog/product/17926?SID=srch-hj-17926
https://www.sigmaaldrich.com/catalog/product/sigma/i0250?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigald/258148?lang=en&region=US
http://www.emdmillipore.com/US/en/product/Potassium-chloride,MDA_CHEM-104933
https://www.sigmaaldrich.com/catalog/product/sigma/h3375?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/aldrich/757551?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigma/g8898?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigma/l3771?lang=en&region=US
https://www.neb.com/products/p8107-proteinase-k-molecular-biology-grade#Product%20Information
https://www.thermofisher.com/order/catalog/product/SM0311?SID=srch-hj-SM0311
https://www.thermofisher.com/order/catalog/product/R0611?SID=srch-hj-R0611
https://www.thermofisher.com/order/catalog/product/S33102?SID=srch-hj-S33102
https://www.fishersci.com/shop/products/sodium-chloride-crystalline-certified-acs-fisher-chemical-6/s27110?searchHijack=true&searchTerm=S27110&searchType=RAPID&matchedCatNo=S27110
https://www.sigmaaldrich.com/catalog/product/sigma/h3375?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sial/e9884?lang=en&region=US

Equipment

13. Hydrochloric acid (HCI) (Sigma-Aldrich, catalogue number: 258148)
14. 10x Nuclease Reaction Buffer (see Section Recipes)

PAM protospacer
5% AGCTCGGTACCCGGGGACCCTTTAGAGAAGTCATTTAATAAGGCCACTGTTAAAAAGCTTGGCGTAATCATGGTCATAGCTGTGTCGAC -
DNA
t t \\III\HIII\\\IIIHIIII\\IIII\\IIII\\IIIIIIHIIII\\IIII\\IIII\\IIII\\IIII\\\III\\\III\HIII\HIII\HIII\H
arget ;. GGTCACTTAAGCTCGA( GCCATGGGCCCCTGGGAAATCTCTTCAGTAAA'I‘FATTCCGGTGﬂACAATTT'I'FCGAACCGCATTAGTACCAGTATCGACACAGCTG
(RN RN RN RN RN RN

UGUAGAUGAGAAGUCAUUUAAUAAGGCCACUGUUAAAA -3’

cRNA Y 11111
UCAUCUUUAA -5

Figure 3.2|Schematic of the Cas12a crRNA-DNA-targeting complex.The expected cleavage sites are indicated
by red arrows.

EQUIPMENT

Expression of FnCas12a in E. coli Rosetta™ 2

Note: Equivalent equipment can be used.

1. Pipettes (Corning, model: Lambda™ Plus Single-Channel Pipettor, catalogue numbers:
4070; 4074; 4075)

2. New Brunswick™ Innova® 42 incubator (Eppendorf, New Brunswick™, model: Innova®
42, catalogue number: M1335-0002) or an equivalent incubator that can be set at 37 °C

3. Sorvall LYNX 4000 Superspeed Centrifuge (Thermo Fisher Scientific, Thermo Scientific™,
model: Sorvall LYNX 4000, catalogue number: 75006580) or an equivalent centrifuge that
can be cooled down to 4 °C and can perform up to 6,000xg

4. New Brunswick™ Innova® 44/44R (Eppendorf, New Brunswick™, model: Innova® 44/44R,
catalogue number: M1282-0002) or any equivalent shaker incubator where the tempera-
ture can be set at 37 °C and 18 °C

5. Cell density meter (GE Healthcare, model: Ultrospec™ 10, catalogue number: 80-2116-
30), or equivalent spectrophotometer that can measure the density of cells in suspension
at 600 nm

6. lce-water bath (water and ice mixed)

Purification of FnCas12a

1. SONOPULS HD (Bandelin electronic, model: HD 3200) with VS 70 T Sonotrode (Ban-
delin) or equivalent ultrasonic homogenizer/Sonifier, or alternatively a French Pressure
Cell (French Press) for cell lysis

2. Peristaltic pump P-1 with connectors for 5 mL HisTrap HP (GE Healthcare, model: Peri-
staltic Pump P-1, catalogue number: 18111091) or an equivalent peristaltic pump

3. Tubing Connectors for Use with Peristaltic Pump P-1(GE Healthcare, catalogue number:
11300082)

4. AKTApurifier 10 FPLC system (GE Healthcare, model: AKTApurifier 10, catalogue num-
ber: 28406264) or an equivalent FPLC system

5. Sorvall LYNX 4000 Superspeed Centrifuge (Thermo Fisher Scientific, Thermo Scientific™,
model: Sorvall LYNX 4000, catalogue number: 75006580) or an equivalent centrifuge that
can be cooled down to 4 °C and can perform up to 30,000xg

6. pH meter (QiS, model number: B210)
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https://www.sigmaaldrich.com/catalog/product/sigald/258148?lang=en&region=US
https://ecatalog.corning.com/life-sciences/b2c/US/en/Equipment/Liquid-Handling-Equipment/Pipettors/Corning%C2%AE-Lambda%E2%84%A2-Plus-Pipettors/p/4070
https://ecatalog.corning.com/life-sciences/b2c/US/en/Equipment/Liquid-Handling-Equipment/Pipettors/Corning%C2%AE-Lambda%E2%84%A2-Plus-Pipettors/p/4074
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https://www.thermofisher.com/order/catalog/product/75006580?SID=srch-hj-75006580
https://www.gelifesciences.com/en/us/shop/chromatography/tools-and-accessories/pumps/peristaltic-pump-p-1-p-00564
https://www.gelifesciences.com/en/us/shop/aktapurifier-p-01576
https://www.thermofisher.com/order/catalog/product/75006580?SID=srch-hj-75006580
http://www.q-i-s.net/q-i-s/product-database/b210-ph-mv-c-meter-proline/70

Heterologous expression and purification of CRISPR-Cas12a/Cpf1

7. Filter holder assembly for filtration (Merck, catalogue number: XX1014700 or Nalgene,
Thermo Fisher Scientific, Thermo Scientific™, catalogue number: DS0320-2545), or equiv-
alent filter holder assembly

8. Diaphragm Vacuum Pumps LABOPORT®N 820 (ABM van Zijl B.V, catalogue number:
ABMK N8203FT18), or an equivalent vacuum pump

9. Nanodrop (Thermo Fisher Scientific, Thermo Scientific™, model: NanoDrop™ 2000, cat-
alogue number: ND-2000)

10. Mini-PROTEAN Tetra cell (Bio-Rad Laboratories, model: Mini-PROTEAN Tetra Cell, cat-
alogue number: 1658004EDU), or an equivalent vertical electrophoresis system

11. Epson Perfection V850 Pro scanner (Epson, model: Perfection V850 Pro) or equivalent
scanner or imager suitable for SDS-PAGE gel imaging

Activity assay using purified FnCas12a

1. Eppendorf™ 5424 Microcentrifuge (Eppendorf, model: 5425, catalogue number: 022620498)

2. MUPID One Horizontal Electrophoresis System (Bulldog Bio, catalogue number: MU2)
or an equivalent horizontal electrophoresis system

3. G:BOX F3 (Syngene, model: G:BOX F3, catalogue number: 05-GBOX-F3) gel doc system
or equivalent DNA agarose gel imaging equipment

PROCEDURE

Transformation of E. coli Rosetta™ 2(DE3) with pDS015 plasmid and
preparation of a glycerol stock

1. Add 1 ng of pDS015 plasmid DNA directly to 50 pL of chemically competent E. coli
Rosetta™ 2(DE3) cells.
Stir gently to mix and place the tubes on ice for 5 min.
Heat the tubes for exactly 30 sec in a 42 °C water bath; do not shake.
Immediately place the tube on ice for 2 min.
Add 250 pL of room temperature sterile SOC medium (provided by the manufacturer) to
the tube. Incubate at 37 °C while shaking at 250 rpm for 60 min.
6. Spread 5-50 pL of the transformation mixture on LB agar plates containing 34 pg mL"
' and 50 pg mL™" of chloramphenicol and kanamycin, respectively. If plating less than
25 plL of the transformation, we recommend adding 50 pl of sterile SOC medium to the
transformation mixture before plating to facilitate even colony distribution on the LB
agar plate surface.
7. Incubate the LB agar plates overnight at 37 °C.
8. The next day, pick a single colony from the transformation plates using a sterile pipette
tip and inoculate 10 mL LB in a 50-mL tube.
9. Incubate the 50-mL tube overnight in a 37 °C shaking incubator shaking at 160 rpm.
10. The next day, add 500 pL of the overnight culture to 500 pL of 50% sterile glycerol in a
2-mL screw-top tube or cryovial and mix gently.
11. Store the glycerol stock at -80 °C for future use.

oA N
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http://www.emdmillipore.com/US/en/product/Glass-filter-holder-assembly-with-300-mL-funnel-fritted-base-stopper-clamp-alignment-sleeve-47nbspmm,MM_NF-XX1014700
https://www.thermofisher.com/order/catalog/product/DS0320-2545
http://www.abmbv.nl/en/catalog/articledetail/631492/abmk-n8203ft18
http://www.bio-rad.com/en-am/sku/1658004edu-mini-protean-tetra-cell-for-ready-gel-precast-gels?ID=1658004EDU
https://epson.com/For-Work/Scanners/Photo-and-Graphics/Epson-Perfection-V850-Pro-Photo-Scanner/p/B11B224201
https://online-shop.eppendorf.us/US-en/eshopproduct/view/022620498?_ga=2.230421916.1633847059.1524452464-174220340.1522740822
http://www.bulldog-bio.com/mupid_one.html
https://www.syngene.com/product/gbox-f3-gel-doc-for-fluorescence-and-visible-applications/

Procedure

Large-scale expression of FnCas12a in E. coli Rosetta™ 2(DE3)

Day 1. Preparation of media, buffers and single colonies

1.

Prepare 20 mL of LB in a 100-mL Erlenmeyer flask (for starting overnight cultures) (Recipe
A1)

Prepare three 5-L Erlenmeyer flasks, each containing 1.5 L of LB medium (for large-scale
propagation and protein purification) (Recipe A1).

Prepare antibiotic and stock solutions (Recipes A2 and A3).

. Prepare the buffers needed for the purification (Recipes B1-B8).

Streak out a glycerol stock of E. coli Rosetta™ 2(DE3) transformed with pDS015 on a LB
agar plate containing 50 pg mL™" kanamycin and 34 pg mL™" chloramphenicol.
Incubate the LB agar plate overnight in a 37 °C incubator.

Day 2. Overnight culture preparation

1.

Add 20 pL of the 50 mg mL™" kanamycin stock solution and 20 pL of the 34 mg mL~
' chloramphenicol stock solution to the 20 mL of autoclaved LB medium in a 100-mL
Erlenmeyer flask from Day 1.

With a sterile pipette tip, pick a single colony of E. coli Rosetta™ 2(DE3) transformed
with pDS015 from the LB agar plate from Day 1.

Use the colony to inoculate the medium containing the kanamycin and chloramphenicol.

. Loosely close the 100-mL Erlenmeyer flask with a cotton plug.

Incubate the bacterial culture at 37 °C for 16-20 h in a shaking incubator (set at 160 rpm).

Day 3. Large-scale propagation of cells overexpressing FnCas12a

1.

oA~ wN

Take three autoclaved 5-L Erlenmeyer flasks® each containing 1.5 L LB medium from Day
1.

To each flask, add 1.5 mL of 50 mg mL™" kanamycin solution.

To each flask, add 1.5 mL of 34 mg mL™" chloramphenicol solution.

To each flask, add 15 mL of the overnight culture prepared on Day 2.

Incubate the culture flasks at 37 °C in a shaking incubator at 160 rpm°.

Monitor the ODggo nm Of the culture every half an hour. Once an ODggg nm Of 0.5-0.6
is reached (this normally takes ~3-4 h), transfer the Erlenmeyer containing the culture
to the ice-water bath and incubate (cold-shock) it for 15 min. This step slows down
the metabolism of E. coli and triggers expression of cold-shock proteins which may aid
FnCas12a folding during expression.

To each flask, add 200 pL of filter-sterilized 1 M IPTG solution to the culture to induce
expression of FnCas12a.

Transfer the culture to an 18 °C shaking incubator (set at 120 rpm) for overnight expres-
sion (~16 h).

*Jt is also possible to express smaller volumes of cell culture (e.g., a single 1.5 L culture or one or more 750 mL cultures in
2-L Erlenmeyer flasks)
“When using a baffled Erlenmeyer flask, reduce the shaking incubator speed to 120 rpm to prevent the formation of foam.
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Day 4-Part I. Large-scale propagation of cells overexpressing FnCas12a (continued)

1. Transfer the overnight culture from Day 3 to centrifuge bottles.
2. Harvest the cells by centrifuging the culture for 15 min at 6,000xg at 4 °C.

. Discard supernatant and store the pelleted cells at -20 °C (for use within a week for op-

timal purification) or at -80 °C (for long-term storage) or proceed directly to purification.
The expected yield is ~5 g of cell pellet per liter of cell culture.

Day 4-Part IL. Purification of FnCas12a-Part I

46

1.

(2NN S2 B~ OV)

If continuing with a frozen cell pellet, thaw the cell pellet from Day 4—Part I on ice for 30-
60 min. If proceeding directly after protein expression, skip this step. Note: All subsequent
steps should be performed on ice or at 4 C.

. Resuspend the entire cell pellet in Lysis Buffer (~2.5-5 mL Lysis Buffer per gram of cell

pellet).

. Add 1 tablet cOmplete™ protease inhibitor for every 50 mL.

. Add lysozyme to a final concentration of 1 mg mL™".

. Incubate the sample on ice for 30 minutes (min).

. If using a French Press for cell lysis: after the lysozyme treatment, pass cell suspension

through French Press twice at 16,000 psi.

. If using sonication for cell lysis: after the lysozyme treatment, lyse the cell suspension by

using a sonicator with an appropriate tip and a protocol suitable for lysis of large volume
cell suspensions. For our setup (Bandelin SONOPULS HD with VS 70 T tip), we use the
following settings: 10 min total time, 1 sec on, 0.7 sec off, and 20% amplitude. The cell
suspension often has a brownish tinge after lysis as shown in Figure 3.3.

Figure 3.3 | After lysis, the cell sus-

pension becomes tinted brown and
less viscous.

Before lysis After lysis

Note: Using a French Pressure cell or sonicator gives approximately the same yield — Fn-
Cas12a is very stable and little to no protein will be lost during sonication. Keep in mind,
however, that sonication is usually less suitable for large volumes, and therefore a protocol
suitable for lysis of a large volume of cell suspension should be applied.

. Pour the lysate into (a) centrifugation tube(s) and centrifuge for 45 min, 4 °C, at 30,000xg.
. Transfer the supernatant to (a) clean 50-mL tube(s). This is the ‘cell-free extract’.

Note: A sample of the lysed cell pellet may be stored at 4 °C and analyzed later by SDS-PAGE



Procedure

analysis for the presence of FnCas12a to assess its solubility and to determine if cell lysis
was successful.

10. Pass the cell free extract through a 0.22 pm membrane filter and save the filtrate into a
sterile tube.

11. Using a peristaltic pump, wash a HisTrap HP column with 3-5 column volumes of distilled
water to remove the solution in which the resin is stored.

12. Using a peristaltic pump, equilibrate the HisTrap HP with at least 5 column volumes of
Lysis Buffer with a flow rate of 2 mL/min.

13. Using the peristaltic pump?, pass the filtered cell free extract with a flow rate of 1 mL/min
through the HisTrap HP column and collect the flow-through in a 50-mL tube(s) labelled
‘flow-through’e.

The next chromatography steps are performed using an AKTA FPLC system.

14. Equilibrate the AKTA FPLC system with Wash Buffer until the absorbance at 280 nm
reaches a steady baseline. Transfer the HisTrap HP column to the AKTA FPLC and wash
the column using Wash Buffer with a flow rate of 2 mL/min for 10-15 times the column
volume or until the absorbance at 280 nm becomes near' stable with the Wash Buffer.
Collect the first 3-4 10-mL wash fractions® in separate tubes labelled ‘wash-through #’.

15. Elute the protein using the Elution Buffer with a flow rate of 2 mL/min while fractionat-
ing to 1T mL samples, collect the eluate and save the fractions in separate tubes labelled
‘Elution fraction #. An example of a typical elution chromatogram of FnCas12a purified
by Histrap HP (5 mL) affinity purification is shown in Figure 3.4.

16. Dilute 10 pul of the collected fractions with 4x Laemmli protein sample buffer, heat for 5
min at 95 °C and resolve the samples on SDS-PAGE gel to assess the purity of the sample.

17. Combine the elution fractions in which the protein is present and check the absorbance
at 280 nm to estimate the protein concentration. The extinction coefficient of FnCas12a
is 145,820 M™' cm™'. Typical yield at this step is ~25 mg per litre of expression culture".

18. Add 2 mL (final 1 mM) of 1 M DTT stock and 4 mL of 0.5 M EDTA stock to 2 L of Dialysis
Buffer before use. Increase the volume of the combined protein fractions to 25 mL using
the Dialysis Buffer. Add 1 mg TEV protease per 100 mg of protein.

19. Take a dialysis membrane with an MWCO of 12,400 and soak it in the Dialysis Buffer for
1 min. Use a clamp to close the dialysis membrane on one end to make a bag.

20. Pipet the combined protein sample into the dialysis membrane bag and close the other
end with another clamp. Dialyze the sample overnight at 4 °C with slow stirring against
2 L of the Dialysis Buffer.

4For sample loading, a superloop can be used instead of the peristaltic pump.

¢A sample of the flow-through may be stored at 4 C and analysed later by SDS-PAGE analysis for the presence of the
FnCas12a to determine if the protein bound to the column (if a large fraction of the protein remains in the flow-through,
regenerate or replace your column). In some cases, the high amount of proteins can saturate the column. To recover the
protein in the flow-through, the flow-through can be (re)loaded onto another or regenerated HisTrap HP column.

fEven at its low concentration, imidazole in the washing buffer can remove small amounts of the protein of interest. There-
fore, start eluting the protein as the absorbance at 280 nm is near stable to avoid unnecessary loss of the protein of interest.

8The wash-through may be saved and checked later using SDS-PAGE analysis for the presence of FnCas12a to determine if
it was eluted off the column during washing.

"The yield is most likely overestimated at this point due to protein and nucleic acid contaminations.
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o tion chromatogram of FnCas12a
purified by Histrap HP (5 mL)
affinity purification. 75 mL of
cell-free extract was loaded on the
column. Elution fractions were 1
mL and the flow rate was set at 2
mL/min. Absorbance at 280 nm is
expressed in milli-absorbance units
for the A (blue) and A,y (red).
Please note that the A,s, is not very
informative after niNTA purifica-
tion, as at this stage, the sample is
contaminated with various nucleic
acids. The green line indicates the
concentration of Elution Buffer (0%
at the start of the chromatogram
and 100% at the final stage of the
chromatogram).
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Day 5. Purification of FnCas12a—-Part II

1.

Transfer the protein sample from the dialysis membrane into a 50 mL tube and centrifuge
it for 10 min at 4,500 x g at 4 °C to remove potential precipitated proteins.

2. Dilute the sample 1:1 using Sample Dilution Buffer'.

Using a peristaltic pump, wash the column with 3-5 column volumes of distilled water
to remove the solution in which the column resin is stored.

Using a peristaltic pump, equilibrate the Heparin FF column with at least 5 column vol-
umes of IEX-A Buffer with a flow rate of 2 mL min™".

Using a peristaltic pump, load the protein sample onto the Heparin FF column.

6. Equilibrate the AKTA FPLC with IEX-A Buffer until the absorbance at 280 nm reaches a

steady baseline.

Transfer the Heparin FF column to the AKTA FPLC and wash it with 10 mL IEX-A Buffer
at 2 mL min~". Collect the flow-through in appropriately labelled clean tubes.

Elute the protein using a linear gradient from 0 to 50% IEX-B Buffer over 60 mL at a flow
rate of 2 mL min™', collect the eluate as 1 mL fractions in appropriately labelled clean
tubes. An example of a typical elution chromatogram of FnCas12a purified by Heparin
FF (5 mL) affinity purification is shown in Figure 3.5.

Dilute 10 pl of the collected fractions with 4x Laemmli protein sample buffer, heat for
5 min at 95 °C, and analyse on SDS-PAGE gel to assess the purity of the sample. An
example of a Coomassie Brilliant Blue stained 10% SDS-PAGE gel on which FnCas12a

"For LbCas12a, dilute in a 2:1 ratio (protein sample: Dilution Buffer) due to the instability of LbCas12a at lower salt
concentrations.
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Manual run 9:10_UV1_280nm Manual run 9:10_UV2_254nm Figure 3.5|Representative elu-
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Heparin FF elution fractions were resolved is shown in Figure 3.6.

M IN FT A9 A11 A13 A15B14 B12 B10 B8 B6 B4 B2 (i

250 kDa
130 kDa
100 kDap>
70 kDap
55 kDap
35kDap

25 kDa b

15 kDa b

10 kDa >

Figure 3.6 | Representative Coomassie Brilliant Blue stained 12% SDS-PAGE gel on which FnCas12a Heparin
FF elution fractions were resolved. M: PageRuler™ Plus Prestained Protein Ladder. Marker band sizes are indicated
in kDa. IN: concentrated input sample of TEV protease treated Histrap HP elution fractions after overnight dialysis.
FT: Flow through from the column. Besides the large band formed by FnCas12a, other (contamination) bands can be
observed. A9-C1: Elution fractions near the protein absorbance peak. The FnCas12a protein appears as a band with a
size slightly larger than 130 kDa. In this case, fractions B14-C1 were combined.

10. Combine the elution fractions containing pure protein (and as little contaminants as
possible) and concentrate the sample by transferring the sample to Amicon Ultra-15
Centrifugal Filter Units with a membrane MWCO of 100 kD and centrifuging the samples
at 4,500 x g at 4 °C until a final volume of < 1 mL is reached.

11. Transfer the sample to an Eppendorf tube and centrifuge the sample for 2 min at maxi-
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12.

13.

14.

mAU
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500

mum speed in a pre-cooled (4 °C) microcentrifuge to remove potential precipitation.
Equilibrate a 2-mL injection loop and the HiLoad 16/600 Superdex 200 pg column with
10 mL and 240 mL SEC Buffer, respectively, on the AKTA FPLC.

Load the protein concentrate on the HiLoad 16/600 Superdex 200 pg column using the
2-mL injection loop and resolve the sample on the column using SEC Buffer with a flow
rate of T mL/min.

Collect 1 mL fractions. An example of a typical elution chromatogram of FnCas12a pu-
rified by HiLoad 16/600 Superdex 200 pg column size exclusion purification is shown in
Figure 3.7.

Manual run 3:10_UV1_280nm

Manual run 3:10_UV2_254nm Figure 3.7| Representative
Manual run 3:10_Logbook

Manual run 3:10_Fractions .

- elution chromatogram of
FnCas12a resolved on a
HiLoad 16/600 Superdex
200 pg column. 1 ml of
sample was loaded. Elution
fractions were 1 mL and the
flow rate was set at 1 mL/min.
Absorbance is expressed in
milli-absorbance units for the
Asso (blue) and A,s, (red).

DUDDEL 3 B B EY

15.

16.

17.

50

120 ml

Dilute 10 pl of the collected fractions with 4x Laemmli protein sample buffer, heat for 5
min at 95 °C, and resolve on a 10% SDS-PAGE gel to assess the purity of the sample. An
example of a Coomassie Brilliant Blue stained 10% SDS-PAGE gel on which FnCas12a
SEC elution fractions were resolved is shown in Figure 3.8.

Combine and concentrate the fractions that contain the pure protein and no (or a negli-
gible amount of) contaminants.

For analysis of purity and final protein yield, see the Data analysis section. The typical
protein yield at this step is ~5-10 mg of FnCas12a per litre of E. coli expression culture.
Expression and purification of AsCas12a or LbCas12a typically results in slightly higher
Cas12a yields.
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Figure 3.8| Representative Coomassie Brilliant Blue stained 12% SDS-PAGE gel on which FnCas12a SEC
elution fractions were resolved. M: PageRuler Plus Prestained Protein Ladder. Marker band sizes are indicated in
kDa. IN: concentrated input sample. Besides the large band formed by FnCas12a, other (contamination) bands can be
observed. C1-C12: Elution fractions near the protein absorbance peak. The FnCas12a protein appears as a band with
a size slightly larger than 130 kDa. In this case, fractions C3-C9 were combined.

18. Dilute the samples to a concentration suitable for subsequent experiments (e.g., 10 pM)
and aliquot the protein at a desired concentration and store at -80 °C.

Day 6. In vitro cleavage assay for confirming the activity of purified FnCas12a

Notes:

a. We strongly recommend wearing gloves and using nuclease-free tubes and reagents to avoid
RNase contamination.
b. The reaction volume is typically 20 uL but can be scaled up as needed. Reactions should be
assembled in nuclease-free 1.5 mL Eppendorf tubes or in 200 ul PCR (strip) tubes.
. Prepare a 1 uM crRNA solution by diluting the stock with nuclease-free water on ice.
d. Prepare a0.1uM substrate plasmid or linear DNA solution by diluting the stock with nuclease-
free water on ice.

[e]

1. Prepare the following two-step reaction (at a molar ratio Cas12a:crRNA:substrate = 10:20:1)
at room temperature:

Component 20 pl reaction
Nuclease-free water 14 pl

10x Nuclease Reaction Buffer 2 ul

1 uM crRNA 2 pl (~100 nM final)
1uM Cas12a 1 pl (~50 nM final)
Reaction volume 19 pl

Pre-incubate at room temperature for 20 min

0.1 uM (substrate DNA fragment) 1 pl (~5 nM final)
Total reaction volume 20 pl

ilt is recommended to store the protein at = 10 uM and dilute it to the right concentration only just before use. At lower
concentrations, a relative high fraction of the protein can be lost due freezing/thawing and non-specific adsorption to the
surface of the tube/container used for storage.
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Mix thoroughly and pulse-spin in a micro-centrifuge.

Incubate at 37 °C for 30 min.

Add 1 pl of Proteinase K, mix thoroughly and pulse-spin in a micro-centrifuge.

Incubate at room temperature for 10 min.

Add 4 pl of 6x DNA loading dye.

Resolve 20 pl of the sample on an 1% agarose gel pre-stained with SYBR™ Safe DNA Gel
Stain.

Visualize the gel using an imaging system equipped with an excitation source in the
UV range or between 470-530 nm. An example of an in vitro cleavage assay using Fn-
Cas12a:crRNA and a linear DNA substrate is shown in Figure 3.9.

FnCasl2a - + - +
crRNA - - + +
M

<2774 bp
41565 bp
<1209 bp

Figure 3.9| A 2,774 bp linear target DNA substrate is cleaved by the FnCas12:crRNA complex, yielding prod-
ucts of 1,209 bp and 1,565 bp. M: GeneRuler 1 kb DNA Ladder.

DATA ANALYSIS

Note: This section explains how to determine the yield and purity of your protein after the final
step of the purification protocol (i.e., after size exclusion chromatography).
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1.

3.

Use a NanoDrop Spectrophotometer to measure the protein concentration. When using
the NanoDrop software method ‘Protein A, both the absorption at 260 nm and the
absorption at 280 nm are measured.

The 260/280 ratio of the purified protein sample can be used to determine if the complex
is free from nucleic acids. Typically, a pure protein sample has a 260/280 ratio of ~0.57.
We typically achieve a 260/280 ratio between 0.54 and 0.61. Nucleic acid contamination
rapidly increases the 260/280 ratio to above 1.

Use the measured absorbance at 280 nm to determine the final protein concentration.

(a) When using the ‘Other protein (¢ + MW)’ option of the NanoDrop software, provide
the molar extinction coefficient of FnCas12a (144,330 M™' cm™") and its molecular
weight (151 kDa). For AsCas12a, these values are 15,780 M~ cm™" and 156 kDa. For
LbCas12a, these values are 181,690 M™' cm™" and 149 kDa.

(b) When using the ‘1 Abs = 1 mg mL™" option of the NanoDrop software, use a cor-
rection factor to determine the real protein concentration. The correction factors
for FnCas12a, AsCas12a, and LbCas12a are 0.951, 1.009 and 1.221, respectively. For
example, if the NanoDrop measurement gives a protein concentration of 5.0 mg
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mL™" of FnCas12a (assuming 1 Abs = 1 mg mL™"), your real protein concentration
is 5/0.951 = 5.26 mg mL™". To calculate the protein concentration in mM, use the
following formula: protein concentration (in mg mL™")/molecular weight (in kDa;
given above). For example, if you have a FnCas12a sample with 5.26 mg mL™" pro-
tein, the protein concentration is 5.26/151 = 0.035 mM = 35 pM.

RECIPES

Media, antibiotics and stock solutions
1. LB medium (1 L)

Weigh out 10 g tryptone, 5 g yeast extract, and 10 g NaCl.
Fill up to 800 mL with demi-water.

Adjust pH to 7.5 with NaOH.

Fill up to 1 L with demi-water.

Autoclave at 121 °C for 30 min.

f. Store at room temperature.

P a0 T

2. 1,000x chloramphenicol stock (34 mg mL™" stock)

a. Weigh out 0.34 g chloramphenicol and dissolve it in 10 mL of 100% ethanol.
b. Pass through a 0.22 pm syringe filter.
c. Store at -20 °C.

3. 1,000x kanamycin stock (50 mg mL™" stock)

a. Weigh out 0.5 g kanamycin sulphate and dissolve it in 10 mL of sterile water.
b. Pass through a 0.22 pm syringe filter.
c. Store at -20 °C.

4. Glycerol stock (50% solution)

a. Add 50 mL of 100% glycerol solution into a 250-mL bottle. When pipetting glycerol,
use ethanol sterilized scissors to cut off the end of a pipette to make pipetting easier.

b. Add 50 mL demi-water.

c. Autoclave at 121 °C for 30 min.

d. Store at room temperature.

5. 1 M IPTG (IsoPropyl-1-Thio-B-D-Galactopyranoside)

a. Weigh out 2.38 g of IPTG and dissolve in 10 mL of sterile water.
b. Pass through a 0.22 pm syringe filter.
c. Store at -20 °C.

6. 1 M DTT (Dithiothreitol) stock

a. Weigh out 1.5 g DTT and dissolve it in 10 mL of sterile water.
b. Pass through a 0.22 um syringe filter.
c. Store in the dark at -20 °C.

7. 0.5 M EDTA (Disodium Ethylene Diamine Tetra-Acetate) stock (pH 8.0)
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Buffers

Weigh out 18.16 g of Na,EDTA-2H,0 and dissolve in 80 mL of demi-water.
Adjust to pH 8.0 with pellets of NaOH (~2 g of NaOH is required).

Fill up to 100 mL with demi-water.

Sterilize by autoclaving Autoclave at 121 °C for 30 min.

Store at room temperature.

1. Lysis Buffer (1L)

a.

oo T

Weigh out 29.22 g NaCl (final 500 mM), 2.42 g Tris (final 20 mM) and 0.68 g imidazole
(final 10 mM) and dissolve in 900 mL of demi-water.

Adjust pH to 8.0 using HCI.

Fill up to 1 L with demi-water.

Filter using 0.22 um membrane filter.

Store at 4 °C.

2. Wash Buffer (1L)

a.

P a0 T

Weigh out 29.22 g NaCl (final 500 mM), 2.42 g Tris (final 20 mM) and 1.36 g imidazole
(final 20 mM) and dissolve in 900 mL of demi-water.

Adjust pH to 8.0 using HCI.

Fill up to 1L with demi-water.

Filter using 0.22 um membrane filter.

Store at 4 °C.

3. Elution Buffer (1L)

a.

P a0 T

Weigh out 29.22 g NaCl (final 500 mM), 2.42 g Tris (final 20 mM) and 17 g imidazole
(final 250 mM) and dissolve in 900 mL of demi-water.

Adjust pH to 8.0 using HCI.

Fill up to 1L with demi-water.

Filter using 0.22 um membrane filter.

Store at 4 °C.

4. Dialysis Buffer (2 L)

a.

o e T

Weigh out 37.27 g KCI (final 250 mM) and 9.53 g HEPES (final 20 mM) and dissolve
in 1,900 mL of demi-water.

Adjust pH to 8.0 using KOH.

Fill up to 2 L with demi-water.

Filter using 0.22 um membrane filter.

Store at 4 °C.

5. Dilution Buffer (200 mL)

a.

b.

Weigh out 0.96 g HEPES (final 20 mM) and dissolve in 150 mL of demi-water.
Adjust pH to 8.0 using KOH.

“The disodium salt of EDTA will not go into solution until the pH of the solution is adjusted to approximately 8.0 by the
addition of NaOH.
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c. Fill up to 200 mL with demi-water.
d. Filter using 0.22 pm membrane filter.
e. Store at 4 °C.

6. IEX-A Buffer (1L)

a. Weigh out 11.18 g KClI (final 150 mM) and 4.77 g HEPES (final 20 mM) and dissolve
in 900 mL of demi-water.

Adjust pH to 8.0 using KOH.

Fill up to 1L with demi-water.

Filter using 0.22 um membrane filter.

Store at 4 °C.

P a0 T

7. 1EX-B Buffer (1L)

a. Weigh out 149.10 g KCI (final 2 M) and 4.77 g HEPES (final 20 mM) and dissolve in
900 mL of demi-water.

Adjust pH to 8.0 using KOH.

Fill up to 1L with demi-water.

Filter using 0.22 um membrane filter.

Store at 4 °C.

8. SEC Buffer (1L)

a. Weigh out 37.27 g KCI (final 500 mM), 4.77 g HEPES (final 20 mM) and dissolve in
900 mL of demi-water. Add 1 mL (final T mM) of 1 M DTT stock just before use.
Adjust pH to 8.0 using KOH.

Fill up to 1L with demi-water.

P o T

Filter using 0.22 um membrane filter.
Store at 4 °C.

oo T

Note: Setting the pH of the buffers at different temperatures will influence the final pH as the pH
is temperature dependent. However, in our experience, the pH of the buffers can be set at 4 C or
at RT without having a significant impact on the purification procedure.

9. 10x SDS-PAGE Electrophoresis Running Buffer (1 L)

a. Weigh out 30.0 g Tris (final 250 mM), 144 g glycine (final 1920 mM), 10 g SDS [final
1% (w/v)] and dissolve in 900 mL of demi-water.
b. Fill up to 1L with demi-water.

10. 10x Cas9 Nuclease Reaction Buffer (10 mL)

a. Weight out 0.58 g NaCl (final 1 M), 0.1 g MgCl,-6H,0O (final 50 mM), 0.476 HEPES
(final 200 mM) and 3.72 mg EDTA (final 1 mM) and dissolve in 8 mL of nuclease-free
water.

b. Adjust pH to 6.5 and fill up to 10 mL with nuclease-free water.
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ABSTRACT

argeting of multiple genomic loci with Cas9 is limited by the need for multiple or large ex-
pression constructs. Here we show that the ability of Cas12a to process its own CRISPR RNA
(crRNA) can be used to simplify multiplexed genome editing. Using a single customized

CRISPR array, we edit up to four genes in mammalian cells and three in the mouse brain, simulta-
neously.
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REsuULTS

Ithough multiplex gene editing is possible with Cas9 nuclease, it requires relatively large
constructs or simultaneous delivery of multiple plasmids (233, 274-277), both of which

are problematic for multiplex screens or in vivo applications. By contrast, the Cas12a
nuclease requires only one Pol Il promoter to drive several small crRNAs (39 nucleotide (nt)
per crRNA).

We confirmed in vitro that Cas12a (hereafter referred to by its former name, Cpf1) alone is suf-
ficient for maturation of crRNAs (83, 187) (Figure 4.1A) using an artificial CRISPR pre-crRNA
array consisting of four spacers separated by direct repeats from the CRISPR locus of Francisella
novicida (FnCpf1) and two Cpf1 orthologs with activity in mammalian cells, Acidaminococcus
Cpf1 (AsCpf1) and Lachnospiraceae Cpf1 (LbCpf1) (Figure 4.1B). Small RNA-seq showed that
AsCpf1 cleavage products correlate to fragments resulting from cuts at the 5" end of direct re-
peat hairpins, identical to the cleavage pattern we observed in Escherichia coli heterologously
expressing FnCpf1 CRISPR systems (83) (Figure 4.1C).

We further validated these results by generating AsCpf1 mutants that are unable to process
arrays. Guided by the crystal structure of AsCpf1 (740), we mutated five conserved amino acid
residues likely to disrupt array processing (H800A, K809A, K860A, F864A, and R790A) (140).
All mutations interfered with pre-crRNA processing but not DNA cleavage activity in vitro
(Figure 4.1D and Figure S4.1A,B), an effect that was also observed for FnCpf1 (187). AsCpf1
recognizes specific nucleotides at the 5" flank of the direct repeat stem loop. Substitution of
these nucleotides weakened or abolished RNA cleavage (Figure S4.1A). Dosage tests with the
five AsCpf1 mutants revealed that mutants K809A, K860A, F864A, and R790A show pre-crRNA
processing when used at high concentration (Figure S4.1B) or for extended incubation times
(Figure S4.1C), but H800A was inactive regardless of dose and incubation time.

We next tested whether this mutant retains DNase activity in human embryonic kidney (HEK)
293T cells using three guides. Insertion/deletion (indel) frequency at the DNMTT and GRIN2b
loci were identical for wild-type and H800A AsCpf1, and only slightly higher at the VEGFA locus
in cells transfected with wild-type AsCpf1, demonstrating that the RNA and DNA cleavage
activity can be separated in mammalian cells (Figure 4.1E).

Cpf1-mediated RNA cleavage needs to be considered when designing lentivirus vectors for si-
multaneous expression of nuclease and guide (Figure 4.1F). Lentiviruses carry a (+) strand
RNA copy of the DNA sequence flanked by long terminal repeats, including the pre-crRNA,
allowing Cpf1 to bind and cleave at the direct repeat sequence. Hence, reversing the orien-
tation of the direct repeat is expected to result in (+) strand lentivirus RNAs not susceptible
to Cpf1-mediated cleavage. We designed a lentivirus encoding AsCpf1 and a crRNA expres-
sion cassette. We transduced HEK293T cells with a MOI (multiplicity of infection) of <0.3 and
analysed indel frequencies in puromycin-selected cells 10 days after infection. Using guides
encoded on a reversed expression cassette targeting DNMTI1, VEGFA, or GRIN2b resulted in
robust indel formation for each targeted gene (Figure 4.1G).

We leveraged the simplicity of Cpf1 crRNA maturation to achieve multiplex genome editing
in HEK293T cells using customized CRISPR arrays. We chose four guides targeting different
genes (DNMTT1, EMX1, VEGFA, and GRIN2b) and constructed three arrays with variant direct
repeat and guide lengths for expression of pre-crRNAs (array 1, 19 DR with 23 nt guide; array
2, 19 nt DR with 30 nt guide; array 3, 35 nt DR with 30 nt guide; Figure 4.2A). Indel events

Chapter 4|61




Multiplex gene editing by CRISPR-Cas12a (Cpf1) using a single crRNA array

A Cas9 RNase Il Cpf1

pre-crRNA [} V S V o . g ngf1
) re-crRNA
tracrRNA 4 A 7) P
crRNA + 5
tracrRNA B
crRNA 5

Cpfl As Lb - As Lb -
pre-cPRNA  + + + - - -

pre-crRNA (336nt)

controlRNA - - — + + + BDR M spacer
336nt B> — " -
85,000
reads
[— < 65nt
mol - B 0 oo
~65nt D el !
—Ap - ~65 nt fragments ‘
49nt .‘.
D E
pre-crRNA (179nt)
—ol®l] mDR M spacer .Wt |:| H800A
**
Nl ol o\ o! m
X & X O 50+
- Q (9 b O
AsCpf1 wt Q\‘b @ LQ %
—AEKI e - = e e o > 40+ ns o
< 179nt - I &
2 = S ole®
& 5 30{® ns
v ] o ]
) &=
= ol > = =
Q 65nt S 201 € 12
—A > - £
49nt o\o
611bp P> e - 101
<
% 346bp P e . - - -
b B T T DNMTT VEGFA  GRIN2b
F G
id Cpf1 mediated
DR guide RNA cleavage 60 g)
-l D-O-—> — Noassembhor o |§& 9
LTR LTR (4) strand lenti RNA functional virions 5 %
with recognizable DR 2 40 o
guide DR ﬁ ;.q:"
o
O~V EE Y cofi »oﬁ—o*@ 220
LTR LTR +) strand lenti RNA Lenti virions W|th \Z
W|th unrecognizable DR Cpf1 and crRNA °
LTR  guide DR NLS P2A  NLS 3xHA LTR T
, St
Lenti-AsCpf1 (pY108) @ @ SEL

62



Results

were detected at each targeted locus in cells transfected with array 1 or array 2. However,
the crRNA targeting EMXT resulted in indel frequencies of <2% when expressed from array 3.
Overall, array 1 performed best, with all guides showing indel levels comparable to those medi-
ated by single crRNAs (Figure 4.2B). Furthermore, small RNA-seq confirmed that autonomous,
Cpf1-mediated pre-crRNA processing occurs in mammalian cells (Figure 4.2C). Using arrays
with guides in different orders resulted in similar indel frequencies, suggesting that positioning
within an array is not crucial for activity (Figure S4.2A,B).

To confirm that multiplex editing occurs within single cells, we generated AsCpf1-P2A-GFP
constructs to enable fluorescence-activated cell sorting (FACS) of transduced single cells (Fig-
ure 4.2D) and clonal expansion. We used next-generation deep sequencing (NGS) to compare
edited loci within clonal colonies derived from cells transfected with either pooled single guides
or array 1. Focusing on targeted genes edited at every locus (indels 295%) shows that multi-
plex editing occurs more frequently in colonies transfected with array 1(6.4% all targets, 12.8%
three targets, 48.7% two targets) than in pooled transfection (2.4% all targets, 3.6% three targets,
11.9% two targets) (Figure 4.2E).

We next tested multiplex genome editing in neurons using AsCpfl. We designed a gene-
delivery system based on adeno-associated viral vectors (AAVs) for expression of AsCpf1l. We
generated a dual vector system in which AsCpf1 and the CRISPR-Cpf1 array were cloned sepa-
rately (Figure 4.2F). We constructed a U6-promoter-driven Cpf1 array targeting the neuronal
genes Mecp2, Nlgn3, and Drd1. This plasmid also included a green fluorescent protein (GFP),
fused to KASH nuclear transmembrane domain (278), in order to enable FACS of targeted cell
nuclei (279).

We first transduced mouse primary cortical neurons in vitro and observed robust expression
of AsCpf1 and GFP-KASH 1 week after viral delivery. A SURVEYOR nuclease assay run on
purified neuronal DNA confirmed indel formations in all three targeted genes (Figure S4.3).
Next, we tested whether AsCpf1 could be expressed in the brains of living mice for multiplex
genome editing in vivo. We stereotactically injected our dual vector system in a 1:1 ratio into
the hippocampal dentate gyrus (DG) of adult male mice. Four weeks after viral delivery we
observed robust expression of AsCpf1 and GFP-KASH in the DG (Figure 4.2G,H). Consistent
with previous studies (228, 279), we observed ~75% co-transduction efficiency of the dual vi-
ral vectors (Figure S4.3C). We isolated targeted DG cell nuclei by FACS (Figure S4.4) and

Figure 4.1 (preceding page)| Cpf1-mediated processing of pre-crRNA is independent of DNA cleavage. (A)
Schematic of pre-crRNA processing for Cas9 and Cpf1. Cleavage sites indicated with red triangles. Trans-activating
crRNA (tracrRNA). (B) In vitro processing of FnCpf1 pre-crRNA transcript (80 nM) with purified AsCpf1 or LbCpf1
protein (~320 nM). (C) RNA-seq analysis of FnCpf1 pre-crRNA cleavage products, as shown in b. A high fraction of
sequence reads smaller than 65 nt are cleavage products of spacers flanked by direct repeat sequences, cropped gel
images. (D) Pre-crRNA (top) and DNA cleavage (bottom) mediated by AsCpf1 point mutants. H800A, K809A, K860A,
F864A, and R790A fail to process pre-crRNA but retain DNA cleavage activity in vitro. 330 nM pre-crRNA was cleaved
with 500 nM Cpf1in 15 min and 25 nM DNA was cleaved with 165 nM Cpf1in 30 min. (E) Indel frequencies mediated
by AsCpf1H800A are comparable to wt AsCpf1, bars are mean of 3 technical replicates from one experiment, error
bars are s.e.m. (Student t-test; n.s., not significant; **P = 0.003). (F) Schematic of lentivirus Cpf1 construct with
the U6::direct repeat cassette in different orientations (top and middle), (+)-strand RNA copy with recognizable direct
repeats are susceptible to Cpf1-mediated degradation, preventing functional virion formation. Schematic of AsCpf1
(pY108) construct (bottom). (G) Indel frequencies analysed by SURVEYOR nuclease assay after puromycin selection
10 d after transduction with lentivirus AsCpf1 in HEK cells. Horizontal bars are mean of 2 or 3 individual infections;
error bars are mean + s.e.m. U6, Pol Il promoter; CMV, cytomegalovirus promoter; NLS, nuclear localization signal;
HA, hemagglutinin tag; DR, direct repeat sequence; P2A, porcine teschovirus-1 2A self-cleaving peptide; LTR, long
terminal repeat; WPRE, woodchuck hepatitis virus post-transcriptional regulatory element.
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quantified indel formation using NGS. We found indels in all three targeted loci with ~23%,
~38%, and ~51% indel formation in Mecp2, Nlgn3, and Drd1, respectively (Figure S4.3D,E). We
quantified the effectiveness of bi-allelic disruption of the autosomal gene Drd7 and found that
~47% of all sorted nuclei (i.e., ~87% of all Drd1-edited cells) harboured bi-allelic modifications
(Figure 4.21). Next, we quantified the multiplex targeting efficiency in single neuronal nuclei.
Our results show that ~15% of all transduced neurons were modified in all three targeted loci
(Figure 4.2)). Taken together, our results demonstrate the effectiveness of AAV-mediated deliv-
ery of AsCpf1 into the mammalian brain and simultaneous multi-gene targeting in vivo using
a single array transcript.

Taken together, these data highlight the utility of Cpf1 array processing in designing simplified
systems for in vivo multiplex gene editing. This system should simplify guide RNA delivery for
many genome editing applications in which targeting of multiple genes is desirable.

EXPERIMENTAL PROCEDURES

Cpf1 protein purification

Humanized Cpf1 were cloned into a bacterial expression vector (6-His-MBP-TEV-Cpf1, a pET-
based vector kindly given to us by Doug Daniels). Two litres of Terrific Broth growth media
with 100 pg mL™" ampicillin was inoculated with 10 mL of an overnight culture of Rosetta (DE3)
pLyseS (EMD Millipore) cells containing the Cpf1 expression construct. Growth media plus in-
oculant was grown at 37 °C until the cell density reached 0.2 ODsg, then the temperature
was decreased to 21 °C. Growth was continued until ODs, reached 0.6 when a final concen-
tration of 500 pM IPTG was added to induce MBP-Cpf1 expression. The culture was induced
for 14-18 h before harvesting cells and freezing at -80 °C until purification. Cell paste was
resuspended in 200 mL of lysis buffer (50 mM HEPES pH 7, 2 M NaCl, 5 mM MgCl,, 20 mM
imidazole) supplemented with protease inhibitors (Roche cOmplete, EDTA-free) and lysozyme.
Once homogenized, cells were lysed by sonication (Branson Sonifier 450), then centrifuged
at 10,000xg for 1 h to clear the lysate. The lysate was filtered through 0.22-um filters (Milli-
pore, Stericup) and applied to a nickel column (HisTrap FF, 5 mL), washed, and then eluted
with a gradient of imidazole. Fractions containing protein of the expected size were pooled,

Figure 4.2 (preceding page)| Cpf1-mediated multiplex gene editing in mammalian cells and mouse brain.
(A) Schematic of multiplex gene editing with AsCpf1, using a single plasmid approach. (B) Genome editing at four
different genomic loci mediated by AsCpf1 with different versions of artificial CRISPR arrays (array 1, crRNAs in their
mature form (19-nt DR with 23-nt guide); array 2, crRNAs are in an intermediate form (19-nt DR with 30-nt guide);
array 3 crRNAs are in their unprocessed form (35-nt DR with 30-nt guides)). Indels were analysed by SURVEYOR
nuclease assay 3 d after transfection. Horizontal bars are the means of two individual experiments with three to five
technical replicates; error bars are mean + s.e.m. (C) Small RNA-seq reads from HEK cells transfected with AsCpf1
and array 1show fragments corresponding to mature crRNA for each of the four guides. (D) Schematic for analysis of
indel events in clonal colonies 48 h after transient transfection. (E) Quantification of indel events measured by NGS
in clonal colonies from HEK cells transiently transfected with pooled single-guide-RNA plasmids or plasmid carrying
array 1. Colonies were expanded for 10 d after sorting. Each column represents one clonal colony; blue rectangles
indicate target genes with all alleles edited. (F) Schematic of AAV vector design for multiplex gene editing. Bottom:
grey rectangles, direct repeat; diamonds, spacer (red: Mecp2, orange: Nlgn3, green: Drd1). (G) Immunostaining
of dorsal DG 4 weeks after stereotactic AAV injection (representative image of n = 4 mice). Brain sections were co-
stained with anti-HA (red), anti-GFP (green) and anti-NeuN (magenta) antibodies. Nuclei were labelled with DAPI
(blue). Scale bar, 100 pm. (H) Western blot analysis of DG expressing HA-AsCpf1 and GFP-KASH (representative blot
from n = 4 mice). (I) Fraction of mono- (-/+), bi- (-/-) or maternal (-/y) allele editing for Drd1 (autosomal), Mecp2
and Nlgn3 (x-chromosomal). (J) Analysis of multiplexing efficiency in individual cells. ITR, inverted terminal repeat;
spA, synthetic polyadenylation signal; hSyn1, human synapsin 1 promoter; KASH, Klarsicht ANC1 Syne1 homology
nuclear transmembrane domain; hGH pA, human growth hormone polyadenylation signal.
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TEV protease (Sigma) was added, and the sample was dialyzed overnight into TEV buffer (500
mM NacCl, 50 mM HEPES pH 7, 5 mM MgCl,, 2 mM DTT). After dialysis, TEV cleavage was
confirmed by SDS-PAGE, and the sample was concentrated to 500 pL before loading on a gel
filtration column (HiLoad 16/600 Superdex 200) via FPLC (fast protein liquid chromatography,
AKTA Pure). Fractions from gel filtration were analysed by SDS-PAGE; fractions containing
Cpf1 were pooled and concentrated to 200 pL (50 mM Tris-HCI pH 7.5, 2 mM DTT, 5% glycerol,
500 mM NacCl) and either used directly for biochemical assays or frozen at -80 °C for storage.

In vitro synthesis of pre-crRNA arrays

Pre-crRNA arrays were synthesized using the HiScribe T7 High Yield RNA Synthesis Kit (NEB).
PCR fragments coding for arrays, with a short T7-priming sequence on the 5" end, were used
as templates for in vitro transcription reaction (Table S4.1). T7 transcription was performed
for 4 h and then RNA was purified using the MEGAclear Transcription Clean-Up Kit (Ambion).

In vitro cleavage assay

In vitro cleavage was performed with purified recombinant proteins for AsCpf1 and LbCpf1.
Cpf1 protein and in vitro-transcribed pre-crRNA arrays were incubated at 37 °C in cleavage
buffer (20 mM Tris HCI, 50 mM KCI supplemented with RNase Inhibitor Murine (NEB)) for
5 min to 1 h, as indicated in figure legends. Each cleavage reaction contained 20-630 nM of
Cpf1 protein and 165 or 330 nM of synthetized pre-crRNA array, as indicated in figure legends.
For DNA cleavage, 25 nM of target was cleaved with 165 nM Cpf1 and 340 nM crRNA for 30
min at 37 °C. Reactions were stopped with proteinase K (Qiagen), heat denaturation and run
on 10% TBE-Urea polyacrylamide gels. Gels were stained with SYBR Gold DNA stain (Life
Technologies) for 10 min and imaged with a Gel Doc EZ gel imaging system (Bio-Rad).

Pre-crRNA array design and cloning

Guide sequences targeting human genes are listed in Table S4.2. crRNAs were designed as four
oligos (IDT) consisting of direct repeats, each one followed by a crRNA (Table S4.3). The oligos
favoured a one-directional annealing through their sticky-end design. The oligonucleotides (fi-
nal concentration 10 M) were annealed in 10xT4 ligase buffer (final concentration 1x; NEB)
and T4 PNK (5 units; NEB). Thermocycler conditions were adjusted to 37 °C for 30 min, 95 °C
for 5 min followed by a -5 °C/min ramp down to 25 °C. The annealed oligonucleotides were di-
luted 1:10 (final concentration 1 pM) and ligated into BsmBIl-cut pcDNA-huAsCpf1-U6 (pY26),
using T7 DNA ligase (Enzymatics), in room temperature for 30 min. The constructs were trans-
formed into STBL3 bacteria and plated on ampicillin-containing (100 g mL™") agar plates. Sin-
gle colonies were grown in standard LB media (Broad Facilities) for 16 h. Plasmid DNA was
harvested from bacteria according to QlAquick Spin Miniprep protocol (QIAGEN).

Cell culture and transfection

Human embryonic kidney 293T (HEK293T) cell line (Life Technologies) were maintained in
Dulbecco’s modified Eagle’s Medium (DMEM) + GLUTAMAX (Gibco) supplemented with 10%
FBS (HyClone) at 37 °C with 5% CO, incubation. HEK293FT cells were seeded onto 24-well
plates (Corning) 24 h before transfection. Cells were transfected using Lipofectamine 2000 (Life
Technologies) at 70-80% confluency following the manufacturer’s recommended protocol. For
each well of a 24-well plate, a total of 500 ng plasmid DNA was used; each well represents one
technical replicate.
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Surveyor nuclease assay for genome modification

HEK293T cells were transfected with DNA, as described above. Cells were incubated at 37 °C
for 72 h after transfection before genomic DNA extraction. Genomic DNA was extracted using
the QuickExtract DNA Extraction Solution (Epicentre) following the manufacturer’s protocol.
Briefly, pelleted cells were suspended in QuickExtract solution and incubated at 65 °C for 15
min, 68 °C for 15 min, and 98 °C for 10 min. The genomic region flanking the CRISPR target site
for each gene was PCR amplified (primers listed in Table S4.4), and products were purified
using QIAQuick PCR purification Kit (Qiagen) following the manufacturer’s protocol. 200 ng
total of the purified PCR products were mixed with 1 uL 10x Tag DNA Polymerase PCR buffer
(Enzymatics) and ultrapure water to a final volume of 10 pl, and subjected to a re-annealing
process to enable heteroduplex formation: 95 °C for 10 min, 95 °C to 85 °C ramping at 2 °C/s, 85 °C
to 25 °C at 0.25 °C/s, and 25 °C hold for 1 min. After re-annealing, products were treated with
Surveyor nuclease and Surveyor enhancer S (IDT) following the manufacturer’s recommended
protocol and analysed on 10% Novex TBE polyacrylamide gels (Life Technologies). Gels were
stained with SYBR Gold DNA stain (Life Technologies) for 10 min and imaged with a Gel Doc
gel imaging system (Bio-Rad). Quantification was based on relative band intensities. Indel
percentage was determined by the formula, 100 x (1-(1-(b + ¢)/(a + b + ¢))1/2), where
a is the integrated intensity of the undigested PCR product, and b and c are the integrated
intensities of each cleavage product.

Small RNA extraction from cells

HEK293T cells were harvested 48 h after transfection and the total RNA was extracted with
the miRNeasy mini kit (Qiagen) according to manufacturer’s conditions. rRNA was removed
using the bacterial Ribo-Zero rRNA removal kit (lllumina).

NGS analysis of in vitro and in vivo cleavage pattern

RNA-seq libraries were prepared using a derivative of a previously described method (280).
Briefly, after PNK treatment in the absence and presence of ATP (enrichment of 50OH and
3'P, respectively) RNA cleavage products were poly-A tailed with E. coli Poly(A) Polymerase
(NEB), ligated to 5" RNA adapters using T4 RNA ligase | (NEB) and reverse transcribed with
AffinityScript Multiple Temperature Reverse Transcriptase (Agilent Technologies). cDNA was
amplified by a fusion PCR method to attach the Illumina P5 adapters as well as unique sample-
specific barcodes to the target amplicons (287). PCR products were purified by gel-extraction
using QiaQuick PCR purification Kit (Qiagen) following the manufacturer’s recommended
protocol. DNA samples from single nuclei were pre-amplified with SURVEYOR primers (Ta-
ble S4.4) and nested-PCR was performed with NGS primers (Table S4.5) before lllumina bar-
codes were added. Finally, barcoded and purified DNA samples were quantified by Qubit 2.0
Fluorometer (Life Technologies) and pooled in an equi-molar ratio. Sequencing libraries were
then sequenced with the Illumina MiSeq Personal Sequencer (Life Technologies).

RNA-sequencing analysis

The prepared cDNA libraries were pooled and sequenced on a MiSeq (lllumina). Pooled se-
quencing reads were assigned to their respective samples on the basis of their corresponding
barcodes and aligned to the proper CRISPR array template sequence using BWA 3. Interval
lists were generated using the paired-end alignment coordinates and the intervals were used

to extract entire transcript sequences using Galaxy tools (usegalaxy.org/) (282). The extracted
transcript sequences were analysed using Geneious 9.
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AAV DNA constructs

The AAV hSyn1-HA-NLS-AsCpf1-spA vector was generated by PCR amplifying the AsCpf1 en-
coding sequence using forward PCR primer including HA-NLS (5’-aacacaggaccggtgccaccatgta
cccatacgatgttccagattacgcttcgccgaagaaaaagcgcaaggtcgaag cgtccacacagttcgagggctttaccaacctg
tatcaggtgagc-3’) and reverse PCR primer including a short poly A signal (spA) (5'-gcggccgcac
acaaaaaaccaacacacagatctaatgaaaataaagatcttttatt gaattcttagttgcgcagcetectggatgtaggecagee-3')
(279), and cloning of the resulting PCR template into AAV backbone under control of the human
Synapsin 1 promoter (hSyn1). For the generation of AAV U6-DR(Sapl)-hSyn1-GFP-KASH-hGH
(not shown) and U6-Mecp2-Nlgn3-Drd1 array-hSyn1-GFP-KASH-hGH vectors, gene blocks (In-
tegrated DNA Technologies) encoding U6-DR(Sapl) and U6-Mecp2-Nlign3-Drd1 array, respec-
tively, have been cloned into AAV hSyn-GFP-KASH-hGH backbone (279). All constructs were
verified by Sanger sequencing.

Production of AAV vectors

AAV1 particles in DMEM culture medium were produced as described previously (228). Briefly,
HEK293FT cells were transfected with transgene plasmid, AAV1 serotype plasmid and pDF6
helper plasmid using polyethyleneimine (PEI). DMEM culture medium containing low-titre
AAV1 particles was collected after 48 h and sterile filtered. For high-titre AAV1/2 production,
HEK293FT cells were transfected with AAV1 and AAV2 serotype plasmids in equal ratios, trans-
gene plasmid and pDF6 helper plasmid. 48 h after transfection, cells were harvested, and high-
titre AAV1/2 virus was purified on heparin affinity column (228). The titre of AAV vectors was
determined by real-time quantitative PCR (qPCR) using probe and primers specific for the
hSyn1 promoter sequence (Integrated DNA Technologies).

Primary cortical neuron culture

Mice used to obtain neurons for tissue cultures were euthanized according to the protocol
approved by the Broad’s Institutional Animal Care and Use Committee (IACUC). Primary
neurons were prepared from postnatal day P0.5 mouse brains and plated on laminin/poly-D-
lysine-coated coverslips (VWR). Briefly, cortices were dissected in ice-cold HBSS (Sigma) con-
taining 50 pg mL™" penicillin/streptomycin (Thermo Fisher) and incubated for 10 min at 37 °C
with HBSS containing 125 Units papain (Worthington Biochemical) and 400 Units DNase |
(Sigma). After enzymatic digestion, the tissues were washed twice in HBSS and gently tritu-
rated with a fire-polished Pasteur pipette. Cells were then transferred into neuronal growth
medium (Neurobasal A medium, supplemented with B27, Glutamax (Life Technologies) and
penicillin/streptomycin) and grown at 37 °C and 5% CO,. For inhibition of glia cell prolifera-
tion, cytosine-beta-D-arabinofuranoside (AraC, Sigma) at a final concentration of 10 pM was
added to the culture medium after 48 h and replaced by fresh culture medium after 72 h. For
AAV1 transduction, cultured neurons were infected with low-titre AAV1 as described previ-
ously (228). One week after transduction, neurons were harvested for isolating genomic DNA
[QuickExtract DNA extraction buffer (Epicentre)] or fixed in 4% paraformaldehyde (PFA) for
immunofluorescence staining.

Stereotactic injection of AAV1/2 into the mouse brain

The Broad’s Institutional Animal Care and Use Committee (IACUC) approved all animal proce-
dures described here. Craniotomy was performed on adult (12-16 weeks) male
C57BL/6N mice according to approved procedures, and 1 pL of 1:1 AAV mixture (AAV hSyn1-
HA-NLS-AsCpf1-spA: 2.25 x 10" Vg mL™"; AAV U6-Mecp2-Nlgn3-Drd1 array-hSyn1-GFP-KASH-
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hGH: 9.7 x 10" Vg mL™") was injected into the dorsal dentate gyrus (anterior/posterior: -1.7;
mediolateral: +/-0.6; dorsal/ventral: -2.15). The pipette was held in place for 3-5 min after
injection to prevent leakage. After injection, the incision was sutured, and post-operative anal-
gesics were administered according to approved IACUC protocol for 3 d following surgery.

Purification of cell nuclei from intact brain tissue

Cell nuclei from AAV1/2-injected hippocampal tissue were purified as described previously
(279). Briefly, dissected tissue was homogenized in ice-cold homogenization buffer (HB) (320
mM sucrose, 5 mM CaCl,, 3 mM Mg(Ac),, 10 mM Tris pH7.8, 0.1 mM EDTA, 0.1% NP40, 0.1 mM
PMSF, 1 mM B-mercaptoethanol) using 2 ml type A and B Dounce homogenizer (Sigma). For
gradient centrifugation, OptiPrep density gradient medium (Sigma) was used. Samples were
centrifuged at 10,1008 (7,500 r.p.m.) for 30 min at 4 °C (Beckman Coulter, SW28 rotor). Cell
nuclei pellets were resuspended in 65 mM B-glycerophosphate (pH 7.0), 2 mM MgCl,, 25 mM
KCI, 340 mM sucrose, and 5% glycerol. Number and quality of purified nuclei was examined
using bright-field microscopy.

FACS of cell nuclei

Purified cell nuclei were co-labeled with Vybrant DyeCycle Ruby Stain (1:500, Life Technolo-
gies) and sorted using a Beckman Coulter MoFlo Astrios EQ cell sorter (Broad Institute Flow
Cytometry Core). Single and population (250-500 nuclei) GFP-KASH* and GFP-KASH™ nuclei
were collected in 96-well plates containing 5 pL of QuickExtract DNA extraction buffer (Epi-
centre) and spun down at 2,000g for 2 min. Each 96-well plate included two empty wells as
negative control.

Western blot analysis

AAV-injected dentate gyrus tissues were lysed in 100 pL of ice-cold RIPA buffer (Cell Signalling
Technologies) containing 0.1% SDS and protease inhibitors (Roche, Sigma) and sonicated in
a Bioruptor sonicator (Diagenode) for 1 min. Protein concentration was determined using
the BCA Protein Assay Kit (Pierce Biotechnology, Inc.). Protein samples were separated un-
der reducing conditions on 4-15% Tris-HCI gels (Bio-Rad) and analysed by western blotting
using primary antibodies: mouse anti-HA (Cell Signalling Technologies 1:500), mouse anti-
GFP (Roche, 1:500), rabbit anti-Tubulin (Cell Signalling Technologies, 1:10,000) followed by
secondary anti-mouse and anti-rabbit HRP antibodies (Sigma-Aldrich, 1:10,000). Blots were
imaged with Amersham Imager 600.

Immuno-fluorescent staining

4 weeks after viral delivery, mice were transcardially perfused with PBS followed by PFA ac-
cording to approved IACUC protocol. 30 um free-floating sections (Leica, VT1000S) were boiled
for 2 min in sodium citrate buffer (10 mM tri-sodium citrate dehydrate, 0.05% Tween20, pH 6.0)
and cooled down at RT for 20 min. Sections were blocked with 4% normal goat serum (NGS) in
TBST (137 mM NaCl, 20 mM Tris pH 7.6, 0.2% Tween-20) for 1 h. Primary antibodies were di-
luted in TBST with 4% NGS and sections were incubated overnight at 4 °C. After three washes in
TBST, samples were incubated with secondary antibodies for 1 hour at RT. After washing three
times with TBST, sections were mounted using VECTASHIELD HardSet Mounting Medium in-
cluding DAPI and visualized with confocal microscope (Zeiss LSM 710, Ax10 ImagerZ2, Zen
2012 Software). Following primary antibodies were used: mouse anti-NeuN (Millipore, 1:400);
chicken anti-GFP (Aves Labs, 1:200-1:400); rabbit anti-HA (Cell Signalling Technologies, 1:100).
Anti-HA signalling was amplified using biotinylated anti-rabbit (1:200) followed by strepta-

Chapter 4 | 69




Multiplex gene editing by CRISPR-Cas12a (Cpf1) using a single crRNA array

vidin AlexaFluor 568 (1:500) (Life Technologies). Anti-chicken AlexaFluor488 and anti-mouse
AlexaFluor647 secondary antibodies (Life Technologies) were used at 1:1,000.
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Figure $4.1| Cpf1 mediated pre-crRNA cleavage is sequence and dose dependent. (A) Cpfl mediated pre-
crRNA processing is sequence dependent. Single nucleotide substitutions at position A19 and U20 abolish RNA cleav-
age in vitro. 200 nM pre-crRNA was cleaved with 500 nM Cpf1 in 1 hour. (B, C) AsCpf1 point mutants, with the
exception of H800A, are active at high dose. (C) Titration of AsCpf1 mutants reveals pre-crRNA processing at high As-
Cpf1 protein concentration. Prolonged incubation time allows pre-crRNA processing by AsCpf1 point mutants. Only

H800A does not process pre-crRNA to mature crRNA at any time point. 165 nM pre-crRNA was incubated with the
indicated concentration.
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Figure S4.2|Indel levels are not influenced by guide order. (A) Schematic of multiplex gene editing with AsCpf1,
using a single plasmid approach. Two arrays with guides in reversed order are compared (array-1 and array-4). (B)
Quantification of indel frequencies measured by Surveyor nuclease assay. Guides expressed from array-1 and array-4
result in similar indel frequencies for each targeted gene.
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Figure S4.3| AAV delivery of AsCpf1 and multiplex gene editing in primary neurons and mouse brain.(A)
Immunostaining of AsCpf1 (anti-HA antibody, red) and GFP-KASH (anti-GFP antibody, green) in primary cortical
neurons (anti-NeuN antibody, magenta) 7 days after viral infection with dual vector system. Nuclei were labelled
with DAPI (blue). Scale bar: 25 um. (B) SURVEYOR nuclease assay showing indel formations (+) in all 3 targeted
loci. Control neurons (-) were infected with AsCpf1 only (Bottom: Indel percentage; representative images from n =
3 independent experiments). (C) Quantification of dentate gyrus neurons (DG) efficiently transduced by the dual-
vector system in vivo (n = 581 nuclei from 3 mice). (D) NGS indel analysis of modified Mecp2, Nlgn3 and Drd1 loci
in single DG nuclei (n = 59 cells from 2 male mice, error bars represent mean + SEM). (E) Representative mutation
patterns detected by NGS. Blue, wild-type (wt) sequence; red dashes, deleted bases; PAM sequence marked in magenta.
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Figure S4.4|In vivo delivery of AAV dual vector system and sorting of targeted cell nuclei from intact brain.
(A) Sagittal dissection of adult mouse brain 4 weeks after viral delivery shows infected hippocampal formation (bot-
tom). (B) Representative FACS plot showing Ruby Dye*/GFP-KASH™ and Ruby Dye*/GFP-KASH* nuclei populations.
(C) Representative images of sorted Ruby Dye*/GFP-KASH* nuclei used for NGS indel analysis. Scale bars: 2 mm in

(a), 25 pm in (c).

Table S4.1|Sequences of pre-crRNA arrays used for in vitro cleavage reaction.

pre-crRNA

Sequence (5’ - 3°)

4 Spacer pre-crRNA

2 Spacer pre-crRNA

Control RNA

GGGGGUCUUUUUUUGCUGAUUUAGGCAAAAACGGGUCUAAGAACUUUAAAUAAUUUCUACU
GUUGUAGAUGAGAAGUCAUUUAAUAAGGCCACUGUUAAAAGUCUAAGAACUUUAAAUAAUU
UCUACUGUUGUAGAUGCUACUAUUCCUGUGCCUUCAGAUAAUUCAGUCUAAGAACUUUAAA
UAAUUUCUACUGUUGUAGAUGUCUAGAGCCUUUUGUAUUAGUAGCCGGUCUAAGAACUUUA
AAUAAUUUCUACUGUUGUAGAUUAGCGAUUUAUGAAGGUCAUUUUUUUGUCUAGCUUUAAU
GCGGUAGUUUAUCACAGUUAAAUUGCUAACG
UAGGUCUUUUUUUGCUGAUUUAGGCAAAAACGGGUCUAAGAACUUUAAAUAAUUUCUACUG
UUGUAGAUGAGAAGUCAUUUAAUAAGGCCACUGUUAAAAGUCUAAGAACUUUAAAUAAUUU
CUACUGUUGUAGAUGCUACUAUUCCUGUGCCUUCAGAUAAUUC
UACGCCAGCUGGCGAAAGGGGGAUGUGCUGCAAGGCGAUUAAGUUGGGUAACGCCAGGGUU
UUCCCAGUCACGACGUUGUAAAACGACGGCCAGUGAAUUCGAGCUCGGUACCCGGGNNNNN
NNNGAGAAGUCAUUUAAUAAGGCCACUGUUAAAAAGCUUGGCGUAAUCAUGGUCAUAGCUG
UUUCCUGUGUGAAAUUGUUAUCCGCUCACAAUUCCACACAACAUACGAGCCGGAAGCAUAA
AGUGUAAAGCCUGGGGUGCCUAAUGAGUGAGCUAACUCACAUUAAUUGCGUU

Table S4.2| Cpf1 guide

sequences used for single and pre-crRNA array expression.

Guide ‘ Sequence (5’ - 3°)

DNMTT1 23 nt guide | CTGATGGTCCATGTCTGTTACTC
EMX1 23 nt guide TGGTTGCCCACCCTAGTCATTGG
VEGFA 23 nt guide CTAGGAATATTGAAGGGGGCAGG
GRIN2b 23 nt guide | GTGCTCAATGAAAGGAGATAAGG
DNMT1 30 nt guide | CTGATGGTCCATGTCTGTTACTCGCCTGTC
EMX1 30 nt guide TGGTTGCCCACCCTAGTCATTGGAGGTGAC
VEGFA 30 nt guide CTAGGAATATTGAAGGGGGCAGGGGAAGGC
GRIN2b 30 nt guide | GTGCTCAATGAAAGGAGATAAGGTCCTTGA
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Table S4.3| DNA oligonucleotides for array cloning.

Array | Sequence (5’ - 3°)

array 1T1 AGATCTGATGGTCCATGTCTGTTACTCAATTTCTACTCTTGTAGATTGGTTGCCCAC

array 1T2 | CCTAGTCATTGGAATTTCTACTCTTGTAGATCTAGGAATATTGAAGGGGGCAGGAATTTCTACTCTT
GTAGATGTGCTCAATGAAAGGAGATAAGG

array 1B1 | AAAACCTTATCTCCTTTCATTGAGCACATCTACAAGAGTAGAAATTCCTGCCCCCTT

array 1 B2 | CAATATTCCTAGATCTACAAGAGTAGAAATTCCAATGACTAGGGTGGGCAACCAATCTACAAGAGTA
GAAATTGAGTAACAGACATGGACCATCAG

array 2 T1 AGATCTGATGGTCCATGTCTGTTACTCGCCTGTCAATTTCTACTCTTGTAGATTGGTTGCCCACCCT

AGTC

array 2 T2 | TGAAGGGGGCAGGGGAAGGCAATTTCTACTCTTGTAGATGTGCTCAATGAAAGGAGATAAGGTCCTT
GA

array 2 B1 | AAAATCAAGGACCTTATCTCCTTTCATTGAGCACATCTACAAGAGTAGAAATTGCCTTCCCCTGCCC
CCTT

array 2 B2 | CAATATTCCTAGATCTACAAGAGTAGAAATTGTCACCTCCAATGACTAGGGTGGGCAACCAATCTAC
AAGAGTAGAAATTGACAGGCGAGTAACAGACATGGACCATCAG

array 3T1 AGATGTCAAAAGACCTTTTTAATTTCTACTCTTGTAGATCTGATGGTCCATGTCTGTTACTCGCCTG
TCGTCAAAAGACCTTTTTAATTTCTACTCTTGTAGATTGGTTGCCCACCCTAGTCATTGGAGGTGAC
GTCAAAAGACCTTTTTAATTTCTACTCTTGTAGATCTAGGAATATT

array 3T2 | GAAGGGGGCAGGGGAAGGCGTCAAAAGACCTTTTTAATTTCTACTCTTGTAGATGTGCTCAATGAAA
GGAGATAAGGTCCTTGAGTCAAAAGACCTTTTTAATTTCTACTCTTGTAGAT

array 3B1 | AGAAATTAAAAAGGTCTTTTGACGCCTTCCCCTGCCCCCTTCAATATTCCTAGATCTACAAGAGTAG
AAATTAAAAAGGTCTTTTGACGTCACCTCCAA

array 3 B2 | TGACTAGGGTGGGCAACCAATCTACAAGAGTAGAAATTAAAAAGGTCTTTTGACGACAGGCGAGTAA
CAGACATGGACCATCAGATCTACAAGAGTAGAAATTAAAAAGGTCTTTTGAC

array 4 T1 AGATGTGCTCAATGAAAGGAGATAAGGAATTTCTACTCTTGTAGATCTAGGAATATT

array 4 T2 | GAAGGGGGCAGGAATTTCTACTCTTGTAGATTGGTTGCCCACCCTAGTCATTGGAATTTCTACTCTT
GTAGATCTGATGGTCCATGTCTGTTACTC

array 4 B1 | AAAAGAGTAACAGACATGGACCATCAGATCTACAAGAGTAGAAATTCCAATGACTAG

array 4 B2 | GGTGGGCAACCAATCTACAAGAGTAGAAATTCCTGCCCCCTTCAATATTCCTAGATCTACAAGAGTA
GAAATTCCTTATCTCCTTTCATTGAGCAC

Table S4.4| PCR primers for amplification of DNA regions for SURVEYOR nuclease assay.

Primers | Sequence (5’ - 3’)

DNMT1 FW | CTGGGACTCAGGCGGGTCAC
DNMT1 RV CCTCACACAACAGCTTCATGTCAGC
EMX1 FW CCATCCCCTTCTGTGAATGT
EMX1 RV GGAGATTGGAGACACGGAGA
VEGFA FW CTCAGCTCCACAAACTTGGTGCC
VEGFA RV AGCCCGCCGCAATGAAGG
GRIN2b FW | GCATACTCGCATGGCTACCT
GRIN2b RV CTCCCTGCAGCCCCTTTTTA
Mecp2 FW GGTCTCATGTGTGGCACTCA
Mecp2 RV TGTCCAACCTTCAGGCAAGG
Nlgn3 FW GTAACGTCCTGGACACTGTGG

Nlgn3 RV TTGGTCCAATAGGTCATGACG
Drd1 FW TGGCTAAGCCTGGCCAAGAACG
Drd1 RV TCAGGATGAAGGCTGCCTTCGG
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Table S4.5| PCR primers for amplification of DNA regions for next generation sequencing.

Primers ‘ Sequence (5’ - 3°)
CCATCTCATCCCTGCGTGTCTCCTGAACGTTCCCTTAGCACTCTGCC
CCTCTCTATGGGCAGTCGGTGATGCCTTAGCAGCTTCCTCCTCC
CCATCTCATCCCTGCGTGTCTCCGGGCTCCCATCACATCAACCG
CCTCTCTATGGGCAGTCGGTGATGCCAGAGTCCAGCTTGGGCCC
CCATCTCATCCCTGCGTGTCTCCCAGGGGTCACTCCAGGATTCCA
CCTCTCTATGGGCAGTCGGTGATGCATTGGCGAGGAGGGAGCAG
CCATCTCATCCCTGCGTGTCTCCGTTCAAGGATTTCTGAGGCTTTTGAAAG
CCTCTCTATGGGCAGTCGGTGATGGGGCTTCATCTTCAACTCGTCGAC

NGS Mecp2 FW CCATCTCATCCCTGCGTGTCTCCGGAAAAGTCAGAAGACCAGG

NGS Mecp2 RV CCTCTCTATGGGCAGTCGGTGATGGTGGGGTCATCATACATAGG

NGS Nlgn3 FW CCATCTCATCCCTGCGTGTCTCCACCCCGAGGATGGTGTCTCG

NGS Nign3 RV CCTCTCTATGGGCAGTCGGTGATGGGTAGAAGGCGTAGAAGTAGG

NGS Drd1 FW CCATCTCATCCCTGCGTGTCTCCAAGCCACCGGAAGTGCTTTCC u
NGS Drd1 RV CCTCTCTATGGGCAGTCGGTGATGCACAGCTTTCCAGGGCATGACC

NGS DNMT1 FW
NGS DNMT1 RV
NGS EMX1 FW
NGS EMX1 RV
NGS VEGFA FW
NGS VEGFA RV
NGS GRIN2b FW
NGS GRIN2b RV
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ABSTRACT

RISPR—Cas systems are prokaryotic heritable adaptive immune systems that have been
repurposed as powerful genome editing tools in a wide range of organisms. These tools use
RNA-guided Cas nucleases whose large size (928 to 1400 amino acids) has been considered
indispensable to their specific DNA- or RNA-targeting activities. Here we present a novel Cas
protein from the CRISPR—Cas type V-U1 system from Mycolicibacterium mucogenicum CCHI10
(596 amino acids). Despite its small size, MmuC2c4 is capable of targeting and binding to double-
stranded DNA (dsDNA). Akin to most type V proteins, MmuC2c4 recognizes a 5>-TTN-3" PAM on a
double-stranded target DNA. Unexpectedly, MmuC2c4 enzyme does not cleave dsDNA and analysis
in E. coli indicates a crRNA-guided MmuC2c4-mediated transcriptional silencing. By leveraging
this property, MmuC2c4 has been used for single- and multiplex- transcriptional silencing in E. coli.
Finally, experiments suggest that the RuvC-dependent ribonuclease activity of MmuC2c4 appears
to enhance the silencing effect.
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viruses has resulted in the evolution of remarkably diverse CRISPR-Cas defence sys-

tems in prokaryotes against their invaders (20, 283, 284). The key players of the CRISPR-
Cas systems are the Cas protein complexes, consisting of the RNA-guided DNA or RNA cleav-
ing nucleases (29). Based on the unique Cas effector complexes, CRISPR-Cas systems are
currently grouped into two broad classes and subdivided into six types. Class 1 systems use a
multi-protein effector complex to achieve target recognition and interference, while the class
2 systems use a single protein with multiple functional domains for target recognition and in-
terference (37, 82). The facile programmability of class 2 CRISPR-Cas nucleases has allowed
for their repurposing for genome editing, transcriptional regulation, and diagnostic tools (285,
286). Class 2 consists of types II, V and VI, represented by the signature nucleases Cas9, Cas12
and Cas13, respectively. Cas9 cleaves double-stranded (ds) DNA using its HNH and RuvC nu-
clease domains while the first characterised Cas12 variants (subtypes V-A and V-B) have been
demonstrated to cleave dsDNA specifically and single-stranded (ss) DNA non-specifically us-
ing a single RuvC domain (51, 52, 83, 287). Both Cas9 and Cas12a cleave dsDNA adjacent to
a short sequence, termed the Protospacer Adjacent Motif (PAM) (51, 83). Cas13 is the only
known Cas nuclease to exclusively cleave RNA using two HEPN domains (224, 288). Although
these nucleases have been widely used for genome engineering, the large size of Cas9, Cas12a
and Cas13 (928-1400 amino acids) places constraints on some cellular delivery approaches that
may limit certain applications including therapeutics (289, 290). By screening rapidly grow-
ing genomic and metagenomic databases, partly as a quest for potential novel genome editing
tools, eight new functionally diverse Cas12-like systems have recently been identified and char-
acterised: type V-C to V-K (Cas12c-k) (74, 76, 77, 80, 81). Some of these effectors are nearly
half the size of the smallest Cas9 or Cas12 proteins potentially making them highly appealing
for packaging in FDA approved safe-to-use Adeno-Associated Viruses (AAVs) for use in vivo
genome engineering applications and therapeutics (289, 290). Thus, discovery and unravelling
the mechanism of novel and compact CRISPR-Cas systems holds great potential for new and
improved additional technological advancements.

T he everlasting biological arms-race between prokaryotes (bacteria and archaea) and

Using CRISPR arrays as the search seed in the computational class 2 discovery pipeline (82)
yielded several variants of type V loci, tentatively called uncharacterised (U) subtypes V-U1,
-U2, U3, U-4 and -U5 (82, 284). The putative effector proteins of the type V-U loci are much
smaller than the archetypal class 2 effectors, comprising between 500 and 700 amino acids
(between the size of transposon-encoded TnpB proteins and the typical size of class 2 effectors).
These type V-U proteins show highly significant similarity to the TnpB-like proteins and appear
to have evolved independently from distinct TnpB families (82). The resemblance of type V-U1
proteins to type V nucleases suggests that they may have existed as an ancestral class 2 CRISPR
system. They most likely evolved from a distinct, ‘domesticated’ TnpB-like transposase that
gained domains over time, resulting in Cas12 variants with different features, and leading to the
large signature type V nucleases like Cas12a (82). Despite the occurrence of the characteristic
bacterial RuvC-like domains found in the type V-U1 proteins, their small size and the absence
of other cas genes near the CRISPR array made it unlikely for these systems to function as
stand-alone CRISPR effectors without additional partners (82). Nonetheless, at least some
of them were predicted to be active based on their respective CRISPR arrays which contain
spacers homologous to phage genome sequences (82). Recently, the former type V-U5 effector,
Cas12k (formerly, C2c5), containing a naturally inactivated RuvC-like nuclease domain was
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shown to be hijacked by Tn7-like transposons for directed DNA transposition via crRNA-guided
targeting (87). However, the functionality of the other four subtype V-U systems remains to be
uncovered.

Of the five V-U variants, subtype V-U1 is the most prevalent in different bacteria, whereas the
remaining subtypes are largely limited in their spread to particular bacterial taxa (82). The evo-
lutionary stability in terms of sequence conservation and consistent association with CRISPR
arrays with diverse spacers (82), led us to hypothesize that these type V-U1 loci encode biolog-
ically functional enzymes with nucleic acid targeting activity despite their small size. To test
the hypothesis, we studied the type V-U1 CRISPR-associated nuclease, C2c4 from Mycolicibac-
terium mucogenicum CCH10-A2 (MmuC2c4) (Figure 5.1A). MmuC2c4 contains a RuvC-like
nuclease domain near the C-terminal end, with an organization reminiscent to that found in
other type V nucleases (Figure 5.1B, S5.1).

We initially performed an in-silico prediction for the presence or absence of a tracrRNA-like se-
quence in the MmuC2c4 loci using a previously described approach (248). Using this approach,
no tracrRNA-like sequences have been detected in the adjacent DNA sequences. This is in line
with the fact that the C2c4 CRISPR arrays have partial palindromic sequences (Figure S$5.2) a
feature that appears to correlate with tracrRNA-independent guide processing systems.

Next, to functionally characterise the type V-U1 protein, we transformed Escherichia coli cells
with a plasmid containing the codon-harmonized mmuc2c4 gene and a minimal CRISPR ar-
ray (repeat-spacer-repeat). After purification of the MmuC2c4 protein to homogeneity (Fig-
ure S5.3A), subsequent analysis revealed the presence of co-purified RNAs, that are presum-
ably around the size of the mature crRNAs (Figure S5.3B). This strongly suggests that Mmu-
C2c4 associates with a crRNA (see below, determination of PAM sequence). However, sequenc-
ing of the small RNAs must be performed to corroborate this finding and to map the cleavage
sites on the crRNA (Figure S5.3B). The absence of a predicted tracrRNA and the size of the
co-purified RNAs, suggested a potential for crRNA biogenesis by the effector protein itself, as
has been reported for type V-A, V-l and VI (80, 187, 256, 288). Therefore, we performed an in
vitro pre-crRNA processing assay using purified recombinant MmuC2c4 protein and a minimal
pre-crRNA (repeat-spacer-repeat-spacer-repeat). Processing of the pre-crRNA to intermediates
and seemingly mature guides was observed (Figure $5.3C), which was independent of the pres-
ence of an active RuvC-like domain (data not shown). The conservation of catalytic residues
similar to those found to be responsible for pre-crRNA processing by Cas12a and the presence
of a beta-stranded domain similar to the OB-fold like domain in MmuC2c4 (Figure 5.1B, S5.1)

Figure 5.1 (preceding page)| The Mycolicibacterium mucogenicum CCH10-A2 C2c4 protein recognizes ds-
DNA targets flanked by a 5-TTM PAM. (A) Organization of the CRISPR-Cas locus on the genome of Mycolicibac-
terium mucogenicum CCH10-A2. Dark grey boxes are perfect direct repeats; the light grey box at the right side of the
CRISPR array indicates a slightly degenerated repeat, generally indicative of the 3’ end of the transcribed precursor-
crRNA. (B) Domain architectures of Cas12a (PDB: 5B43), Cas12b (PDB:5WQE), C2c4 (WP_061006603.1) and TnpB
(mobile element) proteins are compared. Protein lengths are drawn to scale. (C) Schematic illustrating the in vivo
PAM screen achieved by PAM-SCANR. It consists of a library of randomized 5° PAM sequences (4N) cloned upstream of
the lacl promoter. Immediately downstream of lac/ is the Lacl-dependent lacZ promoter controlling expression of GFP.
A catalytically dead MmuC2c4 (MmudC2c4) protein is targeted to a protospacer within the lacl promoter, resulting in
GFP fluorescence only in the presence of a functional PAM. (D) Cells harbouring a targeting or non-targeting spacer
against the pTarget-PS plasmid that led to a GFP fluorescence were isolated by fluorescence-activated cell sorting
(FACS). The Y-axis represents the percentage of 10.000 cells and the X-axis represents GFP fluorescence. (E) Plasmids
from the FACS-sorted cells were extracted and sequenced to determine functional PAM sequences. Sequence logo for
the MmuC2c4 PAM as determined by NGS sequencing of plasmids from sorted fluorescent cells.
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are most likely responsible for pre-crRNA processing by MmuC2c4. Further experiments are
currently underway to assess the cleavage sites and investigate the active site residues respon-
sible for the pre-crRNA processing using site-directed mutagenesis.

The PAM sequence plays a central role in target selection in dsDNA cleaving CRISPR systems.
In the absence of a PAM, the Cas nucleases cannot recognize the target, even if it is perfectly
complementary to the spacer (45). To test whether MmuC2c4 requires a PAM and can conduct
crRNA-guided dsDNA interference, we adapted the previously developed PAM-SCANR assay
(291), a high-throughput E. coli-based positive and tuneable screen for assessment of PAMs
(Figure 5.1C). It is based on a catalytically inactive crRNA-guided Cas effector blocking the
-35 element within the promoter upstream of lacl. In the absence of binding (due to a non-
functional PAM) by the inactive Cas effector, the expressed Lacl repressor blocks the lac oper-
ator in the promoter of the green fluorescent protein (gfp) gene. In the case of binding of the
inactive Cas nuclease (due to a functional PAM), lacl expression will be inhibited, hence result-
ing in expression of GFP (297). We generated an effector plasmid (pCas-MmudC2c4) encoding
a catalytically inactive mmuc2c4 gene [single mutant of one of the RuvC-Il active site residues:
Asp 485 --> Ala (D485A)], a CRISPR array plasmid (pCRISPR-PS), with a spacer targeting a
5’-NNNN-3’ PAM library placed upstream of the -35 element of the promoter of lacl in the tar-
get PAM-SCANR plasmid (pTarget-PS). A CRISPR array plasmid with a non-targeting spacer
(CRISPR-NT) was used as a control. Gene repression of the Lacl repressor by crRNA-guided
MmudC2c4 binding of the dsDNA containing a functional PAM would lead to the expression
of the GFP reporter. E. coli cells were transformed with the pCas-MmudC2c4, either pCRISPR-
PS or -NT and pTarget-PS plasmids and subsequently the GFP fluorescent cells were isolated
through fluorescence-activated cell sorting (FACS) (Figure 5.1D). Comprehensive screening
based on next-generation sequencing of the pre-sorted and post-sorted PAM libraries and anal-
yses of the target-flanking sequences revealed that the binding of target dssSDNA by MmudC2c4
depends on a 5-NTTM-3" PAM (Figure 5.1E). Weak functional PAMs were also detected by
tuning the Isopropyl f-D-1-thiogalactopyranoside (IPTG) levels to titrate active Lacl repressors
(Figure S5.4). The presence of a T nucleotide at the -2 position of the 5’- PAM is most crucial.
Thus, the PAM recognized by MmuC2c4 is similar to that of the other known type V effector
proteins (80, 83, 292, 293).

To validate the PAM and to clarify the ambiguity at the -1 and -4 PAM positions, we generated
a set of 16 different plasmids (pTarget-GFP) containing a protospacer adjacent to a 5’-NTTN-3’
PAM sequence on the promoter upstream of the gfp target gene (Figure S5.5A). E. coli cells har-
bouring the CRISPR array plasmid with a spacer targeting the promoter (pCRISPR-promoter)
and pCas-MmudC2c4 were transformed with the pTarget-GFP plasmids and assessed for re-
pression of GFP fluorescence, as a result of efficient dsDNA binding (Figure S5.5A). For com-
parison, we also analysed the catalytically inactive type V-A effector (dCas12a) of Francisella
novicida U112 (pCas-FndCas12a), with its corresponding crRNA guide targeting the same pro-
tospacer (Figure S5.5B). Efficient GFP repression was observed for all the tested PAM variants,
confirming the PAM sequence as 5’-TTN-3’ together with robust in vivo crRNA-guided dsDNA
binding by MmudC2c4 (Figure S5.5B).

Characteristic to most DNA-targeting class 2 interference complexes is their ability to recog-
nize and cleave both dsDNA and single-stranded DNA (ssDNA) substrates (57, 83, 221, 294,
295). Therefore, to test crRNA-guided dsDNA interference, a target plasmid containing a 5’
CTTA PAM adjacent to the previously used PAMSCANR protospacer (pTarget-CTTA) was gen-
erated. It was transformed into E. coli cells harbouring the effector plasmid encoding the wild-
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type MmuC2c4 protein (pCas-MmuC2c4) with either the pCRISPR-PS or the control pCRISPR-
NT plasmid. Notably, upon transformation with the pTarget-CTTA plasmid, no depletion in
the number of transformants was observed for the cells harbouring the pCas-MmuC2c4 and
pCRISPR-PS, as compared with the strain harbouring the pCas-MmuC2c4 and the control
pCRISPR-NT plasmids (Figure S5.6A). In contrast, the dsDNA targeting Cas12a control did
result in substantially lower number of transformants (Figure S5.6A). This indicates that, at
least under the tested conditions, CRISPR-MmuC2c4 does not cleave dsDNA in the heterolo-
gous E. coli host (Figure S5.6A).

To ascertain the inability of MmuC2c4 to cleave dsDNA, we repeated the same experiment, but
with a plasmid (pCRISPR-GFP) containing a different spacer targeting the end of the gfp gene.
As seen previously, we did not observe any decrease in the number of the transformants as
compared to the non-target control. Interestingly, we observed a drop in the GFP fluorescence
signal for the cells harbouring the pCas-MmuC2c4, pCRISPR-GFP and pTarget-GFP plasmid
(Figure S5.6B). This GFP repression activity was much lower or undetectable in the cells har-
bouring the pCas-MmudC2c4, pCRISPR-GFP and pTarget-GFP plasmids. This suggests that
activation of the MmuC2c4 results in increased gene repression, most likely due to cleavage
of the mRNA transcript (Figure S5.6B). The recently characterised Cas12g nuclease mediates
metal-ion dependent RNA and ssDNA cleavage using an intact RuvC domain that was previ-
ously known to cleave only DNA (80).

Thus, on the basis of this observation, we hypothesized that MmuC2c4 might possess target
activated nonspecific ssSRNA cleavage activity. To test this possibility, we incubated Mmu-
C2c4:crRNA complex with a complementary dsDNA plasmid target and a target or non-target
RNA. However, under these conditions MmuC2c4 appeared to be incapable of cleaving (non)tar-
get RNA in vitro (Figure S5.7), suggesting that additional endogenous factors might be re-
quired for in vivo RNA targeting.

To further investigate the dsDNA target-dependent RNA cleavage activity by MmuC2c4, we
cloned a target plasmid (pTarget-Operon) containing a bi-cistronic operon with two fluores-
cence reporter genes, rfp and gfp (Figure 5.2A). E. coli cells harbouring either the pCas-Mmu-
dC2c4 or pCas-MmuC2c4 and the pTarget-operon were transformed with a set of different
CRISPR array plasmids (pCRISPR-A1_F2) containing spacers targeting either the coding or
the non-coding strand at different locations throughout the entire operon (Figure 5.2A). As
expected, for the crRNA-target dsDNA pairs on and nearby the promoter region, low GFP
and RFP fluorescent signal was attained, indicating high transcriptional silencing of both the
genes (Figure 5.2B and C, crRNAs A1/A2). Strikingly, although the transcriptional silencing
of the fluorescent reporter genes by the MmudC2c4 protein was weak for the crRNA-target
dsDNA pairs towards the end of the operon (crRNAs D2/E1/E2), relatively strong repression of
both the red and green fluorescence signal was observed for the cells expressing the wild-type
MmuC2c4 (Figure 5.2B and C, crRNAs D2/ET). The loss of red as well as the green flores-
cence upon binding to the latter gfp gene indicates that transcription and/or translation of the
whole mRNA is being affected by MmuC2c4 (Figure 5.2B and C, crRNAs D1/D2). Moreover,
the crRNA-target dsDNA pairs outside the transcription region (crRNAs E2/F1/F2) resulted in
reduced or undetectable loss of fluorescence, hinting towards a transcription-associated trans
cleavage of nascent mRNA activity of MmuC2c4.

To test the specificity of the mRNA cleavage, we cloned a target plasmid (pTarget-divergent)
with two fluorescence reporter genes, rfp and gfp, under the transcriptional control of two
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Figure 5.2| Comparison of transcriptional silencing by MmuC2c4 and MmudC2c4. (A) Schematic of the
pTarget-operon, including the bi-cistronic operon encoding the rfp and gfp genes. The arrows indicate the crRNAs
used for targeting by MmuC2c4 and MmudC2c4 proteins (A1 to F2). (B) RFP fluorescence detected in the cells upon
MmudC2c4 and MmuC2c4 targeting using the individual spacers (n = 3; error bars represent mean = SEM). NT refers
to a non-targeting spacer; No PAM refers to a spacer targeting protospacer next to a GGGC PAM. (C) GFP fluores-
cence detected in the cells upon MmudC2c4 and MmuC2c4 targeting using the individual spacers (n = 3; error bars
represent mean + SEM). NT refers to a non-targeting spacer; No PAM refers to a spacer targeting protospacer next to
GGGC motif (non-functional PAM).

independent constitutive promoters, Pyq and Py respectively (Figure 5.3A). E. coli cells
harbouring either the pCas-MmudC2c4 or pCas-MmuC2c4 and the pTarget-divergent were
transformed with a set of different CRISPR array plasmids (pCRISPR-a_f) containing spacers
targeting different locations on the promoters and on the coding strand of either rfp or gfp (Fig-
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ure 5.3A). Specific repression of only the targeted reporter gene was observed, and yet again,
the wild-type MmuC2c4 performed better than the MmudC2c4 in silencing the expression of
the reporter gene (Figure 5.3B and C). The increase in GFP fluorescence upon repression of
the rfp gene, is most likely due to the relief of the burden on the transcription and translation
machinery to produce both GFP and RFP (Figure 5.3B).
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Figure 5.3 Mmuc2c4 is activated by dsDNA binding to cleave nascent RNA transcripts. (A) Schematic of
the pTarget-divergent, including the rfp and gfp genes under the transcriptional control of two different constitutive
promoters, Piaqg and Pq. The arrows indicate crRNAs used for targeting by MmuC2c4 and MmudC2c4 proteins
using the respective spacers (a to f). (B) RFP fluorescence detected in the cells upon MmudC2c4 and MmuC2c4
targeting using the individual spacers (n = 3; error bars represent mean + SEM). NT refers to a non-targeting spacer;
No PAM refers to a spacer targeting protospacer next to a GGGC PAM. (C) GFP fluorescence detected in the cells
upon MmudC2c4 and MmuC2c4 targeting using the individual spacers (n = 3; error bars represent mean + SEM). NT
refers to a non-targeting spacer; No PAM refers to a spacer targeting protospacer next to a GGGC PAM (non-functional
PAM).

Subsequently, to investigate MmuC2c4 mismatch tolerance, we introduced single mismatches,
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tiled 2-nucleotide and tiled 4-nucleotide mismatches across the protospacer located in the tar-
get gfp gene. MmuC2c4 appeared to be relatively tolerant to most single mismatches (Fig-
ure S5.8A), except for the mismatch at the PAM-proximal position 8". This is in contrast to
Cas12a which is highly sensitive to single or double substitution in most positions between 1
and 18 (246). Although double and quadruple mismatches at PAM-proximal positions 1 to 11
severely impaired the Mmuc2c4 silencing activity (Figure S5.8B and C), a clear seed-like se-
quence (95) was not observed. Notably, even though some mismatches impaired the activity of
MmudC2c4 in GFP repression, the effect of the mismatches on GFP silencing by the wild-type
MmuC2c4 was much less pronounced (Figure S5.8A to C). Collectively, these observations
point toward a novel mechanism where crRNA-guided binding of MmuC2c4 to a transcription-
ally active dsDNA triggers it to cleave nascent mMRNA. Cleavage of the mRNA appears to be
confined to the transcript of the target DNA, rather than collateral cleavage activity that has
been reported for some of the type V and type VI effectors (80, 288).

Moreover, successful in vivo multiplex gene silencing was achieved using the MmuC2c4 and
MmudC2c4 effectors and a single crRNA array resulting in two mature crRNA guides, one
targeting the rfp and the other the gfp, on the pTarget-divergent plasmid (Figure $5.9B,C
and D). Notably, one of the spacers used for targeting the gfp gene was able to repress the
8fp when used as a single crRNA, whereas when used in a crRNA array, it did not show high
GFP repression (Figure S5.9C). This suggests sequence- and context-dependent loss of RNA-
directed nuclease activity, most likely due to hindering RNA secondary structures, similar to
what has been observed for Cas12a (296). However, future studies are necessary to get into the
depth of this phenomenon.

The characterisation of the novel type V-U1, MmuC2c4 protein, described here has revealed a
unique mechanism. Akin to several other type V systems (Cas12a, b, c, e, k), specific crRNA-
guide dependent binding has been demonstrated to dsDNA. However, instead of DNA cleav-
age, MmuC2c4 appears to target the nascent RNA during transcription of the targeted DNA.
Although no direct evidence of RNA cleavage is currently available, RuvC-dependent ribonu-
clease activity seems most likely given the observed difference in silencing efficiency between
the wild-type MmuC2c4 and its catalytically inactivated variant, MmudC2c4 (Figure 5.2, 5.3,
$5.5, §5.7 and S5.8). The implications of such a DNA binding RNA cleavage CRISPR-Cas
system and the biological relevance of Mmuc2c4 is currently unclear and will be addressed
in future research. In the absence of an MmuC2c4 crystal structure the molecular basis of
the mismatch tolerance, crRNA binding and dsDNA recognition mechanisms remain elusive.
Moreover, the small size, multiplexing capability and potential activity of MmuC2c4 in mam-
malian cells, which is currently being assessed, might facilitate delivery for applications in
therapeutics and biomedical research (78, 297). The PAM-dependent DNA-targeting ability of
MmuC2c4-like Cas12 variants can be utilized to recruit transcriptional activators or repressors
(229), as well as base editing enzymes (298). These are particularly interesting applications for
understanding the molecular pathology of a range of human diseases as well as to develop
novel therapeutic strategies to treat these diseases. The finding that these miniature CRISPR-
Cas effectors can accommodate crRNA and conduct targeted DNA binding and nascent mRNA
cleavage underscores the rich natural functional diversity of CRISPR-Cas systems. We antic-
ipate that the ongoing combination of biochemical and structural studies will reveal insights
into the molecular mechanisms of MmuC2c4 in the near future.
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EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions

Bacterial strains used for the cloning and propagation of plasmids in the current study are
E. coli DH5a. and DH10B. For protein expression, the E. coli Rosetta (DE3) (EMD Millipore)
was used. The E. coli strains were routinely cultured at 37 °C and 220 rpm, unless specified, in
either Luria Bertani medium (LB) [10 g L™' peptone (Oxoid), 5 g L™" yeast extract (BD), 10 g L™'
NaCl (Acros)] or M9TG minimal medium [1xM9 salts (Sigma), 10 g L™" tryptone (Oxoid), 5g L™
glycerol (Acros)]. Plasmids were maintained with ampicillin (100 mg mL™"), chloramphenicol
(35 mg mL™"), and/or kanamycin (50 mg mL™") as needed. Liquid media was supplemented
with IPTG as specified. All fluorescence loss experiments were carried out in the derivative of
E. coli BW25113 strain lacking the lacl, lacZ genes and the type I-E CRISPR-Cas system.

Plasmid construction

The plasmids constructed and the oligonucleotides (IDT) used for cloning and sequencing are
listed in Table S5.1.

E. coli codon-harmonized mmuC2c4 gene was inserted into the plasmid pML-1B backbone (ob-
tained from the UC Berkeley MacroLab, Addgene #29653) by ligation-independent cloning us-
ing oligonucleotides to generate a protein expression construct encoding the MmuC2c4 polypep-
tide sequence (residues 1-596) fused with an N-terminal tag comprising a hexahistidine se-
quence and a Tobacco Etch Virus (TEV) protease cleavage site.

The three plasmids used for the PAM-SCNR screening platform were based on the previously
published protocol (297). The mmuC2c4 and MmudC2c4 genes were inserted into the pBAD33
vector backbone under the control of the constitutive J23108 promoter to generate the pCas-
MmuC2c4 and pCas-MmudC2c4 plasmids, respectively. The pCRISPR guideRNA plasmid se-
ries were generated by inserting a CRISPR array downstream the constitutive J23119 promoter
in pPBAD18 backbone. The pTarget-PS plasmid is comprised of the PAM-SCANR NOT gate-
based circuit in a pAU66 plasmid backbone.

The pCas-MmudC2c4 and pCas-MmuC2c4 plasmids were constructed using NEBuilder® HiFi
DNA Assembly (NEB). The fragments for assembling the plasmids were amplified by PCR us-
ing Q5® High-Fidelity 2X Master Mix (NEB). The catalytically inactive MmuC2c4 (MmudC2c4)
gene fragment was created by site-directed mutagenesis of the aspartic acid in the RuvC do-
main to an alanine (D485A).

The pCRISPR plasmids were constructed by restriction-digestion and ligation. By PCR a Bbsl
restriction site and a CRISPR repeat was added as an overhang to the vector fragment. The
amplified fragment was digested (using Kpnl and Bbsl enzymes) and ligated to a spacer-repeat
sequence generated by annealing two oligonucleotides containing complementary overhangs.
Using the aforementioned method, a pCRISPR_NT plasmid was created, containing a spacer
flanked by Bbsl sites. Other CRISPR plasmids containing the different targeting spacers were
created using pCRISPR-NT by digestion and ligation. The pTarget-GFP plasmid was con-
structed using BamH]I restriction and ligation of a linear P,y and GFP gene fragment amplified
from the pTarget-PS plasmid. pTarget-GFP containing different PAMs were constructed by site
directed mutagenesis. The pTarget-operon plasmid was constructed by digesting the pTarget-
GFP plasmid with BamHI enzyme to generate a linear vector which was assembled with an
mRFP fragment containing compatible overhangs using the NEBuilder® HiFi DNA Assembly.
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The pTarget-divergent plasmid was constructed using a fragment of pTarget-GFP digested with
the restriction enzymes, Aatll and BamHI and subsequent ligated with a mRFP fragment under
the control of a Taq promoter.

For testing the mismatch tolerance, targets were ordered as an oligonucleotide pair, which was
phosphorylated with T4 PNK and annealed. The backbone pTarget-MM-BsmBI-entry was lin-
earized with BsmBI and ligated to the target adaptors to create series pTarget-MM-[x], where x
is the position from 1 to 20 on the protospacer where the mismatch is introduced. A frameshift
(pTarget-MM-[FS] was made in the gfp by digesting pTarget-MM-[WT] with BstBlI, filling in
the overhang with Klenow fragment and re-circularizing the plasmid. The CRISPR-array plas-
mids pCRISPR-MM-[WT] were created using the same method described above.

MmuC2c4 protein expression and purification

The purification protocol was adapted from established Cas12a purification methods previ-
ously (299). Briefly, the mmuC2c4 gene was heterologous expressed in E. coli and purified
using a combination of Ni** affinity, cation exchange and gel filtration chromatography steps.
Three liters of LB growth medium with 100 pg mL™" ampicillin was inoculated with 30 mL
overnight culture of Rosetta (DE3) (EMD Millipore) cells containing the expression construct.
Cultures were grown to an OD600nm of 0.5 - 0.6; expression was induced by the addition of
IPTG to a final concentration of 0.2 mM and incubation was continued at 18 °C overnight. Cells
were harvested by centrifugation and the cell pellet was resuspended in 50 mL lysis buffer (20
mM Tris-HCI pH 8, 500 mM NaCl, 5mM imidazole, supplemented with protease inhibitors
(Roche) Cells were lysed by sonication and the lysates were centrifuged for 45 min at 4 °C at
30,000xg to remove insoluble material. The clarified lysate was applied to a 5 mL HisTrap HP
column (GE Healthcare). The column was washed with 10 column volumes of wash buffer (20
mM Tris/HCI pH 8, 250 mM NacCl, 20 mM Imidazole) and bound protein was eluted in elution
buffer (20 mM Tris/HCI pH 8, 250 mM NaCl, 250 mM Imidazole). Fractions containing pure
proteins were pooled and TEV protease was added in a 1:100 (w/w) ratio. The sample was dia-
lyzed against Dialysis buffer (20 mM HEPES-KOH pH 7.5, 250 mM KCI) at 4 °C overnight. For
further purification the protein was diluted 1:1 with 10 mM HEPES KOH (pH 7.5) and loaded
on a HisTrap Heparin HP column (GE Healthcare). The column was washed with IEX Buffer
A (20 mM HEPES-KOH pH 7.5, 150 mM KCI) and eluted with IEX Buffer B (20 mM HEPES-
KOH pH 7.5, 2 M KCI) by applying a gradient from 0% to 50% over a total volume of 60 ml.
Peak fractions were analysed by SDS-PAGE and fractions containing the C2c4 protein were
combined, and DTT (Sigma-Aldrich) was added to a final concentration of 1 mM. The protein
was fractionated on a HiLoad 16/600 Superdex 200 gel filtration column (GE Healthcare) and
eluted with SEC buffer (20mM HEPES-KOH pH 7.5, 500mM KCI, TmM DTT). Peak fractions
were combined, concentrated to 10 mg mL™", flash frozen in liquid nitrogen and either used
directly for biochemical assays or frozen at -80 °C for storage.

Pre-crRNA processing

The pre-crRNA processing assay was conducted with ~varying amounts of MmuC2c4 nuclease
and ~100 nM pre-crRNA. The assay was conducted in Cas9 Nuclease Reaction Buffer (NEB), in
a total volume of 15pL, at 37 °C for an hour and quenched with 2 pL proteinase K (NEB) at 30 °C
for 30 minutes. Subsequently, the samples were analyzed on a 10% urea-PAGE gel stained with
SYBR™ Gold Nucleic Acid Stain (Invitrogen).
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PAM-SCNR assay

A day prior to sorting, E. coli cells harbouring the pCas and pCRISPR plasmids were made
chemically competent and were transformed with the pTarget-PS plasmid containing the ran-
domized 4N PAM library. After recovery, the transformation mix was used to inoculate 10 mL
LB medium (1:100) and grown overnight. The next day, the culture was used to inoculate 10 mL
LB medium (1:100) and supplemented with different concentrations (0, 10, 1000 pM) of IPTG
and cultured to an ODs, of ~0.5. Subsequently, the cultures were diluted 1:100 in phosphate
buffer saline (PBS) and GFP-positive cells were sorted using a Sony SH800S Cell Sorter. GFP
was excited using a blue laser (485 nm) and detected using a 525/50 filter. Pure cultures of
either GFP expressing fluorescent or non-fluorescent cells were used as controls to set the gat-
ing and the sensitivity for the forward scatter, side scatter and photomultiplier tubes (PMT).
A minimum of 100,000 single cell events were sorted and collected in 5 mL LB medium and
grown overnight at 37 "C. The following day, the culture was used to inoculate (1:100) 10 mL
fresh LB medium and grown for 3 hours. The cultures were diluted 1:100 in PBS and sorted for
GFP positive cells. 500,000 single cell events were collected in T mL PBS, which was then imme-
diately re-sorted to collect 50,000 single cell events in 5 mL LB medium and grown overnight.
The next day, the culture was used to inoculate (1:100) 10 mL LB medium and grown overnight.
The next day, plasmids were extracted and sent for deep sequencing.

Fluorescence repression assays

For the silencing assays, E. coli cells harbouring either the pCas-MmudC2c4 or the pMmuC2c4
and the corresponding target plasmids were made chemically competent and transformed
with the pCRISPR library. For the 5’-NTTN PAM determination assays, cells harbouring ei-
ther the pCas-MmudC2c4 or the pMmuC2c4 and the pCRISPR plasmid were made competent
and then transformed with the target plasmid. For the mismatch tolerance assays, chemi-
cally competent E. coli BW225 cells harbouring either targeting plasmid pCRISPR-MM-[WT]
or non-targeting plasmid pCRISPR-Bbsl, and either pCas-MmuC2c4 or pCas-MmudC2c4 were
transformed with pTarget-MM-[x].

After recovery, the transformation mix was diluted 2 pL:200 pL M9TG medium in a 96 well 2
mL master block (Greiner) and sealed using a gas-permeable membrane (Sigma, AeraSeal™)
and grown overnight at 37 °C at 900 rpm overnight. The next day, the cells were diluted 1:10000
in triplicate in fresh MOTG medium in a 96-wells masterblock and grown overnight at 37 °C.
Overnight cultures were then used for fluorescence measurements.

Plate reader measurements

Overnight cultures were diluted 1:10 in 200 pL PBS for the mismatch tolerance assays and
measured on a Biotek Synergy MX microplate reader a Synergy MX microplate reader. GFP
and RFP fluorescence were measured with an excitation of 485 nm and 555 nm, respectively
and an emission at 585 nm. GFP and RFP were measured with gain of 75 and 100, respectively.

Fluorescence was calculated as

{ Flaygeting — Pl } 7[ Fles —Flajoi }
O D600, geing, ~O D600tk |,y [ OD600rs —ODE00gtank | 5

{ non-targeting T 1Blank } _ [ Fles —Flplank }
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Figure S5.1| Multiple sequence alignment of type V-U1 orthologues.
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..... RLDKDCLE . FFKAHQLYNELVACMQGTLRDMQAYL . LENAGQEAQSAQAR
..... RIDKESRA. IMRARRLYNDLVAQIRTIVAEMNTYV . LDRAGKPARTLQAE
..... RLDKDCIOQ. IIKSRRLYNDLVATIRGIVTEMKAFV . LEK|SGPDRAQRCQEE
..... RVDGDCLP. . IAKARRLYNDLVAVIRGIVDEMRGFV. . .LKHAIGSEALALQAR
..... RLEPDCIQ. . IILARG|TYNEMIAAMRSVHDAAQSFOQ. . .MEKA[GPEGRAIAAR
..... RMNLKVCG. IRRARAMYNN[I IAVMRGIYDEMQTFT .MEHAGPEGQALHEK
..... RIDSTSEV. IRRARALYNE[IVEVLRALHDAMQAFV .LERAPQTARDLVAQ
..... RIDSTSEV IRRARALYNE[IVEVLRALHDAMQAFV .LERAPQTARDLVAQ
LPP...... LAERARVWNRLVELHEASHDAFMSTLGAQHPDVGARQQQYEEARQA
LPP...... LAERAHVWNRLVELHEASHSAFMATLGAQHPDVGAAQRQYEDARQA
LPP...... LAERAHVWNRLVELHEASHSAFMATLGAQHPDVGAAQRQYEDARQA
,,,,, RIPLDDP LRKQRAFWDALVEATLAAERELDDRMKADSPQYAAAVQALIDASQA
HY TW. LRLAHELREELVV|/IRLAYEADLQAIW.SSFPAVAAAEERIAHAQAA
HY...RW. LRLAHEAREEFVALHLAYDADVKALW.SSYPGVASAETELEQAETD
PYGPSGW..EIPD. . LRLAHDLREDLV|TLQLDYEQAVKDLW. SSFTDVVSVEKVLVAAETR
HY...RWTDNPPE. . LRLAHDLREDLV|TLQLDYETAKAGIW. SSYPAVAAAETELADAESA
HY...KW..QIPE. LWLAHNLREDLV|SLQLAYDDDLKAIW.SSYPDVAQAEDTMAAAEAD
HY...RW..KVPE. LRLAHSLREDLV|TLQLAYDEDIKAIW.SSYPAVAAVEAQVTETEAQ
HY...RW..QIPE. LRLAHSLREDLV|TLQLAYDEDIKAIW.SSYPTVAAAEAHVAATEAE
HY...RW..QIPE. LRLAHSLREDLV|TLQLAYDEDIKAIW.SSYPTVAAAEAHVAATEAE
HY...RW..QIPE. LRLAHSLREDLV|TLQLAYDEDIKAIW.SSYPTVAAAEAHVAATEAE
HY...RW..QIPE. LRLAHSLREDLV|[TLQLAYDEDIKAIW.SSYPTVAAREAHVAATEAE
HY RW..QIPE. LRLAHSLREDLV|TLQLAYDEDIKAIW.SSYPTVAAAEAHVAATEAE
HY...RW..QIPE. LRLAHSLREDLV|TLQLAYDEDIKAIW.SSYPTVAAAEAHVAATEAE
HY...RW..QIPE. LRLAHSLREDLV|TLQLAYDEDIKAIW.SSYPTVAAAEAHVAATEAE
HY...RW..KLPD.. LQLAHNLREYLV|S[LOQLAYDEDVKQIW.SSYPEVAAAEAQLAKAEEH

.QLPD.. LRLAHDLREDLV|SLQLAYDEDIKEIW.SSYPSVAAAEVQVAAAEER
LRLAHDLREDLV|SLQLAYDEDIKTIW.SSYPSVATAEVQVASAEER
LRLAHDLREDLV|TLEYEYEDAVKAVW. SSYPAVAALEAQVAELDER
LRLAHDLREDLV|TLEYEYEDAVKAVW.SSYPAVAALEAQVAELDER
LRLAHDLREDLV|TLQLEYEETLKAIW. SSYPLVAAAEETLQVAEAA
LRLAHDLREDLV|TLQLEYEETLKAIW. SSYPLVAAAEETLQVAEAA
MRAGHRYRNTLVEIERERRERVAAVL.SGHVDTEP[LAAEIATLSEE
HRTRTDYYNALVEMELRQREERTALL AAESGLESPNQ
HRLRTTYWNALVEID. ........ EQREAILAPHA
FRLQNKtWNALVEIEKAHAVKYDELRTGADARLGAVOFRTnsMNEs

,,,,, LHRRNQFWNRLVEIEREYRQAVNDLL. .. ... .TPPDNPVPELEAE

,,,,, IKKKHDLWNKLVEKDREHREKVRQVM. . . . VFESETTKKIKELEEE
LQPT.NWAEDCE. . RLMDD|LWNKLVYINDEYISKYISLM.CQDKNFSEAKSQYDNSVAA
LSPL.DW..DCPDYPAGDAFEHLFLONKLWNDLVTIEREHRAKYRELI . GSDEETAQMDTEIASIKDR
lsz..... KAPENFAE. . . . DCEDELRRMNDLWNRLIEIDRQRERSFKDLCRSTSAEYAARQDEIEALREP

Figure S5.1| Multiple sequence alignment of type V-U1 orthologues. (continued)
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Supplementary Figures and Tables

79 89 9[.) 109 119 129 13(?
WP_116532935.1 [VDALDAEFKAAKA.DNDEEGMKRVR.AMEREAWAACRPLRAQAKREAGDKLRQVY . GRIGKNSGQELHRLAEAAK
SPE20750.1 IDACNRRFGMAKT .CNDDRALREIA . LERRGRWKDFARLLASVRKDHME ILKSRFYARIGRNAGTDTYRLRAEAV. . .
WP_105479500.1 |IDACNRRFGMAKT.CNDDRALREIA.LERRGRWKDFARLLASVRKDHME ILKSRFYARIGRNAGTDTYRLRAEAV
0JwW42488.1 VEALNEALSAAKA .ANDEDTMKAVA .SERREVWRTLAALLRD|TRKVHKATLQERFLCRIGRKSTCATYQLRCDAV
WP_018991635.1 [VEVLNREFDTARA.TNDELAMKSIA.EMRRGKWRELHAALIETRQRLKGELQTRFFARIGKNSACDTYRARSEAV. ..
WP_018079340.1 |IDALNAAFDAARA.ENNEDAMKCIA.ESRREKWRELAVFVKEARKNHRSDIQSMYLSRIGKNSACETYRIRSKAV. . .
WP_081130164.1 [IDGLSEAFDAARA.ANDEDRMKQIA.GERRALWAELGEQVKAVRKAHRAEIQELFLSRIGKKSTCDTYQMRCKAV. ..
WP_064217851.1 |IEALNTAFKEARAQQQEESLLQAIA.VERRQCWRDLGVILKGVRQEHKKTLIQEVFYNRIGINKGTDTYAIRCKAV. ..
WP_051690567.1 [IVAANVAFDAAKA.DNDEPRMKQIA.MERRELWKALSIILKEVRKEHKNTLKERFYSRIGNNSSTETYQCRAEATI. ..
OFC35369.1 IARYDARFREAKA .QNDRAAMQEIA . NRRNEARKALSPQMQEVRKAHKDELIERFYRQIGTSSRTATYACRVRAV. . .
WP_077272831.1 [IARYDARFREAKA.QNDRAAMQEIA.NRRNEARKALSPQMQEVRKAHKDELIERFYRQIGTSSRTATYACRVRAV. ..
WP_106353755.1 [LADHRRNPGAGGV...... PAPEIE.FVLKRAVQQORYAAITQALKPLKDIVRYLTHAANAQFLKEANQITG. . ... ..
WP_045707069.1 [LADHRSNPGAGGV...... STPEIE.FVLKRVVQQRYAAITQVLKPLKDAVRDLTHAANAQFLKEANQITG. . ... .. .
WP_102857306.1 [LADHRSNPGAGGV...... STPEIE.FVLKRVVQQRYAATITQVLKPLKDAVRDLTHAANAQFLKEANQITG. ... .. ...
WP_018234394.1 [VREAIERRNAERA..KTRSRTTSVD.GEVKERITEKNAARKEVWRLAGEWRKANKEAVSEHQARMKEEAKRLRQ. .. ...
WP_061559521.1 WTAALESAKASRG....... OSERG.VRRSPAETSAMSALREARQQORRAAIITEVRAQAAGPRAVRTAAFNAAQRALYRPY
WP_064888210.1 [CAAVTEQAKALRV....QRSSRRTV.PEIQAQLRAAKNRLSEARQARRDAITAVRDVSAQRRRDRLKQLRADQKALYTKY
WP_063045032.1 ATELAAQVAAERS....RQGITRIT.GPLASELTSARAEVARLRAERRSAIAEIKADADPRLAELTEALEASRKVLYAKY
KMV19589.1 IAEQAAAAVSEERT. .. .KLRTKRIT.GPLAQKLTAARKRVREARSTRRAAISEVHEEAKGRLVDASDALKAQQKALYKTY
WP_061006603.1 AVALSERVKQARI....EARSKKIS.TELTQQLRDAKKRLKDARQARRDAIAVVKDDAAERRKARSDQLAADQKALYGQY
WP_095663130.1 AASANEALKAARA....AAGGKRVD.PDLTERLRAARTALKAARQARRDAIAKVRHEAAQRRRARGAQLAAEQKALYRTY
WP_073879989.1 [ATAANEALKAARS....AARGKRVN.TAITERLHDARTALKAARHARREATIADVRQDAAQRRRDRGAQLAAEQKALYRTY
WP_064893148.1 [AIAANEALKAARS....AARGKRVN.TAITERLHDARTALKAARHARREAIADVRQDAAQRRRDRGAQLAAEQKALYRTY
KEF95043.1 IAANEALKAARS....AARGKRVN.TAITERLHDARTALKAARHARREATIADVRODAAQRRRDCGAQLAAEQKALYRTY
WP_036456351.1 AIAANEALKAARS....AARGKRVN.TAITERLHDARTALKAARHARREAIADVRQDAAQRRRDCGAQLAAEQKALYRTY
CD091315.1 AIAANEALKAARS....AARGKRVN.TAITERLHDARTA[LKAARHARREATIADVRQDAAQRRRDRGAQLAAEQKALYRTY
WP_036473531.1 [AIAANEALKAARS....AARGKRVN.TAITERLHDARTALKAARHARREAIADVRQDAAQRRRDRGAQLAAEQKALYRTY
WP_064942980.1 AIAANEALKAARS....AARGKRVN.TAITERLHDARTALKAARHARREAIADVRQDAAQRRRDRGAQLAAEQKALYRTY
OOK65169.1 AQAASSTIKQVRI....TTRSKRVD.PALTERLSAARAALKAARQLRRDAIAQVITDAAAQQRRDRTTRLTADQKTLYRRY
WP_047323888.1 |VESAAAALKAARI....AARDKLVD.SPLAQQLCDARAALRSARQLRRDAIAEVKDAAAQRRRDRGAQLAADQKSLYRRY
WP_101953221.1 |VESAAAAMKAARI....TARGKLAD.SPLAQQLREAKAALRTARQLRRNAITNVKDAAAQRRRDRSAQLATEQKSLYRRY
GAB36148.1 ASELASTVKEEKS....RQRTKRPS.HPAVAQLAETRAQLKAAKASRREAIASVRDEATERLRTISDERYAAQKQLYRDY
WP_039994403.1 [RASELASTVKEEKS....RQRTKRPS.HPAVAQLAETRAQLKAARKASRREATIASVRDEATERLRTISDERYAAQKQLYRDY
KEP41925.1 AETAAQAVSTERL....RQRTKRIV.GPIADRLTAARVEVKRARQQRRDAIVAVRDHAADRIHQAATQLKTDHKRLYAQY
WP_036444762.1 RAETAAQAVSTERL....RQRTKRIV.GPIADRLTAARVEVKRARQQRRDAIVAVRDHAADRIHQAATQLKTDHKRLYAQY
PZN20932.1 RERLRLQIKASRA....ATRSRSEA.AEDRARVRDLGARIKDLREQLRAAKAAIASDPEIQAKLAEIEQWSRERVKEERA
WP_013159911.1 |VYERLKAAGEKGI....RKHPEYVA.ARERQKALYGHPRLLELQSRQREERNALRRSFGAK
PZM90038.1 VIGETDTERREARR. . ... .......... LAARTPEVRDQLRTVDQAVTERVRLARQAAA. .
WP_092118774.1 [LEHINSDIKAQRK....NARKVVPTDPATKKQIADIKGQIKALKIERKELRERIKGIIRPQAEALNTQRLOQEINDKRREF
WP_052217029.1 [LEAVREEIKQRRQ....QKRSVRVNISDLRERAKDLRERIRQARQEARAARKEMLEANRDKLKELDAERVKQIKQAQA. .
WP_081908191.1 [LNSLREEIKNQRK....TKRTGKVDLTDQKARIEEIKPQLKQLKEKFKEERSF|IFEARKQELAQLEKERWAVVKELGK. .
AG088270.1 SAAVSDIASSKRR.......... LA.IIQKDVARRMADALRALETSRREEVKVARQES . . ... ...........0......
WP_011733919.1 [LSVLDEGRKKLRV..EHRKKKCPEI.DCLDENIKKLKSELKAVASKAKETRAAAKDRIRAAGNDIENLEKDRQAAVIKAY
WP_096876841.1 |IDNLYDAIRAERI....ATRSKEPS.DELRARRDELLGRRKALWEICKAIQKAIPKESQAPINEVYKTNVKLARQ. . ...

149 159 ) 179 189 19(?

WP_116532935.1 ..... CEG[LYWNTADETLAAVLQRA! G...GQVQFRRRSER. TQDHI|SVIRFTAAG. . .[GVSAGDVL
SPE20750.1 ..... AQGLGWATANAVLDNAL G|...RPPRFSIGADK. THDTLTLQF TAAG. . .GVSAADIL. .. .
WP_105479500.1 .. ... AQGLGWATANAVLDNALRA G...RPPRFSIGADK. THDTLTLQF TAAG. . .GVSAADIL. .. .
0JW42488.1 ... .. AAGLGWATANATLDAALLA G...RAPRFAKAGES.TQDSLTLQFTAAG. . .GVSVSTLL. . ..
WP_018991635.1 ..... ANGLGWATANAVLDAALLA G...QGPRFSIGTDK.VQDTLTLQFTAAG. . .GVSAKTLL. . ..
WP_018079340.1 ..... ADG[LGWATANQVLDAALTA G...NAPRFAVGEDK.DQDTLTLQFTAAG. . .GVPVDTIL. . ..
WP_081130164.1 ..... GDG|LGWATANQVLDAALQA G|. . .QAPRFARGEEK. IQDTLT|LQF TAAG. . .GVPVAALL
WP_064217851.1 ..... ADG[LGWATAQDVLNRAIIA G...RAPQFARGDEK. TQDALTV|QF TEKG. . . GMPKDKML
WP_051690567.1 ..... VGG[LGYATATKVLDNALKA G|...KAPRFARGEEK.D|QDT|LTILQFSQAG. . .GVPVEDIF. . ..
OFC35369.1 ..... QGGLGP Y TANQVLEAALRA G...HPPRFIRYSEK.TQDTLT|IQFPEAG. . .GVAAEDLF. ...
WP_077272831.1 ..... QGG[LGP Y TANQVLEAAL G...HPPRFIRYSEK.TQDTLT[IQFPEAG. . .GVAAEDLF. . ..
WP_106353755.1 . .... ASFLWWP LLMQEVIRA G..... GKLRRRMDL. ET|GVLAIPFPS .PVPASHL.....
WP_045707069.1 .. ... ASF| LLMQEVIRARQ. . .QAMRRG. . . . . GKLRRRMDL. ETGVILAIPFPS .PVPASHL.....
WP_102857306.1 .. ... ASF| LLMQEVIRARQ. . .QAMRRG. . . . . GKLRRRMDL.ETGVLAIPFPS.....PVPASHL.....
WP_018234394.1 ..... GCGLYWGNYNRVLDSFQRARQ. . . OTLKKGRRVRPSDPAR. . . . . DD|GILAVIQIQRTKSGLGASPEELF
WP_061559521.1 VQ...ERGLFWCTFNDVVAQHAGAVKRLRQQRITR. . .PDATLRHHPFD.GSGTIAVQLIRRR. . .DDPPRSPA
WP_064888210.1 T . GQGLYWATVNDIAAQHKALVQRINKQRRE(G. . . RPAQLRHRRFD . GT|GTLTVQIQRRD . . .AAPIRTPA
WP_063045032.1 CR...SGDLYWGTFNAVKNHHAATVRRISAARKQG...RSAQLRHHRYN.GTGTLAVELPRES. . .KDPARTPA
KMV19589.1 CQ...DGDLFWATFNDVLDHHKAAVKRIGOMRAAG|. . . QPAQLRHHRFD . GT|GSIAVQLQRQA. . .|GQPQRTPE. .. ...
WP_061006603.1 CR...DGDLYWASFNTVLDHHKTAVKRIAAQRASG. . .KPATLRHHRFD.G[SGTIAVQLQRQA. . .GAPPRTPM
WP_095663130.1 CQQ.GDPTLFWATFNSVVDAHKAAVRRIQHQRAQG|. . . RPATLRHHRFD.GT|GTIAVQLQRTA. . .GAPARTPA
WP_073879989.1 CQH.GDPTLFWATFNS/ILDEHKAAVRRIQQQRAQG|. . . RPAALRHHGFD . GT/GTLAVQLQRTA . . . GAPPRTPM
WP_064893148.1 CQH.GDPTLFWATFNSVMDEHKAAVRRIQQQRAQG . ..RPAALRHHRFD.GTGTLAVQLORTA. . .GAPPRTPM
KEF95043.1 CQH.GDPTLFWATFNSVMDEHKAAVRRIQQQRAQG|. . . RPAALRHHRFD . GT|GTLAVQLQRTA . . .[GAPPRTPM. . . .
WP_036456351.1 CQH.GDPTLFWATFNSVMDEHKAAVRRIQQQORAQG|. . . RPAALRHHRFD . GTGTLAVQLORTA. . .GAPPRTPM. . . .
CDO91315.1 CQH.GDPTLFWATFNSVMDEHKAAVRRIQQQRAQG|. . . RPAALRHHRFD . GT|GTLAVQLORTA . . .[GAPPRTPM. . . .
WP_036473531.1 CQH.GDPTLFWATFNSVMDEHKAAVRRIQQQORAQG|. . . RPAALRHHRFD . G[T|GTLAVQLORTA. . .GAPPRTPM. . . .
WP_064942980.1 CQH.GDPTLFWATFNSVMDEHKAAVRRIQQQRAQG|. . . RPAALRHHRFD . GTGTLAVIQLQRTA . . .GAPPRTPM. .. ...
OOK65169.1 CQQ. .DDQLFWATFNYVMDQHKAAVWRIQQQRSRG|. . . KPARLRHHRFD . GTGTLAVQLQRTA . . .KMPPRTPL. .. ...
WP_047323888.1 CQSPTGDQLFWATFNYIVDQHKVAVRRIQQQRAQH...KPATLRHHRFD.GTGTIAVQLQRTA. .. GRPPRTPL......
WP_101953221.1 CQSPTGHQLFWATFNYIVDQHKVAVRRIQQQRAQH...KPATLRHHRFD.GTGTIAVQLQRTA. . .GRPPRTPL. ...
GAB36148.1 CT...DGLLYWATFNAVLDHHKTAVKRIAAHRKQG. . . RAAQLRHHRWD . GTGT|I|SVQLQRQA. . .[TDPARTPA. . . .
WP_039994403.1 CT...DGLLYWATFNAVLDHHKTAVKRIAAHRKQG|. . . RAAQLRHHRWD . GT/GT|ISVQLQRQA . . .[TDPARTPA. . ..
KEP41925.1 CQ...QKGLYWATYNDVRNQHNTAVKLIKRARAAG . . . RKSQLRHHRYD . GT|GS[IAVQLRRQS . . .[HQPARTPI. .. .
WP_036444762.1 CQ...QKGLYWATYNDVRNQHNTAVKLIKRARAAG|. . . RKSQLRHHRYD . GT|GS|IA|V| .HQPARTPI....
PZN20932.1 ..... RCGV|YWG|TYLLAEAAADQA . .SKTPPRFARWT . GEGRI|GV| .GIAVDELT. ...
WP_013159911.1 ....... GLY|SSNYLDVERAFDKARQ . .|....SPELRFRRYSPHEGRLAY| .GLPMREI.....
PZM90038.1 . .... ANGLYWPNYLDV.l...EASWR....VARQG...R.NPLRFHRYVPHEGA[IAF .GMPVAALF. ...
WP_092118774.1 A .ALGLYWCNYNAVLNSMETARKHILRKRAQG|. . . LPADFTFRPFT . GQGRL[T|V| .GPPFSEIL....
WP_052217029.1 ..... ESGLYWCNYDEVVASYQVARQ. . .KAARQG. . . . . RDLRFHRFD . GSGKV|TVRWQK. . . . .GLPVEQVF ... ...
WP_081908191.1 ..... GSGLYWCNLEDVVNSYDIGRK. ..KAKAA GEMRFHRWD . GTGKV|TVRFQK. . . . .GLPVNEMF . .. ...
AGO88270.1 ....... GLWWGNYNALVRSFERARS QTMHRRSGG . GDGRIITNTLQG .GAAVEALF......
WP_011733919.1 N....NSGLWWGNYNAVLESYKKARI AELKYHRFD.G[S|GRFTNQIQG .[GMSVQDLLEGNRNV
WP_096876841.1 . .... QSGICFWGNYNAVIESFETAKS GRLHFKSFD . GSIGRFVNQIQG. .GMTVTELL......

Figure S5.1| Multiple sequence alignment of type V-U1 orthologues. (continued)
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Characterising the CRISPR-Cas type V-U1 C2c4 effector enzyme

209 21[.) X. 229 * 239
WP_116532935.1 AGYHS.LVIsTe. .. .. EPGFRADRPDAKAYPGFRF[SLGN. ... .. KLHARGWW. .EIsFPEGARVITT
SPE20750.1 . S|GRHSEIAL .TDGVGRRKYGQLRFRLGPAVA. . .RTDATGTF H. EAAHVAL
WP_105479500.1 SIGRHSEIAL .TDGVGRRKYGQLRFRLGPAVA. . .RTDATGTEF|. H|. EAAHVAL
0JW42488.1 EGRHT . EFR| ASGGCGPRRYGTLEFRLGPASS...ETYAAGTW. H|. DDGAV/GL
WP_018991635.1 .EGKYGELAL TNGCGRRKYGEFRFRLGPAKA. . .ATYATGTW H|. EGRQIGL
WP_018079340.1 .AGKHGEVA[L TNGCGPRKYGELRFRLGAAKA. . . ATNATGT| H|. DGATRAGL
WP_081130164.1 . S|GDHS . E[LS] VSSCGRRKYGSFSFRLGSASA. . .DTYANGTW H|. DGATV/GL
WP_064217851.1 .EGESA.V[I[G QPENTGKRAYGHFWFRLGSASE. . .GH..... Y| IQWH . EDASMAS
WP_051690567.1 .TGKRK.DIGIE. . ... .YPKKGFGPRSYSAFRFRLGAASE. . .ES. . ... YAEGT[VIQLH . ENARTIAM
OFC35369.1 . TGKRRDV|IVAY. . ... PQONGFRRRSYTRFRFRLGPATA...EC..... YAQGTLQVD,. HGARVTL
WP_077272831.1 . TGKRRDV|IVAY. . ... PONGFRRRSYTRFRFRLGPATA...EC..... YAQGT|LIQVD|. HGARVTL
WP_106353755.1 .TIGRCP . NLT| .GDGRKR. ...TLRFTIATLGKKRDDKV. .LASFPMVMH. PDAMIKL
WP_045707069.1 . T|GRCP . NLA| EGDGRKR. . ..TLRFTIATLGKKRDDKV. .LAIFPMVMH . PDAMIKL
WP_102857306.1 T/GRCP . NLA .EGDGRKR. ...TLRFTIATLGKKRDDKV. .LAIFPMVMH. PDAMIKL
WP_018234394.1 SGNVS .QLQID..RPPPGVEFLPANRRRREARVTARMRVDAA.. .GH.. ... MIEFPVIVLH. PGAR|IKA
WP_061559521.1 .DIGKYHNYF/QLP . WIDPEVWNQMSASQQRRAGRVVARFRYGRS . . . ADGPML . [LVELP[VIQQH|. ADaAD[ITG
WP_064888210.1 .QGRYSYFAVLP . WIAPQRWEAMAPAERRAAGRVSVRMRVGSTG. . EGQPQ. . WVDIPVIQAH. AQAD|ITH
WP_063045032.1 .GGKYRNVI|QIP . WTEPERWEQLSRAGRRHAGRDTVRMRCGSA. . . GGVAQ. .[WVDIPVQMPNEIMLPADAD[ITG
KMV19589.1 .DGKYGRVL|SVIP . WWQPDRWERIPRRERRMIGRVTVRMRAGQL. . . SGEPQ. . WLDIP[VIQQH. LDAD[ITG
WP_061006603.1 .AGKYRNVLHIPGWTDPDVWEQMTRSQCRQSGRVTVRMRCGST. . .DGQPQ. .WIDLPVIQVH. ADAD[ITG
WP_095663130.1 .LGRYVNVLHLP . WDPNQWAGMTRAEQRHAGRITVRMRCGSL. . .GGEPQ. .WIDLPVIQAH. EDADISG
WP_073879989.1 .AGRYHNVLHLP . WWDPDQWASMTRAEQRHAGRITVRMRCGSL. . . GGQPQ. . WIDLPVIQAH,. QD|AD|ITR
WP_064893148.1 .AGRYHNVLHLP . WWDPDQWASMTRAEQRHAGRITVRMRCGSL. . . GGQPQ. . WIDLPVIQAH,. OD|AD|ITR
KEF95043.1 .AGRYHNVLHLP . WWVDPDQWASMTRAEQRHAGRITVRMRCGSL. . .GGQPQ. . WIDLPVIQAH,. ODAD|ITR
WP_036456351.1 .AGRYHNVLHLP . WWDPDQWASMTRAEQRHAGRITVRMRCGSL. . . GGQPQ. . WIDLPVIQAH. QODAD[I/TR
CD091315.1 .AGRYHNVLHLP . WWDPDQWASMTRAEQRHAGRITVRMRCGSL. . . GGQPQ. . WIDLP[VIQAH. oDAD[T/TR
WP_036473531.1 .AGRYHNVLHLP . WWDPDQWASMTRAEQRHAGRITVRMRCGSL. . .GGQPQ. . WIDLP[VIQAH. ODAD[I/TR
WP_064942980.1 .AGRYHNVLHLP . WWDPDQWASMTRAEQRHAGRITVRMRCGSL. . .GGQPQ. . WIDLPVIQAH. ODAD[T/TR
OOK65169.1 .AGRYRNVLHLP . WWDPARWDEMSRAEQRRAGRVTVRMRCGSM. . . AGQPQ. . WVDMP[VIQAH|. PTADIIG
WP_047323888.1 .AGRYHNVLHMP . WIRPQQWAEMTRAEKRRAGRVTVRLRCGSI. . .GRQPQ. .WIDVP[VIQAH. AEAD[IVG
WP_101953221.1 . TGRYHNVLCMP . WIRPQQWEDMSRAEKRRAGRITVRLRCGSI...DSQPQ. .WIDVP[VIQAH. AEAD[IVG
GAB36148.1 .IIADADTGKWRSS[LIVP . WNPDVWDTMDRASRRKAGRVVIRMRCGSSRNPDGTKTSEWIDVPVIQQH . ADaD[ITA
WP_039994403.1 .IIADADTGKWRSSLIVP.WVNPDVWDTMDRASRRKAGRVVIRMRCGSSRNPDGTKTSEWIDVP[VQQH . ADAD[ITA
KEP41925.1 .VLADP .AGKYRNALVLP . WIEPTRWQAMSRAQQRHRGRVTVRMRCGSQ. . .NGQPT. .WIEIPV/QQH . ADRADIIG
WP_036444762.1 .VLADP.AGKYRNALVLP.WIEPTRWQAMSRAQQRHRGRVTVRMRCGSQ...NGQPT. .WIEIPV/QQH. ADADIIG
PZN20932.1 = ....... TDTQL.QIHEC. ........ EDPRTGRRAGSRRLLRMRIGSD...GRAPI..WAEWQMIMH|. DGAR|IKA
WP_013159911.1 G|SDT.RVQLP...LPDPIIYRDRATRRKHQRVLMKFRVRSV. . .ERQPL. .WITVPVYLH. DGV|. CRE
PZM90038.1 .AGDSR. .VQID.PVPPDTW..DSRRQRRRQQRTILRIRVGSQ. . .GRAPL. .WCEVP|I[YLH. PEGIHRV
WP_092118774.1 . GINT.QLQLG.PVPDDTWTSPDRAERRRLSRTQGRIRIGSEGFQGREPI. .WFEFP[IVLH . EEGK|IKK
WP_052217029.1 ..... .[6/sDT.RLIQID.PVSEEAWYHPKRSERRRLSRTKVRIRVASD. . .GRNPV. .[WLELPMVMH. PDGTIRS
WP_081908191.1 ..... . S|C/TNN.LLQID.PVDKDAWYNPVRAIRRKKSRTRVRLRACSE. . .NKKPL. .[FIELPVVLH. EDALIRT
AGO88270.1 ....... DGSLS.QIMVR.PISARAWLSEIRGERRRLQRTFLSATVFVR. . .DGERR. .[TVTWPMIMH. ANCRVKE
WP_011733919.1 ASLRLVSSGELGDI|SGKK.PPSLDLQSVGSRRDSREYGILAITLYTGTDEQSKKFRR. .|TLSFP[VILH. EGATLKS
WP_096876841.1 ....... AG/SHSQAQLIT| .LVTTNKTKGRFAFTAFTGKDDAGKRFRR. .QLFSE[INYH.PIPADGV/IIKA
259 )(, 269 279 280 29Q )(- 319

WP_116532935.1 [VIRL)V.RKRIGP .DVRWALQF|QT! EEHVPKINGIPKKRAPLAALHFG[SMS TAATCDS......
SPE20750.1 ARLV . RRRIGF . DAGWTIQLLV . .PPATMVVPG. . .ARKPLAAVHFGYATD VAGLATG. . ..
WP_105479500.1 ARLV.RRRIGF.DAGWT/IQLLYV| . .PPATMVVPG ARKPLAAVHFGJATD VAGLATG. . . .
0JwW42488.1 VIRLV . RRRLGP . KFQWA[I|QF QV] . .PLPVNDSVG ERKPLVALH AAD VAGIADG. ...
WP_018991635.1 [ARLV.RRKIGK.DYKWAVQLMV| . .PEPVFVATY ARKPLVSVHF|GJAAD VAAIADS. ...
WP_018079340.1 |CRLI.RRRVGK.DYKWA[IQMOQV! .PIEQEALAG RKPLVAVHFG[JAAN VAGITDG. .....
WP_081130164.1 [ARLV.RR[SVGK.DFKWALQLMYV ATEPAMMEG. . . . RKPLVAVHFG[JJAGD VAGITDG. .....
WP_064217851.1 [ARILV.RKRTGC.KMKYYMQYVT QIRQVSDHA. .. .RKALLAVHMG|JSAD VC/GITDA......
WP_051690567.1 [AHLIT . RKKAGR.KYQYELQLLA . .PINLLPDHR RKPLVAIHFGSGD LAGIADN. ...
OFC35369.1 VRILI . RKRVGP . RYRY T/LQF|LL| . .PIRLEVANR RKPLVALHFGSFD IAGISDN. ...
WP_077272831.1 [VRLI.RKRVGP.RYRYTLQF[LL . .PIRLEVANR RKPLVALHFGSFD IAGISDN. ...
WP_106353755.1 [ARLV.TTRVGV.SLKYE[IHLVY . .GMPLLPKQG ELTAAINMGQRIT VAAIR......
WP_045707069.1 [RARLV.TMRVGA.SLKYEIHLVV| . .GVTLLPKQG ELTAAINMGQRIT VAAVR. .....
WP_102857306.1 RARLV.TMRVGA.SLKYETIHLVY| . .GVTLLPKQG ELTAAINMGQRIT VAAVR. ..... .
WP_018234394.1 RQILV.WKREGE.RWRGQLCLTV| . .PKQEREHPG VEACGIDLGRLQ VATVA. .......
WP_061559521.1 [ARLT.IRHTPA.GPRATLNVSA . .PDPDPRRTG .PAVAVHLGJRRG AATWRSTRALNIP
WP_064888210.1 [V[R[L|S.VKRIAA.RRTAQVLVTA .TDQQHALAS DRAAVAVHLGJRQT VASWRSTAPLQIP
WP_063045032.1 [V|QL|T . VTRTAD . TYRARLAV|TA! PDPKPVAPT. .. .DGPTVAVHMG[JRKT VATWRSTSRIHVP
KMV19589.1 ARLT . VIRTAG . TLRAQI|S|V/TA PDPEPVTDG. .PDVAVHLG[JRNT VARWRSTEPIEVP
WP_061006603.1 RAELV.VTRVAG.IYRAKLCV/TA . .GDTEPVTSG .PTVALHLGRST VATWRSDAPLDIP
WP_095663130.1 [AK[LT.FTRVGA.DLRARLS|I|TA . .PRPAVPRRG DLPTLAIHLG|JHAT VAHWRCDRPVVIP
WP_073879989.1 [AK[LT.VTRLGA.DLRARLS|I|TA . .PHPTVPRHD DLPTLAIHLG|JHAT VAHWRSDRPVAIP
WP_064893148.1 AKLT.VTRLGA.DLRARLS|ITA| . .PHPTVPRRG DLPTLAIHLGHAT VAHWRTDRPVAIP
KEF95043.1 AKLT . VIRLGA . DLRARLS[I|TA . .PHPTVPRRG DLPTLAIHLGHAT VAHWRSDRPVAIP
WP_036456351.1 RAKLT.VTRLGA.DLRARLS|ITA . .PHPTVPRRG DLPTLAIHLGHAI VAHWRSDRPVAIP
CDO91315.1 AKLT . VTIRLGA . DLRARLS[I|T/A . .PHPTVPRRG DLPTLAIHLGHAI VAHWRSDRPVAIP
WP_036473531.1 [AK[LT.VTRLGA.DLRARLS|I|TA . .PHPTVPRRG DLPTLAIHLGHAT VAHWRSDRPVAIP
WP_064942980.1 [AK[LT.VTRLGA.DLRARLS|I|TA .PHPTVPRRG DLPTLAIHLGJHAI VAHWRSDRPVAIP
OOK65169.1 AITILT . VTRIGA . DLRARILS|I|TA! PCASTANRN. . ..DRPTLAMHLGRAS VAHWRADRPLEIP
WP_047323888.1 [AQILIT . VTRVGA . DLRAR[LS|I|TA! PHAVATERS. .. .ERPVVAIHLGJQAS VAHWRATEPITIP
WP_101953221.1 [AK[LIT.LARVGA.DLRAQLS|I|TA . .PDPIVAQHS DRPTVAIHLGQAC VAHWRATKPLTIP
GAB36148.1 [AQL'T . VRREGA . DLRAT|I|GI/TA . .PDQGEVDEG .PTIAVHLG|JRSS VATWRSTEPLDIP
WP_039994403.1 [AQILIT. VRREGA .DLRAT[IGI|TA . .PDQGEVDEG .PTIAVHLG|JRSS VATWRSTEPLDIP
KEP41925.1 ARLT . VIRTAG . HLTARL/SV|TA . .PDPPEVDSG .PVVAIHLG|RDT VATWRSTSPLDIP
WP_036444762.1 ARLIT.VTRTAG.HLTARLS|VTA| . .PDPPEVDSG .PVVAIHLGRDT VATWRSTSPLDIP
PZN20932.1 AITVQ . RRRRDCRRWDWRV|Q I LV . .PDGWARPAP DAGAVALNLG[JARV AG
WP_013159911.1 |V|S|LH.WHRVAD .RLRWTVISVVV| ....EGPPVASPT GRGAVAVDLGRRV AG

PZM90038.1 T|Y[L/T . WRRVAS . RLRFQV|SIVVELPV....... PAAHLADPA. .. .EGPLVAVDLC|JRRLPDG[. IRVG
WP_092118774.1 [AlQWV|S . RRKVGL.DWVWELD[LTVVLPEVQPEAQREPQTGAQPGQVRKVQHC[IGLDLG|RKT VA
WP_052217029.1 [AlS|IV.REKLGN. TYRYKLVVTV PSAPVIPAA..... SGRIFVNCT|JQRN A2
WP_081908191.1 [AS\V|I.REKVGM.RYRYKLNLVL ENTNRILPA....LEGTAAIDLGRTV VA

AG088270.1 V|I|]Z]T . RRRHGN.SWRWARASF|IC .ADRAVPEPT GAKRIAIDVGRRV VA
WP_011733919.1 |L/S\VH.RKRVGT.DFVWSVVE[TF .DCPTYDQRS STGNRCGLNLG[KKQ va
WP_096876841.1 |VEVVKVPHDGKQKYKWHACEFTV, .PEVDIKHPK .RNIAGVNLGRQF VA

Figure S5.1| Multiple sequence alignment of type V-U1 orthologues. (continued)
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329 33[.) 349 359
WP_116532935.1 .GDAAAAQF[IDLP|YDI|QEDFARAK.AV|QS . RE] LRDEF|VNL|
SPE20750.1 ADPGCARLVQLPPSVEEDLQRAS . ALQA . AR| ARDQLVVR|
WP_105479500.1 .ADPGCARLVQLPPSVEEDLQRAS . ALQA . AR ARDQLVVR|
0JW42488.1 .ADPGLARVLQLPPEIEAGLQHSG.EVES.AR ARDNWV|VAT
WP_018991635.1 ADPHAARLVYLPPHIEATLERAA.TLQS .ER| SRDK[IMPL
WP_018079340.1 ADPGQAYVLKLPAEVEQSLVRSS.AIQS.ER| ARDA[IVPR|
WP_081130164.1 ADPGVARV[LQLPVEVEDGIRRAA.EFQS .AR ARDV|IMTT|
WP_064217851.1 ADPELAQI[IQLPPEIERNIQRAA.NIQG.KR| ARDE|[IAPK|
WP_051690567.1 ADPLEARLLTLPPDIEDDIREAS.ALQA.KR YRDEV[FLR|
OFC35369.1 GNATDAHILSLPPSIEADLTRAA.TIRS.QR ELAAVAQR|
WP_077272831.1 GNATDAHILSLPPSIEADLTRAA.TIRS.QR ELAAVAQR|
WP_106353755.1 FSDGSEEVLELPAEWMLRFDYME . DLEEAGVR AAADMPLI
WP_045707069.1 FSDGSEEVLELPAEWMLRFDYME . DLEAGVR AAADMPLI
WP_102857306.1 .FSDGSEEVLELPAEWMLRFDYME . EAGVR| AAADMPLI
WP_018234394.1 DSKSRLYTY|TLPADWMRGMDQVE . RL|SS NAME
WP_061559521.1 EEFCAVVV..AETTRTGRLIVPATLIDGFARAD.QIRA LjoLs
WP_064888210.1 PALESVMIA.DPGATTGH[IVVPPAITARLDRTD.QLGS VIRDA|
WP_063045032.1 PAWQHVMRV.DRGGVTGT[IEFSNSAIRRRRTTD.RLAS IQDK
KMV19589.1 FDFRDTLTV.DPGGRSGE[IFVPEAVPRRVERAH. LIAS RAR|
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WP_061006603.1 FGLRTVMRV.DAAGTSGIIVVPAT AS . SR| LRDK|
WP_095663130.1 PELCDVIES.TVEGVSGRIVAPGAIGARLARQA. AS .AR| IRDR|
WP_073879989.1 PELADVIVP.TVEGISGRIIAPGS[IGTRLERYA. AS . AR)| IRDR|
WP_064893148.1 PELADVIVP.IVEGISGRIIAPGS[IGTRLERYA. .AR| IRDR|
KEF95043.1 PELADVIVP.IVEGISGRII|IAPGSVGTRLERYA. AS .AR IRDR|
WP_036456351.1 PELADVIVP.IVEGISGRI|IAPGSVGTRLERYA. AS .AR IRDR|
CD091315.1 SELADVIVP.IVEGISGRIIAPGSVGTRLERYA. AS .AR IRDR|
WP_036473531.1 SELADVIVP.IVEGISGRJI|IAPGSVGTRLERYA. AS .AR| IRDR|
WP_064942980.1 SELADVIVP.IVEGISGRJI|IAPGSVGTRLERYA. AS .AR| IRDR|
OOK65169.1 RRLAHVMVA.SAGGNAGR[IIAPASIAARLERHA. AS .VR| IRDE
WP_047323888.1 RRLAHVIVP.VTEGVSGRIIAPAVIAARLQRHS. AS . TR| IRSK
WP_101953221.1 RQLAHVIVP.ISDGVSGRIIAPALIATRLQRLS. AS . TR| IRGK|
GAB36148.1 ETLRGVITTQSAERTVGS[IVVPHRIEQRVHHHA. AS . HR| IRDT)|
WP_039994403.1 ETLRGVITTQSAERTVGS|IVVPHR[IEQRVHHHA. AS . HR| IRDT)|
KEP41925.1 MELRDQLIA.SPDATTGAVVVPHRITERITHSD. RS . QR VIRAK]|
WP_036444762.1 MELRDQLIA.SPDATTGAVVVPHR[ITERITHSD. RS . QR| VIRAK]|
PZN20932.1 GSDGTTHE[I|LVPRS|IVDRIEKSE. RS . IR| MRPR|
WP_013159911.1 .GEDGAGGEIALSEGDLKQFSKVE. RS .IRD LKEA
PZM90038.1 GEDGEGGEIALPARWVAAMAQCD. RG. YR LRAR|
WP_092118774.1 DSDGQQGVFRLDVGYVATQDRLD . KS . VLD . .NRDQIITAQ|
WP_052217029.1 DDSGQKGE[LILPNRVVSQFYKLD . RS.IR . .HFNE[IKET)|
WP_081908191.1 DDKGHSEELILDNDVLHEFNKIK. QS . IR . . LFNETKAK|
AG088270.1 ISGQSPSFIVLPASMLVSFSLID.ELRS..R . .ASNRLIGID|
WP_011733919.1 YDGSDARHIITLPQAIIDGLDYVNGD[LQG . .RIDSAANE
WP_096876841.1 .DDAGKKTEYFVPAELVSKFEAAE . TIQK L] .AADDARNE

360 370 380 390 400 o 420
WP_116532935.1 DNIAMQGWMEDCIERLHMLRRLP...VQHIAPSRLCHI|. NGMLRDS. .. .. GTPWAD[] DRLLWQEQRHI . ERRT]|
SPE20750.1 TCGAVPEVAQAEFLALVALPAQQ . VSQRRLAAF|. CAKWESA ... .PAESPDWL| JRLRWQASTHI.ARRA
WP_105479500.1 TCGAVPEVAQAEFLALVALPAQQ. .VSQRRLAAF|. CAKWESA. .. .PAEISPDWL| JRLRWQASTHI . ARRA
0JW42488.1 TEDATPEATRR. SQAAADLLVIRRLPATHVAIRRLHR]L|.AQRLRDT. ... . AD[LPDWF| )KLAWQKAAHA . AKRA
WP_018991635.1 AIEANENWSEGVLVELAALRKLP...AQHVAITRLHRL|.CRLLREA.. ... EGLPEWL| JRLRWQSSAHM. ARRA
WP_018079340.1 PPDSPEVRLARAADELKAIHRLP...ANHVAIRRLHRL(.CGMLRDV.. ... DFLPEWL| JRLOWQSAAHI .ARRA
WP_081130164.1 SQFMHGSEPWLRARLSEELSTIRRLPAQHVAPRRLHRL|.CGLLRAT.. ... NQMHDELEAWRKIQDRLAWQASAHM. ARRA
WP_064217851.1 DGSLPPEWDES...TQDYWSHWK. .. .. VLPANHMAASRIHAWRKR. . . LGDFAPEWMAEWCKADRMLWIAATHT . AQRA
WP_051690567.1 EENTLPTKGE..TPLSEHWNKIRKLPAQHVSANRMHHL|...AWLVK..SELIEIPEWFET DOQRMWVQATSL . ARRA
OFC35369.1 .LPSLPEG.DALRSQWEEFCGMPAHRISSHRLHAL.ATCMRDR. .. .. SV[IPEWFDAWRKTDKLAWQSQMHK.VRSA
WP_077272831.1 ....LPSLPEG.DALRSQWEEFCGMPAHRISSHRLHALI.ATCMRDR. .. .. SV[IPEWFDAWRKTDKLAWQSQMHK.VRSA
WP_106353755.1 ELEQAPAKLRC..SVERITARPG. . .SALGVRAL.GELWARE. .. .. APLPPHLQAWYHGHRRKFDEAVNL . RKHL|
WP_045707069.1 ELEQAPAKLRH..SVERITARPG . TALGLRALl.GEHWARE. . . .. APLPPHLYAWYHAHRRKFDEAVNL.RKHL
WP_102857306.1 ELEQAPAKLRH..SVERITARPG . TALGLRALI. GEHWARE . . . .. APLPPHLYAWYHAHRRKFDEAVNL.RKHL
WP_018234394.1 .RDELPEKLTQ...... PAANWS .PGKGSKWLRDKELHDAVRALNWEVPAEIRHWYERYRHLKTWRDNL .RAKL
WP_061559521.1 GPIDDPRTPGG.VLDAATVEHWR .GVAKFHAL.ARAWEIAPPADAKSIAALLLRWQRRDLKLRRGPDLGQRRHA
WP_064888210.1 GPVQS|QGR....ALTADVVRQWR .SPAQFAAV|. AKAWRDS . . EAPDG[I|GATLEAWRKVDVRLWDRQEHG . RRRA
WP_063045032.1 GPKPHPLREGD.QIDAATVANWR. . .SSARLAAV|. ALRWRDESPADGAGLAAHLETWRRVDRRRWERQAHG . LRKA
KMV19589.1 GPRPHP|SREGE . ELGAGNVRMWK . . .SPNRFAWL|. ARVWADD . ESVSTDIREALAQWRHQDWISWHHQEGG.RRRS
WP_061006603.1 DA...PTYRDA.PLEAATVKQWK .SPQRFAS|L|. AHAWKDN. . . .GTE[I|SDILWAWF|SLDRKQWAQQENG . RRKA|
WP_095663130.1 GPQPHPSHPGE.QLTAAEVARWR .SKARFAS|L|. ALAWRDT. .. .DLEIAEPLEAWRRADKLLWQQQGHG.RSRA|
WP_073879989.1 GPRPHP/IRPDE.QITAADAARWR .SPARFAAL.ALAWRGS. .. .DLEIAQPLEAWRRADKLLWQQQAHG.RARA
WP_064893148.1 GPRPHPIRPDE.QITAADAARWR .SPARFAAL.ALALRGS. .. .DLEIAQPLEAWRRADKLLWQQQAHG.RARA
KEF95043.1 GPRPHPIRPDE.QITAADAARWR .SPARFAAL.ALAWRGS. .. .DLEIAQPLEAWRRADKLLWQQQAHG.RARA
WP_036456351.1 GPRPHPIRPDE.QITAADAARWR .SPARFAALI.ALAWRGS. .. .DLEIAQPLEAWRRADKLLWQQQAHG.RARA
CD091315.1 GPRPHP/IRPDE.QITAADAARWR .SPARFAALI.ALAWRGS. .. .DLEIAQPLEAWRRADKLLWQQQAHG.RARA
WP_036473531.1 GPRPHPIRPDE.QITAADAARWR .SPARFAALI.ALAWRGS. .. .DLEIAQPLEAWRRADKLLWQQQAHG.RARA
WP_064942980.1 GPRPHPIRPDE.QITAADAARWR .SPARFAALI.ALAWRGS. .. .DLEIAQPLEAWRRADKLLWQQQAHG.RARA
OOK65169.1 GPLPHPARPQE.QITAAAVAQWR. . .SGAQFAAL|.ALAWRDS. .. .GFEIADPLE DRLLWQOQQAHG.RSRA|
WP_047323888.1 GPIPHPGRPDE.QLTAAAVAQWR. . .SPARFAAL.ALHWRDS....GTEMATQLEA JRLRWQQQGHG.RSRA
WP_101953221.1 GPIPHPSRPNE.QLTAAAVAQWR .SPSRFAAL.ALDWRDS....GTEMSTQLEA JRLRWQQHGHG . LSRA
GAB36148.1 GPQPHPYDGDP..ITAASVQRWK .APRRFAWL.ALQWRDTPPPE(‘AI’ITAWT EAWRRADKKLWLESEHG.RGRA
WP_039994403.1 GPQPHPYDGDP..ITAASVQRWK .APRRFAWL.ALQWRDTPPPEGADIAETLEAWRRADKKLWLESEHG.RGRA|
KEP41925.1 GPVPHPTRPEA.TVESGDVARWR .SPARFAAL.AQAWRVAPPPGGQDIAGV[LE JRALWERQEHG . RGKA
WP_036444762.1 GPVPHPTRPEA.TVESGDVARWR .SPARFAAL.AQAWRVAPPPGGQDIAGV[LE DJRALWERQEHG . RGKA
PZN20932.1 . .AGPP|QEIVE. . .RCEHMHAWR .SPARFAAL.ARWWRDHRFDGDAEAYEMLEAWRYRDEHLQRYEAGL . LRGA|
WP_013159911.1 PPAPLPDWLAE...ETKTLPQWR .SPARFAAL.FRRWOSERVHADEAAYGLLEGWHKRDRHLWQYEANL . REQM
PZM90038.1 DPDTLPEWLRY. . .ARREWGRWR .SHGRFAAL.ALRWRGERFAGDEDGYTLIEAWRQRDKHLWEYEANQ.RDEL
WP_092118774.1 QHEHLPHWLDLQKVSVVKSHQY. .|.[FLHL|. ADTWANDRQEADQEV|FED[LA( VHLYSWHSNL. SRKM
WP_052217029.1 .DMFPDWLKE. . .ELATIDKWR. RLVSV|. YRKWRENRFDGDEEMFEAV|GYWYMREQHLWLWEVNL.RDQL|
WP_081908191.1 KTLELPDEAKE...RTSHMANWR. KMLRL. HQYWRENRLPGDDEVWEVLEY IHLYEWQENL.RDQV|
AG088270.1 GSFAQPFQDLLRDFQSISEKRPV KFCESDFFLLQAR. .... EN[VIGMDLWA RLTDWLRNH. HRKT
WP_011733919.1 GGDELPESLQELRSMLRRSKRPH KFAKA.VIAWRNY . PEYLGDARDEAEQRRKATKRLTIEMAHK.REKL
WP_096876841.1 YQDNRDEAPQEWRESIQGLLRNR DAANHLMTIWREC. .VFAQEE|SRRYAAWLKSDAALRRSYTGC.RQNA

Figure S5.1| Multiple sequence alignment of type V-U1 orthologues. (continued)
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Characterising the CRISPR-Cas type V-U1 C2c4 effector enzyme

WP_116532935.
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WP_018991635.
WP_018079340.
WP_081130164.
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WP_051690567.

OFC35369.1

WP_077272831.
WP_106353755.
WP_045707069.
WP_102857306.
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440 450 460 470 480 490

1 RNRELYFYRHLALDLVRRYETLVVSMPNLAESAKRI...KDDGERNELGQOMARTARSERALYELKQALDWAAQRAGTA
RMRERDFYRVLAAELANSYEVVAIEPLDLAATAKKID. . ESTGERGAFGAKARAGQNVAAVSELESAVRWACAKAGSV

1 RMREIRDFYRVLAAELANSYEVVAIEPLDLAATAKKID..ESTGERGAFGAKARAGQNVAAVSELESAVRWACAKAGSV
RNREIKGFYREVALGLATGYQAIVLQPLDLESAAKKVD. .DASGERTEFGRKARSGRVVAAIYELEGAIRWAAAKCGTA

1 RNARRDF|YRNLAADLARRYDT/IVIEPLDLAEVLKKID..ENTGERGEFGRKARSGLMVAALYELESAIRWSVTKTQTA

1 RNTRKGFYRQTAIDLARQYSSIVLEPLDLAKAAVKID. .EITGERTEFAKKARAGRVVAALYELESAIRWAAAKAGSA

1 RNLBKDF|YRRVAIDLARRYSAIVLEPLDLAAAALKVN. .EITGEKTEFAKKARSGRVVAAIYELESSIRWAAAKSGTA

1 RNRBKDFYRNLAKTWASQYEAIVIEKPDIKKAAKILD..EATGERTEFAKKARAGRVLASLYTLDSAIRWACQKNGTA

1 RNRBIKKYYEKVAIDLASRYEAILIEMPDLKKSAEKVN. .EKTGEKTEFAKKARSGRVIAALYVLESAIQWAACKHGSA
RNRBITTFYRQVALDLARQYETIVLELPDLKKTTQKVN. . STTGEKTELNRKARAGRVIASLHSLEA. HWAACKCGSA

1 RNREITTFYRQVALDLARQYETIVLELPDLKKTTQKVN..STTGEKTELNRKARAGRVIASLHSLEA HWAACK|ICGSA

1 LAHBITAIYRNFVANLGRRVREITIEQLDLAILANRQK.. ... NDDSWIVEQRRGHRQRAALSTLRAF|LSESERAGRFA

1 LARBITAIYRNFVANLGRRVREITIEQLDLAILANRQK..... TDDSWIVEQRRGHRQRAALST|LRAF|LSESERAGLFA

1 LARBITAIYRNFVANLGRRVREITIEQLDLAILANRQOK..... TDDSWIVEQRRGHRQRAALSTLRAFLSE[.|. .|.|......

1 LRSEREVYRLLAADLAGRYAVIGIEDMDLSKIAKTKK..RKDASDPELHATARAQRQRAAVHALRHEIEHQANKHGAQ

1 IAABIDDLYRRFAAMLASQAKTLVLDDLLLPELTAASV..... PRPRAAHKG|IAAARSVVAPGRLRTLV|TTAALREGCA

1 LGHREIDDLYRQV|SAAIIGQARMVVVDDMDLSELARVAN. .SDPGEPVALQRSAER.RHRAAPGRFREAVEAARARRAGLR

1 VRREIDDMWCNIAAILAGQAGRIVLDDTSIADTARRRP..... QLPTHVEHAIGRQLAIAAPRTLRDT|IQAACVRRGVT
AAQEILDVYRQVAAVLVSQAGR[LVLDDTSYADIAQRSATTKTEELPNETAARINRRRAH,| PGELRQTLVAAADRDAVP

1 LGHRIDDLYRQIAAV|IISDQAGHVLVDDTSVAELSARAM. .ERTELPTEVQQK/IDRRRDHAAPGGLRASVIVAAMTRDGVP

1 LGHRIEDLWRRIACALVSQCGRLVVDDTNVSDVIRNTM. .EHSTIPADLQRQIDRHRDHAAPGALRSSMVAVATRGGVP

1 LGHBEITDLWRRVASALVISQCGRLVVDDTNISAVIRNTM. .EHTRIPADLQRQIDRRRDHAAPGALRSSMVAAATRDGVP

1 LGHBEITDLWRRVASALVISQCGRLVVDDTNISAVIRNTM. .EHTRIPADLQRQIDRRRDHAAPGALRSSMVAAATRDGVP
LGHRITDLWRRVASALVGQCGRLVVDDTN[I|SAVIRNTM. .EHTRIPADLQRQIDRRRDHAAPGALRSSMVAAATRDGVP

1 LGHBITDLWRRVASALVIGQCGRLVVDDTNISAVIRNTM. .EHTRIPADLQRQIDRRRDHAAPGALRSSMVAAATRDGVP
LGHRITDLWRRVASALVSQCGR[LVVDDTN[I|SAVIRNTM. .EHTRIPADLQRQIDRRRDHAAPGALRSSMVAAATRDGVP

1 LGHBEITDLWRRVASALVSQCGRLVVDDTNISAVIRNTM. .EHTRIPADLQRQIDRRRDHAAPGALRSSMVAAATRDGVP

1 LGHRITDLWRRVASALVISQCGRLVVDDTNISAVIRNTM. .EHTRIPADLQRQIDRRRDHAAPGALRSSMVAAATRDGVP
LGYRIDDLWRIQVAHALVTQCGRIVIDDTNVADLSRGAL. .EHSELPTDRQRDIDRRRDNAGPGILRQRIVSAAQRDGLA

1 RGYRIDDLWRQVAHTLVSQCGRVVVDDTNVADVTRGAL..ERSALPTDRQREIDRRREHAAPGLLRQATII ATRDAVP

1 RGYRIDDLWRQVAHTLASQCGRIVVDDTNVTDVSRGAL..ERSTLPTDRQREIDRRREYAAPGRLRQATII ATREAVP
LRHBETDLHRQVAAYFAGVAGRIVVDDSDIAQIAGTA. . .KHSELLTDVDRQIARRRAIAAPGMLRAAIVAAATRDEVP

1 LRHBEITDLHRQVAAYFAGVAGRIVVDDSDIAQIAGTA...KHSELLTDVDRQIARRRAIAAPGMLRAAIVAAATRDEVP
VRHEINNLYRQIAAIFADQAGRIVVDDTSVSAIAAAPT. ... . DLPTEVATRIARRRVVAAPANLRAAITSAATREGVP

1 VRHBEINNLYRQIAAIFADQAGR[IVVDDTSVSAIAAAPT..... DLPTEVATRIARRRVVAAPANLRAAITSAATREGVP
LGHBIREIYRRLAAHLARRYRTLVVDDTDLRALQRSP .. .APESERTEIDAAKRSQR .LAAGSELRAALVSAFSERR.

1 ILRBREQYRVLAATLARQYDALIVEDFNLRAAAELD...... QGGSDLPDAARRYRTIASPSTLRDALVNAFAQRGKP
LAERREIYRVIAAQLARRYRRLLLEDLDLRAFARRDGVDAGSDELVMVQTARRHQRVLAAPHV|ILRGALVNAFVREHGPEA

1 RYRBPREAFRLFAKKLAETYTHVFLEEFNLAWSSRKK...DAEDTPLALQRASNKWARVASPGAFRQELQONFCNKTGSL

1 IRHRREIYRIF|SAGIAKKYAEVVVSKPDLRKAAEKPD....PEFGPQTSKPEDRIRTIAAVSTLYLAIENACRKFGRT

1 LRRBKEIYRIFAAKITRKYKTIVLEEFTLNKTVQKPN....PEEGPAGTLPANRNRFIAAISEFRNELANACRKNHVE
VGHEINHFYQNKIIEVLDQASEVIVNDVKVGEIAARR. . . TSRSESPFVPNRVIGHYRRIAAPSELIR KLQAEKRKIA. .

1 LRRBEIMDFYRNTAKQLTSVYDVICLDKMDLRRLALLE...KGDGTPNELTKIARKQRQQAAISELRECLSKAAAKNGTQ. .

1 VKWEEEIYRHIAKELAERYAVLAVTDTPLSTMSRTKA.KDDLAVDNALPESARRNRVIAATIYSLKEWIGKQAAKTGST. .

*
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1 [ILWAKGFEHTKPCA.LCGAPV........ ERVTDLAC/CHAC/GASADNKANSAANLFRDWLGRYAQAAEEAKAAI IKAKQD
VLDV|IAP . TASTCS . ICGGALSDETDRPDQSAVQTIACPHCGARIDRKCNGAAVAWQIVWSERDAWIERYHLEAAQAMAS

1 [VLDVIIAP.TASTCS.ICGGALSDETDRPDQSAVQTIACPHCGARIDRKCNGAAVAWQIVWSERDAWIERYHLEAAQAMAS
VILELITGE . TAGHCA . YCGGAV. . .KPVEDDSQR[LACTQIC/GADIDRKRNGAALAWQATEESLPTLVEDFWRETLAARDG

1 |VLELVGK.TAGCCA.LCGGKV. . .LADVEDHQL[LR/C/OD|C/CADLDRKMNGAAVAWQASLAQREDAVSEFWIEVRAAQEK

1 [MFELTGETASR.CS.ICGGDV. . .LPDETNGQL|LHC|TE|CGADLDRKQNGAAMAWQLANDDLESLVEAFWTETFAARRS

1 |[LLDLSGAETAARCG.ICGGAS..... QSDESNSQVLHCVECGAELDRKKNGAAIAWQFAHENLDEAVTDFWAAVIAQRCE

1 |ILDMNGEKTAATCA.MCASEA....IRADTEDGQVLHCADC|GAVLDRKKNGAAVAWQLVINEQRENLVEEYWAEQLNKERE

1 |VLKIKGEKTASVCA.F[CEGDH...LEEKEEHDSQT|LY/CPDCGSTVDRKLNGAANAWKRAASDLESLVTEYWEETREKQMG
VILHLSGEPTVTLCS .HCGSTT....ISPTPLNNQMLCCISDICGSTIDRKANGAANAWKLAQKQREKLVSEYWDTVGRKRCE

1 |[VLHLSGEPTVTLCS.HCGSTT....ISPTPLNNQMLC|C/SDCGSTIDRKANGAANAWKLAQKQREKLVSEYWDTVGRKRCE

1 [VHQLSIPYLSQECH.ICGTRN. . .AVASPLMV|T|CSGICAAQWDQDFNNAANLLRAIQNQNRTA

1 |VHRLSIPYLSQECH.ICGTRN. . VVGSPLMV|TC|SGICAAQWDQDFNNAANLLRAIQNKNQTA

B SCGFRR. . .. .......... B R A R A R A L A I I A

1 [LVHVSGK.TTTTCR.ACGAAT. . .GOKDRASLIWT/CEHC/GAVWDQDLNAAGNILDSAMGASAPAATTLAKAKSRRYDL

1 |[VREVGRFGLSRIHGDGCGYEN....PADARYQAATVHCDG/CGQDYDQDHAATALMLRRAGAIRHGARASTSIVGP

1 |CEAV|SPKGIARIHA.ACGYQN....PGDGRFASSLV|T/CEGC/GEQYEVDASTTLLMLRGAGVLS

1 |[VTVVPATGLSRTHA.RCGHQN....PADERYKAPPVR|CEGCKRQYDPDSSATVIMLRRARGR
VDTVISHTGVSVVHA .KCGHEN. .. .PSDGRFMSVVVACDG|CGEKYDQDE|[SALTHMLTRAVQSAA

1 [VTIVAAADFTRTHS.RCGHVN....PADDRYLSNPVR|CDGCGAMYDQDRSFVTLMLRAATAPSNP

1 [VTIVPSAGLSRIHA.GCGYEN....EVESRRRRRTIV|CAGCGRTYDPDLSATVLMLARAARPSENP

1 IVVPAAGLSRIHA.GCGYEN. .. .RVESRRRRRKIICAGCGRTYDPDLSATALMLARAAQPPVQP

1 [VIVVPAAGLSRIHA.GCGYEN....RVESRRRRRKIICAGCGRTYDPDLSATALMLARAAQPPVQP
VIIVVPAAGLSRIHA.GCGYEN. .. .RVESRRRRRK|IICAGCGRTYDPDLSATALMLARAAQPPVQP

1 I PAAGLSRIHA.GCGYEN. .. .RVESRRRRRK|IICAGCGRTYDPDLSATALMLARAAQPPVQP

I PAAGLSRIHA.G[CGYEN....RVESRRRRRK|IICAGCGRTYDPDLSATALMLARAAQPPVQP

1 I PAAGLSRIHA.GCGYEN. .. .RVESRRRRRK|IICAGCGRTYDPDLSATALMLARAAQPPVQP

1 I PAAGLSRIHA.GCGYEN. .. .RVESRRRRRK|IICAGCGRTYDPDLSATALMLARAAQPPVQP
VITVVPAAGLSRIHA.SCGYEN...... GADSRNHV|IECGGCGRTYDPDLSATMLMLARAREHSDIIERA

1 |ITVVPAAGLSRIHA.GCGHEN....PAETQKRNGVLT/CRACGRTYDPDLSATVLMLERAR.

1 [VTVVPAAGLSRIHS.GCGHEN....PAELQPRKGVLT/CRGCGRTYDPDLSATILMLORAR. . ... ... ..........
TTTVSHTGLSRVHA .ACGHEN. .. .PADDRYLMQPVLCDGCGRTYDTDLSATILMLOQRASAATSN. . ... ........

1 |TTTV|SHTGLSRVHA.ACGHEN....PADDRYLMQPV/LCDGCGRTYDTDLSATILMLOQRASAATSN. ... .........
V/SVVPAAGLTRIHA.HCGYQN. .. .PADGRHIARPVLCDGCGSSYDPDASATLLMLOQRVINAYPAPATRTK. .. ... ..

1 |V|SVVPAAGLTRIHA.HCGYQN....PADGRHIARPVLCDGCGSSYDPDASATLLMLOQRVINAYPAPATRTK. ... ......
VIVQLISAQDVTRTCH.ACGSIE. .. .QWDRAASGRMHTCISS|CGVQWDQODDNACRNLLREWSRAADEWEAARARKDAERKES

1 |VRKLNPAHTTTDCH.A[CGGAL. . .VGDPAKELRLYCPTCERFYDQDENAARNLLRRAQEVQAQV. ... ... ..... .
VVRIDPAYTTQTCP .GCGQVH. . .EFDAARQLIV|TCIPACGETWDQDARACANLLGAR. . . .+« v v v vt e e e e e e

1 |LIFGKSDKASRTCP.ECKNKI. . .AKDMSARIMV|ICEACRAEYDQDLGAAANVLCKGMENHFGKQPEDLAG. . .. .

1 [FAN[T P P O e
1 TYVIPAENTTITCH.K KFDAAAQIIHT|C/[STC/GELWDQDYNAAKNLLAFSQKGGVK. . ... ... .......
FINKLEAESPVR.CP.T .RKTRADALP|QVICANCDSSFDQDVVACESLLSPAPTARTTRSVKARSAAATT.

1 |IEQV|STA.SSATCS. A .EQVDGIMWR/CRECRALVDQDINAAANLFREVL. ... ... .. .00t
1 |VETITGK.MTATCH.K] .EKRLRGSQYATCKSCGSELELDENAAINCRNHASGAVLISDKPEKTGRFQRAKM

Figure S5.1| Multiple sequence alignment of type V-U1 orthologues. (continued)
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Figure S5.1| Multiple sequence alignment of type V-U1 orthologues. (continued) C2c4 protein from Mycoli-
cibacterium mucogenicum [WP_061006603.1]and other type V-U1 proteins are aligned.

CbaC2c4 MmuC2c4

Gotc2c4

MsiC2c4

Figure S5.2| Type V-U1 repeats from different bacteria. Vsfold (300) prediction of base-pairing of the direct re-
peat sequence including pseudoknots are shown in coloured bases if they deviate from the basepairing shown here.
CbaC2c4: Clostridiales bacterium DRI 13 C2c4; MmuC2c4: Mycobacterium mucogenicum CCH10 A2 C2c4; GotC2c4:
Gordonia otitidis NBRC 100426 C2c4; McoC2c4: Mycobacterium conceptionense MLE C2c4; MsiC2c4: Meiothermus
silvanus DSM 9946 C2c4; Pelobacter propionicus DSM 2379 C2c4.
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Figure $5.3| Co-purified nucleic acids and pre-crRNA processing by MmuC2c4. (A) Coomassie blue stained
SDS-PAGE gel in which the purified MmuC2c4 protein (66.2 kD) is visualized. (B) Co-purified nucleic acids from
MmuC2c4 treated with enzymes as indicated. M: low range ssRNA ladder (NEB), IN: input fraction for Size Exclusion
Chromatography (SEC) 1-4: different fractions from the SEC purification. (C) 10% Urea-PAGE gel on which the
processed pre-crRNA transcripts were resolved. RNA was visualized after staining with SYBR-gold. M: low range
ssRNA ladder (NEB).
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Figure $5.4| MmuC2c4 PAM determination. Plasmids from the FACS-sorted cells were extracted and sequenced
to determine functional PAM sequences. Sequence logo for the MmuC2c4 PAM at different IPTG concentrations (0,
10, 1000 pM) as determined by NGS sequencing. NT: non-targeting, T: targeting, BR1 and BR2 are two independent
biological replicates. Letter height at each position is measured by information content.
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Figure S5.5| Comparison of transcriptional silencing by MmuC2c4 and FndCas12a. (A) Schematic of the
pTarget-GFP encoding the gfp gene. The protospacer flanked by 5-NTTN-3’ PAM upstream of the promoter is targeted
by the MmudC2c4 and FndCas12a proteins using the respective crRNAs. (B) GFP repression detected in the cells upon
MmudC2c4 and FndCas12a targeting is shown on the Y-axis and the different PAM sequences used are shown in the
X-axis (n = 3; error bars represent mean + SEM).
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Figure S5.6 | Transformation of MmuC2c4- and FnCas12a- mediated targeting plasmids in E. coli. (A) Re-
sults of the in vivo dsDNA targeting experiment showing OD, measurements from cultures of E. coli harbouring the
pTarget-PS plasmid transformed with pCas-MmuC2c4 and pCRISPR-PS compared to cells transformed with pCas-
FnCas12a and pCRISPR-Cas12a-PS plasmid. (B) Qualitative comparison of GFP fluorescence in the cells harbouring
pTarget-GFP transformed with pCas-MmudC2c4 with either pCRISPR-GFP (T) or pCRISPR-NT (NT) versus the cells
harbouring pTarget-GFP transformed with pCas-MmuC2c4 with either pCRISPR-GFP (T) or pCRISPR-NT (NT).
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Figure S5.7|In vitro dsDNA acti-
vated RNA cleavage by MmuC2c4.
Urea-PAGE assessing the ability of
MmuC2c4 protein incubated with a
crRNA and an activator plasmid tar-
get DNA to check whether primed
MmuC2c4 protein can cleave a [y-** P]
ATP labelled target or a non-target sub-
strate RNA.

Figure S$5.8|Tolerance of
MmuC2c4 to mismatched
crRNAs.  (A) Comparison
of the mismatch tolerance of
MmuC2c4  with  MmudC2c4
for single mismatches across
the protospacer sequence. (B)
Comparison of the mismatch
tolerance of MmuC2c4 with
& \\"'\QQ\ MmudC2c4 for 2-nucleotide
mismatches tiled across in
the target sequence. (©)
Comparison of the mismatch
tolerance of MmuC2c4 with
MmudC2c4 for 4-nucleotide
mismatches tiled across in
the target sequence. GFP
repression detected in the
cells  upon MmudC2c4 or
MmuC2c4 targeting is shown
on the Y-axis and the different
mismatches are shown on the
X-axis (n = 3; error bars repre-
sent mean + SEM). No PAM
refers to a spacer targeting
protospacer next to GGGC
motif (non-functional PAM).
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Figure $5.9| MmuC2c4 can be used for multiplex transcriptional silencing. (A) Schematic of the pTarget-
divergent including the rfp and gfp genes under the transcriptional control of two different constitutive promoters, Ptqq
and Py q. i to iii indicate the crRNA spacer pairs used in the pCRISPR array plasmid to target the rfp and gfp using
the MmuC2c4 and MmudC2c4 proteins. (B) RFP fluorescence detected in the cells upon MmudC2c4 or MmuC2c4
targeting using the crRNA spacer pairs is shown on the Y-axis and the different mismatches are shown on the X-axis
(n = 3; error bars represent mean + SEM). NT refers to a non-targeting spacer. (C) GFP fluorescence detected in the
cells upon MmudC2c4 or MmuC2c4 targeting using the crRNA spacer pairs is shown on the Y-axis and the different
mismatches are shown on the X-axis (n = 3; error bars represent mean + SEM). NT refers to a non-targeting spacer.
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2 Table S5.1] List of oligonucleotides used in the study.
0
OligoID  Sequence (5’ - 3’) Description
Construction of the pMmuC2c4 & pMmudC2c4 plasmids
BG14064  GATGTCCTCCTGAGCTCGC FW for amplification of the plasmid backbone for construction of the
pMmuC2c4 & pMmudC2c4
BG14065  AAGCTTGGCTGTTTTGGCG FW for amplification of the plasmid backbone for construction of the
pMmuC2c4 & pMmudC2c4
BG14070  GCGAGCTCAGGAGGACATCATGACAACAATGACAGTACATACAATGG FW for amplification of the mmuC2c4 & mmudC2c4gene for
construction of the pMmuC2c4 & pMmudC2c4
BG14073  CGCCAAAACAGCCAAGCTTCTAGGGGTTCGAGGGGGC RV for amplification of the mmuC2c4 gene for construction of the
pMmuC2c4 & pMmudC2c4
BG14402 GATAATTCTGCTACCGATGTATCTGCAACTAAAACATGTCCTGCCTGA RV for amplification of the mmudC2c4 gene for construction of the
TC pMmudC2c4
BG14403  CAGGCAGGACATGTTTTAGTTGCAGATACATCGGTAGCAGAATTATCG  FW for amplification of the mmudC2c4 gene for construction of the
GC pMmudC2c4
Construction of the pCRISPR plasmids
BG14103  GGAACTCGAGGTGGTACCG FW for amplification of the vector for the construction of the pCRISPR
BG14158  GATCGAAGACTAGTGTCATAGCCCAGCTTGGCGGGCGAAGGCCAAGAC  FW for amplification of the vector for the construction of the pCRISPR
GTTTTGGCGGATGAGAGAAG
BG14086 ACACTGCCATACCGCGAAAGGTTTTGCACTCGACGTCTTGGCCTTCGC  FW oligo for pCRISPR-PS
CCGCCAAGCTGGGCTATGACACGGTAC
BG14087 CGTTTCATCGGCCATCGCGGCGGCCTCGTAGCTGCGACGTCGAGTGCA RV oligo for pCRISPR-PS
AAACCTTTCGCGGTATGGCA
BG15637 CGTGTCATAGCCCAGCTTGGCGGGCGAAGGCCAAGACTGGTCTTCGCA  FW oligo for introducing Bbsl sites to the pCRISPR, creating
TCTTGCCGTTAGAAGACAA pCRISPR-NT plasmid
BG15638 ACACTTGTCTTCTAACGGCAAGATGCGAAGACCAGTCTTGGCCTTCGC RV oligo for introducing Bbsl sites to the pCRISPR, creating
CCGCCAAGCTGGGCTATGACACGGTAC pCRISPR-NT plasmid
BG15106  CGTGTCATAGCCCAGCTTGGCGGGCGAAGGCCAAGACGTCGAGTGCAA  FW oligo for construction of pCRISPR-A1 & pCRISPR-d
AACCTTTCG
BG15107 ACACCGAAAGGTTTTGCACTCGACGTCTTGGCCTTCGCCCGCCAAGCT RV oligo for construction of pCRISPR-A1 & pCRISPR-d
GGGCTATGACACGGTAC
BG17087  AGACGCTATCATGCCATACCGCGA FW oligo for construction of pCRISPR-No PAM
BG17088  ACACTCGCGGTATGGCATGATAGC RV oligo for construction of pCRISPR-No PAM
BG16559 AGACACTCTCTTCCGGGCGCTATC FW oligo for construction of pCRISPR-A2
BG16560  ACACGATAGCGCCCGGAAGAGAGT FW oligo for construction of pCRISPR-A2
BG16299  AGACCAAAACCGACATCAAACTGG FW oligo for construction of pCRISPR-B1 & pCRISPR-a
BG16300  ACACCCAGTTTGATGTCGGTTTTG RV oligo for construction of pCRISPR-B1 & pCRISPR-a

FW: Forward primer; RV: Reverse primer; MM: Mismatch
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Table S5.1]| List of oligonucleotides used in the study. (continued)

OligoID  Sequence (5’ - 3’) Description
BG16301  AGACGTTGTGGGAGGTGATGTCCA FW oligo for construction of pCRISPR-B2
BG16302  ACACTGGACATCACCTCCCACAAC RV oligo for construction of pCRISPR-B2
BG16303  AGACACCTCTAGATTTAAGAAGGA FW oligo for construction of pCRISPR-C1
BG16304  ACACTCCTTCTTAAATCTAGAGGT RV oligo for construction of pCRISPR-C1
BG16305  AGACAATCTAGAGGTTAAACAAAA FW oligo for construction of pCRISPR-C2
BG16306  ACACTTTTGTTTAACCTCTAGATT RV oligo for construction of pCRISPR-C2
BG16858  AGACCCTGTCCACACAATCTGCCC FW oligo for construction of pCRISPR-D1 & pCRISPR-f
BG16859  ACACGGGCAGATTGTGTGGACAGG RV oligo for construction of pCRISPR-D1 & pCRISPR-f
BG16096  AGACGAAAGGGCAGATTGTGTGGA FW oligo for construction of pCRISPR-D2
BG16097  ACACTCCACACAATCTGCCCTTTC RV oligo for construction of pCRISPR-D2
BG16886  AGACGTTTTATCTGTTGTTTGTCG FW oligo for construction of pCRISPR-E1
BG16887  ACACCGACAAACAACAGATAAAAC RV oligo for construction of pCRISPR-E1
BG16563  AGACTCCTACTCAGGAGAGCGTTC FW oligo for construction of pCRISPR-E2
BG16564  ACACGAACGCTCTCCTGAGTAGGA RV oligo for construction of pCRISPR-E2
BG16385  AGACTGGTGTTGCTAGTTTGTTAT FW oligo for construction of pCRISPR-F1
BG16386  ACACATAACAAACTAGCAACACCA RV oligo for construction of pCRISPR-F1
BG16561  AGACTGATAACAAACTAGCAACAC FW oligo for construction of pCRISPR-F2
BG16562  ACACGTGTTGCTAGTTTGTTATCA RV oligo for construction of pCRISPR-F2
BG16860  AGACGTATGGAAGGTTCCGTTAAC FW oligo for construction of pCRISPR-b
BG16861  ACACGTTAACGGAACCTTCCATAC RV oligo for construction of pCRISPR-b
BG16888  AGACAAGTTGACAATTAATCATCG FW oligo for construction of pCRISPR-c
BG16889  ACACCGATGATTAATTGTCAACTT RV oligo for construction of pCRISPR-c
BG16088  AGACTTGTTGAATTAGATGGTGAT FW oligo for construction of pCRISPR-e
BG16089 ACACATCACCATCTAATTCAACAA RV oligo for construction of pCRISPR-e
BG16890  AGACAAGTTGACAATTAATCATCGGTGTCATAGCCCAGCTTGGCGGGC  FW oligo for construction of pCRISPR-i
GAAGGCCAAGACGTCGAGTGCAAAACCTTTCG
BG16891 ACACCGAAAGGTTTTGCACTCGACGTCTTGGCCTTCGCCCGCCAAGCT RV oligo for construction of pCRISPR-i
GGGCTATGACACCGATGATTAATTGTCAACTT
BG16892 AGACGTATGGAAGGTTCCGTTAACGTGTCATAGCCCAGCTTGGCGGGC  FW oligo for construction of pCRISPR-ii
GAAGGCCAAGACTTGTTGAATTAGATGGTGAT
BG16893 ACACATCACCATCTAATTCAACAAGTCTTGGCCTTCGCCCGCCAAGCT RV oligo for construction of pCRISPR-ii
GGGCTATGACACGTTAACGGAACCTTCCATAC
BG16894 AGACCAAAACCGACATCAAACTGGGTGTCATAGCCCAGCTTGGCGGGC  FW oligo for construction of pCRISPR-iii
GAAGGCCAAGACCCTGTCCACACAATCTGCCC
BG16895 ACACGGGCAGATTGTGTGGACAGGGTCTTGGCCTTCGCCCGCCAAGCT RV oligo for construction of pCRISPR-iii

GGGCTATGACACCCAGTTTGATGTCGGTTTTG

FW: Forward primer; RV: Reverse primer; MM: Mismatch
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Table S5.1]| List of oligonucleotides used in the study. (continued)

OligoID  Sequence (5’ - 3’) Description
BG16520  AGACACCAGTCCATCATTGTAGTG FW for construction of pCRISPR-MM
BG16521  ACACCACTACAATGATGGACTGGT RV for construction of pCRISPR-MM
Construction of pTarget plasmids

BG15568  ATACTCGGATCCCCTGAATTGACTCTCTTC FW for construction of pTarget-GFP
BG15569  GGGATCCTCTAGATTTAAG RV for construction of pTarget-GFP
BG17549 CTTCTTTAGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a TTTA PAM
BG16843  ACGAAAGGGCCTCGACGC RV for construction of pTarget-GFP with different PAMs
BG17550  CTTCGGGCGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a GGCC PAM
BG16844 CTTCGTTAGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a GTTA PAM
BG16845  CTTCATTAGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a ATTA PAM
BG16846  CTTCCTTCGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a CTTC PAM
BG16847  CTTCTTTCGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a TTTC PAM
BG16848  CTTCGTTCGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a GTTC PAM
BG16849  CTTCATTCGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a ATTC PAM
BG16850  CTTCCTTTGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a CTTT PAM
BG16851 CTTCTTTTGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a TTTT PAM
BG16852  CTTCGTTTGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a GTTT PAM
BG16853  CTTCATTTGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a ATTT PAM
BG16854  CTTCCTTGGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a CTTG PAM
BG16855  CTTCTTTGGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a TTTG PAM
BG16856  CTTCGTTGGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a GTTGPAM
BG16857  CTTCATTGGTCGAGTGCAAAACCTTTCGCG FW for construction of pTarget-GFP with a ATTGPAM
BG16134  AGAGTCAATTCAGGGGGAGACCACAACGGTTTCCC FW for construction of the pTarget-operon
BG16135 TTCTTAAATCTAGAGGTTAAACAAAATTATTTCTAGTTTAAGCACCGG RV for construction of the pTarget-operon

Construction of pTarget plasmids for mismatch tolerance assays
BG16430  TATGTTTAACCAGTCCATCATTGTAGTG FW for construction of pTarget-MM-[WT]
BG16431  TACTCACTACAATGATGGACTGGTTAAA RV for construction of pTarget-MM-[WT]
BG16432  TATGAAATACCAGTCCATCATTGTAGTG FW for construction of pTarget-MM-[No PAM]
BG16433  TACTCACTACAATGATGGACTGGTATTT RV for construction of pTarget-MM-[No PAM]
BG16434  TATGTTTATCCAGTCCATCATTGTAGTG FW for construction of pTarget-MM-[1]
BG16435  TACTCACTACAATGATGGACTGGATAAA RV for construction of pTarget-MM-[1]
BG16436  TATGTTTAAGCAGTCCATCATTGTAGTG FW for construction of pTarget-MM-[2]
BG16437  TACTCACTACAATGATGGACTGCTTAAA RV for construction of pTarget-MM-[2]
BG16438  TATGTTTAACGAGTCCATCATTGTAGTG FW for construction of pTarget-MM-[3]
BG16439  TACTCACTACAATGATGGACTCGTTAAA RV for construction of pTarget-MM-[3]

FW: Forward primer; RV: Reverse primer; MM: Mismatch
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Table S5.1]| List of oligonucleotides used in the study. (continued)

Oligo ID

Sequence (5’ - 3’)

Description

BG16440
BG16441
BG16442
BG16443
BG16444
BG16445
BG16446
BG16447
BG16448
BG16449
BG16450
BG16451
BG16452
BG16453
BG16454
BG16455
BG16456
BG16457
BG16458
BG16459
BG16460
BG16461
BG16462
BG16463
BG16464
BG16465
BG16466
BG16467
BG16468
BG16469
BG16470
BG16471
BG16472
BG16473
BG17030
BG17031

TATGTTTAACCTGTCCATCATTGTAGTG
TACTCACTACAATGATGGACAGGTTAAA
TATGTTTAACCACTCCATCATTGTAGTG
TACTCACTACAATGATGGAGTGGTTAAA
TATGTTTAACCAGACCATCATTGTAGTG
TACTCACTACAATGATGGTCTGGTTAAA
TATGTTTAACCAGTGCATCATTGTAGTG
TACTCACTACAATGATGCACTGGTTAAA
TATGTTTAACCAGTCGATCATTGTAGTG
TACTCACTACAATGATCGACTGGTTAAA
TATGTTTAACCAGTCCTTCATTGTAGTG
TACTCACTACAATGAAGGACTGGTTAAA
TATGTTTAACCAGTCCAACATTGTAGTG
TACTCACTACAATGTTGGACTGGTTAAA
TATGTTTAACCAGTCCATGATTGTAGTG
TACTCACTACAATCATGGACTGGTTAAA
TATGTTTAACCAGTCCATCTTTGTAGTG
TACTCACTACAAAGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCAATGTAGTG
TACTCACTACATTGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATAGTAGTG
TACTCACTACTATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTCTAGTG
TACTCACTAGAATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTGAAGTG
TACTCACTTCAATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTGTTGTG
TACTCACAACAATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTGTACTG
TACTCAGTACAATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTGTAGAG
TACTCTCTACAATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTGTAGTC
TACTGACTACAATGATGGACTGGTTAAA
TATGTTTATGCAGTCCATCATTGTAGTG
TACTCACTACAATGATGGACTGCATAAA

FW: Forward primer; RV: Reverse primer; MM: Mismatch

FW for construction of pTarget-MM-[4]
RV for construction of pTarget-MM-[4]
FW for construction of pTarget-MM-[5]
RV for construction of pTarget-MM-[5]
FW for construction of pTarget-MM-[6]
RV for construction of pTarget-MM-[6]
FW for construction of pTarget-MM-[7]
RV for construction of pTarget-MM-[7]
FW for construction of pTarget-MM-[8]
RV for construction of pTarget-MM-[8]
FW for construction of pTarget-MM-[9]
RV for construction of pTarget-MM-[9]
FW for construction of pTarget-MM-[10]
RV for construction of pTarget-MM-[10]
FW for construction of pTarget-MM-[11]
RV for construction of pTarget-MM-[11]
FW for construction of pTarget-MM-[12]
RV for construction of pTarget-MM-[12]
FW for construction of pTarget-MM-[13]
RV for construction of pTarget-MM-[13]
FW for construction of pTarget-MM-[14]
RV for construction of pTarget-MM-[14]
FW for construction of pTarget-MM-[15]
RV for construction of pTarget-MM-[15]
FW for construction of pTarget-MM-[16]
RV for construction of pTarget-MM-[16]
FW for construction of pTarget-MM-[17]
RV for construction of pTarget-MM-[17]
FW for construction of pTarget-MM-[18]
RV for construction of pTarget-MM-[18]
FW for construction of pTarget-MM-[19]
RV for construction of pTarget-MM-[19]
FW for construction of pTarget-MM-[20]
RV for construction of pTarget-MM-[20]
FW for construction of pTarget-2MM-[1]
RV for construction of pTarget-2MM-[1]
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Table S5.1]| List of oligonucleotides used in the study. (continued)

Oligo ID

Sequence (5’ - 3’)

Description

BG17032
BG17033
BG17034
BG17035
BG17036
BG17037
BG17038
BG17039
BG17040
BG17041
BG17042
BG17043
BG17044
BG17045
BG17046
BG17047
BG17048
BG17049
BG17050
BG17051
BG17052
BG17053
BG17054
BG17055
BG17056
BG17057
BG17058
BG17059
BG17060
BG17061
BG17062
BG17063
BG17064
BG17065
BG17066
BG17067

TATGTTTAAGGAGTCCATCATTGTAGTG
TACTCACTACAATGATGGACTCCTTAAA
TATGTTTAACGTGTCCATCATTGTAGTG
TACTCACTACAATGATGGACACGTTAAA
TATGTTTAACCTCTCCATCATTGTAGTG
TACTCACTACAATGATGGAGAGGTTAAA
TATGTTTAACCACACCATCATTGTAGTG
TACTCACTACAATGATGGTGTGGTTAAA
TATGTTTAACCAGAGCATCATTGTAGTG
TACTCACTACAATGATGCTCTGGTTAAA
TATGTTTAACCAGTGGATCATTGTAGTG
TACTCACTACAATGATCCACTGGTTAAA
TATGTTTAACCAGTCGTTCATTGTAGTG
TACTCACTACAATGAACGACTGGTTAAA
TATGTTTAACCAGTCCTACATTGTAGTG
TACTCACTACAATGTAGGACTGGTTAAA
TATGTTTAACCAGTCCAAGATTGTAGTG
TACTCACTACAATCTTGGACTGGTTAAA
TATGTTTAACCAGTCCATGTTTGTAGTG
TACTCACTACAAACATGGACTGGTTAAA
TATGTTTAACCAGTCCATCTATGTAGTG
TACTCACTACATAGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCAAAGTAGTG
TACTCACTACTTTGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATACTAGTG
TACTCACTAGTATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTCAAGTG
TACTCACTTGAATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTGATGTG
TACTCACATCAATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTGTTCTG
TACTCAGAACAATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTGTACAG
TACTCTGTACAATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTGTAGAC
TACTGTCTACAATGATGGACTGGTTAAA

FW: Forward primer; RV: Reverse primer; MM: Mismatch

FW for construction of pTarget-2MM-[2]
RV for construction of pTarget-2MM-[2]
FW for construction of pTarget-2MM-[3]
RV for construction of pTarget-2MM-[3]
FW for construction of pTarget-2MM-[4]
RV for construction of pTarget-2MM-[4]
FW for construction of pTarget-2MM-[5]
RV for construction of pTarget-2MM-[5]
FW for construction of pTarget-2MM-[6]
RV for construction of pTarget-2MM-[6]
FW for construction of pTarget-2MM-[7]
RV for construction of pTarget-2MM-[7]
FW for construction of pTarget-2MM-[8]
RV for construction of pTarget-2MM-[8]
FW for construction of pTarget-2MM-[9]
RV for construction of pTarget-2MM-[9]
FW for construction of pTarget-2MM-[10]
RV for construction of pTarget-2MM-[10]
FW for construction of pTarget-2MM-[11]
RV for construction of pTarget-2MM-[11]
FW for construction of pTarget-2MM-[12]
RV for construction of pTarget-2MM-[12]
FW for construction of pTarget-2MM-[13]
RV for construction of pTarget-2MM-[13]
FW for construction of pTarget-2MM-[14]
RV for construction of pTarget-2MM-[14]
FW for construction of pTarget-2MM-[15]
RV for construction of pTarget-2MM-[15]
FW for construction of pTarget-2MM-[16]
RV for construction of pTarget-2MM-[16]
FW for construction of pTarget-2MM-[17]
RV for construction of pTarget-2MM-[17]
FW for construction of pTarget-2MM-[18]
RV for construction of pTarget-2MM-[18]
FW for construction of pTarget-2MM-[19]
RV for construction of pTarget-2MM-[19]
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Table S5.1]| List of oligonucleotides used in the study. (continued)

Oligo ID

Sequence (5’ - 3’)

Description

BG17068
BG17069
BG17070
BG17071
BG17072
BG17073
BG17074
BG17075
BG17076
BG17077
BG17078
BG17079
BG17080
BG17081
BG17082
BG17083
BG17084
BG17085

TATGTTTATGGTGTCCATCATTGTAGTG
TACTCACTACAATGATGGACACCATAAA
TATGTTTAACGTCACCATCATTGTAGTG
TACTCACTACAATGATGGTGACGTTAAA
TATGTTTAACCACAGGATCATTGTAGTG
TACTCACTACAATGATCCTGTGGTTAAA
TATGTTTAACCAGTGGTACATTGTAGTG
TACTCACTACAATGTACCACTGGTTAAA
TATGTTTAACCAGTCCGAGTTTGTAGTG
TACTCACTACAAACTCGGACTGGTTAAA
TATGTTTAACCAGTCCATGGAAGTAGTG
TACTCACTACTTCCATGGACTGGTTAAA
TATGTTTAACCAGTCCATCAAACAAGTG
TACTCACTTGTTTGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTCATCTG
TACTCAGATGAATGATGGACTGGTTAAA
TATGTTTAACCAGTCCATCATTGTTCAC
TACTGTGAACAATGATGGACTGGTTAAA

RV for construction of pTarget-4MM-[1]
FW for construction of pTarget-4AMM-[1]
RV for construction of pTarget-4MM-[3]
FW for construction of pTarget-4MM-[3]
RV for construction of pTarget-4MM-[5]
FW for construction of pTarget-4MM-[5]
RV for construction of pTarget-4MM-[7]
FW for construction of pTarget-4MM-[7]
RV for construction of pTarget-4MM-[9]
FW for construction of pTarget-4MM-[9]
RV for construction of pTarget-4MM-[11]
FW for construction of pTarget-4MM-[11]
FW for construction of pTarget-4MM-[13]
RV for construction of pTarget-4MM-[13]
FW for construction of pTarget-4MM-[15]
RV for construction of pTarget-4MM-[15]
FW for construction of pTarget-4MM-[17]
RV for construction of pTarget-4MM-[17]

FW: Forward primer; RV: Reverse primer; MM: Mismatch
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Characterising a thermostable Cas9 for bacterial genome editing and silencing

ABSTRACT

and biotechnological exploitation of both eukaryotes and prokaryotes. However, the mesophilic

nature of the established Cas9 systems does not allow for applications that require enhanced
stability, including engineering at elevated temperatures. Here, we identify and characterise Ther-
moCas9 from the thermophilic bacterium Geobacillus thermodenitrificans T12. We show that
ThermoCas9 is active in vitro between 20 C and 70 C, a temperature range much broader than
that of currently used Cas9 orthologues. Additionally, we demonstrate that ThermoCas9 activity
at elevated temperatures is strongly associated with the structure of the employed sgRNA. Sub-
sequently, we develop ThermoCas9-based engineering tools for gene deletion and transcriptional
silencing at 55 C in Bacillus smithii and for gene deletion at 37 C in Pseudomonas putida. Alto-
gether, our findings provide fundamental insights into a thermophilic CRISPR—-Cas family member
and establish the first Cas9-based bacterial genome editing and silencing tool with a broad temper-
ature range.

C RISPR—-Cas9 based genome engineering tools have revolutionized fundamental research
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Introduction

INTRODUCTION

associated (Cas) proteins provide adaptive and heritable immunity in prokaryotes against

invading genetic elements (20, 29, 40). CRISPR-Cas systems are subdivided into two
classes (1and 2) and six types (I-VI1), depending on their complexity and signature proteins (307).
Class 2 systems, including type-1l CRISPR-Cas9 and type V CRISPR-Cas12a (previously called
CRISPR- Cpf1) have recently been exploited as genome engineering tools for both eukaryotes
(302-305) and prokaryotes (72, 306, 307). These systems are among the simplest CRISPR-Cas
systems known as they introduce targeted double stranded DNA breaks (DSBs) based on a
ribonucleoprotein (RNP) complex formed by a single Cas endonuclease and an RNA guide.

The guide of Cas9 consists of a crRNA (CRISPR RNA):tracrRNA (trans-activating-CRISPR-RNA)
duplex. For engineering purposes, the crRNA:tracrRNA duplex has been simplified by generat-
ing a chimeric, single guide RNA (sgRNA) to guide Cas9 upon co-expression (57). In addition,
cleavage of the target DNA requires a protospacer adjacent motif (PAM): a 3-8 nucleotide (nt)
long sequence located next to the targeted protospacer that is highly variable between differ-
ent Cas9 proteins (45, 46, 308). Cas9 endonucleases contain two catalytic domains, denoted as
RuvC and HNH. Substituting catalytic residues in one of these domains results in Cas9 nick-
ase variants, and in both domains in an inactive variant (52, 61, 73). The inactive or dead Cas9
(dCas9) has been instrumental as an efficient gene silencing system and for modulating the
expression of essential genes (72, 309, 310).

C lustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and the CRISPR-

To date, Streptococcus pyogenes Cas9 (SpCas9) is the best characterised and most widely em-
ployed Cas9 for genome engineering. Although a few other type-Il systems have been exploited
for bacterial genome engineering purposes, none of them is derived from a thermophilic organ-
ism. Characterization of such CRISPR-Cas systems would be interesting to gain fundamental
insights as well as to develop novel applications.

Although basic genetic tools are available for a number of thermophiles (377-314), the efficiency
of these tools is still too low to enable full exploration and exploitation of this interesting group
of organisms. Based on our finding that SpCas9 is not active in vivo at or above 42 °C, we have
previously developed a SpCas9-based engineering tool for facultative thermophiles, combining
homologous recombination at elevated temperatures and SpCas9-based counter-selection at
moderate temperatures (375). However, a Cas9-based editing and silencing tool for obligate
thermophiles is not yet available as SpCas9 is not active at elevated temperatures (375, 376),
and to date no thermophilic Cas9 has been adapted for such purpose. Here, we describe the
characterisation of ThermoCas9: an RNA-guided DNA-endonuclease from the CRISPR-Cas
type-lIC system of the thermophilic bacterium Geobacillus thermodenitrificans T12 (317). We
show that ThermoCas9 is active in vitro between 20 and 70 °C and demonstrate the effect of the
sgRNA-structure on its thermostability. We apply ThermoCas9 for in vivo genome editing and
silencing of the industrially important thermophile Bacillus smithii ET 138 (318) at 55 °C, cre-
ating the first Cas9-based genome engineering tool readily applicable to thermophiles. In ad-
dition, we apply ThermoCas9 for in vivo genome editing of the mesophile Pseudomonas putida
KT2440, for which to date no CRISPR-Cas9-based editing tool had been described confirming
the wide temperature range and broad applicability of this novel Cas9 system.
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Characterising a thermostable Cas9 for bacterial genome editing and silencing

REsuULTS

ThermoCas9 identification and purification

We recently isolated and sequenced Geobacillus thermodenitrificans strain T12, a Gram positive,
moderately thermophilic bacterium with an optimal growth temperature at 65 °C. Contrary to
previous claims that type Il CRISPR-Cas systems are not present in thermophilic bacteria (379),
the sequencing results revealed the existence of a type-1IC CRISPR-Cas system in the genome
of G. thermodenitrificans T12 (Figure 6.1A) (320). The Cas9 endonuclease of this system (Ther-
moCas9) was predicted to be relatively small (1082 amino acids) compared to other Cas9 or-
thologues, such as SpCas9 (1368 amino acids). The size difference is mostly due to a truncated
REC lobe, as has been demonstrated for other small Cas9 orthologues (Figure $6.1)(248). Fur-
thermore, ThermoCas9 was expected to be active at least around the temperature optimum
of G. thermodenitrificans T12 (317). Using the ThermoCas9 sequence as query, we performed
BLAST-P searches in the NCBI/non-redundant protein sequences dataset, and found a number
of highly identical Cas9 orthologues (87-99% identity at amino acid level, Table $6.1), mostly
within the Geobacillus genus, supporting the idea that ThermoCas9 is part of a highly con-
served defense system of thermophilic bacteria (Figure 6.1B). These characteristics suggested
it may be a potential candidate for exploitation as a genome editing and silencing tool for ther-
mophilic microorganisms, and for conditions at which enhanced protein robustness is required.

We initially performed in-silico prediction of the crRNA and tracrRNA modules of the G. ther-
modenitrificans T12 CRISPR-Cas system using a previously described approach (72, 248). Based
on this prediction, a 190 nt sgRNA chimera was designed by linking the predicted full-size cr-
RNA (30 nt long spacer followed by 36 nt long repeat) and tracrRNA (36 nt long anti-repeat
followed by an 88 nt sequence with three predicted hairpin structures). ThermoCas9 was het-
erologously expressed in E. coli and purified to homogeneity. Hypothesizing that the load-
ing of the sgRNA to the ThermoCas9 would stabilize the protein, we incubated purified apo-
ThermoCas9 and ThermoCas9 loaded with in vitro transcribed sgRNA at 60 °C and 65 °C, for
15 and 30 min. SDS-PAGE analysis showed that the purified ThermoCas9 denatures at 65 °C
but not at 60 °C, while the denaturation temperature of ThermoCas9-sgRNA complex is above
65 °C (Figure 6.1C). The demonstrated thermostability of ThermoCas9 implied its potential
as a thermo-tolerant CRISPR-Cas9 genome editing tool and encouraged us to analyse some
relevant molecular features in more detail.

ThermoCas9 PAM determination

The first step towards the characterisation of ThermoCas9 was the in-silico prediction of its
PAM preferences for successful cleavage of a DNA target. We used the 10 spacers of the G.
thermodenitrificans T12 CRISPR locus to search for potential protospacers in viral and plasmid
sequences using CRISPRtarget (323). As only two hits were obtained with phage genomes
(Figure S6.2A), it was decided to proceed with an in vitro PAM determination approach. The
predicted sgRNA sequence was generated by in vitro transcription, including a spacer that
should allow for ThermoCas9-based targeting of linear dsDNA substrates with a matching
protospacer. The protospacer was flanked at its 3’-end by randomized 7-base pair (bp) se-
quences. After performing ThermoCas9-based cleavage assays at 55 °C, the cleaved sequences
of the library (together with a non-targeted library sample as control) were separated from un-
cleaved sequences, by gel electrophoresis, and analysed by deep-sequencing in order to identify
the ThermoCas9 PAM preference (Figure 6.2A). The sequencing results revealed that Thermo-
Cas9 introduces double stranded DNA breaks that, in analogy with the mesophilic Cas9 vari-
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Results

A
Geobacillus thermodenitrificans T12 +———— CRISPR array ———
spacer (29-31nt)  gjrect
tracrRNA (124nt)  ThermoCas9 Cas1  Cas2 ! -~ repeat (36nt)
(1,082 aa) - — 0-
bridge helix
recognitionlobe 1l HNH  RuvClll
459 510
B C
Geobatcillus stearothermophilus
Geobatcillus Sah69

Geobatcillus stearothermophilus ATCC 12980
Geobacillus stearothermophilus

Geobatcillus stearothermophilus sgRNA + - + - + - +
Geobacillus LC300
Geobatcillus genomosp. 3
Geobacillus genomosp. 3 ThermoCas9»| Y e Wy S .- _—
Effusibacillus pohliae 100 kD

Geobacillus jurassicus
Geobatcillus kaustophilus 75 kD
Geobacillus MAS1
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150 kD

Figure 6.1| The Geobacillus thermodenitrificans T12 type-1IC CRISPR-Cas locus encoding ThermoCas9. (A)
Schematic representation of the genomic locus encoding ThermoCas9. The domain architecture of ThermoCas9 based
on sequence comparison, with predicted active sites residues highlighted in magenta. A homology model of Thermo-
Cas9 generated using Phyre 2 (327) is shown, with different colours for the domains. (B) Phylogenetic tree of Cas9
orthologues those are highly identical to ThermoCas9. Evolutionary analysis was conducted in MEGA7 (322). (C)
SDS-PAGE of ThermoCas9 after purification by metal-affinity chromatography and gel filtration. The migration of
the obtained single band is consistent with the theoretical molecular weight of 126 kD of the apo-ThermoCas9.

ants, are located mostly between the 3™ and the 4™ PAM proximal nucleotides, at the 3’ end
of the protospacer. Moreover, the cleaved sequences revealed that ThermoCas9 recognizes a
5-NNNNCNR-3" PAM, with subtle preference for cytosine at the 1%, 3™, 4™ and 6" PAM posi-
tions (Figure 6.2B). Recent studies have revealed the importance of the 8" PAM position for
target recognition of some Type IIC Cas9 orthologues (308, 324) For this purpose and taking
into account the results from the in silico ThermoCas9 PAM prediction (Figure $6.2), we per-
formed additional PAM determination assays. This revealed optimal targeting efficiency in the
presence of an adenine at the 8" PAM position (Figure 6.2C). Interestingly, despite the limited
number of hits, the aforementioned in silico PAM prediction (Figure S6.2B) also suggested the
significance of a cytosine at the 5" and an adenine at the 8™ PAM positions.

To further clarify the ambiguity of the PAM at the 6" and 7" PAM positions, we generated a
set of 16 different target DNA fragments in which the matching protospacer was flanked by
5-CCCCCNNA-3’PAMs. Cleavage assays of these fragments (each with a unique combination
of the 6" and 7' nucleotide) were performed in which the different components (ThermoCas9,
sgRNA guide, dsDNA target) were pre-heated separately at different temperatures (20, 30, 37,
45, 55 and 60 °C) for 10 min before combining and incubating them for 1 hour at the corre-
sponding assay temperature.

When the assays were performed at temperatures between 37 °C and 60 °C, all the different
DNA substrates were cleaved (Figure 6.2D, S6.3). However, the most digested target frag-
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Figure 6.2| ThermoCas9 PAM analysis. (A) Schematic illustrating the in vitro cleavage assay for discovering the
position and identity (5'-NNNNNNN-3’) of the protospacer adjacent motif (PAM). Magenta triangles indicate the
cleavage position. (B) Sequence logo of the consensus 7nt long PAM of ThermoCas9, obtained by comparative analysis
of the ThermoCas9-based cleavage of target libraries. Letter height at each position is measured by information
content. (C) Extension of the PAM identity to the 8th position by in vitro cleavage assay. Four linearized plasmid
targets, each containing a distinct 5-CCCCCCAN-3 PAM, were incubated with ThermoCas9 and sgRNA at 55°C
for 1 hour, then analysed by agarose gel electrophoresis. (D) In vitro cleavage assays for DNA targets with different
PAMs at 30°C and 55°C. Sixteen linearized plasmid targets, each containing one distinct 5’-CCCCCNNA-3’ PAM, were
incubated with ThermoCas9 and sgRNA, then analysed for cleavage efficiency by agarose gel electrophoresis. See also
Figure S6.3.

ments consisted of PAM sequences (5" to 8™ PAM positions) 5-CNAA-3’ and 5’-CMCA-3’,
whereas the least digested targets contained a 5’-CAKA-3" PAM. At 30 °C, only cleavage of the
DNA substrates with the optimal PAM sequences (5" to 8" PAM positions) 5-CNAA-3’ and
5’-CMCA-3’ was observed (Figure 6.2D). Lastly, at 20 °C only the DNA substrates with (5™ to
8™ PAM positions) 5’-CVAA-3’ and 5-CCCA-3’ PAM sequences were targeted (Figure S6.3),
making these sequences the most preferred PAMs. Our findings demonstrate that at its lower
temperature limit, ThermoCas9 only cleaves fragments with a preferred PAM. This character-
istic could be exploited during in vivo editing processes, for example to avoid off-target effects.

Thermostability and truncations

The predicted tracrRNA consists of the anti-repeat region followed by three hairpin structures
(Figure 6.3A). Using the tracrRNA along with the crRNA to form a sgRNA chimera resulted
in successful guided cleavage of the DNA substrate. It was observed that a 41-nt long dele-
tion of the spacer distal end of the full-length repeat-anti-repeat hairpin (Figure 6.3A), most
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likely better resembling the dual guide’s native state, had little to no effect on the DNA cleav-
age efficiency. The effect of further truncation of the predicted hairpins (Figure 6.3A) on
the cleavage efficiency of ThermoCas9 was evaluated by performing a cleavage time-series in
which all the components (sgRNA, ThermoCas9, substrate DNA) were pre-heated separately
at different temperatures (37-65 °C) for 1, 2 and 5 min before combining and incubating them
for 1 hour at various assay temperatures (37-65 °C). The number of predicted stem-loops of
the tracrRNA scaffold seemed to play a crucial role in DNA cleavage; when all three loops
were present, the cleavage efficiency was the highest at all tested temperatures, whereas the
efficiency decreased upon removal of the 3’ hairpin (Figure 6.3B). Moreover, the cleavage effi-
ciency drastically dropped upon removal of both the middle and the 3’ hairpins (Figure $6.4).

Whereas pre-heating ThermoCas9 at 65 °C for 1 or 2 min resulted in detectable cleavage, the
cleavage activity was abolished after 5 min incubation. The thermostability assay showed
that sgRNA variants without the 3‘stem-loop result in decreased stability of the ThermoCas9
protein at 65 °C, indicating that a full length tracrRNA is required for optimal ThermoCas9-
based DNA cleavage at elevated temperatures. Additionally, we also varied the lengths of the
spacer sequence (from 25 to 18 nt) and found that spacer lengths of 23, 21, 20 and 19 cleaved the
targets with the highest efficiency. The cleavage efficiency drops significantly when a spacer
of 18 nt is used (Figure 6.3C).

In vivo, the ThermoCas9:sgRNA RNP complex is probably formed within minutes. Together
with the above findings, this motivated us to evaluate the activity and thermostability of the
RNP. Pre-assembled RNP complex was heated at 60, 65 and 70 °C for 5 and 10 min before
adding pre-heated DNA and subsequent incubation for 1 hour at 60, 65 and 70 °C. Strikingly,
we observed that the ThermoCas9 RNP was active up to 70 °C, in spite of its pre-heating for
5 min at 70 °C (Figure 6.3D). This finding confirmed our assumption that the ThermoCas9
stability strongly correlates with the association of an appropriate sgRNA guide (295).

Proteins of thermophilic origin generally retain activity at lower temperatures. Hence, we set
out to compare the ThermoCas9 temperature range to that of the Streptococcus pyogenes Cas9
(SpCas9). Both Cas9 homologues were subjected to in vitro activity assays between 20 and
65 °C. Both proteins were incubated for 5 min at the corresponding assay temperature prior
to the addition of the sgRNA and the target DNA molecules. In agreement with previous
analysis (315, 316) the mesophilic SpCas9 was active only between 25 and 44 °C (Figure 6.3E);
above this temperature SpCas9 activity rapidly decreased to undetectable levels. In contrast,
ThermoCas9 cleavage activity could be detected between 25 and 65 °C (Figure 6.3E). This
indicates the potential to use ThermoCas9 as a genome editing tool for both thermophilic and
mesophilic organisms.

Metal ion dependency

Previously characterised, mesophilic Cas9 endonucleases employ divalent cations to catalyse
the generation of DSBs in target DNA (57, 325). To determine the ion dependency of Ther-
moCas9 cleavage activity, plasmid cleavage assays were performed in the presence of one of
the following divalent cations: Mg*, Ca**, Mn?**, Fe**, Co*, Ni**, and Zn?®"; an assay with the
cation-chelating agent EDTA was included as negative control. As expected, target dsDNA was
cleaved in the presence of divalent cations and remained intact in the presence of EDTA (Fig-
ure $6.5A). The DNA cleavage activity of ThermoCas9 was the highest when Mg** and Mn?**
was added to the reaction consistent with other Cas9 variants (51, 52). Addition of Fe**, Co*,
Ni**, or Zn* ions also mediated cleavage. Ca** only supported plasmid nicking, suggesting that
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Figure 6.3| ThermoCas9 temperature range and effect of sgRNA-binding. (A) Schematic representation of the
sgRNA and a matching target DNA. The target DNA, the PAM and the crRNA are shown in grey, blue and green,
respectively. The site where the crRNA is linked with the tracrRNA is shown in purple. The dark blue and light blue
boxes indicate the predicted three and two loops of the tracrRNA, respectively. The 41-nt truncation of the repeat-
antirepeat region and the three loops of the sgRNA are indicated by the magenta dotted line and magenta triangles,
respectively. (B) The importance of the predicted three stem-loops of the tracrRNA scaffold was tested by transcribing
truncated variants of the sgRNA and evaluating their ability to guide ThermoCas9 to cleave target DNA at various
temperatures. Average values of three replicates are shown, with error bars representing S.D. (C) The importance of
the length of the spacer was tested by transcribing truncated variants of the initial spacer in the sgRNA and evaluating
their ability to guide ThermoCas9 to cleave target DNA at 55 °C. Average values of three replicates are shown, with error
bars representing S.D. (D) To identify the maximum temperature, endonuclease activity of ThermoCas9:sgRNA RNP
complex was assayed after incubation at 60°C, 65°C and 70°C for 5 or 10 min. The pre-heated DNA substrate was added
and the reaction was incubated for 1 hour at the corresponding temperature. (E) Comparison of active temperature
range of ThermoCas9 and SpCas9 by activity assays conducted after 5 min of incubation at the indicated temperature.
The pre-heated DNA substrate was added, and the reaction was incubated for 1 hour at the same temperature.

with this cation only one of the endonuclease domains is functional.

Based on previous reports that certain type-l1IC systems were efficient single stranded DNA
cutters (221, 295), we tested the activity of ThermoCas9 on ssDNA substrates. However, no
cleavage was observed, indicating that ThermoCas9 is a dsDNA nuclease (Figure S6.5B).

Spacer-protospacer mismatch tolerance

The targeting specificity and spacer-protospacer mismatch tolerance of a Cas9 endonuclease
provide vital information for the development of the Cas9 into a genome engineering tool. To
investigate the targeting specificity of ThermoCas9 towards a selected protospacer, we con-
structed a target plasmid library by introducing either single- or multiple-mismatches to the
previously employed protospacer (Figure 6.4A). Each member of the plasmid library, and its
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PCR-linearized derivative, was separately used as substrate for in vitro ThermoCas9 cleavage
assays in three independent experiments, both at 37 and 55 °C.
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Figure 6.4 |Protospacer targeting Specificity of ThermoCas9. (A) Scheme of the generated mismatch proto-
spacers library, employed for evaluating the ThermoCas9:sgRNA targeting specificity in vitro. The mismatch spacer-
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representation of the ThermoCas9:sgRNA cleavage efficiency over linear or plasmid targets with different mismatches
at 37 °C. The percentage of cleavage was calculated based on integrated band intensities after gel electrophoresis.
Average values from three biological replicates are shown, with error bars representing S.D.. Average values of three
replicates are shown, with error bars representing S.D. (C) Graphical representation of the ThermoCas9:sgRNA cleav-
age efficiency over linear or plasmid targets with different mismatches at 55 °C. The percentage of cleavage was cal-
culated based on integrated band intensities after gel electrophoresis. Average values from three biological replicates
are shown, with error bars representing S.D. Average values of three replicates are shown, with error bars representing
S.D.

The ThermoCas9:sgRNA activity on linear dsDNA targets was abolished at 37 °C for most of
the single-mismatch targets (Figure 6.4B). Noteworthy exceptions were the targets with single
mismatches at the PAM proximal position 2 and PAM distal position 20, which allowed for weak
cleavage (Figure 6.4B). At 55 °C, the cleavage efficiency for single-mismatch linear targets
was higher than at 37 °C, however it was strongly hampered for most of the tested targets,
especially for single-mismatches at the PAM proximal positions 4, 5 and 10 (Figure 6.4C). On
the contrary, single mismatches at positions 1, 2 and 20 were the most tolerated for cleavage
(Figure 6.4C).

In complete contrast to the linear targets with single-mismatches, all the corresponding plas-
mid targets were cleaved by the ThermoCas9:sgRNA complex at 37 °C, regardless the position
of the mismatch, with preference for the targets with single-mismatches at the PAM proximal
positions 2, 6 to 10, 15 and 20 (Figure 6.4B). At 55 °C, a similar trend was observed, with ele-
vated cleavage rates (Figure 6.4C). Remarkably, the ThermoCas9:sgRNA activity was impeded
for both linear and plasmid targets with multiple-mismatches as there was no detectable cleav-
age for most of these targets at the tested temperatures (Figure 6.4B, 6.4C). Notable exception
was the target with a double mismatch at positions 19 and 20 which was cleaved at both tested
temperatures but more prominently at 55 °C (Figure 6.4B, 6.4C).
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ThermoCas9-based gene deletion in the thermophile Bacillus smithii

We set out to develop a ThermoCas9-based genome editing tool for thermophilic bacteria. This
group of bacteria is of great interest both from a fundamental as well as from an applied per-
spective. For biotechnological applications, their thermophilic nature results in for example
less cooling costs, higher reaction rates and less contamination risk compared to the widely
used mesophilic industrial work horses such as E. coli (311, 313, 326, 327). Here, we show a
proof of principle study on the use of ThermoCas9 as genome editing tool for thermophiles,
employing Bacillus smithii ET 138 cultured at 55 °C. Its wide substrate utilization range, ther-
mophilic and facultative anaerobic nature, combined with its genetic amenability make this an
organism with high potential as platform organism for the production of green chemicals in
a biorefinery (311, 315, 328). In order to use a minimum of genetic parts, we followed a single
plasmid approach. We constructed a set of pNW33n-based pThermoCas9 plasmids containing
the thermocas9 gene under the control of the native xylL promoter (P, ), a homologous re-
combination template for repairing Cas9-induced double stranded DNA breaks within a gene
of interest, and a sgRNA expressing module under control of the constitutive pta promoter (P )
from Bacillus coagulans (Figure 6.5A).

The first goal was the deletion of the full length pyrF gene from the genome of B. smithii ET 138.
The pNW33n-derived plasmids pThermoCas9_bsApyrF1 and pThermoCas9_bsApyrF2 were
used for expression of different ThermoCas9 guides with spacers targeting different sites of the
pyrF gene, while a third plasmid (pThermoCas9_ctrl) contained a random non-targeting spacer
in the sgRNA expressing module. Transformation of B. smithii ET 138 competent cells at 55 °C
with the control plasmids pNW33n (no guide) and pThermoCas9_ ctrl resulted in the formation
of ~200 colonies each. Out of 10 screened pThermoCas9_ ctrl colonies, none contained the
ApyrF genotype, confirming findings from previous studies that, in the absence of appropriate
counter-selection, homologous recombination in B. smithii ET 138 is not sufficient to obtain
clean mutants (375, 328). In contrast, transformation with the pThermoCas9_bsApyrF1 and
pThermoCas9_bsApyrf2 plasmids resulted in 20 and 0 colonies respectively. Out of the ten
pThermoCas9_ApyrF1 colonies screened, one was a clean ApyrF mutant whereas the rest had
a mixed wild type/ApyrF genotype (Figure 6.5B), proving the applicability of the system, as
the designed homology directed repair of the targeted pyrF gene was successful. Contrary to
eukaryotes, most prokaryotes including B. smithii do not possess a functional NHE] system,
and hence DSBs induced by Cas9 have been shown to be lethal in the absence of a functional
HR system and/or of an appropriate HR template (72, 329). Hence, Cas9 functions as stringent
counter-selection system to kill cells that have not performed the desired HR prior to Cas9
cleavage (72, 315, 330). The combination of lack of NHE] and low HR-frequencies found in
most prokaryotes provides the basis for the power of Cas9-based editing but also creates the
need for tight control of Cas9 activity (72, 315, 330). As the promoter we use here for thermocas9-
expression is not sufficiently controllable and HR is inefficient in B. smithii (315, 328), the low
number (pyrF1) or even complete lack (pyrF2) of colonies we observed here in the presence of
an HR template confirms the high in vivo activity of ThermoCas9 at 55 °C. In the SpCas9-based
counter-selection system we previously developed for B. smithii, the activity of Cas9 was very
tightly controlled by the growth temperature rather than by gene expression. This allowed for
extended time for the cells to perform HR prior to Cas9 counter-selection, resulting in a higher
pyrF deletion efficiency (375). We anticipate that the use of a tightly controlled promoter will
increase efficiencies of the ThermoCas9-system.
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Figure 6.5| ThermoCas9-based genome engineering in thermophiles. (A) Schematic overview of the basic
pThermoCas9_Agene-of-interest (goi) construct. The thermocas9 gene was introduced either to the pNW33n (B.
smithii) or to the pEMG (P. putida) vector. Homologous recombination flanks were introduced upstream thermocas9
and encompassed the 1kb (B. smithii) or 0.5kb (P. putida) upstream and 1kb or 0.5 kb downstream region of the gene
of interest (goi) in the targeted genome. A sgRNA-expressing module was introduced downstream the thermocas9
gene. As the origin of replication (ori), replication protein (rep), antibiotic resistance marker (AB) and possible acce-
sory elements (AE) are backbone specific, they are represented with dotted outline. (B) Agarose gel electrophoresis
showing the resulting products from genome-specific PCR on ten colonies from the ThermoCas9-based pyrF deletion
process from the genome of B. smithii ET 138. All ten colonies contained the ApyrF genotype and one colony was
a clean ApyrF mutant, lacking the wild type product. (C) Schematic overview of the basic pThermoCas9i_goi con-
struct. Aiming for the expression of a catalytically inactive ThermoCas9 (ThermodCas9: D8A, H582A mutant), the
corresponding mutations were introduced to create the thermodcas9 gene. The thermodcas9 gene was introduced to
the pNW33n vector. A sgRNA-expressing module was introduced downstream the thermodcas9. Graphical represen-
tation of the production, growth and RT-qPCR results from the [dhL silencing experiment using ThermodCas9. The
graphs represent the lactate production, optical density at 600nm and percentage of [dhL transcription in the repressed
cultures compared to the control cultures. Average values from three biological replicates are shown, with error bars

representing S.D.

ThermoCas9-based gene deletion in the mesophile Pseudomonas putida

To broaden the applicability of the ThermoCas9-based genome editing tool and to evaluate
whether our in vitro results could be confirmed in vivo, we next evaluated its activity in the
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mesophilic Gram-negative bacterium P. putida KT2440. This soil bacterium is well-known for
its unusual metabolism and biodegradation capacities, especially of aromatic compounds. Re-
cently, interest in this organism has further increased due to its potential as platform host for
biotechnology purposes using metabolic engineering (331, 332). However, to date no CRISPR-
Cas9-based editing system has been reported for P. putida whereas such a system would
greatly increase engineering efficiencies and enhance further study and use of this organism
(333, 334). Once again, we followed a single plasmid approach and combined homologous
recombination and ThermoCas9-based counter-selection. We constructed the pEMG-based
pThermoCas9_ppApyrF plasmid containing the thermocas9 gene under the control of the 3-
methylbenzoate-inducible Pm-promoter, a homologous recombination template for deletion
of the pyrF gene and a sgRNA expressing module under the control of the constitutive P3
promoter. After transformation of P. putida KT2440 cells and PCR confirmation of plasmid in-
tegration, a colony was inoculated in selective liquid medium for overnight culturing at 37 °C.
The overnight culture was used for inoculation of selective medium and ThermoCas9 expres-
sion was induced with 3-methylbenzoate. Subsequently, dilutions were plated on non-selective
medium, supplemented with 3-methylbenzoate. For comparison, we performed a parallel ex-
periment without inducing ThermoCas9 expression with 3-methylbenzoate. The process re-
sulted in 76 colonies for the induced culture and 52 colonies for the non-induced control culture.
For the induced culture, 38 colonies (50%) had a clean deletion genotype and 6 colonies had
mixed wild type/deletion genotype. On the contrary, only 1 colony (2%) of the non-induced
culture had the deletion genotype and there were no colonies with mixed wild type/deletion
genotype retrieved (Figure S6.6). These results show that ThermoCas9 can be used as an
efficient counter-selection tool in the mesophile P. putida KT2440 when grown at 37 °C.

ThermoCas9-based gene silencing

An efficient thermoactive transcriptional silencing CRISPRi tool is currently not available. Such
a system could greatly facilitate metabolic studies of thermophiles. A catalytically dead vari-
ant of ThermoCas9 could serve this purpose by steadily binding to DNA elements without
introducing dsDNA breaks. To this end, we identified the RuvC and HNH catalytic domains of
ThermoCas9 and introduced the corresponding D8A and H582A mutations for creating a dead
(d) ThermoCas9. After confirmation of the designed sequence, ThermodCas9 was heterolo-
gously produced, purified and used for an in vitro cleavage assay with the same DNA target
as used in the aforementioned ThermoCas9 assays; no cleavage was observed confirming the
catalytic inactivation of the nuclease.

Towards the development of a ThermodCas9-based CRISPRi tool, we aimed for the transcrip-
tional silencing of the highly expressed [dhL gene from the genome of B. smithii ET 138. We
constructed the pNW33n-based vectors pThermoCas9i_ldhL and pThermoCas9i_ctrl. Both vec-
tors contained the thermodCas9 gene under the control of P,,;, promoter and a sgRNA express-
ing module under the control of the constitutive P, promoter (Figure 6.5C). The pThermo-
Cas9i_ldhL plasmid contained a spacer for targeting the non-template DNA strand at the 5°
end of the 138 [dhL gene in B. smithii ET 138 (Figure S6.7). The position and targeted strand
selection were based on previous studies (73, 335), aiming for the efficient down-regulation
of the IldhL gene. The pThermoCas9i_ctrl plasmid contained a random non-targeting spacer
in the sgRNA-expressing module. The constructs were used to transform B. smithii ET 138
competent cells at 55 °C followed by plating on LB2 agar plates, resulting in equal amounts of
colonies. Two out of the approximately 700 colonies per construct were selected for culturing
under microaerobic lactate-producing conditions for 24 hours (328). The growth of the pTher-
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moCas9i_ldhL cultures was 50% less than the growth of the pThermoCas9i_ctrl cultures (Fig-
ure 6.5D). We have previously shown that deletion of the IdhL gene leads to severe growth
retardation in B. smithii ET 138 due to a lack of Ldh-based NAD*-regenerating capacity un-
der micro-aerobic conditions (328). Thus, the observed decrease in growth is likely caused by
the transcriptional inhibition of the IdhL gene and subsequent redox imbalance due to loss of
NAD"-regenerating capacity. Indeed, HPLC analysis revealed 40% reduction in lactate produc-
tion of the [dhL silenced cultures, and RT-qPCR analysis showed that the transcription levels
of the [dhL gene were significantly reduced in the pThermoCas9i_IdhL cultures compared to
the pThermoCas9i_ctrl cultures (Figure 6.5D).

DiscussioN

Most CRISPR-Cas applications are based on RNA-guided DNA interference by Class 2 CRISPR-
Cas proteins, such as Cas9 and Cas12a (72, 256, 302-304, 306, 336, 337). Prior to this work, there
were only a few examples of Class 1 CRISPR-Cas systems present in thermophilic bacteria
and archaea (31, 338), which have been used for genome editing of thermopbhiles (379). As a re-
sult, the application of CRISPR-Cas technologies was mainly restricted to temperatures below
42 °C, due to the mesophilic nature of the employed Cas-endonucleases (315, 376). Hence, this
has excluded application of these technologies in obligate thermophiles and in experimental
approaches that require elevated temperatures and/or improved protein stability.

In the present study, we have characterised ThermoCas9, a Cas9 orthologue from the ther-
mophilic bacterium G. thermodenitrificans T12 that has been isolated from compost (377). Data
mining revealed additional Cas9 orthologues in the genomes of other thermophiles, which were
nearly identical to ThermoCas9, showing that CRISPR-Cas type Il systems do exist in ther-
mophiles, at least in some branches of the Bacillus and Geobacillus genera. We showed that
ThermoCas9 is active in vitro in a wide temperature range of 20-70 °C, which is much broader
than the 25-44 °C range of its mesophilic orthologue SpCas9. The extended activity and stabil-
ity of ThermoCas9 allows for its application in molecular biology techniques that require DNA
manipulation at temperatures of 20-70 °C, as well as its exploitation in harsh environments
that require robust enzymatic activity. Furthermore, we identified several factors that are im-
portant for conferring the thermostability of ThermoCas9. Firstly, we showed that the PAM
preferences of ThermoCas9 are very strict for activity in the lower part of the temperature range
(= 30 °C), whereas more variety in the PAM is allowed for activity at the moderate to optimal
temperatures (37-60 °C). Secondly, we showed that ThermoCas9 activity and thermostability
strongly depends on the association with an appropriate sgRNA guide. This stabilization of the
multi-domain Cas9 protein is most likely the result of a major conformational change from an
open/flexible state to a rather compact state, as described for SpCas9 upon guide binding (276).
Additionally, we showed that the ThermoCas9 activity on linear DNA targets is very sensitive
to spacer-protospacer mismatches. At 55 °C, cleavage is affected of all linear fragments with
single mismatches ranging from position 1 (PAM proximal) to position 20 (PAM distal). Inter-
estingly, positions 4, 5 and 10 are most important, whereas base pairing at position 2 appears
less important. The same cleavage pattern is observed with plasmid targets. The elevated
cleavage efficiencies of these targets suggest that the negatively supercoiled configuration of
the used plasmids improves the target accessibility, as has been described before for the E.
coli Type I-E CRISPR-Cas system (42). Interestingly, despite overall lower activities, similar
trends are observed in the case of cleavage assays of both linear fragments and plasmids with
single mismatches at 37 °C. The analysis of multiple mismatches reveals that the ThermoCas9
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nuclease is extremely sensitive to four or more mismatches at the PAM distal end: at both tem-
peratures cleavage is completely abolished of all tested targets. Even with two mismatches
at positions 19-20, a severe drop of cleavage efficiency is observed. These results indicate a
lower in vitro spacer-protospacer mismatch tolerance of ThermoCas9 compared to SpCas9 (57)
and highlight its potential as a genome editing tool for eukaryotic cells with enhanced target
specificity. Elucidation of the ThermoCas9 crystal structure is required to gain insight on the
molecular basis of the ThermoCas9 cleavage mechanism.

Based on the here described characterisation of the novel ThermoCas9, we successfully devel-
oped genome engineering tools for strictly thermophilic prokaryotes. We showed that Thermo-
Cas9 is active in vivo at 55 °C and 37 °C, and we adapted the current Cas9-based engineering
technologies for the thermophile B. smithii ET 138 and the mesophile P. putida KT2440. Due to
the wide temperature range of ThermoCas?9, it is anticipated that the simple, effective and sin-
gle plasmid based ThermoCas9 approach will be suitable for a wide range of thermophilic and
mesophilic microorganisms that can grow at temperatures from 37 °C up to 70 °C. This comple-
ments the existing mesophilic technologies, allowing their use for a large group of organisms
for which these efficient tools were thus far unavailable

Screening natural resources for novel enzymes with desired traits is unquestionably valuable.
Previous studies have suggested that the adaptation of a mesophilic Cas9 orthologue to higher
temperatures, with directed evolution and protein engineering, would be the best approach to-
wards the construction of a thermophilic Cas9 protein (379). Instead, we identified a clade of
Cas9 in some thermophilic bacteria and transformed one of these thermostable ThermoCas9
variants into a powerful genome engineering tool for both thermophilic and mesophilic organ-
isms. With this study, we further stretched the potential of the Cas9-based genome editing
technologies and open new possibilities for using Cas9 technologies in novel applications under
harsh conditions or requiring activity over a wide temperature range.

EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions

The moderate thermophile B. smithii ET 138 AsigF AhsdR (315) was used for the gene editing
and silencing experiments using ThermoCas9. It was grown in LB2 medium (328) at 55 °C. For
plates, 30 g of agar (Difco) per liter of medium was used in all experiments. If needed chlo-
ramphenicol was added at the concentration of 7 pg mL™". For microaerobic lactate-producing
conditions, B. smithii strains were grown in 25 mL TVMY medium (328) in a 50 mL Greiner tube
for 24 h at 55 °C and 120 rpm after transfer from an overnight culture (328). For protein expres-
sion, E. coli Rosetta (DE3) was grown in LB medium in flasks at 37 °C in a shaker incubator
at 120 rpm until an ODgoo nm Of 0.5 was reached after the temperature was switched to 16 °C.
After 30 min, expression was induced by addition of isopropyl-1-thio-B-p-gal-actopyranoside
(IPTG) to a final concentration of 0.5 mM, after which incubation was continued at 16 °C. For
cloning PAM constructs for 6'" and 7', and 8" positions, DH5-alpha competent E. coli (NEB)
was transformed according to the manual provided by the manufacturer and grown overnight
on LB agar plates at 37 °C. For cloning degenerate 7-nt long PAM library, electro-competent
DH10B E. coli cells were transformed according to standard procedures (339) and grown on
LB agar plates at 37 °C overnight. E. coli DH5a Apir (Invitrogen) was used for P. putida plas-
mid construction using the transformation procedure described by Ausubel et al. For all E. coli
strains, if required chloramphenicol was used in concentrations of 25 mg L™" and kanamycin
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in 50 mg L', P. putida KT2440 (DSM 6125) strains were cultured at 37 °C in LB medium un-
less stated otherwise. If required, kanamycin was added in concentrations of 50 mg L' and
3-methylbenzoate in a concentration of 3 mM.

ThermoCas9 expression and purification

ThermoCas9 was PCR-amplified from the genome of G. thermodenitrificans T12, then cloned
and heterologously expressed in E. coli Rosetta (DE3) and purified using FPLC by a combination
of Ni**-affinity, ion exchange and gel filtration chromatographic steps. The gene sequence was
inserted into plasmid pML-1B (obtained from the UC Berkeley MacroLab, Addgene #29653) by
ligation-independent cloning using oligonucleotides (Table $6.2) to generate a protein expres-
sion construct encoding the ThermoCas9 polypeptide sequence (residues 1-1082) fused with an
N-terminal tag comprising a hexahistidine sequence and a Tobacco Etch Virus (TEV) protease
cleavage site. To express the catalytically inactive ThermoCas9 protein (ThermodCas9), the
D8A and H582A point mutations were inserted using PCR and verified by DNA sequencing.

The proteins were expressed in E. coli Rosetta 2 (DE3) strain. Cultures were grown to an ODgoonm
of 0.5-0.6. Expression was induced by the addition of IPTG to a final concentration of 0.5 mM
and incubation was continued at 16 °C overnight. Cells were harvested by centrifugation and
the cell pellet was resuspended in 20 mL of Lysis Buffer (50 mM sodium phosphate pH 8, 500
mM NaCl, T mM DTT, 10 mM imidazole) supplemented with protease inhibitors (Roche cOm-
plete, EDTA-free) and lysozyme. Once homogenized, cells were lysed by sonication (Sonoplus,
Bandelin) using a using an ultrasonic MS72 microtip probe (Bandelin), for 5-8 minutes consist-
ing of 2s pulse and 2.5s pause at 30% amplitude and then centrifuged at 16,000 for 1 hour at 4°C
to remove insoluble material. The clarified lysate was filtered through 0.22-micron filters (Mdi
membrane technologies) and applied to a nickel column (Histrap HP, GE Lifesciences), washed
and then eluted with 250 mM imidazole. Fractions containing ThermoCas9 were pooled and
dialyzed overnight into the dialysis buffer (250 mM KCI, 20 mM HEPES/KOH, and 1 mM DTT,
pH 8). After dialysis, sample was diluted 1:1 in 10 mM HEPES/KOH pH 8 and loaded on a
heparin FF column pre-equilibrated in IEX-A buffer (150 mM KCI, 20 mM HEPES/KOH pH 8).
Column was washed with IEX-A and then eluted with a gradient of IEX-C (2M KCI, 20 mM
HEPES/KOH pH 8). The sample was concentrated to 700 pL prior to loading on a gel filtra-
tion column (HiLoad 16/600 Superdex 200) via FPLC (AKTA Pure). Fractions from gel filtration
were analysed by SDS-PAGE; fractions containing ThermoCas9 were pooled and concentrated
to 200 pL (50 mM sodium phosphate pH 8, 2 mM DTT, 5% glycerol, 500 mM NaCl) and either
used directly for biochemical assays or frozen at -80 °C for storage.

In vitro synthesis of sgRNA

The sgRNA module was designed by fusing the predicted crRNA and tracrRNA sequences with
a 5’-GAAA-3’ linker. The sgRNA-expressing DNA sequence was put under the transcriptional
control of the T7 promoter. It was synthesized (Baseclear, Leiden, The Netherlands) and pro-
vided in the pUC57 backbone. All sgRNAs used in the biochemical reactions were synthesized
using the HiScribe™ T7 High Yield RNA Synthesis Kit (NEB). PCR fragments coding for sgR-
NAs, with the T7 sequence on the 5’ end, were utilized as templates for in vitro transcription
reaction. T7 transcription was performed for 4 hours. The sgRNAs were run and excised from
urea-PAGE gels and purified using ethanol precipitation.
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In vitro cleavage assay

In vitro cleavage assays were performed with purified recombinant ThermoCas9. ThermoCas9
protein, the in vitro transcribed sgRNA and the DNA substrates (generated using PCR ampli-
fication using primers described in Table $6.2) were incubated separately (unless otherwise
indicated) at the stated temperature for 10 min, followed by combining the components to-
gether and incubating them at the various assay temperatures in a cleavage buffer (100 mM
sodium phosphate buffer (pH=7), 500 mM NaCl, 25 mM MgCl,, 25 (V/V%) glycerol, 5 mM dithio-
threitol (DTT)) for 1 hour. Each cleavage reaction contained 160 nM of ThermoCas9 protein, 4
nM of substrate DNA, and 150 nM of synthetized sgRNA. Reactions were stopped by adding
6x loading dye (NEB) and run on 1.5% agarose gels. Gels were stained with SYBR safe DNA
stain (Life Technologies) and imaged with a Gel DocTM EZ gel imaging system (Bio-rad).

Library construction for in vitro PAM screen

For the construction of the PAM library, a 122-bp long DNA fragment, containing the proto-
spacer and a 7-bp long degenerate sequence at its 3’-end, was constructed by primer anneal-
ing and Klenow fragment (exo-) (NEB) based extension. The PAM-library fragment and the
pNW33n vector were digested by BspHI and BamHI (NEB) and then ligated (T4 ligase, NEB).
The ligation mixture was transformed into electro-competent E. coli DH10B cells and plasmids
were isolated from liquid cultures. For the 7nt-long PAM determination process, the plasmid
library was linearized by Sapl (NEB) and used as the target. For the rest of the assays the DNA
substrates were linearized by PCR amplification.

PAM screening assay

The PAM screening of thermoCas9 was performed using in vitro cleavage assays, which con-
sisted of (per reaction): 160 nM of ThermoCas9, 150 nM in vitro transcribed sgRNA, 4 nM of
DNA target, 4 pL of cleavage buffer (100 mM sodium phosphate buffer pH 7.5, 500 mM NaCl, 5
mM DTT, 25% glycerol) and MQ water up to 20 pL final reaction volume. The PAM containing
cleavage fragments from the 55 °C reactions were gel purified, ligated with lllumina sequenc-
ing adaptors and sent for [llumina HiSeq 2500 sequencing (Baseclear). Equimolar amount of
non-ThermoCas9 treated PAM library was subjected to the same process and sent for [llumina
HiSeq 2500 sequencing as a reference. HiSeq reads with perfect sequence match to the refer-
ence sequence were selected for further analysis. From the selected reads, those present more
than 1000 times in the ThermoCas9 treated library and at least 10 times more in the Ther-
moCas9 treated library compared to the control library were employed for WebLogo analysis
(340).

Library construction for in vitro mismatch tolerance screen

For the construction of the spacer-protospacer mismatch target library, twenty pairs of 40-nt
long complementary ssDNA fragments, containing the mismatch-protospacers, were annealed.
The annealing products were designed to have overhangs compatible for their directional liga-
tion (T4 ligase, NEB) into the pNW33n backbone, upon BspHI and BamHI (NEB) digestion of
the vector. The ligation mixtures were transformed into chemically competent E. coli DH5a
cells (NEB), plasmids were isolated from liquid cultures and verified by sequencing. Both plas-
mids and PCR linearized DNA substrates were employed for the mismatch-tolerance assays.
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B. smithii and P. putida editing and silencing constructs

All the primers and plasmids used for plasmid construction were designed with appropriate
overhangs for performing NEBuilder HiFi DNA assembly (NEB), and they are listed in Ta-
ble S6.1 and Table S6.2, respectively. The fragments for assembling the plasmids were ob-
tained through PCR with Q5 Polymerase (NEB) or Phusion Flash High-Fidelity PCR Master
Mix (ThermoFisher Scientific), the PCR products were subjected to 1% agarose gel electrophore-
sis and they were purified using Zymogen gel DNA recovery kit (Zymo Research). The as-
sembled plasmids were transformed to chemically competent E. coli DH5a cells (NEB), or to
E. coli DH5a Apir (Invitrogen) in the case of P. putida constructs, the latter to facilitate di-
rect vector integration. Single colonies were inoculated in LB medium, plasmid material was
isolated using the GeneJet plasmid miniprep kit (ThermoFisher Scientific) and sequence veri-
fied (GATC-biotech) and Tpg of each construct was transformed to B. smithii ET 138 electro-
competent cells (328). The MasterPure™ Gram Positive DNA Purification Kit (Epicentre) was
used for genomic DNA isolation from B. smithii and P. putida liquid cultures. For the construc-
tion of the pThermoCas9_ctrl, pThermoCas9_bsApyrF1 and pThermoCas9_bsApyrF2 vectors,
the pNW33n backbone together with the ApyrF homologous recombination flanks were PCR
amplified from the pW UR_Cas9sp1_hr vector (315) (BG8191and BG8192). The native P,;,A pro-
moter was PCR amplified from the genome of B. smithii ET 138 (BG8194 and BG8195). The
thermocas9 gene was PCR amplified from the genome of G. thermodenitrificans T12 (BG8196
and BG8197). The P, promoter was PCR amplified from the pWUR_Cas9sp1_hr vector (315)
(BG8198 and BG8261_2/BG8263_nc2/ BG8317_3). The spacers followed by the sgRNA scaffold
were PCR amplified from the pUC57_T7t12sgRNA vector (BG8266_2/BG8268_nc2/8320_3 and
BG8210).

A four-fragment assembly was designed and executed for the construction of the pThermo-
Cas9i_ldhL vectors. Initially, targeted point mutations were introduced to the codons of the
thermocas9 catalytic residues (mutations D8A and H582A), through a two-step PCR approach
using pThermoCas9_ctrl as template. During the first PCR step (BG9075, BG9076), the desired
mutations were introduced at the ends of the produced PCR fragment and during the second
step (BG9091, BG9092) the produced fragment was employed as PCR template for the introduc-
tion of appropriate assembly-overhangs. The part of the thermocas9 downstream the second
mutation along with the [dhL silencing spacer was PCR amplified using pThermoCas9_ctrl as
template (BG9077 and BG9267). The sgRNA scaffold together with the pNW33n backbone
was PCR amplified using pThermoCas9_ctrl as template (BG9263 and BG9088). The promoter
together with the part of the thermocas9 upstream the first mutation was PCR amplified using
pThermoCas9_ctrl as template (BG9089, BG9090)

Atwo-fragment assembly was designed and executed for the construction of pThermoCas9i_ctrl
vector. The spacer sequence in the pThermoCas9i_ldhL vector was replaced with a random se-
quence containing Bael restriction sites at both ends. The sgRNA scaffold together with the
pNW33n backbone was PCR amplified using pThermoCas9_ctrl as template (BG9548, BG9601).
The other half of the construct consisting of thermodcas9 and promoter was amplified using
pThermoCas9i_IldhL as template (BG9600, BG9549).

A five-fragment assembly was designed and executed for the construction of the P. putida
KT2440 vector pThermoCas9_ppApyrF. The replicon from the suicide vector pEMG was PCR
amplified (BG2365, BG2366). The flanking regions of pyrF were amplified from KT2440 ge-
nomic DNA (BG2367, BG2368 for the 576-bp upstream flank, and BG2369, BG2370 for the
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540-bp downstream flank). The flanks were fused in an overlap extension PCR using primers
BG2367 and BG2370 making use of the overlaps of primers BG2368 and BG2369. The sgRNA
was amplified from the pThermoCas9_ctrl plasmid (BG2371, BG2372). The constitutive P3 pro-
moter was amplified from pSW_I-Scel (BG2373, BG2374). This promoter fragment was fused
to the sgRNA fragment in an overlap extension PCR using primers BG2372 and BG2373 mak-
ing use of the overlaps of primers BG2371 and BG2374. ThermoCas9 was amplified from the
pThermoCas9_ctrl plasmid (BG2375, BG2376). The inducible Pm-XyIS system, to be used for 3-
methylbenzoate induction of ThermoCas9 was amplified from pSW_I-Scel (BG2377, BG2378).

Editing protocol for P. putida

Transformation of the plasmid to P. putida was performed according to Choi et al. (347).
After transformation and selection of integrants, overnight cultures were inoculated. 10 plL
of overnight culture was used for inoculation of 3 mL fresh selective medium and after 2
hours of growth at 37 °C ThermoCas9 was induced with 3-methylbenzoate. After an addi-
tional 6h, dilutions of the culture were plated on non-selective medium supplemented with
3-methylbenzoate. For the control culture the addition of 3-methylbenzoate was omitted in
all the steps. Confirmation of plasmid integration in the P. putida chromosome was done by
colony PCR with primers BG2381 and BG2135. Confirmation of pyrF deletion was done by
colony PCR with primers BG2381 and BG2382.

RNA isolation

RNA isolation was performed by the phenol extraction based on a previously described protocol
(342). Overnight 10 mL cultures were centrifuged at 4 °C and 4816g for 15 min and immediately
used for RNA isolation. After removal of the medium, cells were suspended in 0.5 mL of ice-
cold TE buffer (pH 8.0) and kept on ice. All samples were divided into two 2 mL screw-capped
tubes containing 0.5 g of zirconium beads, 30 pL of 10% SDS, 30 pL of 3 M sodium acetate
(pH 5.2), and 500 pL of Roti-Phenol (pH 4.5-5.0, Carl Roth GmbH). Cells were disrupted using
a FastPrep-24 apparatus (MP Biomedicals) at 5500 rpm for 45 s and centrifuged at 4 °C and
9400¢ for 5 min. 400 pL of the water phase from each tube was transferred to a new tube, to
which 400 pL of chloroform-isoamyl alcohol (Carl Roth GmbH) was added, after which samples
were centrifuged at 4 °C and 18 400g for 3 min. 300 pL of the aqueous phase was transferred
to a new tube and mixed with 300 pL of the lysis buffer from the high pure RNA isolation kit
(Roche). Subsequently, the rest of the procedure from this kit was performed according to the
manufacturer’s protocol, except for the DNase incubation step, which was performed for 45
min. The concentration and integrity of cDNA was determined using Nanodrop-1000 Integrity
and concentration of the isolated RNA was checked on a NanoDrop 1000.

Quantification of mRNA by RT-qPCR

First-strand cDNA synthesis was performed for the isolated RNA using SuperScriptTM 11l Re-
verse Transcriptase (Invitrogen) according to manufacturer’s protocol. qPCR was performed
using the PerfeCTa SYBR Green Supermix for iQ from Quanta Biosciences. 40 ng of each cDNA
library was used as the template for qPCR. Two sets of primers were used; BG9665:BG9666
amplifying a 150-nt long region of the [dhL gene and BG9889:BG9890 amplifying a 150-nt long
sequence of the rpoD (RNA polymerase sigma factor) gene which was used as the control for
the qPCR. The qPCR was run on a Bio-Rad C1000 Thermal Cycler.
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HPLC

A high-pressure liquid chromatography (HPLC) system ICS-5000 was used for lactate quantifi-
cation. The system was operated with Aminex HPX 87H column from Bio-Rad Laboratories
and equipped with a UV1000 detector operating on 210 nm and a RI-150 40 °C refractive index
detector. The mobile phase consisted of 0.16 N H,SO, and the column was operated at 0.8 mL
min~". All samples were diluted 4:1 with 10 mM DMSO in 0.01 N H,SO,.
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a-helical / recognition lobe
SpCas9-IIA 0000000 200 00000 0000000000000000 00000000000 000000000
SpCas9-IIA 585 DRFNASLGTYHDLL. K!IKDKDFLDNEENEDILEDI'ILTLTLFEDREMIEERI‘KTYAHLFDDK‘/MKQLKRRRY
StCas9-IIA 341 KSGKAEIHTFEAYR. KMKTLETLDIEQMDRETLDKLAYVLT|LNTEREGIQEALEH. . . EFADGSFSQKQVDEL
WsCas9-IIB 334 KTAKKREATLFDPNEPTELEFDKVEAEKKAWISLRGAAKLREALGNEFYGRFVALGKHADEATKILT...YYKDEGQKRRELTKL
NmCas9-IIC 340 ..DNAEASTLMEMK...AYHAISRALEKEGLKDKKSPLNLSPELQDEIGTAFS[LFKTDEDITGRLK. ... .. . .DR
AnCas9-IIC 351 ERSAARPPIDATDR............. IMRQTKISSLKTWWEEADSEQRGAMIRYLYEDPTDSE| IIAELPE
ThermoCas9-IIC 324 TLKENEKVRFLELG...AYHKIRKAIDS..VYGKGAAKSFRPIDFDTFGYALTMFKDDTDIRSYLRN...EYEQNGKRMENLADK
a-helical / recognition lobe RuvC-11
l

SpCas9-IIA 20000 20000 20000000000 2000000 20000000000
SpCas9-IIA 657 TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQK:\QVSGQGDSLHEHI ANL[EG] TV
StCas9-IIA 410 VQFRKANSS|I|F GKGWHEN[F|S VKILMME|L). . IPELYET. . SEEQMTILTRLGKQKTTSSSNKTKYIDEKLLTEE|T 2 A1
WsCas9-IIB 416 PLEAEMVERLVKIGFSDFLKL|S UKA[RDILPAMES . . GARYDEAVLMLG . . . VPHKEKSATLP P LNKTD I D|1[LNT(vT[RAFAQFR
NmCas9-IIC 403 IQPEILEALLKHIJFDKE\/QIJLKALRRI\/PLMEQ.4GKRYDEACAEIYGDHYGKKNTEEKIYLPPIPADElRNE‘/\/T Ls|oAR
AnCas9-IIC 412 EDQAK[LDSLHLPAGRAA[YSRESLTALSDHMLATTID. . .DLHEARKRLFG. ... ... VDDSWAPPAEAINA K|I[ve
ThermoCas9-IIC 401 VYDEE[LIEELLNLSFSKEGHLSLKALRNILPYMEQ. .GEVYSTACERAGYTFTGPKKKQKTVLLPNIPP . MELTOAR

Figure $S6.1|Multiple sequence alignment of Type II-A, B and C Cas9 orthologues.
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HNH
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SpCas9-IIA 2000000000000
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StCas9-IIA 491 ETNEDD . EKKAIQKI|QIKANKDEKDAAMLK|
WsCas9-IIB 496 HE[INTKG. EIEDIKES|RKNEKERKE[AADY|
NmCas9-IIC 486 EVGKSFKDRKEIEKR|Q NRKDREKAARK|
AnCas9-IIC 487 GFTSERMADERDKANRRRYNDNQEAMKK
ThermoCas9-IIC 482 e/ 5 0SFDERRKMOKEQEGNRKKNE T2 RO

Il

HNH
SpCas9-IIA 2000000000000 20000
SpCas9-IIA 818 TRSDKNRGKISDN[VSEEVVKKMKNYWRQLLNAKLITQRKFD
StCas9-IIA 573 YATANQEKGQRT|JYQALDSMDDAWSFRELKAFVRESKTLS
WsCas9-IIB 570 ICLARANQOQK|TDRTIJYEWFG . . HDAARWNAFETRTSAPSNRV
NmCas9-IIC 563 VLGSENONKGNQT|JYEYFNGKDNSREWQEFKARVET . SRFP
AnCas9-IIC 563 GuL\AvcERcNR.,K N|T)dF AVWAQKCGIPHVGVKEAIGRVRGWRK
ThermoCas9-IIC 557 NKVLVLTKENREKGNR[TJAEYLG . . LGSERWQQFETFVLTNKQFS

HNH RuvC-11I
11

SpCas9-IIA 200 0200000000 £0000000000000 9000000000
SpCas9-IIA 899 NLTKAERGG[SELD AQILDS| MNJKYDENDKLIRE\/Kl'ILK.;KL\/oD
StCas9-IIA 658 NK...KKEYLLTEEDISKFDVRKKJF|IERNL LNALQEHFRAHKIDT. ... .

WsCas9-IIB 652 RTGKGKIDRIL/LKKN. I|KIT|YCEQY[WVEKNSHT. . ...

NmCas9-IIC 646 RS...KKQRIILLOK. EDG. . .[F[K F|LICIQF VAD[RMRLTGKG . « « . .« .«

AnCas9-IIC 641 QTPNTS SEDLTRLKKE\IARLRRTQ DIP E I]D[E . BlSM AWMANELHHRIAAAYP. ... .

ThermoCas9-IIC 639 KK...KRDRLLRLH. SRF[LANF IREHLKFADSDD. . . ..

RuvC-11I
SpCas9-IIA ,20000000000000000000 0..000000 2009 L0000 =
SpCas9-IIA 974 ....... -K[JESEFVYGP|YKVYDVRKMIAKSEQEIGKATAKYFF[YSNI
StCas9-IIA 730 ... IVSYSEDQLLDIETGELISDDE. . .. YKESVFKAP[YJQHF(}
WsCas9-IIB 727 ... L|SEYYRFKETHR. .. ... . PKLAVP[LANF
NmCas9-IIC L TREVRYKEMNAFDGKT IDKETGEVLHOKTHE P QPa[E P E]y
AnCas9-IIC 720 NLIGEKGRKDRIDRR/.,\VLMEA ERSSLRGEQRLTGKEQTWKQYTGSTVGAREHFEMWRGH
ThermoCas9-IIC 711 ....... kN R E Els)v L EEENVEPNA[T vENC T T P.;D TAFYQRREQN. .. .KELSKKT...... DPQF PQP[1P HF[A
RuvC-11I PAM interacting
1
SpCas9-IIA —_— — — 00000000000 e
SpCas9-IIA 1050 ITLANGEIRKAPLIETNGETGEIVWDKGRDFATVRKVLEMEQVNIVKKTEVOTGGF SKES|LEKRNSDKLT ARKKDWDEKKYGGE
StCas9-IIA 803 EFEDSILFSYQVDSKFNRKISDATIYATRQAKVG.KDKADETYVLGKIKDIYTODGYDAFMKIYKKDKSK . .FLMYRHDPQ
WsCas9-IIB % KRLLISRPPRARVTGQAHEQTAKP YPRIKQUVK. . . . NKKKWRLAPI
NmCas9-IIC TPLFVSRAPNRKMSGQGHMET[VKSAKRLDEG. . . . VSVLRVPLTQL
AnCas9-IIC 801 FNERLAEDKVYVTQNIRLRLSDGNAHTVNDS. . ... LV[SERLGDGLT IQQTDR:\CTPAL CALTREKDFD . . .EKNGLPAR
ThermoCas9-IIC 774 LSKNP...... KESIKALNLGNYDNEKLES . - . . . ... QP VFVSRMPKRS G:\AHQET RRYIGIDERSGKIQTVVKKKLSEI
SpCas9-IIA —_—
SpCas9-IIA 1135 DSPTVAYSVLVVAKVEKGKSKKLFSVKELLGITIMERSSFEKNP IDFLEARGYKEVK
StCas9-IIA 881 TFEKVIEPILENYPNKQINEKGKE. . <
WsCas9-IIB 844 DEEKFES............ FKaDR. . V2
NmCas9-IIC 868 KLKDLEK..MVNREREPKLYEZLK. .
AnCas9-IIC 875 EDRAIRVHGHEIKSSDYIQVFSK[R. .

ThermoCas9-IIC 845 QLDKTGHFPMYGKESDPRTYEAIR. . EPLYKPKKNGELGPI I

ting/CTD
SpCas9-IIA — .0200000000 020000000000000000
SpCas9-IIA 1220 LQKGNELALPSK....YVNFLYLASHYEQLKGSPEDNEQKQLFVEQHKHYLDEIIEQ
StCas9-IIA 964 PWRADVYFNKTTGKYEILGLKYADLQFEGTGTYKISQEKYNDIKKKEGVDSDSEF K[F
WsCas9-IIB 913 FFKFS|IFKDDLI....SIQTQGTPKKPAIIIMGYFKNMHG . ANMVLSS.[INNSPCEG
NmCas9-IIC 947 MVRVDVIFEKGDX YYLVPIYSWQVAMGILPDRAVVQGKDEEDWQL.|IDDSFNFK| .
AnCas9-IIC 958 DL[F[SAVIPPQSIS . MRCAEPKLRIGAITTGNATYLGWVVVGDELE[INVDSFTKYAIG. . RFLEDFPNTTRWRICGYDTNSK
ThermoCas9-IIC 926 IVRVDVFEKDGK YYCVPIYTIDMM3GILPNKATEPNKP YSEWKE .MTEDYTFRESLYPNDLIRIEFPREK. . TTKTAVGEE

cting/CTD
1

SpCas9-IIA 0000000000 0000 200 =— —_—
SpCas9-IIA 1301 PIREQAENIIHLF[LTNLG.......APAAFKYFDTTIDRKRYTSTKEVLDATJIHQEITGLYETRIDLSQLGGD. .
StCas9-IIA 1049 MPKQKHY[VELKPYDKQKFE. .. ... GGEALIKVLGNVANSGQCKKGLGKSNIS|I[YKVRTDVLGNQHI IKNEGDKPKLD .
WsCas9-IIB 990 GRCLQGFLDYWSQE[GLRP ... . ... PRKEFECDQGVKFALDVKKYQIDPLG. Y[Y|[YEVKQEKRLGT IPQMRSAKKLVKK .
NmCas9-IIC 1025 RGTGNIN|IRIHDLDHKIG. ... .... KNGILEGIGVKTALSFQKYQIDELGKE[IRPCRLKKRPPVR
AnCas9-IIC 1035 LTLKPIVILAAEGL[ENPSSAVN. .EIVELKGWRVAINVLTKVHPTVVRRDALGRPRYSSRSNLPTSWTIE

ThermoCas9-IIC 1004 IKIKDLF[AYYQTIDSSNGGLSLVSHDNNFSLRSIGSRTLKRFEKYQVDVLG.N|I|YKVRGEKRVGVASSSHSKAGETIRPL
)

Figure S6.1| Multiple sequence alignment of Type II-A, B and C Cas9 orthologues. (continued) Cas9 protein
sequences of Streptococcus pyogenes (Sp), Streptococcus thermophilus (St), Wolinella succinogenes (Ws), Neisseria menin-
gitides (Nm), Actinomyces naeslundii (An), and Geobacillus thermodenitrificans (Thermo) were aligned using ClustalW
(343) in MEGA7 (322) with default settings; ESPript (344) was used to generate the visualization. Strictly conserved
residues are shown in white text on red background; similar residues are shown in red text on white background. Red
pyramids indicate the two conserved nuclease domains in all sequences. Horizontal blacks arrow and curls indicate
B-strands and a-helices, respectively, in the SpCas9 secondary structure (protein database nr 4CMP (276)). Structural
domains are indicated for SpCas9 and ThermoCas9 using the same colour scheme as in Figure 6.1A.
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A
1 Maich to- DQ453159 DQ453159 Geabacillus virus E2, complete genome(DQ433139) position 39980-3993 1. with” sequenceunknown CRISPR.
No.1 Spacer No.4 (tmp_1 1 4) position: 254-283, Strand: +
' EEEENEENUUGGCGGUGCEARTUCURRCCGUCCCGEA R <~ CRISPR spacer RN&
1R EREEREE] FEEEREES [E1EERT-] EELET |
3" RS- coscc: ceccorrEENEN S' 3 <- Protospacer Sequence
LEPELETTD (RERRREE
5" EEEENENR T cecceTeceAATTCTARCCGT cCooAx N 3 <- [Eptrez Nucleotide]
Score: 30
2 Match to- DQ453150 DQ453159 Geobacillus virus E2, complete genome(DQ433159) position” 6492-6463. with- sequenceunknown CRISPR
No.1 Spacer No.6 (tmp_1_1_6) position: 385-414, Strand: —
' [EEEENERN] c» A A CCUUCCGCECUGUCUCGUEUACTL i <~ CRISPR spacer RN&
ol [RRRRRRNREREN| (NRANRNE! (NRRRNSN N
3 emmsany o T
[RERRARN [RRARRRE
5" [EEEENEN == c2corTeceracTarercareracTTTNN 3 <- [Eptrez Nucleotide]
Score: 26
B 2
&
31

C. A

[r—

-

Figure $6.2| In silico PAM determination results. (A) The two hits obtained with phage genomes using CRISPRtar-
get (323). (B) Sequence logo of the consensus 7-nt long PAM of ThermoCas9, obtained by in silico PAM analysis. Letter
height at each position is measured by information content (340).
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Figure S6.4| Activity of ThermoCas9 at a wide temperature range using sgRNA containing one stem-loop.
The importance of the predicted three stem loops of the tracrRNA scaffold was tested by transcribing truncated vari-
ations of the sgRNA and evaluating their ability to guide ThermoCas9 to cleave target DNA at various temperatures.
Shown above is the effect of one stem-loop on the activity of ThermoCas9 at various temperatures. Average values
from at least two biological replicates are shown, with error bars representing S.D.
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Figure $6.5| ThermoCas9 mediates dsDNA targeting using divalent cations as catalysts and does not cleave
ssDNA. (A) In vitro DNA cleavage by ThermoCas9 with EDTA and various metal ions. M = 1 kb DNA ladder. (B)
Activity of ThermoCas9 on ssDNA substrates. M= 10 bp DNA ladder.

Chapter 6 | 131



Characterising a thermostable Cas9 for bacterial genome editing and silencing

Figure $6.6| Colony
PCR of P. putida
ThermoCas9-based
<«— 1854bp  pyrF deletion. Capillary
<— 1112bp  gel electrophoresis
showing the resulting
products from genome-
specific  PCR  on the
obtained colonies from
the  ThermoCas9-based
pyrF  deletion  process
from the genome of
Pseudomonas putida. The
1854 bp band and the
1112 bp band corresponds
to the pyrF and ApyrF
genotype, respectively.

L CCACGTCATCCAACGTCGATACGAA-5’

FELELEEEEIE i
TTGTAGTCGTTGGAACTGGTGCAGTAGGTTGCAGCTATGCTTACTCCC. . . -3’

IIIIIIIIIIIIIIIIIIIIII|IIIII|IIIIIIIIIIII| LTI
. .TACTTTTTTCTTTTTCA

GCACAACATCAGCAACCTTGACCACGTCATCCAACGTCGATACGAATGAGGG. . . -5’

31nt PAM Protospacer

Figure S6.7 | Spacer selection for the IdhL silencing experiment. Schematic representation of the spacer (sgRNA)-
protospacer annealing during the ldhL silencing process; the selected protospacer resides on the non- template strand
and 39nt downstream the start codon of the [dhL gene. The PAM sequence is shown in bold.

Table S6.1| pBLAST results of Cas9 protein sequences from Figure 6.1B compared to ThermoCas9.

132

Geobacillus 47C-11b 99
Geobacillus 46C-lla 89
Geobacillus LC300 89
Geobacillus jurassicus 89
Geobacillus MAS1 88
Geobacillus stearothermophilus 88
Geobacillus stearothermophilus ATCC 12980 88
Geobacillus Sah69 88
Geobacillus stearothermophilus 88
Geobacillus kaustophilus 88
Geobacillus stearothermophilus 88
Geobacillus genomosp. 3 87
Geobacillus genomosp. 3 87
Geobacillus subterraneus 87
Effusibacillus pohliae 86

* Query coverage was 100% in all cases.
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Table S6.2| Oligonucleotides used in this study, related to Figures 6.1-6.5.

OligoID  Sequence (5’ - 3°) Description
PAM Library construction
BG6494 TATGCCICATGAGATTATCAAAAAGGATCTTCACNNNNNNNCTAGATCCTTTTAA FW for construction of in vitro target DNA with 7-nt long random
ATTAAAAATGAAGTTTTAAATCAATC PAM sequence
BG6495 TATGCCGGATCCTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAAC RV for construction of in vitro target DNA sequences
TTCATTTTTAATTTAAAAGGATCTAG
BG7356 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-T- Adaptor when annealed with BG7357, ligates to A-tailed ThermoCas9
cleaved fragments
BG7357 CTGTCTCTTATACACATCTGACGCTGCCGACGA Adaptor when annealed with BG7356, ligates to A-tailed ThermoCas9
cleaved fragments
BG7358 TCGTCGGCAGCGTCAG FW sequencing adaptor for PCR amplification of the ThermoCas9
cleaved fragments
BG7359 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACCATGATTACGCCAAGC RV sequencing adapter for PCR amplification of the ThermoCas9
cleaved fragments
BG7616 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGTCATGAGATTATCAAAAAGG RV sequencing adaptor for PCR amplification of the control fragments
ATCTTC
BG8157 TATGCCTCATGAGATTATCAAAAAGGATCT TCACCCCCCCAGCTAGATCCTTTTA FW for construction of in vitro target DNA with PAM CCCCCCAG
AATTAAAAATGAAGTTTTAAATCAATC
BG8158 TATGCCTICATGAGATTATCAAAAAGGATCTTCACCCCCCCAACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM CCCCCCAA
AATTAAAAATGAAGTTTTAAATCAATC
BG8159 TATGCCTICATGAGATTATCAAAAAGGATCTTCACCCCCCCATCTAGATCCTTTTA FW for construction of in vitro target DNA with PAM CCCCCCAT
AATTAAAAATGAAGTTTTAAATCAATC
BG8160 TATGCCICATGAGATTATCAAAAAGGATCT TCACCCCCCCACCTAGATCCTTTTA FW for construction of in vitro target DNA with PAM CCCCCCAC
AATTAAAAATGAAGTTTTAAATCAATC
BG8161 TATGCCICATGAGATTATCAAAAAGGATCTTCACNNNNTNNCTAGATCCTTTTAA FW for construction of in vitro target DNA with PAM NNNNTNN
ATTAAAAATGAAGTTTTAAATCAATC
BG8363 ACGGTTATCCACAGAATCAG FW for PCR linearization of PAM identification libraries
BG8364 CGGGATTGACTTTTAAAAAAGG RV for PCR linearization of PAM identification libraries
BG8763 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCAAACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6 & 7
AATTAAAAATGAAGTTTTAAATCAATC “AA”
BG8764 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCATACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “AT”
BG8765 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCAGACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7

AATTAAAAATGAAGTTTTAAATCAATC

FW: Forward primer; RV: Reverse primer

Nucleotides in lowercase letters correspond to primer overhangs for HiFi DNA Assembly.
Restriction sites are double underlined. The PAMs are underlined. Spacer regions are shown in bold and gray

“AG”
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Table S6.2| Oligonucleotides used in this study, related to Figures 6.1-6.5. (continued)

OligoID  Sequence (5’ - 3°) Description

BG8766 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCACACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “AC”

BG8767 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCTAACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “TA”

BG8768 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCTTACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “TT”

BG8769 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCTGACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “TG”

BG8770 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCTCACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “TC”

BG8771 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCGAACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “GA”

BG8772 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCGTACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “GT”

BG8773 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCGGACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “GG”

BG8774 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCGCACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “GeC”

BG8775 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCCAACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “CA”

BG8776 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCCTACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “cT

BG8777 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCCGACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “cG”

BG8778 TATGCCICATGAGATTATCAAAAAGGATCTTCACCCCCCCCACTAGATCCTTTTA FW for construction of in vitro target DNA with PAM position 6&7
AATTAAAAATGAAGTTTTAAATCAATC “cec

sgRNA module for in vitro transcription
BG6574 AAGCTTGAAATAATACGACTCACTATAGG FW for PCR amplification of the sgRNA template for the first PAM
identification process (30nt long spacer)
BG6576 AAAAAAGACCTTGACGTTTTCC FW for PCR amplification of the sgRNA template for the first PAM
identification process
BG9307 AAGCTTGAAATAATACGACTCACTATAGGTGAGATTATCAAAAAGGATCTTCACG RV for PCR amplification of the sgRNA template for all the PAM

TC

FW: Forward primer; RV: Reverse primer

Nucleotides in lowercase letters correspond to primer overhangs for HiFi DNA Assembly.
Restriction sites are double underlined. The PAMSs are underlined. Spacer regions are shown in bold and gray

identification processes except the first one (25nt long spacer)
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Table S6.2| Oligonucleotides used in this study, related to Figures 6.1-6.5. (continued)

OligoID  Sequence (5’ - 3°) Description

BG9309 AAAACGCCTAAGAGTGGGGAATG RV for PCR amplification of the 3-hairpins long sgRNA template for
all the PAM identification processes except the first one

BG9310 AAAAGGCGATAGGCGATCC RV for PCR amplification of the 2-hairpins long sgRNA template for
all the PAM identification processes except the first one

BG9311 AAAACGGGTCAGTCTGCCTATAG RV for PCR amplification of the 1-hairpin long sgRNA template for all
the PAM identification processes except the first one

BG9308 TGAGATTATCAAAAAGGATCTTCACGTC FW 25nt spacer sgRNA

BG9312 AAAACGCCTAAGAGTGGGGAATGCCCGAAGAAAGCGGGCGATAGGCGATCC RV 3 loops sgRNA

Construction of targets for mismatch tolerance assays

BG10561 CATGAGATTATCAAAAAGGATCTTCAACCCCCCAACTAGG FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 1

BG10562  GATCCCTAGTTGGGGGGTTGAAGATCCTTTTTGATAATCT RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 1

BG10563  CATGAGATTATCAAAAAGGATCTTCCCCCCCCCAACTAGG FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 2

BG10564  GATCCCTAGTTGGGGGGGGGAAGATCCTTTTTGATAATCT RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 2

BG10565  CATGAGATTATCAAAAAGGATCTTCAACCCCCCAACTAGG FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 3

BG10566 ~ GATCCCTAGTTGGGGGGTTGAAGATCCTTTTTGATAATCT RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 3

BG10567 CATGAGATTATCAAAAAGGATCTTCCCCCCCCCAACTAGG FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 4

BG10568  GATCCCTAGTTGGGGGGGGGAAGATCCTTTTTGATAATCT RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 4

BG10569  CATGAGATTATCAAAAAGGATCTTAACCCCCCCAACTAGG FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 5

BG10570  GATCCCTAGTTGGGGGGGTTAAGATCCTTTTTGATAATCT RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 5

BG10571 CATGAGATTATCAAAAAGGATCTGCACCCCCCCAACTAGG FW for construction of in vitro target DNA with a mismatch at PAM

FW: Forward primer; RV: Reverse primer

Nucleotides in lowercase letters correspond to primer overhangs for HiFi DNA Assembly.
Restriction sites are double underlined. The PAMSs are underlined. Spacer regions are shown in bold and gray

proximal position 6
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Table S6.2| Oligonucleotides used in this study, related to Figures 6.1-6.5. (continued)

Oligo ID

Sequence (5’ - 3°)

Description

BG10572

BG10573

BG10574

BG10575

BG10576

BG10577

BG10578

BG10579

BG10580

BG10581

BG10582

BG10583

BG10584

BG10585

BG10586

BG10587

BG10588

GATCCCTAGTTGGGGGGGTGCAGATCCTTTTTGATAATCT
CATGAGATTATCAAAAAGGATCGTCACCCCCCCAACTAGG
GATCCCTAGTTGGGGGGGTGACGATCCTTTTTGATAATCT
CATGAGATTATCAAAAAGGATATTCACCCCCCCAACTAGG
GATCCCTAGTTGGGGGGGTGAATATCCTTTTTGATAATCT
CATGAGATTATCAAAAAGGAGCTTCACCCCCCCAACTAGG
GATCCCTAGTTGGGGGGGTGAAGCTCCTTTTTGATAATCT
CATGAGATTATCAAAAAGGCTCTTCACCCCCCCAACTAGG
GATCCCTAGTTGGGGGGGTGAAGAGCCTTTTTGATAATCT
CATGAGATTATCAAAAAGTATCTTCACCCCCCCAACTAGG
GATCCCTAGTTGGGGGGGTGAAGATACTTTTTGATAATCT
CATGAGATTATCAAAAATGATCTTCACCCCCCCAACTAGG
GATCCCTAGTTGGGGGGGTGAAGATCATTTTTGATAATCT
CATGAGATTATCCAAAAGGATCTTCACCCCCCCAACTAGG
GATCCCTAGTTGGGGGGGTGAAGATCCTTTTGGATAATCT
CATGAGAGTATCAAAAAGGATCTTCACCCCCCCAACTAGG

GATCCCTAGTTGGGGGGGTGAAGATCCTTTTTGATACTCT

FW: Forward primer; RV: Reverse primer

Nucleotides in lowercase letters correspond to primer overhangs for HiFi DNA Assembly.

Restriction sites are double underlined. The PAMSs are underlined. Spacer regions are shown in bold and gray

RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 6

FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 7

RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 7

FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 8

RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 8

FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 9

RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 9

FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 10

RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 10

FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 15

RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 15

FW for construction of in vitro target DNA with a mismatch at PAM
proximal position 20

RV for construction of in vitro target DNA with a mismatch at PAM
proximal position 20

FW for construction of in vitro target DNA with mismatches at PAM
distal positions 19-20

RV for construction of in vitro target DNA with mismatches at PAM
distal positions 19-20

FW for construction of in vitro target DNA with mismatches at PAM
distal positions 17-20

RV for construction of in vitro target DNA with mismatches at PAM
distal positions 17-20
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Table S6.2| Oligonucleotides used in this study, related to Figures 6.1-6.5. (continued)

OligoID  Sequence (5’ - 3°) Description

BG10589  CATGAGAGGATCAAAAAGGATCTTCACCCCCCCAACTAGG FW for construction of in vitro target DNA with mismatches at PAM
distal positions 15-20

BG10590  GATCCCTAGTTGGGGGGGTGAAGATCCTTTTTGATCCTCT RV for construction of in vitro target DNA with mismatches at PAM
distal positions 15-20

BG10591 CATGAGAGGCGCAAAAAGGATCTTCACCCCCCCAACTAGG FW for construction of in vitro target DNA with mismatches at PAM
distal positions 13-20

BG10592  GATCCCTAGTTGGGGGGGTGAAGATCCTTTTTGCGCCTCT RV for construction of in vitro target DNA with mismatches at PAM
distal positions 13-20

BG10593  CATGAGAGGCGACAAAAGGATCTTCACCCCCCCAACTAGG FW for construction of in vitro target DNA with mismatches at PAM
distal positions 11-20

BG10594  GATCCCTAGTTGGGGGGGTGAAGATCCTTTTGTCGCCTCT RV for construction of in vitro target DNA with mismatches at PAM
distal positions 11-20

BG10595  CATGAGAGGCGACCCAAGGATCTTCACCCCCCCAACTAGG FW for construction of in vitro target DNA with mismatches at PAM
distal positions 9-20

BG10596  GATCCCTAGTTGGGGGGGTGAAGATCCTTGGGTCGCCTCT RV for construction of in vitro target DNA with mismatches at PAM
distal positions 9-20

BG10597  CATGAGAGGCGACCCCCGGATCTTCACCCCCCCAACTAGG FW for construction of in vitro target DNA with mismatches at PAM
distal positions 5-20

BG10598  GATCCCTAGTTGGGGGGGTGAAGATCCGGGGGTCGCCTCT RV for construction of in vitro target DNA with mismatches at PAM
distal positions 5-20

BG10599  CATGAGAGGCGACCCCCTTATCTTCACCCCCCCAACTAGG FW for construction of in vitro target DNA with mismatches at PAM
distal positions 0-20

BG10600  GATCCCTAGTTGGGGGGGTGAAGATAAGGGGGTCGCCTCT RV for construction of in vitro target DNA with mismatches at PAM
distal positions 0-20

Construction of editing and silencing constructs

BG8194 tatggcgaatcacaacatgggaactcatgaGAACATCCTCTTTCTTAG For the construction of the pThermoCas9_ctrl plasmid &
pThermoCas9_bsApyrF1/2

BG8195 gccgatatcaagaccgattttatacttcatTTAAGTTACCTCCTCGATTG For the construction of the pThermoCas9_ctrl plasmid &
pThermoCas9_bsApyrF1/2

BG8196 ATGAAGTATAAAATCGGTCTTG For the construction of the pThermoCas9_ctrl plasmid &
pThermoCas9_bsApyrF1/2

BG8191 AAGCTTGGCGTAATCATGGTC For the construction of the pThermoCas9_ctrl plasmid &

FW: Forward primer; RV: Reverse primer

Nucleotides in lowercase letters correspond to primer overhangs for HiFi DNA Assembly.

Restriction sites are double underlined. The PAMSs are underlined. Spacer regions are shown in bold and gray

pThermoCas9_bsApyrF1/2

s9[qeL, pue sa1ndr] Arejuswoiddng
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Table S6.2| Oligonucleotides used in this study, related to Figures 6.1-6.5. (continued)

Oligo ID

Sequence (5’ - 3°)

Description

BG8192

BG8197

BG8198

BG8263

BG8268
BG8210

BG38261

BG8266
BG8317

BG8320
BG9075
BG9076
BG9091
BG9092
BG9077
BG9267
BG9263
BG9088
BG9089
BG9090
BG9548
BG9601

BG9600
BG9549

BG8552

TCATGAGTTCCCATGTTGTG
TAACGGACGGATAGTTTC
gaaagccggggaaactatccgtccgttataAATCAGACAAAATGGCCTGCTTATG

gaactatgacactttattttcagaatggacGTATAACGGTATCCATTTTAAGAAT
AATCC

accgttatacgtccattctgaaaataaagtGTCATAGTTCCCCTGAGAT
aacagctatgaccatgattacgccaagcttCCCTCCCATGCACAATAG

gaactatgacatcatggagttttaaatccaGTATAACGGTATCCATTTTAAGAAT
AATCC

accgttatactggatttaaaactccatgatGTCATAGTTCCCCTGAGAT
gaactatgaccacccagcttacatcaacaaGTATAACGGTATCCATTTTAAGAAT
AATCC

accgttatacttgttgatgtaagctgggtgGTCATAGTTCCCCTGAGAT
CTATCGGCATTACGTCTATC

GCGTCGACTTCTGTATAGC
TGAAGTATAAAATCGGTCTTGCTATCGGCATTACGTCTATC
CAAGCTTCGGCTGTATGGAATCACAGCGTCGACTTCTGTATAGC
GCTGTGATTCCATACAG
GGTGCAGTAGGTTGCAGCTATGCTTGTATAACGGTATCCAT
AAGCATAGCTGCAACCTACTGCACCGTCATAGTTCCCCTGAGATTATCG
TCATGACCAAAATCCCTTAACG
TTAAGGGATTTTGGTCATGAGAACATCCTCTTTCTTAG
GCAAGACCGATTTTATACTTCATTTAAG
GGATCCCATGACGCTAGTATCCAGCTGGGTCATAGTTCCCCTGAGATTATCG
TTCAATATTTTTTTTGAATAAAAAATACGATACAATAAAAATGTCTAGAAAAAGA
TAAAAATG
TTTTTTATTCAAAAAAAATATTGAATTTTAAAAATGATGGTGCTAGTATGAAG
CCAGCTGGATACTAGCGTCATGGGATCCGTATAACGGTATCCATTTTAAGAATAA
TCC

TCGGGGGTTCGTTTCCCTTG

FW: Forward primer; RV: Reverse primer

Nucleotides in lowercase letters correspond to primer overhangs for HiFi DNA Assembly.
Restriction sites are double underlined. The PAMSs are underlined. Spacer regions are shown in bold and gray

For the construction of the pThermoCas9_ctrl plasmid &

pThermoCas9_bsApyrF1/2

For the construction of the pThermoCas9_ctrl plasmid &

pThermoCas9_bsApyrF1/2

For the construction of the pThermoCas9_ctrl plasmid &

pThermoCas9_bsApyrF1/2

For the construction of the pThermoCas9_ctrl plasmid

For the construction of the pThermoCas9_ctrl plasmid
For the construction of the pThermoCas9_ctrl plasmid &

pThermoCas9_bsApyrF1/2

For the construction of the pThermoCas9_bsApyrf1

For the construction of the pThermoCas9_bsApyrfF2
For the construction of the pThermoCas9_bsApyrF2

For the construction of the pThermoCas9_bsApyrf2

For the construction of the pThermoCas9i_ctrl
For the construction of the pThermoCas9i_ctrl
For the construction of the pThermoCas9i_ctrl
For the construction of the pThermoCas9i_ctrl
For the construction of the pThermoCas9i_ctrl
For the construction of the pThermoCas9i_ctrl
For the construction of the pThermoCas9i_ctrl
For the construction of the pThermoCas9i_ctrl
For the construction of the pThermoCas9i_ctrl
For the construction of the pThermoCas9i_ctrl
For the construction of the pThermoCas9i_IldhL
For the construction of the pThermoCas9i_[ldhL

For the construction of the pThermoCas9i_[ldhL
For the construction of the pThermoCas9i_IldhL

FW to check genomic pyrF deletion KO check
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Table S6.2| Oligonucleotides used in this study, related to Figures 6.1-6.5. (continued)

OligoID  Sequence (5’ - 3°)

Description

BG8553 CTTACACAGCCAGTGACGGAAC
BG2365 GCCGGCGTCCCGGAAAACGA
BG2366 GCAGGTCGGGTTCCTCGCATCCATGCCCCCGAACT

BG2367 ggcttcggaatcgttttccgggacgccggcACGGCATTGGCAAGGCCAAG

BG2368  gacacaggcatcggtGCAGGGTCTCTTGGCAAGTC
BG2369  gccaagagaccctgCACCGATGCCTGTGTCGAACC

BG2370 cttggcggaaaacgtcaaggtcttttttacACGCGCATCAACTTCAAGGC
BG2371 atgacgagctgttcaccagcagcgcTATTATTGAAGCATTTATCAGGG

BG2372  GTAAAAAAGACCTTGACGTTTTC
BG2373  tatgaagcgggccatTTGAAGACGAAAGGGCCTC

BG2374  taatagcgctgctggtgaacagctcGTCATAGTTCCCCTGAGATTATCG

BG2375  tggagtcatgaacatATGAAGTATAAAATCGGTCTTG
BG2376  ccctttcgtcttcAAATGGCCCGCTTCATAAGCAG

BG2377 gattttatacTTCATATGTTCATGACTCCATTATTATTG

BG2378 99999catggatgCGAGGAACCCGACCTGCATTGG
BG2381 ACACGGCGGATGCACTTACC

BG2382 TGGACGTGTACTTCGACAAC
BG2135 ACACGGCGGATGCACTTACC

RV to check genomic pyrF deletion KO check

For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF
For the construction of the pThermoCas9_ppApyrF

FW for confirmation of plasmid integration and pyrF deletion in P.

putida
RV for confirmation of pyrF deletion in P. putida

RV for confirmation of plasmid integration in P. putida

BG8196 ATGAAGTATAAAATCGGTCTTG
BG8197 TAACGGACGGATAGTTTC

BG6850 GCCTCATGAATGCAGCGATGGTCCGGTGTTC
BG6849 GCCTCATGAGTTCCCATGTTGTGATTC
BG6769 CAATCCAACTGGGCTTGAC

BG6841 CAAGAACTTTATTGGTATAG

BG6840 TTGCAGAAATGGTTGTCAAG

BG9215 GAGATAATGCCGACTGTAC

BG9216 AGGGCTCGCCTTTGGGAAG

BG9505 GTTGCCAACGTTCTGAG

BG9506 AATCCACGCCGTTTAG

BG9505 GTTGCCAACGTTCTGAG

BG9506 AATCCACGCCGTTTAG

Sequencing primers

thermocas9 seq. 1
thermocas9 seq. 2

pyrF US

pyrF DS

thermocas9 seq. 3
thermocas9 seq. 4
thermocas9 seq. 5
pNW33n backbone seq. 1
pNW33n backbone seq. 2
thermocas9 seq. 6
thermocas9 seq. 7
thermocas9 seq. 8
thermocas9 seq. 9

FW: Forward primer; RV: Reverse primer
Nucleotides in lowercase letters correspond to primer overhangs for HiFi DNA Assembly.

Restriction sites are double underlined. The PAMs are underlined. Spacer regions are shown in bold and gray
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= Table S6.2| Oligonucleotides used in this study, related to Figures 6.1-6.5. (continued)
S
OligoID  Sequence (5’ - 3°) Description
Cleavage assays
BG8363 ACGGTTATCCACAGAATCAG FW for PCR linearization of DNA target
BG8364 CGGGATTGACTTTTAAAAAAGG RV for PCR linearization of DNA target
BG9302 AAACTTCATTTTTAATTTAAAAGGATCTAGAACCCCCCGTGAAGATCCTTTTTGA Non-template strand oligonucleotide for ssDNA cleavage assays
TAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGAC
CCCGTAGAAA
BG9303 TTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGT Template strand oligonucleotide for ssDNA cleavage assays
CATGAGATTATCAAAAAGGATCTTCACCCCCCCAACTAGATCCTTTTAAATTAAA
AATGAAGTTT
BG9304 TTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGT Template strand oligonucleotide for ssDNA cleavage assays
CATGAGATTATCAAAAAGGATCTTCACGGGGGGTTCTAGATCCTTTTAAATTAAA
AATGAAGTTT
ThermoCas9 expression
BG7886 TACTTCCAATCCAATGCAAAGTATAAAATCGGTCTTGATATCG FW LIC_thermocas9
BG7887 TTATCCACTTCCAATGTTATTATAACGGACGGATAGTTTCCCCGGCTTTCATGAC RV LIC_thermocas9
GAAAGGAGTTTCTTATTATG
RT-qPCR
BG9665 ATGACGAAAGGAGTTTCTTATTATG RV qPCR check Ildhl
BG9666 AACGGTATTCCGTGATTAAG FW qPCR check ldhl

FW: Forward primer; RV: Reverse primer

Nucleotides in lowercase letters correspond to primer overhangs for HiFi DNA Assembly.
Restriction sites are double underlined. The PAMSs are underlined. Spacer regions are shown in bold and gray

Table S6.3 | Plasmids used in this study, related to Figures 6.1-6.5.

Plasmid Description Restriction sites used  Primers Source
pNW33n E. coli-Bacillus shuttle vector, cloning vector, CamR - - BGSC
pUC57_T7sgRNAfull pUC57 vector containing DNA encoding the sgRNA under the - - Baseclear

control of T7 promoter; serves as a template for in vitro transcription

of full-length Repeat/Antirepeat sgRNAs

LIC: Ligase Independent cloning; FW: Forward primer; RV: Reverse primer
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Table S6.3 | Plasmids used in this study, related to Figures 6.1-6.5. (continued)

Plasmid Description Restriction sites used  Primers Source
pMA2_T7sgRNAtruncated Vector containing DNA encoding the truncated Repeat/Antirepeat - - Gen9
R/AR part of the sgRNA under the control of T7 promoter; serves as a
template for in vitro transcription of truncated Repeat/Antirepeat
sgRNAs
pRARE T7 RNA polymerase-based expression vector, KanR - - EMD
Millipore
pML-1B E. coli Rosetta™ (DE3) plasmid, encodes rare tRNAs, CamR - - Macrolab,
Addgene
pEMG P. putida suicide vector, used as template for replicon and KanR See (345)
Table S6.2
pSW_I-Scel P. putida vector containing I-Scel, used as template for xylS and PPm See (345)
Table S6.2
pWUR_Cas9sp1_hr pNW33n with spCas9-module containing spacer targeting the pyrF - - (315)
gene. This plasmid was used as a template for constructing the
ThermoCas9 based constructs
pThermo_Cas9 thermocas9 with N-term. His-tag and TEV cleavage site in pML-1B. Sspl and Ligase BG7886 This study
Expression vector for ThermoCas9 Independent Cloning and
BG7887
pThermo_dCas9 cas9dthermocas9 with N-term. His-tag and TEV cleavage site in Sspl and Ligase BG7886 This study
pML-1B. Expression vector for catalytically inactive (dead) Independent Cloning and
ThermodCas9 BG7888
pNW-PAM7nt Target sequence in pNW33n vector containing a 7-nt degenerate BamHI and BspHI See This study
PAM for in vitro PAM determination assay Table S6.2
pNW63-pNW78 Target sequence in pNW33n vector containing distinct nucleotides at ~ BamHI and BspHI See This study
the 6th and 7th positions of the PAM (CCCCCNNA) Table S6.2
pThermoCas9_ctrl pNW33n with ThermoCas9-module1 containing a non-targeting - See This study
spacer. Used as a negative control Table S6.2
pThermoCas9_ppApyrF1 pNW33n with ThermoCas9-module1 containing spacer 1 targeting - See This study
the pyrF gene and the fused us+ds pyrF-flanks Table S6.2
pThermoCas9_ppApyrF2 pNW33n with ThermoCas9-module1 containing spacer 2 targeting - See This study
the pyrF gene and the fused us+ds pyrF-flanks Table S6.2
pThermoCas9i_ctrl pNW33n with Thermo-dCas9-module2 containing a non-targeting - See This study
spacer. Used as a wild-type control Table S6.2
pThermoCas9i_IldhL pNW33n with Thermo-dCas9-module2 containing spacer 2 targeting - See This study
the IdhL gene Table S6.2

LIC: Ligase Independent cloning; FW: Forward primer; RV: Reverse primer
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Table S6.3 | Plasmids used in this study, related to Figures 6.1-6.5. (continued)

Plasmid Description Restriction sites used  Primers Source
pThermoCas9_ppApyrF pEMG with ThermoCas9-module3 for Pseudomonas putida - See This study
containing a spacer targeting a spacer targeting the pyrf gene and Table S6.2

the fused us+ds pyrF-flanks

LIC: Ligase Independent cloning; FW: Forward primer; RV: Reverse primer
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Development of a CRISPR-Cas12a based genome editing tool for facultative thermophiles

ABSTRACT
T he ability of CRISPR-Cas12a nuclease to function reliably in a wide range of species has

been key to its rapid adoption as a genome engineering tool. However, so far Cas12a has been

limited for use in organisms that can grow below 42 °C. Here, we characterise four Cas12a or-
thologs for their salt tolerance, as well as their pH- and temperature- stability. We demonstrate that
Francisella novicida Casi12a (FnCas12a) and Eubacterium eligens Cas12a (EeCas12a) have great
potential for applications that require enhanced stability, including use at elevated temperatures.
Furthermore, we exploit the temperature stability of these nucleases to develop a simple, single-
plasmid Cas12a-based genome editing tool for Bacillus smithii, an industrially relevant moderate
thermophile. We combined the CRISPR-Cas12a targeting system with plasmid-borne homologous
recombination (HR) templates for developing a highly efficient gene-editing tool in B. smithii that
yields gene-knockout mutants within 2 days. Altogether, our findings provide biochemical insights
of the widely used Cas12a proteins and establish the first Cas12a-based bacterial genome editing
tool that can be easily adapted for both mesophilic- and moderate thermophilic non-model organ-
isms.
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Introduction

INTRODUCTION

ars, into green fuels or chemicals. However, the microbial fermentation-based bio-refinery

production costs of fuels and chemicals are still relatively high and not competitive to
the traditional fossil fuel-based industries. Thermophilic organisms are a valuable addition
to the bio-refinery concept due to their multiple advantages over mesophilic organisms (377,
312, 346) such as (a) lower operational costs (cooling (347, 348) and contamination costs (326,
349, 350)), (b) higher substrate and product solubility (357), (c) higher reaction and production
rates (352) (d) reduced risk of enzyme product inhibition (353) and (e) reduced enzyme dosage,
which usually represents 40-50% of the production costs (352). Typically, genetic manipulation
of microbial cell factories, including thermophilic bacteria, is required when aiming to enhance
production capacities. The traditional methods, based on recombination systems, are usually
laborious and time-consuming, especially for non-model organisms, limiting both fundamental
studies of these organisms and their development into industrial production hosts.

Bacterial cell factories can convert renewable feedstocks, like plant biomass-derived sug-

A wide range of CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats-
CRISPR associated proteins) systems has been repurposed from prokaryotic immune systems
to universal genetic engineering tools. Some Cas nucleases have revolutionized molecular bi-
ological research based on their efficiency, affordability, versatility and accessibility (13-21).
The majority of the current tools exploit the RNA-guided DNA endonuclease from the type Il
CRISPR-Cas system of Streptococcus pyogenes (SpCas9). The CRISPR-Cas9 system consists of
a Cas nuclease (Cas9), a trans-activating CRISPR RNA (tracrRNA), and a crRNA guide (49, 255).
Cas9 can generate double-stranded DNA breaks (DSBs) at the target sequence, also referred to
as protospacer, when loaded and guided by a chimeric crRNA-tracrRNA single RNA molecule,
denoted as single guide RNA (sgRNA) (57). The target-DNA binding, which precedes the Cas9
cleavage activity, is dependent on the initial recognition of a protospacer adjacent motif (PAM),
a short (3 to 5 bp long) DNA sequence at the 3’end of the protospacer (45, 53). The simplicity
and facile programmability of CRISPR-Cas-derived DNA targeting systems have greatly facil-
itated efficient genetic manipulation of model and non-model bacteria. However, the use of
Cas9 is limited in some organisms due to reported toxicity in the recipient cells (306, 354, 355).

Cas12a (formerly Cpf1), a type V-A endonuclease of the class 2 CRISPR-Cas system, is a dual
nuclease that is involved in crRNA processing, target-site recognition, and DNA cleavage (83,
187, 256). Cas12a recognizes AT-rich PAM sequences and can be guided by a single crRNA
without an additional tracrRNA (83). Similar to Cas9, Cas12a has successfully been used for
genome editing in a repertoire of industrially relevant microorganisms (256, 307, 356—358).

While both Cas9 and Cas12a provide a robust set of tools, they all originate from mesophilic
hosts, making them unsuitable for genome editing applications in thermophiles. We have pre-
viously developed a SpCas9-based engineering tool for facultative thermophiles, combining ho-
mologous recombination (HR) at elevated temperatures and SpCas9-based counter-selection
at moderate temperatures (3715). We employed the wide temperature growth range of the
moderate thermophile B. smithii ET 138 as an induction system for SpCas9 expression. HR
with plasmid-borne editing templates was performed at 45-55 °C, where SpCas9 was shown
to be inactive. Subsequent transfer to 37 °C allowed for counter-selection through produc-
tion of active SpCas9 that introduces lethal double-stranded DNA breaks to the non-edited
cells. The whole process took 4-7 days to obtain a gene deletion. However, SpCas9 requires a
G-rich PAM sequence (5’-NGG-3’) which may not always be available at the desired site of en-
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Development of a CRISPR-Cas12a based genome editing tool for facultative thermophiles

gineering, more particularly in the AT-rich regions of the genome. On the other hand, Cas12a
recognizes a AT-rich PAM sequence (5-TTTN-3’) for target cleavage. Therefore, addition of a
thermostable Cas12a system would enable facile genome engineering and extend the toolbox
in thermophilic organisms.

For that reason, we assessed the temperature tolerance and stability of four different Cas12a or-
thologs, and subsequently we explored if the Francisella novicida U112 Cas12a (FnCas12a) and
Eubacterium eligens Cas12a (EeCas12a) nucleases could be used for genome editing in faculta-
tive thermophiles. As a proof of concept, we chose to engineer the industrially-relevant Bacillus
smithii ET 138. Our results show that HR-CRISPRCas12a-based tool can be easily, rapidly and
efficiently used for gene deletions in B. smithii. Moreover, we have further shortened the time
of the process to 1-2 days to obtain a B. smithii ET 138 mutant. This study describes, to our
knowledge, the first Cas12a-based genome editing tool for moderate thermophiles. Addition-
ally, the functional temperature range of FnCas12a and EeCas12a complements that of the
previously developed Cas12a systems, greatly expanding the temperatures that Cas12a can be
used for both in vitro cleavage and genome-editing applications.

RESULTS

In vitro characterisation of Cas12a nucleases

To adapt Cas12a nucleases for their use as genome editing tools in thermophilic organisms, we
biochemically assessed different Cas12a variants for their stability and temperature sensitivity.
To this end, we expressed in E. coli and purified recombinant Cas12a from Francisella tularensis
subsp. novicida U112 (FnCas12a), Eubacterium eligens (EeCas12a), Acidaminococcus sp. BV3L6
(AsCas12a) and Lachnospiraceae bacterium ND2006 (LbCas12a). For comparison, the widely
used Cas9 nuclease from Streptococcus pyogenes (SpCas9) was taken.

To assess the activity of the selected Cas12a and Cas9 nucleases at higher temperatures, we
executed in vitro target cleavage assays between 30 and 68 °C. To facilitate easy monitoring
of DNA cleavage, we generated a linear dsDNA substrate with the 5 end labelled with 6-
carboxyfluorescein (FAM) using PCR. The respective guide RNA and the nucleases were sepa-
rately pre-equilibrated at the designated temperature prior to the addition of the FAM labelled
DNA substrate. The guide RNA loading to the protein to form the ribonucleoprotein (RNP)
complex was also done at the same temperature and the cleavage reactions were initiated by
the addition of the FAM labelled target-containing DNA substrate. The cleaved DNA fragments
were resolved by capillary electrophoresis. We observed high cleavage activity by SpCas9 from
30 °C to 42 °C (Figure 7.1A); above this temperature SpCas9 activity rapidly decreased to
undetectable levels, corroborating previous findings (315, 316). The LbCas12a and AsCas12a
nucleases exhibited reduced cleavage activity at temperatures above 30 °C (Figure 7.1A). In-
terestingly, we observed complete cleavage of DNA substrates with EeCas12a and FnCas12a at
temperatures from 30 °C to 45 °C and even up to 50 °C for EeCas12a (Figure 7.1A). This indi-
cates the potential to use FnCas12a and EeCas12a as a genome editing tool for both mesophilic
as well as facultative thermophilic organisms.

In cells, the Cas12a:crRNA ribonucleoprotein RNP complex probably takes a few minutes to be
formed. Therefore, we also evaluated the activity and thermostability of the recombinant pro-
teins and RNP complexes using nano differential scanning fluorimetry (nanoDSF). NanoDSF
monitors the intrinsic fluorescence of tryptophan or tyrosine residues as a thermal gradient is
applied to the samples. The melting temperature (Tm) of the protein is calculated using the
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We observed that SpCas9 has a melting temperature of 45 °C for the guide-free recombinant
protein and ~50 °C for the RNP (Figure 7.1B). Both the LbCas12a RNPs and the guide-free
recombinant protein had a Tm in the range of 42-47 °C (Figure 7.1B). AsCas12a had a melting
temperature between 45 and 52 °C for loaded RNPs and between 40 and 42 °C for the guide-free
recombinant protein (Figure 7.1B). The FnCas12a and EeCas12a RNPs have melting tempera-
tures above 50°C. This is in contrast with the guide-free recombinant protein which had melting
temperatures of ~37 °C and ~45 °C, respectively (Figure 7.1B). Of note, these determinations
were performed both in the recommended in vitro reaction buffers, and in Opti-MEM (Ther-
moFisher) which is a commonly used diluent for transfection or electroporation of CRISPR nu-
cleases into mammalian cells. Interestingly, AsCas12a-specific buffer had a stabilizing effect
on both the RNP and protein, however no differences in thermal stability among the different
buffer conditions was observed for FnCas12a and EeCas12a (Figure 7.1B). This reflects the
overall trend that the thermal stability of the Cas12a orthologues strongly correlates with the
association of an appropriate crRNA guide.

To evaluate the tolerance to variation in pH and salt concentration, we performed the above-
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described in vitro cleavage assays over a range of pH and NaCl concentrations (Figure S7.1A).
All the tested nucleases except AsCas12a were highly active between a wide range of pH 6 to
pH 9. AsCas12a displayed reduced activity in buffer pH above ~7.5 (Figure S7.1A). SpCas9 and
AsCas12a were tolerant to a wide range of salt concentrations, from 50 to 300 mM NaCl and
50-500 mM NaCl, respectively (Figure S7.1B). On the other hand, LbCas12a and FnCas12a
lost their activity at NaCl concentrations greater than 150mM NaCl, and EeCas12a was not
active at NaCl concentrations over 300 mM (Figure S7.1B).

FnCas12a expression is not toxic for B. smithii

The thermal and pH stability of FnCas12a and EeCas12a motivated us to test the utility of these
nucleases as genome editing tools for facultative thermophilic bacteria. For the assessment of
FnCas12a as genome editing tool for thermophiles, we employed B. smithii ET 138 cultured at
55 °C. B. smithii ET 138 is a thermophilic and facultative anaerobe that can utilize a wide range
of substrates which combined with its genetic amenability makes it an ideal platform organism
for use in a bio-refinery (318, 326).

Initially, to discount any potential toxicity of FnCas12a in the sporulation- and restriction-
deficient B. smithii ET 138 AsigF AhsdR cells, we designed a single plasmid approach and
constructed a non-targeting (NT) pFnCas12a_NT plasmid (Figure 7.2A) by cloning Francisella
novicida U112 cas12a (fncas12a) gene and a guide RNA (gRNA) comprised of 36 nucleotides (nt)
repeat and a 25 nt spacer sequence in the Bacillus - E. coli shuttle vector pNW33n. The target
sequence is flanked by a non-canonical PAM (5’-CTCG), therefore, FnCas12a should not be
able to target the B. smithii genome. The expression of the fncas12a gene and the gRNA is
under the control of the inducible promoter of xynA gene (Py,n4) from Thermoanaerobacterium
saccharolyticum and the phosphotransacetylase (pta) promoter (P ) from Bacillus coagulans
(328, 360), respectively. During all the culturing experiments in this study, both xylose and glu-
cose were added to the LB2 media (LB2,g) to ensure constant induction of FnCas12a expression
from the P,y,4 promoter.

The non-targeting pFnCas12a_NT plasmid and an empty pNW33n control plasmid were in-
dividually electroporated into a single batch of competent B. smithii cells (Figure 7.2B). The
transformed cells were plated on pre-warmed LB2 plates supplemented with chloramphenicol
and incubated overnight at 55 °C (Figure 7.2B). The next day, four single colonies per trans-
formation were used for sequential transfers in fresh LB2,, liquid media from 55 °C to 37 °C
every 24 hours, with an intermediate step at 45 °C (Figure 7.2B). No significant difference in
growth was observed between the pFnCas12a_NT cultures and the pNW33n control cultures
(Figure 7.2C), indicating that the expression of FnCas12a is not toxic for the B. smithii cells at
any of the above tested temperatures.

FnCas12a is capable of targeted DNA cleavage in B. smithii genome

It has been repeatedly reported that the double-strand breaks (DSB) induced by Cas nucle-
ases are lethal to bacterial cells because many microorganisms lack an effective and functional
endogenous non-homologous end joining (NHEJ) mechanism. Consequently, CRISPR-Cas is
usually used as a lethality based counter-selection tool (72, 305, 330, 361) in bacterial cells to
get rid of the cells that have not performed the desired HR prior to Cas9 cleavage (72, 305, 330,
367). To enable the use of HR-Cas12a mediated genome editing, we first had to evaluate the
lethality of Cas12a-induced DSB in the genome of B. smithii.

To this end, we designed and constructed three targeting plasmids, pFnCas12a_Sp1-3, each
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Figure 7.2| Transformation of FnCas12a mediated targeting plasmids in B. smithii ET 138.

(A) Schematic representation of the basic pFnCas12a plasmid. The fncas12a gene was introduced in the pNW33n
vector backbone. A gRNA-expressing module was introduced downstream the fncasi12a gene. Other elements on the
plasmid are: origin of replication (ori), replication protein (repB), chloramphenicol-resistance marker (CmR). (B) Se-
quential transfer scheme of wild-type B. smithii cultures to evaluate FnCas12a expression and targeting efficiency at dif-
ferent temperatures; detailed description of the protocol can be found in the Material and Methods section. (C) Results
of the targeting experiment showing OD¢o, measurements from cultures of B. smithii transformed with pFnCas12a_NT
compared to an empty pNW33n plasmid. (D) Results of the targeting experiment showing ODg, measurements from
cultures of B. smithii transformed with the targeting plasmids harbouring different spacer (pFnCas12a_Sp1-3) com-
pared to the non-targeting plasmid (pFnCas12a_NT). Average values of four replicates are shown, with error bars
representing standard deviations.

containing gRNA with a unique spacer [Spacer 1 (Sp1), Spacer 2 (Sp2) and Spacer 3 (Sp3)]
corresponding to a different target sequence (Table S7.3) within pyrF gene in the B. smithii
genome. The pyrF gene encodes orotidine 5>-monophosphate (OMP) decarboxylase, which is
required for pyrimidine biosynthesis. This enzyme is also able to convert the uracil analogue
5-fluorootic acid (5-FOA) to the toxic product 5-fluorodeoxyuridine 5’-monophosphate (362).
Therefore, ApyrF strains are uracil auxotrophs and resistant to 5-FOA (363, 364). It is expected
that if FnCas12a is functionally expressed in B. smithii, the growth of the cultures harbouring
the targeting plasmids will be substantially lower compared to growth of the cultures harbour-
ing the control (pFnCas12a_NT and pNW33n) plasmids.

The three targeting plasmids and the control plasmids were individually electroporated into
a single batch of B. smithii competent cells. Four single colonies per transformation were
subjected to sequential transfers at different temperatures as described before. No striking
differences in growth were observed for the control cultures incubated at 55 °C, 45 °C and
37 °C (Figure 7.2D). Conversely, the growth of the cultures harbouring the pFnCas12a_Sp1
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and pFnCas12a_Sp3 plasmids was significantly inhibited compared to cultures harbouring the
pFnCas12a_NT plasmid, suggesting that FnCas12a is active at 37 °C and can successfully tar-
get the B. smithii genome (Figure 7.2D). On the other hand, no difference in growth for the
cultures harbouring the pFnCas12a_Sp2 plasmid was observed (Figure 7.2D). This observed
fluctuation is most likely due to the reported guide-dependent variation in CRISPR-Cas12a
target efficiency (365, 366), similar to that of the CRISPR-Cas9 system (367, 368).

In line with the in vitro assay data, the aforementioned results indicate that the FnCas12a is ac-
tive at 37 °C, but is inactive and thus does not introduce lethal DSBs to the B. smithii genome at
temperatures above 45 °C. To explore the temperature range that can be used for in vivo target-
ing using FnCas12a, four single colonies harbouring the pFnCas12a_Sp1 and pFnCas12a_Sp3
plasmids were grown overnight in LB2,; medium and incubated at temperatures ranging from
37 °C — 42 °C. The most optimal temperature for in vivo targeting using FnCas12a appeared
to be 37-38 °C, although targeting also occurred at temperatures till 42 °C (Figure S7.2). The
targeting efficiency was higher for cells harbouring the pFnCas12a_Sp3 plasmid as compared
to that of the cells harbouring pFnCas12a_Sp1 plasmid at temperatures 40-42 °C. Nevertheless,
the growth of both cultures harbouring pFnCas12a_Sp1and pFnCas12a_Sp3 were prominently
retarded compared to the growth of the cultures harbouring the pFnCas12a_NT plasmid (Fig-
ure S7.2).

Marker-less chromosomal gene deletion using FnCas12a and plasmid-
borne editing template

HR-Cas12a mediated genome editing requires three parts, i) a double stranded DNA fragment
[(homologous flanks (HR flanks)] that can undergo HR for editing the genome. (ii) the Cas12a
endonuclease, and (iii) the gRNA to lead Cas12a to the target DNA site to select (enrich) muta-
tions introduced through HR by counter-selecting (eliminating) wild-type clones. Based on our
previous research (315) and by employing the here-developed FnCas12a targeting system, we
set out to develop a HR-FnCas12a based counter-selection system for efficient genome editing
in B. smithii. A sequential culturing process of first equipping the cells with an appropriate
plasmid-borne editing template for HR at 55 °C, and then inducing the expression of active
FnCas12a at 37 °C, is expected to lead to counter-selection against the wild-type genotype.

As a proof of principle, we programmed the designed HR-FnCas12a system for deletion of the
pyrF gene in B. smithii. Two editing plasmids (pFnCas12a_ApyrF-HR_Sp1 and pFnCas12a
_ApyrF-HR_Sp3) were constructed, both containing the previously described spacers 1 and 3
for efficient pyrF targeting together with a 2-kb HR template encompassing 1-kb of the up-
and down-stream genomic regions flanking the selected pyrf gene fragment (Figure 7.3A). A
non-targeting plasmid (pFnCas12a_ApyrF-HR_NT) containing the same HR template as the
editing plasmids but with a non-targeting spacer and (non) targeting plasmids without the HR
template were taken as a control for recombination.

After transforming the constructs into B. smithii ET 138 AsigF AhsdR at 55 °C, one verified
transformant per construct was used to inoculate LB2,; and TVMY,, selection medium supple-
mented with uracil (LB2yxgu and TVMY,g.) to complement the auxotrophy in case of successful
pyrF gene deletion. 5-FOA was not added to the medium in order to assess Cas12a-mediated
counter-selection efficiency. After growth at 55 °C for 24 hours, cells were transferred stepwise
every 24 hours to fresh media while gradually lowering the culturing temperature from 55 °C
to 37 °C, with an intermediate transfer at 45 °C to allow for gradual adjustment of the cellular
metabolism (Figure 7.3B).
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Figure 7.3 | Transformation of HR-FnCas12a mediated editing plasmids in B. smithii ET 138.

(A) Schematic representation of the basic pFnCas12a_Agene-of-interest(goi)-HR construct. The fncas12a gene was
introduced to the pNW33n vector backbone. Homologous recombination (HR) flanks were introduced upstream fn-
cas12a gene and encompassed the 1-kb upstream and 1-kb downstream region of the gene of interest (goi) in the
B. smithii genome. A gRNA-expressing module was introduced downstream the fncas12a gene. Other elements on
the plasmid are: origin of replication (ori), replication protein (repB), chloramphenicol-resistance marker (CmR). (B)
Sequential transfer scheme of wild-type B. smithii cultures to evaluate FnCas12a editing efficiency; detailed descrip-
tion of the protocol can be found in the Material and Methods section. (C) Agarose gel electrophoresis showing
the results from PCR on the genomic DNA of B. smithii cultures transformed with pFnCas12a_ApyrF-HR_Sp1 (1),
pFnCas12a_ApyrF-HR_Sp3 (3) and pFnCas12a_ApyrF-HR_NT (NT) in two different selection media (TVMY,g. and
LB24gu). The last 2 lanes are the negative (wild type) and positive (ApyrF) controls, that correspond to 2.9 kb and 2.2
kb long DNA fragments respectively. (D) Representative image of the sequence verification of the desired pyrF gene
deletion by sanger sequencing.

After transforming the constructs into B. smithii ET 138 AsigF AhsdR at 55 °C, one verified
transformant per construct was used to inoculate LB2,; and TVMY,, selection medium supple-
mented with uracil (LB2,g, and TVMY,g,) to complement the auxotrophy in case of successful
pyrF gene deletion. 5-FOA was not added to the medium in order to assess Cas12a-mediated
counter-selection efficiency. After growth at 55 °C for 24 hours, cells were transferred stepwise
every 24 hours to fresh media while gradually lowering the culturing temperature from 55 °C
to 37 °C, with an intermediate transfer at 45 °C to allow for gradual adjustment of the cellular
metabolism (Figure 7.3B).

As expected, PCR analysis on the genomic DNA extracted from all the cultures harbouring the
pFnCas12a_Sp1/Sp3/NT lacking the homologous recombination flanks showed the absence of
any pyrF knockout bands in these cells (Figure 7.3B). Despite the lack of counter-selective
pressure, population PCR analysis on the genomic DNA extracted from the TVMY,g, liquid
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cultures of cells harbouring the pFnCas12a_ApyrF-HR_NT plasmid after incubation showed
the presence of both wild type and mutant bands (Figure 7.3C). Remarkably, population
PCR analysis on the genomic DNA extracted from the TVMY,g, liquid cultures harbouring
the pFnCas12a_ApyrF-HR_Sp1 and pFnCas12a_ApyrF-HR_Sp3 editing plasmids, at least in
some cases showed the presence of only the mutant amplicons (Figure 7.3C). PCR on ge-
nomic DNA extracted from the LB2 liquid medium cultures harbouring the pFnCas12a_ApyrF-
HR_NT plasmid did not show the presence of any pyrf knockout bands, as was to be expected
(Figure 7.3C). On the other hand, PCR on genomic DNA extracted from the cultures harbour-
ing the pFnCas12a_ApyrF-HR_Sp1 or pFnCas12a_ApyrF-HR_Sp3 editing plasmids showed
the presence of mixed genotype bands (Figure 7.3C). The striking difference in the density
of the knockout bands between the cultures harbouring the targeting and the non-targeting
plasmids underlines the significant contribution of FnCas12a to the efficiency of the genome
editing tool.

The abovementioned cultures were plated on corresponding media and incubated overnight
at 55 °C to screen for clean deletion mutants. We genotyped 10 random colonies from each
plate using colony PCR using primers specific to the pyrF genomic region to confirm the de-
sired clean deletions. 9 out of the 10 and 6 out of the 10 tested pFnCas12a_ApyrF-HR_Sp1
and pFnCas12a_ApyrF-HR_Sp3 harbouring colonies from the TVMY sz, medium plates, respec-
tively, were clean pyrF gene deletion mutants (Figure $7.3). 7 out of the 10 and 8 out of the 10
tested pFnCas12a_ApyrF-HR_Sp1 and pFnCas12a_ApyrF-HR_Sp3 harbouring colonies from
the LB2,z, medium plates, respectively, were clean pyrf gene deletion mutants (Figure $7.3).
As expected, editing efficiencies were significantly lower in the TVMY,g, cultures harbouring
the pFnCas12a_ApyrF-HR_NT plasmid. 1 and 2 out of 10 tested colonies were found to be of
ApyrF and mixed genotype, respectively. The gene deletion was verified by sequencing using
specific primers on the genomic DNA isolated from 4 representative colonies (Figure 7.3D).
The phenotype of three representative ApyrF mutant colonies was further verified by their
ability to grow on plates supplemented with 5-FOA.

To effectively use the HR-FnCas12a tool in B. smithii for iterative genome engineering, a plasmid-
free strain is desired for gene editing cycles with multiple vectors. For this purpose, a sequence-
verified ApyrF mutant was grown in TVMY,g, medium without antibiotic for three iterative

inoculation cycles of 8-16 hours each. The final culture was plated on TVMY,g, plates with and

without antibiotic (chloramphenicol). Colony PCR analysis with plasmid-specific primers on 6

out of the 7 tested colonies confirmed loss of the plasmid (Figure S7.4). The 6 plasmid-cured

B. smithii ET 138 AsigF AhsdR ApyrF colonies were also verified to be uracil auxotroph and

5-FOA resistant.

Next, we aimed to further optimize the efficiency of the system, to reduce the number of cul-
turing steps and the total time for the editing process. To this end, a small amount from the
glycerol stock of B. smithii cells harbouring the pFnCas12a_ApyrF-HR_Sp1 plasmid was plated
on a LB2,,, plate and incubated at 45 °C overnight. Single colonies from the plate were used
to inoculate LB24g, and TVMYyg, liquid media and incubated overnight at 37 °C. The following
day, the cultures were plated on corresponding media and incubated overnight at 45 °C. We
genotyped 10 random colonies that presumably survived FnCas12a targeting from each plate,
through colony PCR and sequencing. Interestingly, all the tested colonies from the TVMY g,
plate using were ApyrF mutants (Figure S7.5). As always, the ApyrF mutants were verified
by sequencing and for their ability to grow on TVMY,g, plates supplemented with 5-FOA. In-
terestingly, the total time required from the first transformation to successfully obtaining a B.
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smithii mutant using the here developed system is as short as 3 days. On the contrary, none of
the colonies from the LB2 plate were positive for the ApyrF genotype. This variance in the use
of the two (LB2«zu and TVMY,,,) culture medium on the efficiency of the editing system has
also been described previously (315), although the basis for this phenomenon remains elusive
and requires further research.

EeCas12a is active in vivo at elevated temperatures

The thermal stability of EeCas12a based on the in vitro characterisation of the different Cas12a
variants (Figure 7.1), motivated us to test it as an alternative for genome editing in our mod-
erate thermophile. Perhaps, a variant with an optimal activity at a higher temperature could
be exploited to shorten the time required for editing the genome of B. smithii using the afore-
mentioned FnCas12a-HR system. Additionally, it could constitute the basis of an alternative
genome editing system for thermophilic bacteria that do not grow at temperatures below 45 °C.

To evaluate the in vivo targeting efficiency of EeCas12a in B. smithii, we constructed the pEeCas-
12a_Sp1 and pEeCas12a_NT plasmids (Figure 7.4A) by substituting the fncasi2a gene by
eecas12a gene in the previously constructed pFnCas12a_Sp1 and pFnCas12a_NT plasmids, re-
spectively. Since the PAM sequence recognized by the EeCas12a is similar to that of FnCas12a
(5’-TTTN -3’), we did not the change the (proto) spacer sequence. The direct repeat sequences
for FnCas12a and EeCas12a show strong conservation in the 19 nucleotides at the 3" of the
direct repeat, which is the portion recognized by the nuclease (83) (Figure S7.6). Hence, we
used the orthologous FnCas12a direct repeat for the gRNA on the pEeCas12a plasmids.

The targeting pEeCas12a_Sp1, the non-targeting pEeCas12a_NT and the empty pNW33n con-
trol plasmids were individually electroporated into a single batch of competent B. smithii cells.
Each transformation mix was equally distributed and plated on four pre-warmed LB2 plates
supplemented with chloramphenicol. The plates were incubated overnight at different temper-
atures: 45 °C, 50 °C, 55 °C and 60 °C. While a large number of colonies was obtained on the
plate containing the cells transformed with the pEeCas12a_NT plasmid at 45 °C, no colonies
were obtained on the plate containing the cells transformed with the pEeCas12a_Sp1 plasmid
(Figure S7.7), suggesting high targeting activity of EeCas12a at 45 °C. Minor differences were
observed in the transformation efficiency for the cells transformed with the targeting and non-
targeting plasmids at 50 °C and no difference was observed in the transformation efficiency at
55 and 60 °C (Figure S7.7).

To confirm targeting by EeCas12a, a small amount of the glycerol stock of the cells harbour-
ing the pEeCas12a_Sp1 and pEeCas12a_NT plasmids was used to inoculate LB2,g, selection
medium liquid and incubated overnight at 55 °C, 50 °C and 45 °C. As seen previously, no
growth was observed for the cultures harbouring the targeting plasmid as compared to the
non-targeting plasmids at 45 °C (Figure 7.4B). On the contrary, no significant growth differ-
ences were observed for the cultures harbouring the plasmids at 50 °C and 55 °C (Figure 7.4B).
This prompted us to explore the temperature window that supports in vivo targeting activity
of EeCas12a. Four single colonies of each transformant harbouring either pEeCas12a_Sp1 or
pEeCas12a_NT were used to inoculate LB2,g, selection medium and were incubated at dif-
ferent temperatures ranging from 41 °C to 48 °C. After 18-24 hours, the growth of the cul-
tures was measured and normalized using the corresponding control cultures harbouring the
pEeCas12a_NT plasmid (Figure 7.4C). Effective targeting of the genome by EeCas12a was
observed up to 46 °C (Figure 7.4C).
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Figure 7.4| Transformation of HR-EeCas12a mediated editing plasmids in B. smithii ET 138.

(A) Schematic representation of the basic pEeCas12a plasmid. The eecas12a gene was introduced in the pNW33n vec-
tor backbone. A gRNA-expressing module was introduced downstream the eecas12a gene. Other elements on the plas-
mid are: origin of replication (ori), replication protein (repB), chloramphenicol-resistance marker (CmR). (B) Results of
the targeting experiment showing ODs, measurements from cultures of B. smithii transformed with pEeCas12a_Sp1
normalized to a non-targeting pEeCas12a_NT plasmid after sequential transfer at 45 °C, 50 °C and 55 "C. (C) Results
of the targeting experiment showing ODs,, measurements from cultures of B. smithii transformed with pEeCas12a_Sp1
compared to a non-targeting pEeCas12a_NT and grown between 41-48 °C to evaluate the optimal temperature for in
vivo activity. Average values of four replicates are shown, with error bars representing standard deviations.

EeCas12a can be utilized for fast and efficient in vivo genome editing

To exploit the efficient targeting by EeCas12a, we explored the use of HR coupled with EeCas12a-
based counter-selection for editing B. smithii genome. An editing plasmid
(pEeCas12a_ApyrF-HR_Sp1) was constructed containing the previously tested spacer 1, that
exhibited the highest targeting efficiency for the FnCas12a-based system, together the two
1-kb HR flanks (Figure 7.5A). A non-targeting plasmid (pEeCas12a_ApyrF-HR_NT) contain-
ing a non-targeting spacer but with the same HR flanks as the editing plasmid was taken as
a control for recombination. The two plasmids were individually electroporated into ET 138
AsigF AhsdR, plated on LB2 selection medium plates and incubated at 45 °C and 55 °C. The
number of colonies on the plates incubated at 45 °C were very low, most likely due to strong
targeting by EeCas12a at these temperatures. This is in line with the previous observations
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(329, 330) that the efficiency of the approach to use Cas nucleases as a counter-selection tool
is higher compared to using them as a trigger for induction of the cellular HR mechanism af-
ter introduction of targeted double stranded breaks (DSBs). Nevertheless, 5 out of 6 tested
colonies from the plate incubated at 45 ° C assessed by colony PCR showed a mixed genotype
(Figure 7.5B). Re-streaking these colonies on fresh media plates could lead to obtaining clean
deletion mutants, thereby simplifying the process to just transformation and plating to obtain
mutants.

Furthermore, two single colonies from the plate incubated at 55 °C were used to inoculate
LB2«gu and TVMY,g, selection medium. The cultures were incubated for 18-24 hours at 43 °C
and transferred back to 55 °C. The next day, population PCR using specific primers on the
genomic DNA extracted from the cultures grown on both the media indicated an apparent
editing efficiency >50% (Figure 7.5C).

Next, to enhance the emergence of clean deletion mutants, we repeated the previous transfor-
mations and incubated the selection media plates at 43 °C and 45 °C. Again, a low number of
colonies were obtained on these plates. All the colonies were genotyped using colony PCR;
only wild-type genotype colonies and 1 colony of mixed genotype were found on the plates
incubated at 43 °C and 45 °C, respectively (Figure S7.8). A random single colony from the
transformation plate was used to inoculate the corresponding liquid media and incubated at
the respective temperature overnight. The following day, genomic DNA was isolated from
the cultures and subjected to population PCR using genome specific-primers. Strikingly, a
single knock-out band was obtained, indicating that the majority of the population consisted
of pyrF mutants (Figure 7.5D). The cultures were plated on respective selective media and
single colonies were subjected to colony PCR. All the tested colonies were ApyrF mutants
(Figure S7.9). Finally, the phenotype of the mutants was verified by their ability to grow on
plates containing 5-FOA. In this way we have shortened the process time by using a single
culturing step at 43 °C or 45 °C to obtain B. smithii mutants using EeCas12a. The established
HR-EeCas12a system is an efficient and fast method that expands the genome editing toolbox
for moderate thermophiles.

DiscussioN

Our work on the temperature- and pH- stability and salt concentration tolerance of Cas12a
variants expands our knowledge on the biochemical conditions at which Cas12a can be used.
This underscores the significance of mining genome- and metagenome databases for unique
CRISPR-Cas systems to uncovering novel protein variants with valuable characteristics. We
show that the thermostability of all the tested nucleases strongly depends on the association
with an appropriate guide RNA. Although AsCas12a, LbCas12a and FnCas12a have been exten-
sively characterised and used (83, 307, 356), this is the first time that the cleavage activity of
EeCas12a nuclease has been characterised. We anticipate that FnCas12a and EeCas12a will be
useful for in vitro molecular biology applications requiring targeted cleavage either at elevated
temperatures, or under other harsh conditions.

Similar to Cas9 proteins from Class 2 Type Il CRISPR systems, Cas12a proteins from Class
2 Type V-A CRISPR systems have been used for genome engineering in different bacterial
species (306, 307, 356, 369, 370). Thermophiles have various advantages as production hosts for
bio-based industries over current mesophilic model organisms, however their limited genetic
toolboxes often hamper their development into efficient cell factories. Previously, SpCas9- and
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Figure 7.5| Transformation of HR-EeCas12a mediated editing plasmids in B. smithii ET 138.

(A) Schematic representation of the basic pEeCas12a_Agene-of-interest (goi) construct. The eecasi2gene was in-
troduced in the pNW33n vector backbone. Homologous recombination (HR) flanks were introduced upstream
eecas12gene and encompassed the 1-kb upstream and 1-kb downstream region of the gene of interest (goi) in the
B. smithii genome. A gRNA-expressing module was introduced downstream the eecas12a gene. Other elements on
the plasmid are: origin of replication (ori), replication protein (repB), chloramphenicol-resistance marker (CmR). (B)
Schematic representation of the experiment and agarose gel electrophoresis showing the results from PCR on the
colonies (col) from B. smithiicells transformed with pEeCas12a_ApyrF-HR_Sp1. The first 2 lanes are the negative
(wild type) and positive (ApyrF) controls, that correspond to 2.9 kb and 2.2 kb long DNA fragments respectively. (C)
Schematic representation of the experiment and agarose gel electrophoresis showing the results from PCR on the ge-
nomic DNA of a B. smithiicultures harbouring pEeCas12a_ApyrF-HR_Sp1 (1) as compared with cultures harbouring
pEeCas12a_ApyrF-HR_NT (NT) in two different selection media. The first 2 lanes are the negative (wild type) and
positive (ApyrF) controls, that correspond to 2.9 kb and 2.2 kb long DNA fragments respectively. (D) Schematic repre-
sentation of the experiment and agarose gel electrophoresis showing the results from PCR on the genomic DNA of a B.
smithiicultures harbouring pEeCas12a_ApyrF-HR_Sp1 (1) as compared with cultures harbouring pEeCas12a_ApyrF-
HR_NT (NT) at 45 “C and 43 "C in two different selection media.

thermostable ThermoCas9-based systems were developed into a Cas9-based engineering tool
for thermophilic bacteria (375, 329). So far, all genome engineering applications in thermophilic
microorganisms have been based on Cas9.

A Cas12a-based genome editing tool is a complementary addition to the CRISPR-based bacte-
rial genome engineering toolbox and offers distinct advantages over using Cas9-based system.
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Discussion

Firstly, Cas12a recognizes TTTN PAM sequences, whereas Cas9 recognizes a NGG PAM se-
quence (291). This increases the number of target sites within a genome, allowing for precise
selection of the cleavage site. This is particularly handy for generation of point mutations and
when targeting short intergenic regions. Secondly, in some organisms, inherent toxicity to
SpCas9 has been reported, in such cases Cas12a is an excellent alternative (306). Finally, the
Cas12a cleaves the target sequence between 18 and 23 position distal to the PAM sequence.
Due to this, any indel resulting from NHEJ would not disrupt the PAM, and the resulting se-
quence could be cleaved over-and-over again, increasing the likelihood of recovering homolo-
gous recombinants over recovering NHEJ-mediated mutants. While a NHE] system is gener-
ally not present or not active in most prokaryotes (371), the B. smithii ET 138 genome contains
the DNA ligase LigD and DNA-end-binding protein Ku genes composing the basic prokaryotic
NHE]-like system (372, 373). However, we did not detect any evidence for NHE] activity in B.
smithii using Cas12a-based recombination. It could be that the NHE] system in B. smithii ET
138 either is inactive at 37 °C or it is not active enough to counteract the Cas12a activity.

In this study, we developed a single-plasmid system coupling homologous recombination with
Cas12a-based counter selection to allow for efficient gene deletion in an industrially relevant,
moderate thermophile, B. smithii ET 138. Based on the in vitro temperature stability and ac-
tivity of the tested Cas12a variants, we selected two Cas12a variants for genome editing: Fn-
Cas12a and EeCas12a. Accordingly, we developed an editing system where mutants are gen-
erated via homologous recombination events at elevated temperatures (>45 °C) before Cas12-
induced counter-selection takes place at 37 °C for FnCas12a and 43-45 °C for EeCas12a. Thus,
the complementary temperature range of FnCas12a and EeCas12a opens up Cas12a-based
genome editing for moderate thermophiles. Although, a CRISPRi system using nuclease-de-
activated Cas12a from Eubacterium eligens (EedCas12a) for gene regulation in E. coli has been
previously reported (374), to the best our knowledge, this is first time EeCas12a has been used
for bacterial genome editing.

In the course of our study we observed spacer sequence- and media- dependent differences in
targeting by FnCas12a. While the spacer sequence dependency could be attributed to sequence
and structural features such as GC content, minimum free energy, melting temperature and
position-specific nucleotide composition (365), no evident link between gene editing and the
medium used for the editing process could be established, and thus this should be addressed
in future studies.

Furthermore, the HR-Cas12a system eliminates the need of an antibiotic gene as a selection
marker or the presence of chromosome scar sites (e.g., LoxP recognition sites). It is substantially
time-effective compared to the previously established lacZ-based and SpCas9-based counter-
selection systems (375, 328). It only takes 3-4 days from transformation to generating a clean
deletion mutant, including the plasmid curing step, while maintaining a high efficiency. The
here developed HR-Cas12a system could be further simplified by exploiting the pre-crRNA
processing activity of Cas12a for more rapid and facile multiplexing. A single CRISPR array
containing multiple spacers under the transcriptional regulation of a single promoter and ter-
minator can be used to target multiple loci simultaneously (256). Consequently, there is no
need for supplying multiple targeting expression plasmids for which construction procedure is
usually time-consuming and requiring a sophisticated genetic toolbox (375). Cas12a has previ-
ously been used for multiplexing in E. coli and Streptomyces coelicolor for gene insertions and
deletions, respectively (356, 376, 377).

Chapter 7 | 159




Development of a CRISPR-Cas12a based genome editing tool for facultative thermophiles

In conclusion, we here demonstrated that FnCas12a and EeCas12a endonucleases are active
and can target the genome of the biotechnologically interesting bacterium B. smithii ET 138.
We further combined the Cas12a targeting activity with the native homologous recombination
(HR) system of B. smithii for the development of efficient gene editing tools. In addition, these
tools are potentially applicable to various model or non-model organisms with an active HR
pathway and a growth temperature range covering 37 °C to over 45 °C expanding the range of
organisms in which CRISPR-based editing can be applied and, thereby, expanding the range
of possible cell factories for improved production of interesting compounds.

EXPERIMENTAL PROCEDURES

Protein expression

FnCas12a, AsCas12a and EeCas12a were expressed and purified as previously described (378).
The FnCas12a, AsCas12a and EeCas12a expression constructs were synthesized by GenScript.
EeCas12a is fused to an N-terminal tag comprising a hexahistidine (6xHis-tag) sequence and
SV40 NLS, and C-terminal SV40 NLS, and FnCas12a and AsCas12a with a N-terminal SV40
NLS, and C-terminal SV40 NLS and 6xHis-tag. Proteins were expressed in NiCo21 (DE3) Es-
cherichia coli cells (NEB #C2529) containing the respective expression plasmid by growing in
LB-Kan (40 ug mL™") at 37 °C followed by inducing at 23 °C for 16 hours in presence of IPTG
at 0.4 mM. Cells were lysed using sonication prior to chromatographic purification. Recombi-
nant Cas12a proteins were purified using HiTrap DEAE FF, HisTrap HP (Ni-NTA) and HiTrap
Heparin HP columns from GE Healthcare (Pittsburgh, PA). The purified proteins were dialyzed
and concentrated into 20 mM Tris-HCI (pH 7.4), 500 mM NaCl, T mM DTT, 0.1 mM EDTA and
50% glycerol.

In vitro activity assays

Buffers and chemicals were obtained from NEB, VWR (Radnor, PA) and Sigma-Aldrich (St.
Louis, MA). NEBuffers were from New England Biolabs Inc (Ipswich MA). OptiMEM cell cul-
ture medium was obtained from Thermofisher (Waltham, MA). The oligonucleotides (IDT,
Coralville, IA) and the plasmids used for the enzyme activity assays are listed in Table S7.1
and Table S7.2, respectively. The 515 bp linear DNA substrates were amplified (using NEB1
and NEB2) by PCR using Q5 2X master mix (NEB #M0492S) from the pMiniT-WTAP Exon 8
plasmid which contains a fragment of the human WTAP gene. The substrate contains the
target sequence 5’-TTTC- CCACTCACTGCTTTCTCCTC-3’, where TTTN is a generic PAM se-
quence for Cas12a. PCR products were purified using Monarch PCR & DNA Cleanup Kit (NEB
#T1030S). Guide RNA for Cas12a was synthesized (NEB3) and the guide for Cas9 was gener-
ated using the EnGen sgRNA synthesis kit S. pyogenes (NEB #E3322S) with the template for top
strand (NEB4) designed using the NEB Bio Calculator. Recombinant SpCas9 and LbaCas12a
were obtained from NEB.

Activity of the Cas12a RNPs was determined by monitoring the dsDNA cleavage of 5’-FAM
labelled PCR products. DNA containing a target site was digested at varying temperatures as
indicated using a ratio of 20:10:1, crRNA:Cas12a:target for 10 minutes in T100 Thermal Cycler
(Bio-Rad, Hercules CA). Reactions were quenched and then subjected to capillary electrophore-
sis on an Applied Biosystems 3730x| Genetic Analyzer instrument (379). The cleavage products
were quantified using Peakscanner (ThermoFisher).
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Experimental Procedures

Thermal stability of Cas12a proteins

The thermal stability of the nucleases was determined in the presence and absence of their
respective gRNAs using a Prometheus nano differential scanning fluorimetry (NanoDSF) in-
strument (NanoTemper Technologies, Miinchen, Germany). 200 pmol of Cas12a protein was
mixed with either 400 pmol of gRNA or with water in a mixture that contained 1x NEBuffer2.1
(10 mM Tris-HCI (pH 7.9) 50 mM NacCl, 10 mM MgCl,, 100 ug mL' BSA), 1x NEBuffer3.1 (50
mM Tris-HCI (pH 7.9), 100 mM NaCl, 10 mM MgCl,, 100 ug mL™" BSA), 1x AspCas12a Buffer
(20mM HEPES (pH 6.5), 50 mM NaCl, 10 mM MgCl,) or Opti-MEM by ThermoFisher. Unfold-
ing of the protein or complex was monitored according to the manufacturer’s instructions and
data are reported as the inflection point of the melting curve of the protein or RNP complex.

Strains and growth media

Bacterial strains used in the current study are E. coli DH10p and Bacillus smithii ET 138 AsigF
AhsdR (315). The E. coli and B. smithii strains were routinely cultured at 37 °C and 55 C, re-
spectively, unless stated otherwise. E. coli strains were grown in 10 mL Luria-Bertani broth
(LB) in 50-mL Greiner tubes or plated on LB with 15 g/L agar (Difco) plates containing 15 pg
mL™" chloramphenicol, unless stated otherwise. B. smithii strains were cultured in 10 mL LB2
medium (10 g/l tryptone, 5 g L™' yeast extract, 100 mL L™' 10xESS, pH adjusted to 6.9-7.0) (328)
in 50-mL Greiner tubes at 150 rpm or plated on LB2 with 30 g L' agar (Difco) plates supple-
mented with 7 pg mL™" chloramphenicol, vitamins and metals (328). For all the gene editing
experiments, glucose (0.5 g L"), xylose (0.5 g L™") and uracil (50 mg L") were added to the
media to induce expression of Cas12a and provide for the uracil auxotrophic pyrF deletion
mutants. Additionally, Thermophile Vitamin Medium with Yeast extract (TVMY) medium (0.5
g L' yeast extract, 8.37 g L”' MOPS, 100 mL L™ 10xESS, pH of 6.9-7.0) (328) or plates (made
with 30 g L™ agar) with the same supplements was used in the editing experiments. For the
evaluation of 5-FOA sensitivity of B. smithii ET138 AsigF AhsdR ApyrF cells, TVMY gy, LB24g.
agar plates supplemented with 1 g L™' 5-FOA were used.

Making of competent cells

E. coli DH10B cells were made electro-competent after growing an overnight culture of the
strain in 10 mL LB medium at 37 °C. 5 mL of the overnight culture was used to inoculate 500
mL of pre-warmed 2xYP medium (10 g L™" tryptone, 5 g L' yeast extract, 10 g L™" NaCl) at 37 °C,
180 rpm until an OD600 value of 0.4 was reached. Cells were then centrifuged for 10 minutes (4
°C, 3000xg) and washed with 250 mL of ice-cold MQ. The pelleted cells were suspended in 250
mL 10% glycerol and centrifuged at 3000xg for 10 minutes. The resuspension and subsequent
centrifugation steps were repeated using 250 mL of 10% glycerol. The pellet was suspended in
2 mL 10% glycerol. Cells were aliquoted in micro-centrifuge tubes and stored at -80 °C.

B. smithii ET 138 AsigF AhsdR cells were made competent as described previously{Bosma, 2015
#148;Bosma, 2015 #799} (328). Briefly, an overnight culture was prepared in 10 mL LB2 medium
supplemented with vitamins and metals and grown at 55 °C. The cells were diluted to an ODsq,
of 0.08 in LB2 containing vitamins and metals and grown to an ODs, of 0.55-0.6 at 55 °C, 150
rpm. Subsequently, the culture was centrifuged for 15 minutes at 4700 rpm (4 °C). The pellet
was washed three times with volumes of 50 mL, 25 mL and 12.5 mL ice cold SG-buffer (171.2 g
L™ sucrose, 0.2 g L™* MgCI2 and 50 mL L' glycerol). Centrifugation was performed after each
washing step for 15 minutes at 4700 rpm (4 °C). The cells were suspended in 240 pL SG-buffer
and aliquoted in micro-centrifuge tubes and stored at -80 °C.
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Plasmid construction

The plasmids constructed and the primers (IDT) used for cloning and sequencing are listed
in Table S7.1 and Table S7.2, respectively. The fragments for assembling the plasmids were
amplified by PCR with Q5® High-Fidelity 2X Master Mix (NEB). The amplicons were run on
an 1% agarose gel electrophoresis and purified using Zymogen gel DNA recovery kit (Zymo
Research). The HiFi DNA assembly mix was purified using the DNA Clean & Concentrator-
5 (Zymo Research) and electroporated into competent E. coli DH10B cells using the following
settings: 2.5kV, 200Q2 and 25pF. Colony PCR with OneTaq® 2X Master Mix with Standard Buffer
(NEB) on single colonies was used to screen for the right transformants. Thereafter, the right
colonies were used to inoculate 10 mL LB medium, plasmid extractions were performed using
the Gene)ET Plasmid Miniprep kit (Thermo Fisher Scientific) and verified by Sanger sequencing
(Macrogen Europe B.V).

For the construction of the pFnCas12a_Sp1-3 and pFnCas12a_NT plasmids, a 5-part assembly
was designed and executed. The parts consist of: a fragment of the pNW33n backbone together
with the P, promoter amplified (using BG14368 and BG14369) from the pWUR_Cas9sp1_hr
vector (375); a fragment of the pNW33n backbone together with the P,,,4 promoter amplified
(using BG14370 and BG14371) from the pWUR_Cas9sp1_hr vector; a fragment of the pNW33n
backbone amplified (using BG14372 and BG14373) from the
pWUR_Cas9sp1_hr vector; the fncasi2a gene was amplified (using BG14374 and BG14375)
from the pFnCpf1_min plasmid; the fragment containing the spacer and repeat were DNA
oligos annealed together (using BG14376 and BG14377).

For the construction of the pFnCas12a_ApyrF-HR_Sp1-3 and pFnCas12a_ApyrF-HR_NT plas-
mids, a 3-part assembly was designed and executed. The parts consist of: the upstream and
downstream flanks of the pyrF gene amplified (using BG15279 and BG15280) from the
pWUR_Cas9sp1_hr vector (315); a fragment of the pNW33n backbone together with the P,y
promoter and the fncas12a gene amplified (using BG15281 and BG15282) from the correspond-
ing pFnCas12a_Sp1/Sp3/NT plasmids; a fragment of the pNW33n backbone together with the
Pyt the repeat and spacer was amplified (using BG15283 and BG15284) from the correspond-
ing pFnCas12a_Sp1/Sp3/NT plasmids.

For the construction of the pEeCas12a_Sp1 and pEeCas12a_NT plasmids, a 2-part assembly
was designed and executed. The parts consist of: The E. coli optimised eecas12a gene ampli-
fied (using BG15839 and BG15840) from the pET28a_EeCas12a vector (NEB) and the pNW33n
backbone along-with the spacer, repeat, P,y,4 and P, amplified (using BG15833 and BG15834)
from the corresponding pFnCas12a_ApyrF-HR_Sp1/NT plasmids. For the construction of the
pEeCas12a_ApyrF-HR_Sp1 and pEeCas12a_ApyrF-HR_NT plasmids, a 2-part assembly was
designed and executed. The parts consist of: The E. coli optimised eecas12a gene amplified (us-
ing BG15839 and BG15840) from the pET28a_EeCas12a vector (NEB) and the pNW33n back-
bone along-with the pyrF gene homologous flanks, spacer, repeat, Py ,4 and P, amplified
(using BG15833 and BG15834) from the corresponding pFnCas12a_ApyrF-HR_Sp1/NT plas-
mids.

B. smithii transformation, colony PCR, genomic DNA isolation and se-
quencing

Plasmids for transforming B. smithii were extracted from E. coli via miniprep isolation (Thermo
Scientific). 75 pL electro-competent B. smithii cells were combined with 1 pg plasmid and trans-
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formed in a 2 mm electroporation cuvettes (2.0 kV, 25 pF and 400 Q) (328). Cells were recov-
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Figure S$7.2| Targeting assays performed with pFnCas12a_Sp1/3/NT plasmids. Results of the targeting experi-
ment showing ODs,, measurements from cultures of B. smithii transformed with pEeCas12a_Sp1 and pEeCas12a_Sp3
plasmids compared to a non-targeting pEeCas12a_NT plasmid and grown between 37-42 °C to evaluate the optimal
temperature for in vivo activity. Average values of four replicates are shown, with error bars representing standard
deviations.
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Figure $7.3| Transformation of FnCas12a editing plasmids in B. smithii ET 13. Agarose gel electrophoresis
showing the results from PCR on single colonies of B. smithii cultures transformed with pFnCas12a_ApyrF-HR_Sp1,
pFnCas12a_ApyrF-HR_Sp3 and pFnCas12a_ApyrF-HR_NT) in two different selection media (TVMY,gu and LB2,gu).
The last 2 lanes are the negative (wild type) and positive (ApyrF) controls, that correspond to 2.9 kb and 2.2 kb long
DNA fragments, respectively.

Figure S7.4|Plasmid curing from B. smithii after successful mutant generation. 1-7 are colonies that grew
only on the plate without antibiotic subjected to colony PCR using plasmid-specific primers. 3 colonies from TVMY g,
plate with antibiotics were used as an “uncured” negative control, B. smithii ET 138 AsigF AhsdR and MQ water were
used as positive controls.
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Figure §7.5| Transformation of FnCas12a editing plasmid in B. smithii ET 138 using the fast method. Agarose
gel electrophoresis showing the results from PCR on single colonies (1-10) of B. smithii cultures transformed with
FnCas12a_ApyrF-HR_Sp1. The last 2 lanes are the positive (ApyrF) and negative (wild type) controls, that correspond
to 2.2 kb and 2.9 kb long DNA fragments, respectively.

..... (C(((eee))))) . Figure S7.6| Cas12a repeat
As UAAUU UC-UU U 20 sequences. Direct repeat
Fn UAAUU UG-UU| U 20 sequences were aligned
Lb UAAUU UAAGU U 21 using LocARNA.
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Cas12a orthologues.

Figure S7.7|Targeting of
B. smithii genome using
pEeCas12a plasmids. LB2
media plates containing
cells transformed with
pEeCas12a_Sp1 compared
to cells transformed
with pEeCas12a_NT after
overnight incubation at
45° C,50° C and 55° C.
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Figure S7.8| Transformation of EeCas12a editing plasmid in B. smithii ET 138 using the fast method. Agarose
gel electrophoresis showing the results from PCR on single colonies (1-3) and (1-6) of B. smithii cultures transformed
with EeCas12a_ApyrF-HR_Sp1 and incubated at 43 "C and 45 °C, respectively. The negative (wild type) and positive
(ApyrF) controls correspond to 2.9 kb and 2.2 kb long DNA fragments, respectively.
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Figure S7.9| Transformation of EeCas12a editing plasmids in B. smithii ET 13. Agarose gel electrophoresis
showing the results from PCR on single colonies of B. smithii cultures transformed with pEeCas12a_ApyrF-HR_Sp1

in two different selection media (TVMY,g, and LB2,g,) and incubated at 43 “C and 45 °C. The negative (wild type) and
positive (ApyrF) controls correspond to 2.9 kb and 2.2 kb long DNA fragments, respectively.
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Table S7.1| Oligonucleotides used in this study.

OligoID  Sequence (5’ - 3’) Description
In vitro activity assays
NEB1 AGAGGCCACAAGTAAAGACTGCAG FW for amplification of the human WTAP target gene with 5° FAM label
NEB2 CCAAAACGTACACCCACAAAAAGGC RV for amplification of the human WTAP target gene
NEB3 CAAUUUCUACUUUUGUAGAUCCACUCACUGCUUUCUCCUC Cas12a guide RNA
NEB4 TTCTAATACGACTCACTATAGAAAGGTAATCGAACTGTGTTTTAGAG  Template for top strand for generation of Cas9 guide RNA
CTAGA
Plasmids for FnCas12a-based targeting of B. smithii genome
BG14368  ATCAGACAAAATGGCCTGCTTATG FW for construction of pFnCas12a_Sp1/2/3/NT plasmids
BG14369  ACTCCTCGTATAACGGTATCC RV for construction of pFnCas12a_Sp1/2/3/NT plasmids
BG14370  ACGATAGACATATAAAGAGAGCGGCC FW for construction of pFnCas12a_Sp1/2/3/NT plasmids
BG14371 CCCCTCACATGCATTTAGGAGTTGT RV for construction of pFnCas12a_Sp1/2/3/NT plasmids
BG14372  ACAACTCCTAAATGCATGTGAG FW for construction of pFnCas12a_Sp1/2/3/NT plasmids
BG14373  TCTAGATTCCTCCCTCAGT RV for construction of pFnCas12a_Sp1/2/3/NT plasmids
BG14374  AAATTTACTGAGGGAGGAATCTAGAATGTCAATTTATCAAGAATTTG  FW for construction of pFnCas12a_Sp1/2/3/NT plasmids
BG14375 TCATAAGCAGGCCATTTTGTCTGATTTAGTTATTCCTATTCTGC RV for construction of pFnCas12a_Sp1/2/3/NT plasmids
BG14376  AAATGGATACCGTTATACGAGGAGTGTCTAAGAACTTTAAATAATTT  FW for construction of pFnCas12a_Sp1/2/3/NT plasmids
CTACTGTTGTAGATAGAATGGACCGGCCATCATCGAAGC
BG14377  GCCGCTCTCTTTATATGTCTATCGTGCTTCGATGATGGCCGGTCCAT RV for construction of pFnCas12a_Sp1/2/3/NT plasmids
TCTATCTACAACAGTAGAAATTATTTAAAGTTCTTAGAC
BG14378 AAATGGATACCGTTATACGAGGAGTGTCTAAGAACTTTAAATAATTT  FW for construction of pFnCas12a_Sp1/2/3/NT plasmids
CTACTGTTGTAGATATTTTCAGAATGGACCGGCCATCATCGAAG
BG14379  GCCGCTCTCTTTATATGTCTATCGTCTTCGATGATGGCCGGTCCATT RV for construction of pFnCas12a_Sp1/2/3/NT plasmids
CTGAAAATATCTACAACAGTAGAAATTATTTAAAGTTCTTAGAC
BG14380 AAATGGATACCGTTATACGAGGAGTGTCTAAGAACTTTAAATAATTT  FW for construction of pFnCas12a_Sp1/2/3/NT plasmids
CTACTGTTGTAGATCATAATGGACCACTGATTCCTCCAG
BG14381  GCCGCTCTCTTTATATGTCTATCGTCTGGAGGAATCAGTGGTCCATT RV for construction of pFnCas12a_Sp1/2/3/NT plasmids
ATGATCTACAACAGTAGAAATTATTTAAAGTTCTTAGAC
BG14382  AAATGGATACCGTTATACGAGGAGTGTCTAAGAACTTTAAATAATTT  FW for construction of pFnCas12a_Sp1/2/3/NT plasmids
CTACTGTTGTAGATGAGTGGATATGGTCAACGTGCATGC
BG14383  GCCGCTCTCTTTATATGTCTATCGTGCATGCACGTTGACCATATCCA RV for construction of pFnCas12a_Sp1/2/3/NT plasmids
CTCATCTACAACAGTAGAAATTATTTAAAGTTCTTAGAC
BG14384  GGTCTGATGCTACTAGGT FW for sequencing the pFnCas12a_Sp1/2/3/NT plasmids
BG14385  ACAGGAAACAGCTATGACC RV for sequencing the pFnCas12a_Sp1/2/3/NT plasmids
BG14386  TTGAGTTAATCCCACAGGG FW for sequencing the pFnCas12a_Sp1/2/3/NT plasmids
BG14387  GCATCGTTGTAACTACATC RV for sequencing the pFnCas12a_Sp1/2/3/NT plasmids

FW: Forward primer; RV: Reverse primer
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Table S7.1| Oligonucleotides used in this study. (continued)

OligoID  Sequence (5’ - 3’) Description

BG14388  TAATACTATTATTGGTGGTA FW for sequencing the pFnCas12a_Sp1/2/3/NT plasmids

BG14389  AGTTCTCAAAATTGAGCT RV for sequencing the pFnCas12a_Sp1/2/3/NT plasmids

BG14390  GCTATCAAGGATCTTTTAGATC FW for sequencing the pFnCas12a_Sp1/2/3/NT plasmids

BG14391  ATTAGCTATTGCCTCTTTAGCTG RV for sequencing the pFnCas12a_Sp1/2/3/NT plasmids

BG14392  CAGGGTAAATTGTACCTA FW for sequencing the pFnCas12a_Sp1/2/3/NT plasmids

BG14393  CTAAAGAACTCTTGAGATTTGC RV for sequencing the pFnCas12a_Sp1/2/3/NTT plasmids

BG14394  GCTAATTGAGAAACTAAAC FW for sequencing the pFnCas12a_Sp1/2/3/NT plasmids

BG14395  TACTCACTGCATGATTTC RV for sequencing the pFnCas12a_Sp1/2/3/NT plasmids

BG8859 GTCTGACGCTCAGTGGAACGA FW for sequencing the pFnCas12a_ApyrF-HR_Sp1/Sp3/NT plasmids

Plasmids for FnCas12a-based editing of B. smithii genome
BG15279  TCACGTTAAGGGATTTTGGTCATGAATGCAGCGATGGTCCGGTG FW for construction of pFnCas12a_ApyrF-HR_Sp1/Sp3/NT plasmids
BG15280  ATTATCCTCAGCTCACTAGCGCCATTATCGGGTTCCCATGTTGTGAT RV for construction of pFnCas12a_ApyrF-HR_Sp1/Sp3/NT plasmids
TCGCC

BG15281 CCGATAATGGCGCTAGTGAGCTGAGG FW for construction ofpFnCas12a_ApyrF-HR_Sp1/Sp3/NT plasmids

BG15282  GCTGCCTGCGGAAGAAAGGGAT RV for construction of pFnCas12a_ApyrF-HR_Sp1/Sp3/NT plasmids

BG15283  ATCCCTTTCTTCCGCAGGC FW for construction of pFnCas12a_ApyrfF-HR_Sp1/Sp3/NT plasmids

BG15284  TCATGACCAAAATCCCTTAACGTGA RV for construction of pFnCas12a_ApyrF-HR_Sp1/Sp3/NT plasmids

BG15263  CATAATCGTCGTCAGTAAGC FW for sequencing of pFnCas12a_ApyrF-HR_Sp1/Sp3/NT plasmids

BG15264  CTGTCAAACCGATTGCGGTG FW for sequencing of pFnCas12a_ApyrF-HR_Sp1/Sp3/NT plasmids

BG15265  GCAATTCATACTGTAATGTG RV for sequencing of pFnCas12a_ApyrF-HR_Sp1/Sp3/NT plasmids

BG15334  GACCTACTGCAAATGCGATTAGGC FW for sequencing of pFnCas12a_ApyrF-HR_Sp1/Sp3/NT plasmids

BG15833  ATCAGACAAAATGGCCTGC FW for construction of pEeCas12a-Sp1/NT and
pEeCas12a_ApyrF-HR_Sp1/NT plasmids

Plasmids for EeCas12a-based targeting and editing of B. smithii genome

BG15834  TCTAGATTCCTCCCTCAG RV for construction of pEeCas12a-Sp1/NT and
pEeCas12a_ApyrF-HR_Sp1/NT plasmids

BG15839 AAATTTACTGAGGGAGGAATCTAGAATGAACGGTAACCGTAGCATCG FW for construction of pEeCas12a-Sp1/NT and
pEeCas12a_ApyrF-HR_Sp1/NT plasmids

BG15840 TCATAAGCAGGCCATTTTGTCTGATTTATTCGTAACGTTTGTTCTGG RV for construction of pEeCas12a-Sp1/NT and

ATG pEeCas12a_ApyrF-HR_Sp1/NT plasmids

BG15869  GCTGGTGTACGCCAGGATTTG FW for sequencing of pEeCas12a-Sp1/NT and
pEeCas12a_ApyrF-HR_Sp1/NT plasmids

BG15870  GATTAGCGAGAAGGCGCTG FW for sequencing of pEeCas12a-Sp1/NT and

FW: Forward primer; RV: Reverse primer

pEeCas12a_ApyrF-HR_Sp1/NT plasmids
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Table S7.1| Oligonucleotides used in this study. (continued)

OligoID  Sequence (5’ - 3’)

Description

BG15871  TTCACGATGTCCTTCTGCG FW for sequencing of pEeCas12a-Sp1/NT and
pEeCas12a_ApyrF-HR_Sp1/NT plasmids

BG15872  CGATCCCGGACGATATCTAC FW for sequencing of pEeCas12a-Sp1/NT and
pEeCas12a_ApyrF-HR_Sp1/NT plasmids

BG15873  GGAAGAAAGGGATGCGGCTG RV for sequencing of pEeCas12a-Sp1/NT and
pEeCas12a_ApyrF-HR_Sp1/NT plasmids

Check primers

BG15558  TCGGGGGTTCGTTTCCCTTG FW for PCR analysis of B. smithii colonies or genomic DNA

BG15559  CTTACACAGCCAGTGACGGAAC RV for PCR analysis of B. smithii colonies or genomic DNA

BG15752  CCTCGCTCGATGATATTCTCG FW #2 for PCR analysis of B. smithii colonies or genomic DNA

FW: Forward primer; RV: Reverse primer

Table S7.2| Plasmids used in this study.

Plasmid Description Primers Source

pNW33n E. coli - Bacillus shuttle vector, cloning vector, CamR - BGSC

pFnCpf1_min Expresses WT FnCas12a (Cpf1) and spacers 1-4 of CRISPR array - Kind gift from Prof. Dr. Feng
under artificial promoter. Zhang

pWUR_Cas9sp1_hr pNW33n with spCas9-module containing spacer targeting the pyrF - (315)

pET28a_EelCas12a
pMiniT-WTAP Exon 8

pET28_FnCas12a
pET28_AsCas12a
pFnCas12a_Sp1
pFnCas12a_Sp2
pFnCas12a_Sp3

pFnCas12a_NT

gene. This plasmid was used as a template for constructing the
FnCas12a and EeCas12a based constructs.

Expresses EeCas12a from a pET28a vector

Contains a fragment of the human WTAP gene used as the target in
the in vitro target cleavage assay

Expresses FnCas12a from a pET28a vector

Expresses AsCas12a from a pET28a vector

pNW33n with FnCas12a module' containing spacer 1 targeting the
pyrF gene in B. smithii ET 138

pNW33n with FnCas12a module' containing spacer 2 targeting the
pyrF gene in B. smithii ET 138

pNW33n with FnCas12a module' containing spacer 3 targeting the
pyrF gene in B. smithii ET 138

pNW33n with FnCas12a module' containing a non-targeting spacer

See Table S7.1

See Table S7.1

See Table S7.1

See Table S7.1

New England Biolabs/this study
New England Biolabs/this study

New England Biolabs/this study
New England Biolabs/this study
This study
This study
This study

This study
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Table S7.2|Plasmids used in this study. (continued)

Plasmid Description Primers Source

pFnCas12a_ApyrF- pNW33n with FnCas12a module' containing spacer 1 targeting the See Table S7.1 This study

HR_Sp1 pyrF gene in B. smithii ET 138 and pyrF- HR flanks

pFnCas12a_ApyrF- pNW33n with FnCas12a module' containing spacer 2 targeting the See Table S7.1 This study

HR_Sp2 pyrF gene in B. smithii ET 138 and pyrF- HR flanks

pFnCas12a_ApyrF- pNW33n with FnCas12a module' containing a non-targeting spacer See Table S7.1 This study

HR_NT and pyrF-HR flanks

pEeCas12a_Sp1 pNW33n with EeCas12a module' containing spacer 1 targeting the See Table S§7.1 This study
pyrF gene in B. smithii ET 138

pEeCas12a_NT pNW33n with EeCas12a module' containing a non-targeting spacer See Table S§7.1 This study

pEeCas12a_ApyrF- pNW33n with EeCas12a module' containing spacer 1 targeting the See Table S7.1 This study

HR_Sp1 pyrF gene in B. smithii ET 138 and pyrF- HR flanks

pEeCas12a_Apyrf- pNW33n with EeCas12a module' containing a non-targeting spacer See Table S7.1 This study

HR_NT and pyrF-HR flanks

' The FnCas12a and EeCas12a module contains fncas12a and eecasi2a genes, respectively, under the
Thermoanaerobacterium saccharolyticum Pyy,4 promoter followed by the crRNA under the B. coagulans Py, promoter.

Table S7.3|Spacer sequences used in the Cas12a gRNAs for targeting Bacillus smithii genome.

Spacer name Strand  (Proto) spacer sequence (5’-3’)

PAM sequence (5-3’)

pyrF gene in B. smithii ET 138 genome

pyrF spacer 1 + AGAATGGACCGGCCATCATCGAAGC
pyrF spacer 2 + ATTTTCAGAATGGACCGGCCATCATCGAAG
pyrF spacer 3 - CATAATGGACCACTGATTCCTCCAG

pyrF non-targeting (NT) spacer GAGTGGATATGGTCAACGTGCATGC

+

TTTC
CTTT
TTTG
CTCG
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Characterising an anti-CRISPR based on/off switch for bacterial genome engineering

ABSTRACT

RISPR—Cas9 technologies have enabled unprecedented efficient genome editing and tran-
‘ scriptional regulation in prokaryotes, allowing for their accelerated exploration and ex-
ploitation. However, tight control of Cas9 expression requires either multi-step approaches,
or synthetic fusions of Cas9 and specific sensor proteins that respond to external stimuli. Here we
harness the function of a small anti-CRISPR protein from Neisseria meningitidis (AcrlICINme) as
natural and direct “on/off-switch” of two thermo-tolerant Cas9 orthologues, from Geobacillus ther-
modenitrificans T12 (ThermoCas9) and Geobacillus stearothermophilus (GeoCas9). We demon-
strate that both ThermoCas9 and GeoCas9 are in vivo active at 37 C and can be used for introduc-
ing dsDNA breaks in E. coli, in a tuneable and spacer-dependent manner. In addition, we show
that AcrlICInme traps in vivo these Cas9 endonucleases in a DNA-bound, catalytically inactive
state, robustly inhibiting targeting and resulting in a transcriptional silencing that is compara-
ble to their catalytically “dead” variants (ThermodCas9 and GeodCas9). Moreover, we describe a
single-vector, tightly controllable and highly efficient Cas9/AcrlIC Inme-based tool for silencing in

bacteria. Altogether, an anti-CRISPR protein has been used to control Cas9-based genome editing
and transcriptional regulation.
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Introduction

INTRODUCTION

and applied (micro)biology. Initially, a range of seminal discoveries (restriction en-

zymes, ligases, polymerases) and pivotal technological advances (Sanger sequencing,
PCR) spurred recombinant DNA technologies, thereby setting the stage for the establishment
of a basic toolkit for precise genetic manipulation (deletion, insertion, substitution) and metabolic
engineering (380). In case of bacteria, efficient genome engineering traditionally hinges on
the endogenous homologous recombination (HR) system and homologous recombination tem-
plates combined with counter-selection systems (pyrF-system, lacZ-system, tdk-hpt system)
or additional recombinase-based systems (Cre-lox system and FLP-FRT system) (371, 381, 382).
However, these methods are laborious, time-consuming, require available selectable markers
and the latter two leave genomic scars that could trigger undesirable chromosomal rearrange-
ments. Alternatively, endogenous or viral recombineering methods (Rac prophage-RecET sys-
tem, phage A-Red system) have been applied in few bacteria, though providing low engineer-
ing efficiencies (252, 383). In addition, group Il intron retrotransposition (ClosTron system,
TargeTron system) has been employed for limited number of bacterial species, albeit often
leading to unstable insertions and polar effects (252, 384-386). Moreover, the mentioned tools
are generally suboptimal for editing the genome of non-model microorganisms with low trans-
formation and recombination efficiencies. Hence, the need for user-friendly, high-throughput
and broad-range genome engineering tools remained.

T he development of genetic engineering tools has been instrumental for fundamental

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs) and CRISPR-associated
(Cas) genes are prokaryotic immune systems that have recently been repurposed as a next-
generation, genome engineering toolset. CRISPR-Cas technology has unprecedentedly given
the means for streamlined genome editing and stringent transcriptional control for model and
non-model industrial workhorses (72, 387, 388) . CRISPR-Cas applications have also spanned
across the detection/tracking/typing and epidemiology of spoilage and pathogenic strains, vac-
cination of fermentative bacteria against phage threats or undesirable plasmid uptake as well
as the development of smart antibiotics and probiotics with improved metabolism and resis-
tance in the gut (283, 387, 389). The integration of the cutting-edge CRISPR-Cas molecular
scissors into the current molecular biology scheme has undeniably provided the impetus for a
rapid, and cost-effective manipulation of industrially attractive organisms.

The popularity of the CRISPR-Cas toolbox originates from its impressive efficiency and sim-
plicity. This versatile genome editing tool relies on only two elements: (i) a Cas endonuclease
(usually from the type 1I-A CRISPR-Cas system of Streptococcus pyogenes strain SF370, Sp-
Cas9) (72, 387, 388) and (ii) a programmable single-guide RNA (sgRNA) molecule (57). The
sgRNA guides the Cas9 nuclease to introduce double-stranded DNA breaks (DSBs) to a de-
sired DNA sequence (protospacer), which is complementary to the exchangeable 5’-end of the
sgRNA (spacer) (49) and flanked downstream by a 3-8nt long conserved motif (protospacer
adjacent motif, PAM) (45, 46). Unlike eukaryotes, Cas9-mediated DSBs are lethal for most
prokaryotes in the absence of a rescuing template, due to the lack or the conditional expres-
sion of an efficient Non-Homologous End Joining (NHE]) repair mechanism (368, 371, 390, 391).
Leveraging this lethality, recent genetic engineering methods interlace Cas9 technology with
HR or recombineering systems, providing a chromosome/plasmid-borne or ss/ds-DNA editing
template, respectively (72, 369, 392). The Cas9 endonuclease either triggers cellular repair mech-
anisms, usually resulting in escape mutants and mixed wild type-mutant genotypes (157, 393,
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394), or serves as a stringent counter-selection system that allows HR to occur before the Cas9-
mediated targeting, though often requiring multiple-plasmid strategies or strictly controlled
promoters (361, 395-397). Due to the absence of well-characterised inducible promoters in
non-model organisms (398), Cas9-based targeting often acts as an extended recombination in-
ducer, leading to lower survival rates and editing efficiencies. As such, there is a tangible need
for tight control of the Cas9-expression through alternative strategies, as has been recently
demonstrated via temperature-based activation of SpCas9 in a moderate thermophile (375),
and through the development of synthetic Cas9 variants regulated by drugs, light or other
external stimuli (399-407).

Intriguingly, several small (50 - 150 amino acids) proteins naturally neutralizing CRISPR-Cas
systems were recently identified in prokaryotic viruses and mobile genetic elements (97, 98, 102,
107, 408-411), launching the now rapidly expanding anti-CRISPR field. Out of the currently
thirty-seven identified anti-CRISPR proteins, ten have been characterised and shown to exhibit
direct interactions with a Cas protein/complex, abolishing DNA cleavage, and thus holding
tremendous promise as natural “off-switches”. Specifically, most anti-CRISPRs hinder DNA-
binding (complete “off-switch”) by association with the Cascade (AcrID1, AcrlF1, AcrlF2, AcrlF4,
AcrlF10) (94, 99, 104, 410, 412, 413), by masking of the PAM-interacting domain of Cas9 (AcrllA2,
AcrllA4) (337, 414-416) or by forcing dimerization of the Cas9 (AcrlIC3) (408, 417). Such proteins
have been successfully applied to limit off-target editing (708, 408, 415), control leaky CRISPR
interference (CRISPRi) (408), and optimize CRISPR-based imaging (408) in human cells as well
as to inactivate a gene drive in budding yeast (418), and to hamper CRISPRi in E. coli (108).
Particularly, two anti-CRISPR proteins, AcrlF3 and AcrlIC1, have attracted interest, due to
their ability to impede DNA cleavage but still permit DNA binding (incomplete “off-switch”),
thereby switching Cas proteins from the catalytically active (targeting) to the catalytically
inactive (silencing) state. AcrlF3 hampers the recruitment of the Cas3 endonuclease to the
DNA-associated Cascade (94, 100) in type | CRISPR-Cas systems. AcrlIC1 binds to the HNH
nuclease domain in certain type I1-C Cas9 systems, obstructing the cleavage of the target DNA
strand, thereby restricting conformational changes necessary for the cleavage of the non-target
strand by the RuvC domain (477). In this way, AcrlIC1 traps Cas9 in a DNA-bound, catalytically
inactive state, resulting in transcriptional silencing of a target gene. The robust inhibition of
Cas9 endonucleases from Neisseria meningitidis (NmeCas9), Campylobacter jejuni (CjeCas9)
and Geobacillus stearothermophilus (GeoCas9) both in vitro and in mammalian cells (408, 417)
by AcrlIC1 from N. meningitidis (AcrllC1ym) has attracted attention for its potential to become
an appealing, broad-range and natural CRISPR/CRISPRi-regulator. However, AcrlIC1ype has
never been employed for bacterial genome engineering.

In this study, we report that the Cas9 orthologues from Geobacillus thermodenitrificans (Ther-
moCas9) and Geobacillus stearothermophilus (GeoCas9), which are functional at a wide tem-
perature range, both efficiently introduce lethal DSBs in the E. coli genome. We demonstrate
that the AcrlIC1yy,e robustly inhibits the nuclease activity of both ThermoCas9 and GeoCas9
in vivo and can be used to silence a chromosomally integrated gfp gene in E. coli in a tun-
able manner. The gene silencing efficiencies of the ThermoCas9/GeoCas9: AcrllC1y;,. com-
plexes is subsequently compared to that of their catalytically inactive ("dead”) counterparts
(GeodCas9, ThermodCas9). Following on these advances, we develop a one-plasmid based,
tuneable silencing system. This sets further directions for the development of a tightly con-
trollable antiCRISPR-based toolkit for sequential silencing and editing in E. coli and other in-
dustrially relevant non-model organisms. This strategy is expected not only to prolong the HR
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Results

phase and thus improve the editing efficiencies in a wide range of microorganisms, but also
circumvent the need of time-consuming construction of distinct plasmid variants for editing
and silencing.

RESULTS

ThermoCas9 and GeoCas9 are active in E. coli

Recently, we characterised in vitro the thermo-tolerant and thermo-active ThermoCas9 en-
donuclease from the type II-C CRISPR-Cas system of the thermophilic Geobacillus thermoden-
itrificans T12 strain (329). We further employed ThermoCas9 to develop the first Cas9-based
genome editing and silencing tools for thermophilic bacteria, readily applicable to mesophilic
bacteria too (329). ThermoCas9 and its catalytically inactive mutant ThermodCas9 were ap-
plied for gene deletion and transcriptional silencing, respectively, in Bacillus smithii ET138
(55 °C) as well as for gene deletion in Pseudomonas putida KT2440 (37 °C) (329). Concurrently,
the closely related GeoCas9 orthologue (88% amino acid identity to ThermoCas9) from the
type 1I-C CRISPR-Cas system of another thermophilic species, Geobacillus stearothermophilus,
was characterised in vitro and employed for in vitro DNA targeting in human plasma (479), for
gene disruption in mammalian cells (479) and for in vivo targeting of viral DNA during E. coli
infection (477). The broad temperature activity range (20-70 °C in vitro), the recalcitrance and
the relatively small sizes of ThermoCas9 and GeoCas9 (Figure S8.1A) could serve as basis for
the development of various genome engineering applications in a broad range of model and
non-model bacteria.

In this study, we started by determining the in vivo DNA targeting efficiency of Thermo-
Cas9 and GeoCas9 at 37 °C. For this purpose, we employed the previously constructed E. coli
DH10B_gfp strain that harbors a genome-integrated gfp gene under the transcriptional con-
trol of the constitutive lacUV5 promoter (Pycuys) (Creutzburg et al, in preparation). The cas9
(thermocas9 or geocas9) genes were cloned separately into the low copy number plasmid pA-
CYC184, under the transcriptional control of the IPTG-inducible tet promoter (P combined
with lac operator, Pieiiac). In the same plasmids, we cloned the lacl gene, under the transcrip-
tional control of the constitutive lac/ promoter (Py), and a sgRNA-expressing module under
the transcriptional control of the synthetic, constitutive promoter P 3170, lacking a ribosomal
binding site (RBS) (Figure 8.1A, $8.1B). Four spacers were introduced separately into the 5’-
end of the sgRNA expressing module of the plasmids. Three of the spacers were targeting either
a protospacer on the non-coding strand close to the start codon of the gfp gene in the genome
of the E. coli DH10B_gfp strain or protospacers in the promoter region of the same gene (Fig-
ure 8.1A), and the fourth spacer was scrambled, not targeting any region in the genome of
the E. coli DH10B_gfp strain (Table S8.1). Two of the spacers (spacers 1 and 2) were corre-
sponding to protospacers with 5>-NNNNCACA-3’ as PAM and the remaining spacer (spacer
3) was corresponding to a protospacer with 5>-NNNNCCAA-3’ as PAM. Both PAM sequences
have been proven to allow ThermoCas9 targeting in vitro (329), while they have not been tested
for GeoCas9. This cloning process resulted in the construction of the pTCas9_Sp1/2/3/scr and
pGCas9_Sp1/2/3/scr series of plasmids (Figure 8.1, Table S8.2). The pACYC184 plasmid and
the ThermoCas9 and GeoCas9 plasmids containing the non-targeting, scrambled spacer were
used as transformation controls. After transformation of the whole series of plasmids to E.
coli DH10B_gfp cells, the ThermoCas9 plasmid bearing the spacer that corresponds to a pro-
tospacer with the optimal PAM for ThermoCas9 (spacer 3) resulted in at least 4 orders of mag-
nitude reduction in the transformation efficiency compared to the control plasmid, even when
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ThermoCas9 was not induced (Figure 8.1B, S8.2A). Moreover, the transformation of the Ther-
moCas9 plasmid harboring spacer 1 that corresponds to a protospacer with a suboptimal PAM
for ThermoCas9-mediated targeting, resulted in transformation efficiency levels similar to the
controls in the absence of ThermoCas9 induction, whereas at maximum ThermoCas9 induction
there was complete loss of transformation efficiency. Notably, no ThermoCas9 activity was ob-
served for the plasmid with spacer 2, even at the highest ThermoCas9 induction. Intriguingly,
even though spacer 1 and 2 target closely located protospacers that have the same PAM, the
targeting efficiencies were completely different. This phenomenon suggests that ThermoCas9
cleavage activity depends not only on the PAM or the location of a protospacer within the
genome but also on the spacer sequence. Regarding GeoCas9 targeting efficiency, the plas-
mids carrying spacers 1 and 2 resulted in transformation efficiencies similar to the controls in
absence of GeoCas9 induction, whilst high GeoCas9 induction resulted in at least 3 orders of
magnitude drop in the transformation efficiency (Figure 8.1C, S8.2B). However, the GeoCas9
plasmid with the spacer 3 caused less than 1 order of magnitude decrease in the transforma-
tion efficiency in all GeoCas9 induction conditions, suggesting that GeoCas9 activity was very
limited when this spacer, or this PAM, was employed. Altogether, these findings demonstrate
that both ThermoCas9 and GeoCas9 are actively targeting the E. coli DH10B_gfp genome, in
a spacer-dependent manner. Nonetheless, stricter control of their cleavage activity would sub-
stantially benefit future genome engineering applications to reach optimal efficiencies.

AcrlIIC1y,,, inhibits ThermoCas9 and GeoCas9 activity in E. coli (dual-
vector system)

Recently, various anti-CRISPR systems, encoded by viral genomes and mobile genetic elements,
were demonstrated to block the targeting activity of CRISPR-Cas systems. The exploitation
of anti-CRISPR proteins for regulating the activity of Cas9 endonucleases during genome engi-
neering applications has the potential to increase the efficiency of these systems. The AcrlIC1
from Neisseria meningitidis (AcrllC1yme) has displayed robust inhibition of GeoCas9-mediated
genome editing in human cells (417), albeit not yet in prokaryotes. Specifically, in vitro studies
showed that AcrlIC1yy,. binds to the active site of the HNH nuclease domain (D587, H588),
trapping GeoCas9 in a DNA-bound but catalytically inactive state (477). The crystal structure
of the GeoCas9 HNH-AcrlIC1yy,. complex showed that AcrlIC1yy,. additionally binds to five
charged residues around the active site (T549, H551, D598, K603, N616), potentially ensuring
the high stability of this inter-protein interaction (477). Some of these five charged residues are
conserved among diverse type |I-C Cas9 orthologues, while others are species-specific. These
findings prompted us to align and compare the HNH domains of GeoCas9 and ThermoCas9.
We observed that all the crucial residues for the association of the ThermoCas9 HNH domain
with AcrlIC1yp,. were identical to the GeoCas9 HNH domain, except for the histidine at po-
sition 551(H551) that was substituted with the non-charged leucine in the ThermoCas9HNH
domain (Figure S8.3). These data suggested that not only GeoCas9 but also ThermoCas9
cleavage activity can be sufficiently blocked by AcrllC1pype.

To evaluate the in vivo efficiency of AcrlIC1yy, to block the GeoCas9 and ThermoCas9 activi-
ties, we repeated the ThermoCas9- and GeoCas9- targeting assays employing an AcrlIC1 -
expressing E. coli DH10B_gfp strain. The employed E. coli DH10B_gfp strain was already trans-
formed with the AcrllC1yme-encoding pAcr plasmid, resulting in the E. coli DH10B_gfp(pAcr)
strain (Figure 8.2A). The pAcr was constructed by cloning the E. coli codon optimised
AcrlICIyme gene in the high copy number pUC19 backbone plasmid under the transcriptional
control of the L-rhamnose-inducible promoter (P..) (Figure 8.2A). This tactic was expected
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Figure 8.1| ThermoCas9- and GeoCas9-based targeting in E. coli DH10B_gfp. (A) Schematic illustration of
the strategy for ThermoCas9- and GeoCas9-based targeting in E. coli DH10B_gfp. The pCas9 plasmid was used for
the expression of the ThermoCas9/GeoCas9 nuclease and its respective sgRNA to target and cleave specific sites on
the genome of E. coli DH10B_gfp. (B) Results of the ThermoCas9-based targeting assays in E. coli DH10B_gfp cells
employing the pTCas9 plasmid series. (C) Results of the GeoCas9-based targeting assays in E. coli DH10B_gfp cells
employing the pGCas9 plasmid series.

to allow for high expression of AcrllC1yy., and thus sufficient inhibition of ThermoCas9 and
GeoCas9 activity upon transformation of the E. coli DH10B_gfp(pAcr) cells with the most
effectively targeting plasmids pTCas9_Sp3 and pGCas9 Sp1 and 2 (Figure 8.2A), as well as
the pTCas9s511_Sp3 plasmid that is similar to the pTCas9_Sp3 plasmid but encompasses the
thermoCas9; 551 gene that codes for the ThermoCas9 551y variant, which harbours the L551H
substitution (Figure $8.4A). Assays were conducted with and without L-rhamnose supplemen-
tation (Figure S8.4A). Strikingly, complete abolishment of the ThermoCas9, ThermoCas9 5511
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and GeoCas9 activity was observed in all cases even without L-rhamnose-based induction of
the AcrlIC1yp. expression (Figure 8.2B,C; S8.4A,B; S8.5A,B), most probably due to leaky
AcrlIC1ype expression at adequate levels for targeting inhibition. Moreover, the presence of
the hydrophobic leucine at the 551 position of the ThermoCas9 sequence, instead of the posi-
tively charged histidine that is present in the GeoCas9 sequence, apparently did not inhibit the
binding of the AcrlIC1ypm, to levels that could reduce the ThermoCas9 inhibition in the current
system. To sum up, in the described dual-vector system AcrlIC 1y presented robust inhibition
of the ThermoCas9-, ThermoCas9,5514- and GeoCas9-based targeting in E. coli DH10B_gfp
cells, in a non-tuneable manner.
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Figure 8.2| AcrllC1yme-mediated inhibition of ThermoCas9- and GeoCas9-based targeting in E. coli
DH10B_gfp (dual-vector system). (A) Schematic illustration of the dual-vector strategy for AcrllC1yme-mediated
inhibition of ThermoCas9- and GeoCas9-based targeting in E. coli DH10B_gfp. The pCas9 plasmid was used for the
expression of the ThermoCas9/GeoCas9 nuclease and its respective sgRNA to target and cleave specific sites on the
genome of E. coli DH10B_gfp (either at the genome-integrated gfp gene or its promoter, PlacUV5). The Cas9-inhibitor
AcrlIC1yme was expressed from the pAcr plasmid in the same strain. (B) Results of the AcrlIC1yme-mediated inhibition
assay of ThermoCas9-based targeting. (C) Results of the AcrlIC1yme-mediated inhibition assay of GeoCas9-based
targeting.

ThermoCas9/GeoCas9:AcrIIC1y,,. complexes mediate gene silencing in
E. coli

In this part of the study, we set off to verify the hypothesis that in vivo binding of AcrlIC 1y, to
the HNH domain of ThermoCas9, and GeoCas9 transforms the enzymes into a DNA-bound but
catalytically inactive form, with similar activity to the catalytically inactive ThermoCas9psa nss2a
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(ThermodCas9) and Geopga nss2a (GeodCas9) variants. For this purpose, we repeated the trans-
formations of the E. coli DH10B_gfp(pAcr) strain with the pTCas9_Sp3 and pGCas9_Sp1 and
2 plasmids. We simultaneously constructed variations of the same plasmids containing the
thermodcas9 and geodCas9 genes instead of the active variants and transformed them to E. coli
DH10B_gfp. We then used the transformation mixtures to inoculate media with a variety of
IPTG concentrations, aiming to achieve different induction levels of ThermoCas9, GeoCas9,
ThermodCas9 and GeodCas9 expression (Figure 8.4), and we executed flow cytometry-based
fluorescence loss assays. The E. coli DH10B(pUC19, pACYC184) and E. coli DH10B(pACYC184)
strains were employed as the no-fluorescence control strains of the assays, while the E. coli
DH10B_gfp(pUC19, pACYC184), E. coli DH10B_gfp(pACYC184), E. coli DH10B_gfp(pAcr, pT-
Cas9_Spscr), E. coli DH10B_gfp(pAcr, pTCas9;ss1n_Spscr), E. coli DH10B_gfp(pAcr, pGCas9-
_Spscr), E. coli DH10B_gfp(pTdCas9_Spscr), and E. coli DH10B_gfp(pGdCas9_Spscr) strains
were used as the fluorescence control strains.

The results of the flow cytometry-based fluorescence loss assays revealed the transcriptional
silencing effect of the ThermoCas9-AcrlIC1N,. complexes. The fluorescence intensity of the
E. coli DH10B_gfp_AcrlIC1ym cells transformed with the pTCas9_Sp3 plasmid, under non-
induced conditions, was ~77% less than the detected fluorescence intensity for the E. coli
DH10B_gfp(pAcr, pTCas9_Spscr) control strain (Figure 8.3A, S8.6A). When ThermoCas9 ex-
pression was induced with 1 - 50 pM IPTG, a gradual decrease of the GFP signal was ob-
served, while IPTG concentrations = 50 pM resulted in complete loss of fluorescence. Simi-
lar results were obtained when the E. coli DH10B_gfp(pAcr) cells were transformed with the
pTCas9iss11_Sp3 plasmid, suggesting that the stability of the ThermoCas9-AcrlIC1ype com-
plex is not significantly impaired by the lack of a positively charged amino-acid at the residue-
position 551 of the protein. In comparison, after transformation of E. coli DH10B_gfp cells
with the pTdCas9_Sp3 plasmid under non-induced conditions, absolute fluorescence loss was
observed (Figure 8.3B, S8.8A). Hence, the ThermoCas9-AcrlIC1ype, and the ThermoCas9yss11-
AcrllC1ym. complexes mediated silencing of the gfp gene with the same efficiency as Thermo-
dCas9 at higher induction levels, while at lower induction levels there was a narrow window
of gradual repression.

The results of the flow cytometry-based fluorescence loss assays based on the GeoCas9-related
constructs revealed more tunable transcriptional silencing effects compared to the ThermoCas9-
related constructs. After transformation of E. coli DH10B_gfp(pAcr) cells with the pGCas9_Sp1
and 2 plasmids separately and in absence of IPTG-based GeoCas9 expressional induction, the
detected fluorescence intensity was reduced by ~21% (spacer 1) and ~29% (spacer 2) compared
to the detected fluorescence intensity for the E. coli DH10B_gfp(pAcr, pGCas9_Spscr) control
strain (Figure 8.3C, S8.7A). When GeoCas9 expression was induced with 1 - 50 pM IPTG,
a steady reduction of the fluorescence intensity was observed by ~84% (spacer 1) and ~68%
(spacer 2) of the fluorescence intensity obtained by E. coli DH10B_gfp(pAcr, pGCas9_Spscr) at
50 uM IPTG induction. No further fluorescence loss was observed at >50uM IPTG induction
concentrations. In comparison, after transformation of E. coli DH10B_gfp with the pGdCas9_Sp1
and 2, separately and in absence of induction of GeodCas9 expression, the fluorescence inten-
sity was decreased by ~27% (spacer 1) and ~45% (spacer 2) compared to the fluorescence inten-
sity detected in the E. coli DH10B_gfp(pGdCas9_Spscr) control strain (Figure 8.3D, S8.8B).
When the GeodCas9 expressionwas induced with 1-50 pM IPTG, a progressive reduction of
the fluorescence intensity was observed, being reduced by ~89% (spacer 1) and ~91% (spacer
2) of the fluorescence intensity obtained by the E. coli DH10B_gfp(pGdCas9_Spscr) control
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strain at 50 pM IPTG induction. No further fluorescence loss was observed at >50uM IPTG
induction concentrations. Therefore, the GeoCas9-AcrlIC1yy,. complex mediated silencing of
the gfp gene with efficiency similar to GeodCas9 for the spacer 1. However, regarding spacer
2, GeodCas9-based silencing resulted in 20% higher loss of fluorescence intensity compared to
the GeoCas9-AcrlIC1y,. complex-based silencing. Therefore, the silencing efficiencies of the
GeoCas9-AcrlIC 1y, complex and the GeodCas9 were proved to be spacer-dependent but still
relatively comparable.

In addition, we repeated the flow cytometry-based fluorescence loss assays for the E. coli
DH10B_gfp(pAcr) strain transformed with the pTCas9_Sp3, pTCas9,s511_Sp3, and pGCas9_Sp1
and 2 plasmids, this time inducing the expression of AcrlIC1N,. via L-rhamnose supplemen-
tation. Notably, no substantial difference was observed in the results of these assays com-
pared to the assays without L-rhamnose supplementation (Figure S8.6B, S8.7B). Moreover,
single cell populations were always observed for all the previously described flow cytometry-
based fluorescence loss assays (Figure $8.9), indicating the uniform effect of the tool to all the
cells. Furthermore, we repeated the described fluorescence loss assays employing a spectro-
photometer-based approach obtaining similar outcomes (Figure S8.10, S8.11, $8.12).

ThermoCas9/GeoCas9-AcrIIC1yy,.-based targeting and targeting inhibi-
tion in E. coli (single-vector system)

To simplify our system by minimizing the number of employed plasmids, we designed and
developed a single-plasmid system for ThermoCas9/GeoCas9-AcrCll1N,.-mediated targeting
and targeting inhibition in E. coli. To this end, we added the E. coli codon-optimised AcrlICInme
gene under the transcriptional control of the L-rhamnose-inducible promoter (P,4,) to the pre-
viously used pTCas9_Sp1/2/3/scr and pGCas9_Sp1/2/3/scr. We repeated the ThermoCas9- and
GeoCas9- targeting assays in the E. coli DH10B_gfp strain using the pAcr_TCas9_Sp1, pAcr_T-
Cas9_Sp1/2/3/scr,and pAcr_GCas9_Sp1/2/3/scr constructs (Figure 8.4A). The pAcr_TCas9_Spscr,
pAcr_GCas9_Spscr, and the pACYC184 plasmids were used as negative controls.

To assess the efficiency of the ThermoCas9 targeting inhibition using the single plasmid system,
experiments similar to the targeting assays were conducted. Initially the experiments were con-
ducted without L-rhamnose supplementation and hence without induction of the AcrlIC1 .
expression (Figure 8.4B, $8.13A). The transformation efficiency of the E. coli DH10B_gfp cells
was reduced by an order of magnitude when transformed with the pAcr_TCas9_Sp3 plasmid
without IPTG-based ThermoCas9 induction. However, when the expression of ThermoCas9
was induced by supplementing 100 pM IPTG, the transformation efficiency was null. The trans-
formation efficiencies of the cells transformed with the pAcr_TCas9_Sp1and pAcr_TCas9_Spscr
plasmid, in the absence of ThermoCas9 induction, were similar. A progressive reduction and
an absolute loss of the transformation efficiency was observed when cells transformed with the
pAcr_TCas9_Sp1 plasmid were supplemented with 100 pM and 1000 pM IPTG respectively. On
the contrary, no loss of transformation efficiency was detected for the cells transformed with
pAcr_TCas9_Sp2 plasmid, even upon supplementation with 1000 uM IPTG. Subsequently, the
whole set of experiments was repeated by supplementing the culture medium with 0.2% (w/v)
L-rhamnose for induction of the AcrlIC1yp expression (Figure 8.4B, S8.13A). The transfor-
mation efficiency of the cells transformed with the pAcr_TCas9_Sp3 plasmid increased, when
compared to the corresponding experiments without L-rhamnose supplementation, by one or-
der of magnitude in the absence of IPTG supplementation and by three orders of magnitude
with 100 pM IPTG supplementation (Figure 8.4B, S8.13A). Interestingly, there was no loss of
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Figure 8.3| Comparison of the ThermoCas9/GeoCas9:AcrlIC1nme-based and the ThermodCas9/GeodCas9-
based silencing in E. coli DH10B_gfp (flow cytometry-based fluorescence loss assays). (A)
ThermoCas9:AcrllC1yme-mediated silencing/fluorescence downregulation assays in E. coli DH10B_gfp cells
harbouring either the pTCas9_Sp3 or the pTCas9_Scr vectors. (B) ThermodCas9-mediated silencing/fluorescence
downregulation assays in E. coli DH10B_gfp cells harbouring either the pTdCas9_Sp3 or the pTdCas9_Scr vectors. (C)
GeoCas9:AcrlIC1yme-mediated silencing/fluorescence downregulation assays in E. coli DH10B_gfp cells harbouring ei-
ther the pGCas9_Sp1 or the pGCas9_Sp2 or the pGCas9_Scr vectors. (D) GeodCas9-mediated silencing/fluorescence
downregulation assays in E. coli DH10B_gfp cells harbouring either the pGdCas9_Sp1 or the pGdCas9_Sp2 or the
pTdCas9_Scr vectors. The E. coli DH10B_gfp and the E. coli DH10B strains carrying the empty pACYC184 vector
were used as the positive -fluorescence- control (PC) and the negative -no-fluorescence- control (NC) respectively for
all the above described assays.

transformation efficiency for the cells transformed with pAcr_TCas9_Sp1 and supplemented
with L-rhamnose, even when 1000 pM of IPTG was used for the ThermoCas9 induction.

We proceeded with the assessment of the GeoCas9-based targeting inhibition efficiency using
the single plasmid system. The transformation efficiencies of E. coli DH10B_gfp cells with the
pAcr_GCas9_Sp1 and 2 plasmids exhibited similar efficiencies as the transformation efficien-
cies of the cells transformed with the pAcr_GCas9_Spscr (negative control) in the absence of
the GeoCas9 induction (Figure 8.4C, S8.13B). On the contrary, when using 100 pM and 1000
M of IPTG for induction of the GeoCas9 expression, the transformation efficiencies dropped
~2 orders of magnitude (Figure 8.4C, S8.13B). When we repeated these experiments by sup-
plementing the culture medium with 0.2% (w/v) L-rhamnose, for induction of the AcrlIC1ype
expression, the transformation efficiencies of the cells transformed with pAcr_GCas9_Sp1 and
2 were similar to the control levels (Figure 8.4C, $8.13B). These findings imply that it is possi-
ble to achieve ThermoCas9/GeoCas9-AcrllC1yme- mediated targeting and targeting inhibition
in a spacer-dependent and tuneable manner using a single plasmid system.
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Figure 8.4|AcrllC1yme-mediated inhibition of ThermoCas9- and GeoCas9-based targeting in E. coli
DH10B_gfp (single-vector system). (A) Schematic illustration of the single-vector strategy for AcrlIC1pme-
mediated inhibition of ThermoCas9- and GeoCas9-based targeting in E. coli DH10B_gfp. The pAcrCas9 plasmid was
used for the expression of the ThermoCas9/GeoCas9 endonuclease guided by the sgRNA to target and cleave spe-
cific sites on the genome of E. coli DH10B_gfp. The Cas9-inhibitor, AcrllC1yme, was additionally expressed from the
same plasmid. (B) Results of the ThermoCas9:AcrlIC1yme-based targeting-inhibition assays. (C) Results of the
GeoCas9:AcrlIC1yme-based targeting-inhibition assays. The results for the assays that the AcrlIC1yme expression was
induced with L-rhamnose supplementation are represented with light colors.

DiscussioN

In this study, we demonstrate that the thermostable ThermoCas9 and GeoCas9 endonucleases
are highly active in vivo at 37 °C and introduce lethal DSBs to the E. coli genome in a spacer-
dependent manner. Moreover, the developed Cas9 systems had tuneable targeting efficiencies,
as the general trend for efficiently targeted spacers was that upon ascending ThermoCas9 and
GeoCas9 expression levels, the E. coli transformation efficiencies were proportionally descend-
ing. We also report that the AcrllC1yp. protein efficiently hinders the DNA targeting activity
of ThermoCas9 and GeoCas9, trapping them in a DNA-bound and catalytically inactive condi-
tion. It was also shown that the ThermoCas9/GeoCas9-AcrlIC1y,,. complexes can efficiently
knock-down the in vivo transcription of a targeted gene, in this study of the gfp gene, and the
silencing effect was proved to be spacer-dependent, tuneable and comparable to the silencing
effect of the catalytically inactive ("dead”) variants ThermodCas9 and GeodCas9, for the same
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targets. Finally, we created a single-vector-based, highly efficient Cas9/AcrlIC1yp.-based ap-
proach for tuneable bacterial genome targeting and targeting inhibition, and we envision to
further explore the potential of this tool by developing a tightly controllable sequential bacte-
rial silencing and editing tool.

The vast majority of the currently developed Cas9-based bacterial genome editing tools are
based on the introduction of the desired modifications in a genome via double cross over events
of plasmid-borne homologous recombination (HR) templates, followed by Cas9-based counter-
selection of the non-mutated cells (72, 387, 388). The limitation of this approach, for the major-
ity of microorganisms, is that the Cas9-based introduction of lethal DSBs often precedents the
incorporation of the desired modifications in a genome, resulting in the dramatic reduction of
the surviving mutant number. This can be attributed either to the lack of tightly controlled pro-
moter systems for the microorganisms or to low native HR efficiencies. A solution employed
for bacteria with more than 1 plasmid in their genetic toolbox follows a two-step approach.
The cells are initially transformed with a plasmid that carries the HR flanks, then cells that
have incorporated the plasmid via a single cross over (SCO) event are selected and retrans-
formed with a second plasmid that carries the cas9 gene and is responsible for the elimination
of the non-mutated cells. In this context, a highly controllable and generally applicable Cas9
expression system would be valuable for the development of an “all-in-one plasmid” system,
without simultaneously compromising the tool’s efficiency. For this purpose, we aim to create
a system for which the thermocas9 or geocas9 gene, the AcrlICIym. gene and the HR flanks
that carry the desired modifications will be introduced into the same plasmid. In this system,
the thermocas9 or geocas9 gene can be set under the transcriptional control of a constitutive,
species-specific promoter, while a ribozyme with induced self-splicing capacity can be inserted
into the selected cas9 gene, disrupting its coding sequence. The probable expressional leaki-
ness of the ThermoCas9 or GeoCas9 expression in the absence of the splicing inducer, which
can still be enough to efficiently introduce lethal DSBs, will be counteracted by AcrlIC 1y, the
gene of which will also be under the transcriptional control of a constitutive promoter. This
system will allow for efficient introduction of the desired modifications into the genome via HR
of the plasmid-borne HR template. Subsequently, the splicing inducer supplementation will re-
sult in the maturation of the thermocas9 and geocas9 mRNAs, leading to ThermoCas9/GeoCas9
expression levels that prevail over the antiCRISPR-mediated inhibition, allowing the endonu-
clease to act as a stringent counter-selection system. We plan to establish the proof of principle
approach in E. coli and further use the tool for editing other microorganisms.

Harnessing the flexibility of the here described antiCRISPR-based technology, this system may
be further programmed for base-editing purposes that enable gene inactivation in prokary-
otes, without the need of repair templates or sacrifice of the transformation efficiency. In-
spired by the creation of premature stop codons in the genome of E. coli (420, 427), Brucella
melitensis (421), Staphylococcus aureus (422), Corynebacterium glutamicum (423), and several
Pseudomonas species (294) employing a fusion o