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141 A historical approach to biotechnology

Human beings have unknowingly benefited from the use of biotechnology since prehistorical
times. The use of microorganisms, and specifically yeast, to produce fermented products like
beer or wine can be traced back to different historical moments and has been linked to the
settling down of nomadic civilizations (7). For instance, there is archaeological evidence of
cereal-based beer production in stone mortars from the Middle East (11,750 — 9,750 BC) (2),
of rice beer production in East Asia (7,050 — 6,750 BC) (3), and of wine in the South Caucasus
region (6,000-5,800 BC) (4). Neolithic agricultural civilizations considered fermentations to
be spontaneous processes and their products, to be gifted by Gods (2, 5).

In 1775, the term “yeast” was used for the first time to describe the “existing bodies in the liquid
during fermentation, which float on the surface and later sink to the bottom” by Krinitz (6).
Several authors contributed to describe the morphology of these bodies and their replicative
and vegetative nature during the 18™ and 19 centuries (7). However, it was not until 1857 when
Louis Pasteur demonstrated the direct participation of microorganisms in fermentation processes
and associated each fermentation to a specific organism. Improvement of fermentation
processes was then possible by means of isolating the microorganisms in charge of each type
of fermentation, by implementing sterile procedures and avoiding contamination. Isolation of
yeast was not possible until 1883, when Emil Christian Hansen isolated the yeast responsible
for beer production, Saccharomyces carlsbergensis (8). The publication of the method he used
allowed for the establishment of an isolation method for other yeasts. This eventually resulted
in the achievement of a pure culture of Saccharomyces cerevisiae (also known as baker’s yeast),
undoubtedly the most widely used yeast for both fundamental studies and industrial applications
(9). Throughout the years, an extended amount of knowledge was accumulated on the biology
of S. cerevisiae, leading to considering this organism as a model yeast.

In 1917, the term biotechnology was introduced for the first time by the Hungarian engineer
Karl Erkey (10). Biotechnology can be defined as “the use of living things, especially cells
and bacteria, in industrial processes” or “the use of living organisms or their products to
modify or improve human health and human environment” (7). Subsequent discoveries during
the 20™ century, such as penicillin by Alexander Fleming (1928), broadened the knowledge
on the ability of microorganisms to produce useful products for human beings. Based on
these discoveries, we nowadays benefit from natural producers such as Aspergillus niger for
citric acid production (12), S. cerevisiae for bioethanol production (73, 74) or Corynebacterium
glutamicum for amino acid production (75).

1.2 The impact of genetics in industrial biotechnology

Natural producers of compounds of interest are widely used in the biotechnological industry
because of their tolerance to the product of interest and their innate ability to produce it.
However, production levels of these compounds are often limited by the nature of the producers
or the ability to cultivate them in industrial settings. Advances in the genetics field during the 19t
and 20™ centuries have certainly boosted progress of biotechnological processes.
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Contemporarily to the discoveries of Pasteur on the role of microorganisms in fermentation
processes, in 1865, Gregory Mendel (1822-1884) established the existence of “factors of
heredity” related to observable traits. Mendel also described how these factors, which we
currently refer to as “genes”, were passed from generation to generation (76). Sadly, his
observations were shadowed until 19900, when three scientists independently re-discovered
Mendel’s laws and prepared the fundaments for the Mendelian community. Two years later,
also based on several studies on the morphology of chromosomes conducted in the end of the
19" century, it was proposed that chromosomes could bear these Mendelian factors. However,
the morphological nature of the described chromosomes and genes did not occur until the
1940s (17), when experimental observations by Oswald Avery and colleagues connected
purified nucleic acids to the genes (77). In 1953, James Watson and Francis Crick, thanks to
the essential work of Rosalind Franklin (18), finally resolved the structure of DNA (79). This
remarkable event unleashed a series of discoveries in the field of molecular biology during
the second half of the 20" century. Among them, the central dogma of molecular biology was
described (20), the genetic code was deciphered (27) and the technology of recombinant DNA
was born in the 1970s (22). All these initial discoveries were then substantially improved with
the invention of PCR and other molecular biology techniques (23). Nowadays, automated DNA
sequencing and improved computational tools allow the deciphering of complete genomes,
helping the characterization of the metabolic networks required to produce interesting
biotechnological compounds.

1.3 From natural producers to engineered cell factories

Undoubtedly, advances in genetics throughout the 19" and 20" centuries have allowed us to
boost biotechnological production of industrial compounds. During this time, natural producers
of biotechnological compounds have also been characterized to reveal the metabolic routes
that support their production processes. For instance, S. cerevisiae was characterized as
natural producer of ethanol through fermentation. Natural producers have also been subjected
to iterative mutagenesis approaches (24) or adaptive laboratory evolution to increase
production titers or tolerance to high product levels (25). In the case of S. cerevisiae, this
has led to obtaining improved bioethanol producers which are also more tolerant to high
temperatures or stress conditions (26). However, simultaneous improvement of multiple traits
is a complex task, as improvement of certain traits often affects other interesting features.

Thanks to the acquired knowledge in the fields of metabolism, genetics and molecular biology,
genetic modification of natural producers of biotechnological compounds was possible. The
use of genetic engineering tools for the rational modification of the metabolism of organisms
is defined as metabolic engineering. The main objective of this discipline is to produce
specific metabolites with high yields (27). Implementation of iterative rational modifications,
strain building, and phenotype characterization and assessment cycles resemble classical
Design-Build-Test-Learn (DBTL) cycles. These DBTL cycles are frequently used in engineering
disciplines, and now also in synthetic biology (28). In fact, metabolic engineering approaches
are focused on the elimination of by-products, the broadening of substrate ranges (29) and
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the engineering of stress tolerance strategies (29-37). At the same time, they also allow the
incorporation of complete metabolic networks in heterologous hosts to expand the product
range (32, 33). In this way, besides its classical use in the production of alcoholic beverages,
food or glycerol (33), S. cerevisiae is now being used for the production of bioethanol, chemical
building blocks and pharmaceuticals (34).

Both for genetic improvement of natural producers and the use of non-native hosts for
heterologous production of biotechnological compounds, incorporation of non-native DNA
or modification of native DNA is required. The heterologous expression of non-native pathways
could be sustained by using extra-chromosomal DNA (i.e., centromeric or episomal plasmids).
However, chromosomal integration by homologous recombination (HR) is generally preferred
in an industrial context because of the inherent instability of plasmid vectors, and to avoid the
need for continuous selective pressure to maintain the plasmids (33). Efficient genome editing
tools are thus required to modify the genome of biotechnological producers. These tools are
essential to decrease the time in the building step of DBTL cycles. Moreover, they should
allow the use of non-model organisms with interesting characteristics as cell factories (35).

1.4 Classical targeted genome modification in yeast

The modifications required for metabolic engineering approaches include: (i) the addition of
new DNA fragments (knock-in), (ii) the modification of already existing genomic DNA sequences
(mutations), or (iii) the deletion of complete genomic sequences (knockout). These approaches
are used to re-direct metabolic fluxes, engineer co-factor dependency, avoid the formation of by-
products, orimplement heterologous metabolic pathways, enzymatic or transport activities (36, 37).

Genome modification of S. cerevisiae and other yeasts is based on the activity of DNA repair
pathways. Upon the event of a double strand break (DSB), two main different pathways can
be activated to repair the damaged DNA: the homology direct repair (HDR) pathway and the
non-homologous end-joining (NHEJ) pathway. The activity of the first pathway is exploited
by the supply of synthetic repair fragments (homologous regions that flank the desired
genetic edit) that will recombine and integrate the provided heterologous DNA, while NHEJ
is an error-prone repair system that can lead to the incorporation of deletions or insertions
at the repaired site (38, 39). Ideally, integration constructs are directed to target locations
in the genome based on the homologous recombination (HR) activity of the HDR pathway.
In S. cerevisiae, the HDR pathway is highly active and DNA fragments can be recombined
into targeted genomic locations which only carry 30-50 base pair (bp) homology regions.
However, this high activity of the HDR pathway is not representative for other yeasts such as
Yarrowia lipolytica or Kluyveromyces marxianus (40). In these organisms, low transformation
efficiencies are the first limiting step in the achievement of genome-edited strains. Secondly,
the high activity of the NHEJ pathway limits the HR recombination events by the HDR pathway
(41, 42). Therefore, targeted integration of DNA fragments in non-model yeasts requires the
use of longer homologous regions, whose length can vary from several hundreds to several
thousands of base-pairs (43). Finally, the high activity of the NHEJ pathway may result in
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random integration of supplied DNA fragments. Therefore, these series of obstacles altogether
hinder the screening process to obtain mutants with the desired integration products in
several industrially-relevant yeasts (44). In some instances, random integration approaches
of heterologous DNA (using NHEJ or transposons) have been used in metabolic engineering
strategies (40). However, characterization of the integration event(s) and evaluation of the
phenotype of the obtained strains are required to exclude any potential disruption of important
genes, making the process laborious and therefore not convenient in strain building programs.

All the above-mentioned homologous recombination events require the use of selection
markers in the integration constructs. The use of amino acid biosynthetic enzymes as markers
is widely employed among auxotrophic laboratory strains, while it is not commonly used
in industrial set-ups (45). In this context, dominant drug-resistance markers are used due
to the prototroph nature of industrial strains. However, a limited number of drug-resistance
markers are available for each species, resulting in the need of recycling markers between
consecutive transformation rounds (46). Moreover, the use of drug-resistance markers and
incorporation of heterologous DNA qualifies the obtained strains as genetically-modified
organisms (GMOs), further limiting their use in specific industrial set-ups. For these reasons,
scientists have developed alternative methods to generate clean or almost clean genome
modified organisms and help in the elimination of selection markers from genomic locations
(44). Some of the methods developed for S. cerevisiae include the use of the Cre-/ox system,
which leaves a small scar on the genome after use (47) or the use of the delitto perfetto
technique (48), that allows to obtain clean knockouts (Figure 1.1). Still, these systems require
multiple transformation and marker selection rounds or leave scars in the genome that can

contribute to genome instability (44).

A way to increase targeted modification efficiencies is by introducing double strand breaks
(DSBs) in the DNA in a targeted manner. DNA sequence-specific binding proteins, such as
Zinc fingers (ZFs) or transcription activator-like effectors (TALEs), have been fused to the Fokl
endonuclease to be used as Zinc fingers nucleases (ZFNs) (49) or transcription activator-like
effector nucleases (TALENS), (50, 57). The Fokl endonuclease works as a dimer and, therefore,
a pair of ZFNs or TALENs are required to target opposite DNA strands of the same target
site to introduce a DSB. ZFs recognize trinucleotide sequences in a specific and context-
dependent manner, while TALENs can recognize single nucleotides (52, 53). Therefore, by
independent combination of multiple ZF or TALE domains fused to a Fokl endonuclease, long
DNA sequences can be targeted. This approach has been used to enhance homologous
recombination in yeast upon the introduction of double strand breaks (DSBs) in a targeted
manner (54) and can be used to generate clean knockouts. However, programming these tools
to cleave new targets requires protein design and subsequent laborious genetic engineering
to adjust the specificity of the DNA binding proteins, which limits the wide applicability of these
tools. In the last decade, a new group of tools have been developed based on CRISPR-Cas
systems, which has revolutionized genome editing.
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A Use of markers
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Figure 1.1. Targeted genome editing strategies used in Saccharomyces cerevisiae and other non-model
yeasts for deletion or integration of DNA fragments. (A) Use of markers. This strategy is used for both
integration of foreign DNA fragments (left) or deletion of genome sections (right). Heterologous fragments
containing the gene of interest (GOI) are provided with homologous regions to the DNA. The size of these
homologous regions varies depending on the organism, from 50 bp in S. cerevisiae to several hundreds
or thousands of base pairs in some non-model yeasts. Heterologous DNA contains a marker for which
selection is applied. (B) Cre-lox or FLP/FRT. This strategy can be used for both integration of foreign DNA
fragments (left) or deletion of genome regions (right). Heterologous DNA is integrated by homologous
recombination and selected through cultivation on selective conditions. Expression of a recombinase
(Cre or Flippase (FLP)) allows recombination between short recognition sites (loxP or FRT, respectively).
After recombination, a small scar remains in the modification site. (C) Delitto perfetto technique. This
method can be used for the deletion of genomic sequences and introduction of point mutations. DNA
is first incorporated by homologous recombination into the target site. This DNA harbors a reporter (RE)
and a counter selection gene (CO). First, recombination individuals are grown under selective conditions
for expression of the reporter (RE) gene. Then, deletion of the targeted genomic site by recombination of
small DNA fragments is promoted by cultivation in counter-selection conditions. Recombination fragments
can contain single point mutations (symbolized with “ * ”). (D) Use of zinc finger nucleases (ZFNs) or
transcription activator-like effector nucleases (TALENSs). ZFs recognize nucleotide triplets and fusion of
multiple ZFs allows for recognition of longer DNA sequences. On the other hand, TALEs recognize single
nucleotides and fusion of multiple TALEs allows for recognition of longer DNA sequences. Addition of a
Fokl nuclease domain to ZFs or TALEs forms ZFNs and TALENSs, respectively. Dimerization of two Fokl
domains is required for introduction of double strand breaks (DSBs) in the DNA. Therefore, a pair of ZFNs
or TALENSs are required to target complementary DNA strands for the introduction of DSBs. DSBs are
then repaired by classical DNA repair pathways: homology directed repair (HDR) or non-homologous end
joining (NHEJ). The activity of the HDR pathway is required for integration of homologous DNA fragments
following this strategy.<<

1.5 The CRISPR-Cas era

CRISPR-Cas systems are adaptive immune systems that protect archaea and bacteria from
invading viruses, plasmids or other types of mobile genetic elements (MGEs) (55, 56). These
systems consist of clustered regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-associated (Cas) proteins. These two elements are often located adjacent to each
other.

The first evidences pointing to the use of CRISPR-systems for adaptive immunity against
foreign genetic elements were inferred from the identification of viral sequences in CRISPR
spacers by bioinformatic analyses (57-60). Later, through phage-infection experiments, it
was proven that acquisition of fragments of the invading DNA into the CRISPR array confers
resistance to the invading phage (55). CRISPR-Cas systems are able to store information about
previous infection events in their CRISPR arrays, by means of the incorporation of short DNA
sequences originating from the invader elements (called “spacers”) between repeated and
often palindromic sequences (the “repeats”) (55, 67). Thus, CRISPR-Cas systems function
as adaptive immune systems over the course of three stages: adaptation, expression, and
interference (62-65).

In the adaptation stage, Cas proteins identify the invading DNA and incorporate new invader-
derived sequences into the CRISPR array. Cas1and Cas2 are the main representative proteins

|A



16

CHAPTER 1

for this function in CRISPR-Cas systems and are present in almost all CRISPR-Cas systems
(66). CRISPR arrays are preceded by leader sequences that contain motifs for the adaptation
stage. Integration of new spacers into the CRISPR array derives from a duplication event of
the leader-proximal repeat, which confers a directionality to the array (66). Moreover, these
leader sequences also contain promoters that drive transcription of the CRISPR array into a
long precursor CRISPR RNA (pre-crRNA) during the expression stage (67). This pre-crRNA is
then processed into mature short crRNAs with the aid of other host or dedicated Cas proteins
with RNase activity (68—70). In some cases, transactivating CRISPR RNAs (tracrRNA) (71, 72) or
short-complementarity untranslated RNAs (scoutRNA) (73) are also required in the maturation
step. Each mature crRNA bears a spacer sequence that guides the sequence-recognition
antiviral response (68) and a part of the CRISPR repeat.

In the interference stage, the crRNA (bearing the spacer sequence) combines with one
or multiple Cas proteins to form active Cas-crRNA complexes. Sometimes, tracrRNA or
scoutRNA sequences are also required for the targeting activity. These ribonucleoprotein
(RNP) complexes then scan the cell in search of protospacer/target sequences that match the
spacer sequences contained in the crRNAs. For these systems to be efficient defense systems,
it is imperative that they are able to differentiate between foreign and native DNA. To avoid
self-targeting of the spacer sequences contained in the CRISPR arrays, the recognition of a
CRISPR-subtype characteristic protospacer adjacent motifs (PAMs, present in invader DNA,
but not in CRISPR array on host genome) is first required. Upon identification of the required
PAM, a conformational change in the Cas/crRNA complex is promoted, which allows unwinding
of the target DNA and the initiation of an R-loop formation by hybridization of the crRNA to the
protospacer (74). Upon successful base-pairing of the crRNA with its cognate target, the Cas
protein(s) of the RNP complex generally proceed(s) with degradation of the targeted nucleic
acid (64, 71, 75).

1.6 Classification of CRISPR-Cas systems

The continuous arms race between prokaryotes and their specific viruses or invading
MGE promotes plasticity of CRISPR-Cas systems over evolution. Mining of genomic and
metagenomic sequences has uncovered the existence of a wide variety of CRISPR-Cas systems
(76, 77). At present, these systems are classified into 2 classes, each with 3 types thatinclude
many subtypes. The classification is based on relevant structural and mechanistic features
of the CRISPR-Cas systems (78). Class 1 systems include multi-subunit protein (Cascade-like)
effector complexes that coordinate their activity to target nucleic acids. On the other hand,
Class 2 systems are represented by single multi-domain effector proteins. Class 1 and class
2 are further subdivided into types |, lll and IV and types I, V and VI, respectively (Figure 1.2).
Type |, Il and V target DNA (with some exceptions), whereas type Ill and VI target RNA (79, 80).
In addition, many cases of non-specific collateral cleavage have been described for types lll,
V, VI and eventually type | (87), the biological function of which is to induce dormancy or even
death of the infected host cell, as a final attempt to avoid further spread of the pathogenic
MGE throughout the population.
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1.7 Use of CRISPR-Cas systems as genome editing tools in yeast

In the last decade, class 2 CRISPR-Cas systems have been repurposed as genome editing
tools in a wide variety of organisms due to their effector module simplicity. By re-programming
the sequence of the spacer part of the crRNA, class 2 effectors can be directed to specifically
introduce DBSs in target genomic locations (77, 82). This in turn activates DNA repair pathways
and promotes the targeted integration of DNA fragments into specific locations. Among class
2 effectors, the type II-A effector Cas9 has been widely adopted as genome editing tool and
used in many organisms (77, 82, 83). Cas9 requires the action of host RNase Ill and a tracrRNA
to process its pre-crRNA (70). For the interference step, the crRNA and the tracrRNA can be
synthetically combined into a sgRNA, which simplifies the design (82). Upon combination of
the sgRNA and the Cas9 protein, the RNP complex scans the DNA in search of 5-NGG-3’
PAM situated at the 3’ end of the protospacer. Recognition of the correct PAM allows crRNA
pairing to DNA and R-loop formation. Subsequentially, Cas9 introduces blunt DSB via its HNH
and RuvC nuclease domains.

One of the organisms in which Cas9 was first tested and evaluated was the model yeast S.
cerevisiae (84). Since then, the use of CRISPR-Cas9 in S. cerevisiae has been extensively
adopted (85, 86). Introduction of DSBs in this organism activates the highly efficient HDR
pathway (87-89). Therefore, upon supply of an adequate repair template with homologous
regions, various targeted genetic manipulations can be achieved, such as DNA integration,
gene deletion, gene disruption or single nucleotide modifications. With the current system,
close to 100% modification efficiencies can be achieved in single targeting events with short
donor DNA fragments (< 1 kb) (84, 90). However, editing efficiencies of Cas9 are still strictly
coupled to the activity of the HDR repair pathway, which limits the use of Cas9 for multiplexed
genome editing approaches, for the integration of long DNA fragments or to specific cell
phases.

Current strain building programs require the simultaneous modification of multiple loci for
the integration of several DNA constructs or the disruption of different native expression
pathways. The programmability of Cas9 has allowed to target multiple sites at the same time,
which decreases strain engineering programs span. However, introducing multiple DSBs
in S. cerevisiae has a cytotoxic effect due to the fragmentation of the chromosomes and,
therefore, the number of loci that can be simultaneously modified is limited by the number of
individual cells that survive the multiplexed genome editing event. Temporal control over the
CRISPR-Cas elements used for genome editing could theoretically improve the outcome of
multiplexed genome editing events, by increasing the number of individual cells that survive
the multiplexing process. Although some approaches have already focused on the use of
inducible regulatory sequences at the DNA (97), RNA (92, 93) or protein level (94), these
have mainly been developed for S. cerevisiae or require the use of markers to achieve high
homologous recombination efficiencies.

INTRODUCTION AND THESIS OUTLINE

Modification of production strains for metabolic engineering purposes often requires the
introduction of long biosynthetic pathways. However, even when using Cas9, integration
efficiencies rapidly decline with increasing sizes of the integration fragments and recombination
remains active only during S or G2 phases of the cell cycle (94-96). Still, large DNA sequences
up to 24 kb can be integrated in several copy numbers by targeting repetitive sequences such
as the Ty transposon sequences across the chromosomes, although it requires extended Cas9
and sgRNA expression for several days (97).

Therefore, genome editing tools should be improved to allow the integration of long DNA
constructs by establishing HDR-independent processes or by modifying the HDR activity.
Some attempts of using HDR-independent methods have been focused on the use of
transposases linked to deactivated Cas proteins, yet their use has been mainly explored
for animal cell genome editing (98-107). Moreover, the efficiencies and specificities of these
systems require improvement.

Multiple genomic loci can be targeted and modified simultaneously by expressing multiple
guide RNAs. The main limitation of this approach is the need of multiple sgRNA expression
cassettes (84, 90) or of engineering complex pre-crRNA processing systems based on the
co-expression of endoribonucleases (93), self-cleaving tRNAs (7102, 103) or ribozymes (83).

The use of CRISPR-Cas tools in S. cerevisiae has not been limited to the incorporation of
permanent large DNA modifications or deletions. CRISPR-Cas systems have also been used
for silencing and activation of gene expression by combining deactivated Cas proteins
to activation or repression transcriptional domains (104, 105). Modification of Cas9 and
combinations of nickase or deactivated variants to base editors or prime editors has also
allowed the use of CRISPR-Cas proteins for the incorporation of targeted point mutations in
yeasts (106-109).

Recently, the type V effector protein Cas12a (described in more detailed below) has also been
used for genome editing (770, 711) and gene regulation (772) in the model yeast. This has allowed
straightforward multiplexed editing events due to the pre-crRNA processing activity of the
type V nuclease (110, 117). Moreover, it has allowed editing of AT-rich regions, less accessible
for Cas9 (111, 112). To date, no other Cas protein has been used for genome editing in the
yeast S. cerevisiae. Characterization of novel nucleases may allow for targeting of previously
inaccessible sites, increasing editing efficiencies or decreasing off-target activities. Moreover,
novel functionalities might be described for novel effectors which might be interesting for
genome editing purposes.

The use of CRISPR-Cas tools has also revolutionized genome editing in multiple species of
non-model yeasts. However, its application is limited due to the absence of replicative plasmids
(for some species), the absence of characterized RNA polymerase Il promoters for sgRNA
expression or, most importantly, the low homologous recombination efficiencies of these
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yeasts, where NHEJ is the dominant repair pathway of DSBs (113, 174). The latter issue makes
the screening for correct targeted integrations a laborious task. Therefore, improvements
in the currently established CRISPR-Cas technologies (largely based on the use of Cas9) or
implementation of novel CRISPR-Cas based tools could advance the genome editing programs
in these yeasts. Several strategies such as the use of long homologous recombination arms
(115—117), NHEJ knockout strains (35, 118—120) or cell cycle synchronization (96, 121) have been
used to enhance homologous recombination efficiencies. However, most of these strategies
are organism-dependent and require the use of markers to boost integration of the repair
template.

1.8 Type V CRISPR-Cas systems

Type V systems are represented by the signature protein and effector Cas12. Among all Cas12
orthologs, Cas12a (initially called Cpf1) is the most extensively characterized (122, 123). Cas12a
is an RNA-guided multi-domain protein able to induce targeted dsDNA cleavage (122, 124).
Casl12a presents a bilobed structure with a REC and a NUC lobe (124, 125). Several domains
are embedded in the NUC lobe: (i) a Wedge (WED) domain, (ii) a PAM interacting (Pl) domain,
(iii) a single RuvC domain responsible for dsDNA cleavage,(iv) a Bridge Helix (BH) domain,
and (v) a Nuclease (Nuc) domain that remains inactive (124, 126). Cas12a can process its own
pre-crRNA without the aid of neither RNaselll nor a tracrRNA (122, 123). Like many other Cas12
subtypes, also Cas12a proteins requires a T-rich PAM upstream of the target sequence. Upon
PAM recognition, downstream sequence interrogation starts by extension of the crRNA-DNA
heteroduplex and is followed by the R-loop formation. Correct crRNA base-pairing and R-loop
formation trigger cleavage of the displaced strand (non-target strand) by the RuvC domain.
Subsequent rearrangement of the target strand to position it close to the active site of the
RuvC domain for cleavage seems to be prompted by the Nuc domain. This results in the
generation of 5’ staggered ends upon target cleavage of the DNA strands (126). Mutations
in the Nuc domain only prevent cleavage of the target strand (724), while deactivation of the
RuvC domain results in a completely deactivated nuclease (122).

Mining of genomic and metagenomic databases has allowed the identification of many novel
CRISPR-Cas Type V systems (127, 128). Some of them lack characteristic elements of CRISPR
loci such as the adaptation module (cas? and cas2) or an adjacent CRISPR array. Others
present a RuvC-deactivated nuclease domain or have been shown to have two different
nuclease activities (76). Moreover, collateral nucleic acid targeting activities have also been
related to some recently characterized type V nucleases (129). Interestingly, significantly
smaller nucleases of this CRISPR-Cas type have been discovered (130-133). Experimental
characterization of some of these in silico predicted systems is still required. Exploration
of their activity could widen the genome editing toolkit for eukaryotic organisms, improve
genome editing programs and allow editing of difficult-to-access genomic regions.

Therefore, in this thesis we explore the diversity of newly predicted type V CRISPR-Cas systems
and assess their use in the model yeast S. cerevisiae. Moreover, we propose the improvement
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of already existing CRISPR-Cas tools to overcome current genome editing limitations in non-
model yeasts. We believe that novel CRISPR-Cas systems could eventually yield improved
editing efficiencies, require different PAMs or offer new functionalities for genome editing. By
expanding the current genome editing toolbox, we aim to reduce the time and labor needed in
genome editing programs into DBTL cycles and simplify the generation of genetically modified
organisms for biotechnological purposes. Moreover, functional characterization of these
systems in the model yeast S. cerevisiae can be used as a starting point for implementation
of novel genome editing tools in non-model yeasts or complex eukaryotic systems.

1.9 Thesis outline

Chapter 1 provides a short historical introduction on the use of yeast in biotechnological
processes and the importance of genome editing tools in metabolic engineering approaches.
Initially, commonly used approaches for genome editing in yeast are described. Next, CRISPR-
Cas systems are introduced and described as adaptive immune systems in bacteria and
archaea. Detail is provided on the re-purposing of these systems as genome editing tools
and their application in yeast. Finally, we focus on the diversity of type V effectors, which have
been recently characterized and could eventually be harnessed for genome editing in yeast.

Chapter 2 discusses the use of CRISPR-Cas tools for multiplex genome editing and regulation
of microorganisms. The chapter details different approaches for expression of multiple guides,
analyses different donor DNA delivery strategies and explains different methods to increase
the activity of the homology direct repair pathway over the non-homologous end joining or
alternative NHEJ repair pathways. Finally, the challenges and outlook of multiplex genome
editing are analyzed.

Chapter 3 presents the characterization, both in vitro and in vivo (in Escherichia coli) of a
novel subtype V-M, and its effector Cas12m. The selected MmCas12m protein originates from
Mycolicibacterium mucogenicum. In this chapter we show that Cas12m is an RNA-guided
DNA binding protein without an active RuvC domain. We prove that the characterized binding
activity can be used in E. coli for both gene silencing and plasmid interference. Via fusion
of Cas12m to a deaminase protein, we show that Cas12m base editors have a characteristic
double editing window.

Chapter 4 assesses the expression and activity of Cas12m in the yeast Saccharomyces
cerevisiae. We successfully localize Cas12m in the nucleus of S. cerevisiae and detect
expression of the protein with the expected protein size. We use eGFP expressing strains
to determine whether Cas12m can be used as a genome silencing tool as observed in E.
coli. We compare its activity to the activity of previously used CRISPR-Cas-based silencing
tools (dCas12a-Mxil and dCas9-Mxil), and we conclude that the gene repression strength of
Cas12m is lower.
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Chapter 5 assesses the activity of Cas12m base editors in the yeast S. cerevisiae. Two different
cytidine deaminase base editors are tested to edit the characterized editing window obtained
in E. coli. Targeted base editing is observed in low population frequencies (< 2%) even when
the editing period is extended over time. Unspecific activity of the base editors is observed
at similar frequencies as target editing, indicating that future use of these base editors would
need further optimization.

Chapter 6 focuses on the adaptation of the type V-K CRISPR-associated transposon system for
S. cerevisiae. First, the transposon system is tested in E. coli at temperatures that were lower
than described previously to validate the system in vitro. Next, nuclear localization signals are
fused to the N- or C-terminus of each of the complex components to assess possible disruption
of the complex activity due to the fusion of the small peptides. These nuclear localization
signals (NLS) will be required for translocation of the complex to the nucleus of S. cerevisiae.
Placement of the NLS peptides at the C-terminus of two of the proteins of the transposition
complex is shown to disrupt the activity of the transposon complex, while NLS peptides at
the N-termini generally worked well. Finally, the CRISPR-associated transposon system is
expressed in S. cerevisiae following two different strategies for delivery of the donor DNA,
unfortunately not resulting in the desired transposition under any of the tested conditions.

Chapter 7 reports the adaptation of a recently developed CRISPR-Cas tool (SIBR-Cas) for
its use in S. cerevisiae. Originally, this tool is developed for time control of the expression
of Casl12a in prokaryotic organisms and allows engineering of wild-type bacteria. We show
that the original design of the tool is not suitable for its use in eukaryotes. Modification of the
design of the tool allows for controlled induction of the activity of Cas12a in S. cerevisiae and
opens the door for the use of this tool in non-model yeasts.

Chapter 8 summarizes the results of this thesis on the expansion of CRISPR-Cas based tools in
S. cerevisiae. A discussion on the status and outlook of CRISPR-Cas tools in yeast is presented,
focusing on the main improvement points of the field. The diversity and applicability of type
V systems is discussed, together with the transferability strategies of these novel discovered
effectors to eukaryotic systems in general and to yeast in particular.

INTRODUCTION AND THESIS OUTLINE
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2.1 Abstract

Microbial production of chemical compounds often requires highly engineered microbial cell
factories. During the last years, CRISPR-Cas nucleases have been repurposed as powerful
tools for genome editing. Here, we briefly review the most frequently used CRISPR-Cas tools
and describe some of their applications. We describe the progress made with respect to
CRISPR-based multiplex genome editing of industrial bacteria and eukaryotic microorganisms.
We also review the state of the art in terms of gene expression regulation using CRISPRi
and CRISPRa. Finally, we summarize the pillars for efficient multiplexed genome editing and
present our view on future developments and applications of CRISPR-Cas tools for multiplex
genome editing.

MULTIPLEX GENOME EDITING OF MICROORGANISMS USING CRISPR-CAS

2.2 Introduction

Industrial microbiology plays a key role in the transition towards a more sustainable industry
to produce food and feed ingredients, bio-based materials, biofuels and direct synthesis of
cosmetic and pharmaceutical compounds (134). Oil-based production processes are gradually
being substituted by bio-based processes, in which genetically engineered microorganisms are
generally crucial to achieve cost-effective productivities and yields (135, 136). The implementation of
CRISPR-Cas tools has revolutionized genome editing and mitigated the investment in the metabolic
engineering programs required to generate highly engineered microbial cell factories (137, 138).

CRISPR-Cas systems (Clustered Regularly Interspaced Short Palindromic Repeats and CRISPR-
associated proteins) are bacterial and archaeal adaptive immune defence systems, which can
be repurposed as versatile genetic editing or regulation tools in a broad range of organisms.
The effector endonucleases of these systems are guided by short RNA molecules encoded
by CRISPR arrays. Native CRISPR arrays consist of a succession of spacers originating from
invader organisms separated by direct repeats (55, 58). Transcription of the CRISPR array
results in a long precursor-crRNA transcript (pre-crRNA), that is subsequently being processed
to short functional CRISPR RNA (crRNA) guides (68). To date, six different types of CRISPR-Cas
systems (I-VI) have been described that are divided into two major classes (Class 1and Class
2) (77, 127, 139-141). This review focuses on the application of DNA-targeting class 2 CRISPR
systems (included in types Il and V), that all consist of large multi-domain effector proteins able
to use crRNA guides to target complementary DNA. Recent reviews have covered applications
of CRISPR-Cas editing in bacteria (142), in Streptomyces (143), in filamentous fungi (744), in yeast
(85, 113), in microalgae and cyanobacteria (745), and in general industrial microorganisms (746).

After an introduction of single target genome editing tools, we focus on the spectacular
development of multiplexed genome editing by Cas9 (type Il) and Cas12a (type V) in industrial
microorganisms. Both bacterial and eukaryotic examples are described, although more
attention is given to yeast and filamentous fungi, since the diversity of strategies using Cas
endonucleases for genome editing applications is more extensive in this group of organisms.

2.3 Single target genome editing and regulation

Since its establishment as a genome editing tool (77, 7147), Cas9 from Streptococcus pyogenes
(SpCas9) has become the most widely used RNA-guided endonuclease for genome editing and
transcription regulation purposes (Table 2.1). Expression of this type Il Cas nuclease together with
a guide RNA (gRNA) is sufficient for generating targeted blunt double-stranded breaks (DSBs). The
gRNA bound by SpCas9 consists of two small RNA molecules: a CRISPR RNA (crRNA) and a trans-
activating CRISPR RNA (tracrRNA). To simplify gRNA expression, a synthetic chimeric construct
named single guide RNA (sgRNA) can be synthesized by fusing the tracrRNA and the crRNA (77).
Targeting of complementary DNA sequences (protospacers) by the Cas9:gRNA complex requires a
protospacer adjacent motif (PAM), in case of Cas9 positioned downstream of the target sequence
(748). Correct PAM identification and base-pairing will trigger cleavage of the non-target and target
DNA strands by the RuvC and HNH nuclease domains, respectively (71, 147) (Figure 2.1).
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Table 2.1. Characteristics of the most commonly used Cas orthologues for genome editing.

Cas9 Cas12a

Ortholog SpCas9 FnCas12a AsCasl2a LbCas12a
Subtype I-A V-A
Organism of origin Streptococcus Franc.is'ella Acidaminococcus sp. Lachnospi.raceae

pyogenes novicida bacterium
Nuclease domain HNH, RuvC RuvC
tracrRNA Yes No
PAM (5°-3°) NGG TTTV TTTV TTTV
Size (amino acids) 1368 1302 1307 1228
RNA processing No/RNaselll Yes/WED Ill Yes/ WED Il Yes/ WED Il
z'r:glrr‘:)" guide length ~100 nt 44 nt
Reference(s) (70) (149)

The more recently characterized endonuclease Casl12a (formerly called Cpf1) (type V) can
cleave dsDNA directed by a crRNA, hence without the requirement of a tracrRNA (122) (Table
2.1). Cas12a does not possess an HNH domain, and its RuvC domain has been demonstrated
to cleave both the non-target and the target DNA strands (126, 150). Moreover, Casl12a is able
to process its crRNA guide autonomously (126, 149, 157), while Cas9 relies on the activity of an
additional non-Cas, dsRNA (crRNA/tracrRNA) targeting ribonuclease (RNaselll) (70). Both Cas9
and Casl12a can use multiple crRNA guides for creating simultaneous DSBs at different target
loci in the genome (Figure 2.1). Recently, two distinct Cas12 subtypes (Cas12b, CasX/Cas12e)
were shown to also edit genomes of bacteria and mammalian cells (152, 153).

Genomic DSBs can be repaired by homology-directed repair (HDR), non-homologous
end joining repair (NHEJ) or alternative non-homologous end joining systems such as
microhomology-mediated end joining (MMEJ) (154—156). The error-prone NHEJ repair system
is often most prevalent in eukaryotes (39) (Figure 2.1), whereas it has been predicted to be
encoded by only ¥26% of publicly available prokaryotic genomes (157-159). The less studied
alternative MMEJ repair system has been reported to also be present in bacteria and fungi
(754). This repair system has been proven to be active together with other repair mechanisms
in the fungi Aspergillus niger and Yarrowia lipolytica (160) or in NHEJ-free bacteria (156). HDR
can be used in a targeted way: (i) to insert DNA fragments in targeted genomic locations; (ii)
to delete small and large DNA fragments; or (iii) to introduce point mutations. HDR requires
the introduction of a single or double-stranded DNA repair fragment into the cell, called donor
DNA (dDNA), encoding the desired novel property or designed nucleotide change. To avoid
targeting after the designed change, the recombinant sequence generally contains one or
more silent mutations in the protospacer or PAM recognition sequence or partial deletion
thereof. On the other hand, in organisms with highly active NHEJ or MMEJ repair systems,
the introduction of non-specific insertions (only in case of NHEJ) and/or deletions (indels) in
a certain target sequences can lead to gene disruption (82).

MULTIPLEX GENOME EDITING OF MICROORGANISMS USING CRISPR-CAS
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Figure 2.1. General functioning of CRISPR-Cas systems types lI-A and V-A, Cas9 and Cas12a, respectively
and general DNA repair mechanisms. (A) Cas9 and Cas12a expression and cleavage schemes. Left panel:
Cas9 requires tracrRNA transcription and RNase Ill expression for CRISPR array transcript processing. Cas9
forms a complex with crRNA and tracrRNA and cleaves target DNA generating blunt ends. Right panel:
Casl12a processes its own CRISPR array transcript to obtain individual crRNAs without the requirement
of any tracrRNA or RNAse Il co-expression. Cas12a stays in complex with crRNA and cleaves target DNA
generating staggered ends. (B) Double strand break (DSB) repair mechanisms. DSBs can be repaired via
non-homologous end joining (NHEJ), alternative non-homologous end joining repair pathways such as
microhomology-mediated end joining (MMEJ), or via homologous direct recombination. NHEJ and MMEJ
repair pathways can lead to the incorporation of deletions or insertions (only in case of NHEJ) in the
targeted region. HDR is combined with the supplementation of donor DNA (dDNA), which can be double
stranded or single stranded. dDNA can be used for insertion of long DNA sequences, deletion of genomic
fragments or introduction of single point mutations (SNPs).

Inactive or deactivated versions of both Cas9 and Cas12a (named dCas9 and dCas12a) have
been designed by substituting one or more of the catalytic amino acids in the nuclease
domains (71, 122, 147, 150). These variants have been used to regulate gene expression in many
organisms since they retain the target-binding ability (767). By directing dCas9 or dCas12a to
the promoter or coding sequence of a target gene, transcriptional repression (silencing) can be
achieved by steric hindrance of the RNA polymerase and/or of transcription factors required for
transcription of the target gene. This CRISPR interference (CRISPRI) technique has initially been
established in Escherichia coli, resulting in significant transcriptional repression when targeting
either the promoter or the non-template DNA strand of an open reading frame (162, 163). In
eukaryotic microorganisms, gene repression is normally achieved by fusing repressor domains
such as the mammalian transcriptional repressor domain Mxi1 or the Kriippel-associated box
(KRAB domain) to the C-terminus of dCas9 or dCas12a (104, 164). Recently, native repression
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domains have been characterized in the yeast Saccharomyces cerevisiae with multiple Cas9
orthologs (765). This practice is more common in eukaryotic organisms since the use of only
a dCas9:gRNA-complex seems not to be sufficient to significantly block transcription (166).
Moreover, fusions of these deactivated variants to transcription activation domains are used
to achieve gene activation (CRISPRa). In eukaryotes, VP16, VP64, Gal4® or the synthetic VPR
activator domains have been used successfully (104, 167, 168), while the omega (w) subunit of
the RNA polymerase has been used in bacteria (163, 169).

2.4 Multiplex genome editing

Editing of multiple loci is often required to introduce multiple heterologous genes and to fine-
tune metabolic networks of microbial cell factories. In the pre-CRISPR era, iterative rounds of
genome editing making use of selection markers were necessary to build strains expressing
multiple-gene expression pathways. Establishment of marker-free CRISPR-Cas tools brought
powerful nuclease-mediated multiplex genome engineering capabilities, considerably saving
time and resources in strain construction programs. The multiplexing capabilities of CRISPR-
Cas systems as genome editing tools have been widely exploited with Cas9 and more recently
with Cas12a. One of the first microbial applications demonstrating the multiplexing capabilities
of Cas9 was performed with the native Cas9 system of Streptococcus pneumoniae and two
spacers expressed from a synthetic array integrated into the genome (770). After this proof of
principle, multiple studies explored the multiplexing capabilities of the endonuclease Cas9
in mammalian cells (82, 171), as well as in industrially relevant prokaryotic and eukaryotic
microorganisms (Table 2.2).

The crRNA processing activity of the recently characterized Cas12a increases the simplicity
of multiplexing. By expressing a single CRISPR array containing multiple spacers under the
transcriptional regulation of a single promoter and terminator, multiple loci can be targeted
simultaneously (749). Therefore, there is no need of supplying multiple targeting expression
constructs. Recent studies have demonstrated the multiplex editing potential of the Cas12a
endonuclease in a wide range of microorganisms (Table 2.2).

Aneuploidy and polyploidy are common conditions among eukaryotic industrial
microorganisms. The requirement for simultaneous targeting of multiple alleles in non-haploid
strain results in a decrease of the CRISPR editing efficiencies (172). The term “cis-multiplexing”
is used when targeting a single genomic locus found multiple times across the genome of
a non-haploid organism. “Trans-multiplexing” refers to the simultaneous introduction of
modifications in multiple genes which occur in more than one copy in the genome (173).
Several examples of both cis- and trans- multiplexing have recently been described (Table 2.2).

Table 2.2. Multiplexed genome editing events in industrial microorganisms using CRISPR-Cas systems.

Reference

Type of modification: N°

,

Type of donor DNA: HFs
amount/concentration

gRNA expression/delivery

strategy for multiplexed
(expression),

Cas nuclease tool

(expression),

Specie

target, Editing efficiency

MULTIPLEX GENOME EDITING OF MICROORGANISMS USING CRISPR-CAS

plasmid (replication origin)/

genome integrated

Plasmid (replication origin)/
genome integrated

[strain(ploidy)]

PROKARYOTES

(174)

Knockouts: 2; 100% 3; 88.3%

4;>30%

circular dsDNA (pMB1

ori):¥300 bp

several sgRNA expression
cassettes (constitutive),

SpCas9 (inducible),

E. coli

plasmid expression

plasmid expression (repA101

ori)

[MG1655]

(175)

Knockouts: 2; 97%+4%; 3;

47%+8%

circular dsDNA (pMB1 ori):

250 - 550 bp

several sgRNA expression
cassettes (constitutive),

SpCas9 (constitutive),

E. coli

plasmid expression (pMB1 ori)

plasmid expression (repA101

(Ts) ori)

[MG1655]

(176)

Short insertions: 2; ¥70%

linear ssDNA: 70 bp; 5 pmol

several sgRNA expression
cassettes (inducible),

SpCas9 (inducible),

E. coli

plasmid expression (pMB1 ori)

plasmid expression (ColE1 ori)

[MG1655]

(177)

Point mutations: 2; 83% 3;

23%

linear ssDNA: V89 bp; 50

pmol

several sgRNA expression
cassettes (constitutive),

SpCas9 (constitutive),

E. coli

plasmid expression (ColE1 ori)

plasmid expression (p15A ori)

[MG1655]

native-like CRISPR array linear dsDNA: not

(constitutive),

Streptococcus
pneumoniae

SpCas9 (constitutive),

(170)

Deletions: 2; 75%

mentioned;0.7 ng/ul to 2.5

Hg/ul

genome integrated

genome integrated

[crR6¢]

several sgRNA expression
cassettes (constitutive),

Streptomyces

lividans

SpCas9 (constitutive),

(178)

Short deletions (20-34 bp): 2;
100% (4/4)

circular dsDNA (oriT): 1 kB

plasmid expression (pSG5rep)

plasmid expression (pSG5rep)
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2.5 gRNA expression systems for efficient multiplex genome editing

In most reported cases of genome editing of industrial microorganisms, and in all bacterial
examples, gRNAs are generally expressed from multicopy plasmids that, after successful
editing, can be removed through counter selection (87, 198) or growth on non-selective
medium (90, 186). In case of multiplex genome editing, two strategies have been described
for the delivery of the different gRNAs: (i) multiple gRNA expression cassettes transcribing
a sgRNA molecule from one or more plasmids (Figure 2.2); (ii) polycistronic expression of
gRNAs, either inspired by native CRISPR systems or by synthetically designed ones (Figure
2.3). Individual gRNAs can also be in vitro transcribed and supplied directly to flamentous
fungi or microalgae (Table 2.2).

2.5.1 Multiplexing using multiple single gRNA expression cassettes.

The initial attempts of multiplex genome editing using SpCas9 relied on combined expression
of several individual gRNA expression cassettes. In bacteria, different strength natural or
synthetic promoters (constitutive or inducible) are routinely used for gRNA expression (Table
2.2). In eukaryotes, efficient gRNA expression might be controlled by an RNA polymerase-llI-
dependent promoter. In a cell that expresses a nuclear-localized SpCas9, this gRNA can direct
the nuclease to its target. In addition, fusions of gRNAs and tRNA auto-splicing sequences
(used as promoters) have also been demonstrated to yield multiple functional gRNAs in
eukaryotes (199, 200). Alternatively, gRNAs flanked with self-cleaving ribozymes on both ends
have been expressed from RNA polymerase ll-dependent promoters to provide transcripts
with modified ends and increase transcript stability in the nucleus (194, 201-203). Moreover,
expression of a bacterial T7 RNA polymerase in the yeasts Y. lipolytica and Kluyveromyces
lactis has been used for guide expression (204).

In bacteria, the maximal number of reported simultaneous editing events using SpCas9 varies
from organism to organism (Table 2.2). Expression of multiple gRNAs from multiple expression
cassettes is done from plasmid-borne or genome-integrated constructs. Most reported
examples of multiplex genome editing using gRNAs expressed from multiple expression
cassettes have been performed in E. coli (175-177), with a maximum of four genes targeted
simultaneously and an editing efficiency of “30% (174). The authors of the study developed a
CRISPR multiplex genome editing technique which uncouples transformation and editing. This
separation is achieved by inducing Cas12a expression only after transformation and seems to
be key, together with recombineering, for increased editing efficiencies (174, 205).

In eukaryotes, the combination of several gRNA expression modules in a single amplicon
or spread over several co-transformed plasmids resulted in successful editing in several
organisms such as S. cerevisiae (88-90, 103, 182, 184, 185), Komagataella phaffi (194), the
xylose-utilizing yeast Scheffersomyces stipitis (191), the enzyme producer Myceliophthora
thermophila (192), K. lactis (88), Fusarium fujikuroi (197), the methylotrophic yeast Ogataea
polymorpha (187) and the oleaginous yeast Y. lipolytica (119) (Table 2.2). In many organisms,
high editing efficiencies allow for straightforward screening and selection of the desired mutant
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without introducing selectable markers in their genome. However, the reported efficiencies for
targeting two or more sites simultaneously in eukaryotes vary significantly from one organism
to another (i.e,, from 2 to 100%). Using SpCas9, nine editing events in S. cerevisiae is the
highest number of simultaneous modifications reported in microbes to date (Table 2.2) (186).

In some filamentous fungi, the gRNA molecules can be synthetized in vitro and co-transformed
with Cas9-encoding plasmids. In microalgae, in vitro synthetized gRNAs can be delivered
together with in vitro produced Cas proteins as ribonucleoprotein complexes (RNPs) as well
(144, 145, 188, 190). Simultaneous double editing has been achieved by following this strategy
in Penicillium chrysogenum (188, 206), in Phaeodactylum tricornutum (195) and in the rice
blast fungus Magnaporthe oryzae (196). Although transformation of in vitro synthetized
gRNA simplifies gRNA cloning work and avoids the requirement of identifying effective RNA
polymerase lll promoters in eukaryotes, efficient selection of transformants may still require
chromosomal integration of selectable markers located in the dDNA molecules (188, 190).
These markers can be removed from the genome by using counter-selection markers or Cre-
recombinase-based approaches.

Finally, although SpCas9 has been successfully implemented in microalgae, we found few
examples for the use thereof for multiplexed genome editing (745, 207). Recently, a triple
knockout strain of the microalgae Phaeodactylum tricornutum was generated in a single step
transformation using six different Cas9-based RNP complexes (195).
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Figure 2.2. Multiplexing using single gRNA expression cassettes. (A) Expression of several sgRNA
cassettes from a single expression vector. (B) Expression of several sgRNA cassettes from multiple
expression vectors (each harboring a different marker). (C) Expression of several sgRNA cassettes from
multiple expression vectors (all harboring the same marker). (D) Transient supplementation with in vitro
assembled RNPs or in vitro transcribed gRNAs.
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2.5.2 Multiplexing using gRNA polycistronic cassette

Cas9-dependent multiplex genome editing efforts reported to date are generally based
on the combination of individual expression cassettes required for single targeting editing
experiments. Hence, they commonly suffer from (i) repeated usage of equal sets of promoters
and terminators for gRNA expression, (ii) requirement for multiple selection markers, and more
importantly, (iii) labour-intensive expression cassettes and plasmid construction. By expressing
multiple gRNAs under the control of a single promoter, polycistronic expression cassettes
overcome these hurdles. To date, two polycistronic cassette-based approaches have been
shown that enable multiplex genome editing (Figure 2.3).

The first approach uses tandem arrays of chimeric sgRNAs that require a dedicated maturation
mechanism to release the individual sgRNAs after transcription (Figure 2.3A and B). The
Csy4 ribonuclease cleaves synthetic precursor sgRNA arrays when interspaced by 28-nt
sequences recognized by Csy4 (208). As such, efficient quadruplex editing by SpCas9 has
been accomplished in S. cerevisiae (93). Alternatively, cleavage of the crRNA array can be
performed by self-cleaving RNA sequences. As such, efficient duplex editing was achieved
in the non-conventional yeasts Ogataea parapolymorpha and Saccharomyces pastorianus
using sgRNAs flanked with Hammerhead and Hepatitis Delta Virus ribozymes (120, 193). Triplex
editing was achieved in a diploid S. cerevisiae strain with a synthetic array of sgRNAs flanked
by ribozymes (773). In addition, tandem fusion of multiple sgRNAs-tRNAs enabling sgRNAs
processing by the native tRNA-maturation system was shown to promote SpCas9-assisted
multiplexed genome editing in filamentous fungi (189).

The second approach for polycistronic gRNA expression resembles native CRISPR arrays
(Figure 2.3C and D). The expression of Cas9 is required together with the transcription of
a CRISPR array with multiple crRNAs and a tracrRNA. With this approach, an array of two
guides was expressed and processed in a self-targeting system in E. coli for plasmid removal.
Processing of the CRISPR array transcript occurred via unknown native endoribonucleases
(176). Again, resembling native CRISPR systems, a three-spacers array and a tracrRNA were
co-expressed in S. cerevisiae and up to three genes were deleted with efficiencies ranging
from 27-87% (depending on the sequence of the targeting guides) (87). More recently, several
orthologues from the class V endonuclease Cas12a (AsCas12a, LbCas12a and FnCas12a)
(122), were shown to deliver efficient multiplex genome editing of E. coli (180), Streptomyces
coelicolor (181) and S. cerevisiae (110, 111, 183).
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Figure 2.3. Multiplexing using gRNA polycistronic cassettes. (A) Expression of gRNAs from synthetic
array dependent on Csy4 processing. In this case, Csy4 has to be co-expressed. (B) Expression of gRNAs
from synthetic array dependent on endoribonuclease splicing. In most of the reviewed examples, these
synthetic arrays are expressed using tRNAs as RNA pol lll promoters. (C) Expression of gRNAs from native-
like CRISPR array dependent on Cas9, tracrRNA and RNAse Ill processing. (D) Expression of gRNAs from
native-like CRISPR array dependent on Cas12a processing.

2.6 Efficient delivery of donor DNA for repair of CRISPR-mediated DNA
breaks

Current multiplexing strategies are based on two different procedures for the simultaneous
delivery of dDNA fragments. On the one hand, transient delivery of these homology repair
templates is accomplished by co-transforming multiple linear dDNAs with a corresponding
set of gRNAs. This approach was implemented for efficient introduction of multiple barcoded
repairs fragments (short DNA fragments that contain a unique sequence tag) (83), and editing
of heterologous metabolic pathways in both eukaryotic and prokaryotic genomes (89, 90, 110,
170, 177, 185, 187). While dDNA is often delivered in double-stranded configuration, it should
be noted that successful repair using single-stranded DNA (ssDNA) has also been achieved
in S. cerevisiae (84, 182), Aspergilli (189), in E. coli (176, 177), and in mammalian cells (209,
210). Alternatively, a stable source of dDNA sequences is provided when these are cloned in
one multi-copy plasmid (119, 174, 175, 178—181). In a more elegant way, these sequences can
be cloned in tandem to the corresponding gRNAs under control of a single promoter. These
hybrids are long transcripts which include multiple repair template-crRNA sequences between
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CRISPR repeats to be further processed into shorter gRNAs. These gRNAs will still include
the transcribed sequence of each dDNA template (87, 211, 212).

Repair efficiencies of the double-stranded DNA break at a targeted locus depend on the size
of the homology flanks (HFs) of the dDNA. Commonly used dDNA sequences may vary from
short-sized HFs (Y50 bp for S. cerevisiae or “50- 100 bp for E. coli), to longer, PCR-based
HFs for many bacteria, non-conventional yeasts and fungi (200-1000 bp) (Table 2.2). Long
HFs have been shown to increase the efficiency of HDR for both single target and multiplex
genome editing in bacteria and eukaryotic microorganisms (180, 185, 187). In S. cerevisiae,
multiplex gene deletions can be obtained simultaneously by using oligo-sized dDNAs with
short HFs (V50 bp), either as single-stranded (182) or as annealed double-stranded dDNAs
(90, 93, 111) (Table 2.2). The amount of dDNA has previously been considered a key factor for
enhancing CRISPR-Cas-mediated editing (88). Cells are generally transformed with a relatively
high concentration of dDNAs, in the order of picomoles (88, 90). This concentration is higher
than the one usually used for in vitro plasmid assembly procedures in S. cerevisiae (213).

2.7 Methods for increasing HDR frequencies versus NHEJ and alternative
NHEJ repair

The potential of CRISPR-Cas9/Cas12a for implementing precise HDR-based genome editing
is often hindered by (i) the presence of NHEJ or alternative-NHEJ repair systems, (ii) the
presence of inefficient HDR systems, or (iii) an unfavourable balance between NHEJ and HDR
repair mechanisms.

In bacteria, Cas9 and Casl12a are mainly used as counter-selection tools: the endonucleases
create DSBs causing cell death due to the absence or poor efficiency of NHEJ repair systems.
Only those cells which successfully obtained and integrated appropriate repair templates into
their genome avoid the occurrence of persistent chromosomal breaks (38). The expression of
recombineering systems based on the A-Red recombinase is extensively used in organisms
such as E. coli, Lactobacillus (214) or Pseudomonas putida (215) to boost the efficiency of HDR
and increase the number of recombinants (216).

In the case of a multiplex engineering approach in yeasts, the desired genome editing (and
the cell viability) relies on the stochastic allocation of dDNAs into the nucleus. In S. cerevisiae,
the relatively high activity of the HDR machinery facilitates precise editing at multiple loci
simultaneously (90, 93, 171). In contrast, the prevalent NHEJ system in non-conventional yeasts
(or other difficult-to-engineer organisms, such as microalgae) might need a more extensive
screening due to the high heterogeneity of transformants (187, 195). To improve the efficiency
of HDR in some yeasts such as Y. lipolytica, the KU70 gene responsible for DSB repair in the
NHEJ pathway was disrupted (727). A similar approach is often applied in non-conventional
yeasts, e.g. in Naumovozyma castellii, where simultaneous deletion of the orthologues of KU70
and KU8O completely abolished NHEJ repair during CRISPR-based editing (217). Alternatively,
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researchers have inhibited certain endogenous DNA repair components to favor HDR in
CRISPR experiments.

The balance between double-stranded break repair pathways is further influenced by the
cell cycle phase in which a cell is. By making use of hydroxyurea-mediated cell cycle arrest
(S-phase), the frequency of targeted integration is significantly increased in multiple fungi (96)
and demonstrated specifically for CRISPR-based genome editing of Y. lipolytica (121). Finally, an
improvement of HDR efficiency in single target genome editing has recently been achieved by
active recruitment of the dDNA to the DSB making use of the ability of some proteins to bind
DSBs in S. cerevisiae (212). Similar methods could be considered for obtaining an increased
HDR frequency in a multiplexing set-up for a broader variety of microbes.

2.8 Multiplex gene repression and activation

Multiplexing can also be exploited for CRISPRi/CRISPRa approaches (Table 2.3). Again, both
dCas9 and dCas12a have been used for controlling gene expression. In many microorganisms,
CRISPRi and CRISPRa have mainly been used to re-direct the carbon flux towards the production
of the desired product. This usually requires fine-tuning the expression of multiple genes,
which can be achieved by multiplexed gRNA expression for polygenic targeting. Multiplexing
using CRISPRI has been explored in several prokaryotic industrial organisms such as E. coli
(218, 219), S. coelicolor (181, 220), P. putida (221), Bacillus subtilis (222), Corynebacterium
glutamicum (15) and the cyanobacterium Synechocystis (223, 224). Furthermore, different
approaches have been explored in the yeasts S. cerevisiae (104, 165), Y. lipolytica (225, 226)
and Kluyveromyces marxianus (227). Independent studies on the implementation of Cas12a
for CRISPRI purposes reported changes in repression strength after altering the order of the
spacers in the CRISPR array (228). Other studies did not observe the same effect (149, 219,
229). This suggests that the phenomenon could be gRNA-sequence-dependent and therefore
most likely related to transcript secondary structure formation.

Fewer examples can be found of the use of CRISPRa because of the requirement of functional
transcription activators. Frequently, CRISPRa applications are used in combination with
CRISPRi approaches (165). Combination of CRISPRi and CRISPRa using RNA scaffolds was
accomplished using similar designs in E. coli (230) and S. cerevisiae (165, 231). In both cases,
protein-binding RNA sequences were fused to the 3’ end of sgRNAs of Cas9. These protein-
recruitment RNA sequences have a high affinity for certain proteins, such as the MCP (used
bothin E. coliand S. cerevisiae) or the PCP and Com proteins (tested only in S. cerevisiae). By
fusing the transcriptional activation domain SoxS (in E. coli) or VP64 (in S. cerevisiae) to these
RNA binding proteins, expression of a gene downstream a target promoter can be enhanced,
and pathway fluxes sequentially directed (230, 237).
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2.9 Challenges and outlook of multiplexing

In recent years, remarkable progress has been achieved in the field of multiplexed genome
editing. Besides broadening the spectrum of microorganisms that can be engineered using
CRISPR-Cas endonucleases, novel approaches have recently been implemented in terms of
gRNA and dDNA delivery for increasing multiplexing efficiency. Below, a summary is provided
of the major challenges related to the development of efficient multiplexing CRISPR-Cas
systems in microorganisms.

1. Guide design: availability of highly efficient guides (sgRNA, crRNA) obtained either
through software prediction based on generalized well defined guide-design principles,
preferential PAM domains and secondary structure prediction (228, 233-237), or through
pre-characterization of the functionality of individual guide performance in single target
genome editing experiments.

2. dDNA design and delivery: dDNA can be part of a vector, provided as a linear fragment,
single or double-stranded, a single fragment of multiple fused repair templates or
provided as multiple DNA fragments. Proper characterization of such elements (e. g. by
determination of optimal size of homology sequences) for the specific host organism to be
edited is required. Additionally, dDNA might be stabilized by chemical modifications (238).

3. Controllable expression of CRISPR elements: tight expression control of guides and
nucleases, via tuning of expression either by systematic variation of constitutive promoters
or by using inducible systems. Optimized promoter and terminator sequences are required
to fine-tune the expression of the different CRISPR elements (174).

4. Innovative plasmid assembly methods: smart DNA construction schemes to develop
single or multi-plasmid systems containing elements of the CRISPR-Cas system (gRNA,
Cas, dDNA, selective marker), including techniques to incorporate repetitive DNA
elements such as the repeat sequences of CRISPR arrays (103, 228, 239). Recently, a
cloning-free approach was developed in S. cerevisiae for the obtainment of up to 6
simultaneous deletions using SpCas9 with a efficiency of 23.3%. The strategy combined
multiple successful strategies presented in this manuscript. Three transcripts (each of
them containing two gRNAs flanked by tRNA% sequences were expressed from a single
plasmid encoding for SpCas9. The assembly of the plasmid via Golden Gate reaction was
performed in the yeast (102).

5. Organism-specific CRISPR tools: smart choice of the CRISPR-Cas expression approach
depending on final application of the production strain or the target organism of
choice. For instance, CRISPR-Cas tools can be combined with the introduction of dDNA
containing selective markers, which makes screening and selection of positive clones
more efficient. This approach can be used in proof of principle studies, whereas in other
cases, marker-free strains are important. In a similar way, guides and Cas nucleases can
be co-expressed from plasmid-borne expression cassettes or expressed sequentially
in strains pre-expressing the Cas nuclease from a second plasmid or from a genome
integrated copy.

MULTIPLEX GENOME EDITING OF MICROORGANISMS USING CRISPR-CAS

6. Editing conditions: optimization of organism-specific CRISPR-Cas delivery systems and
recovery protocols. Cell synchronization protocols in combination with CRISPR-Cas
systems have been used in human cells to enhance HDR versus NHEJ repair (240). In
some yeasts, the highest rate of HDR over NHEJ is shown during S-phase (96). Therefore,
this strategy has been already proposed for its use in industrial microorganisms (120).

7. Novel orimproved endonucleases: these endonucleases should have alternative or less
-stringent PAM recognition selection. In addition, nucleases are preferred that are smaller,
more specific and more active, as reviewed elsewhere (247). Cas9 variants with distinct
PAM-recognizing features have been obtained by laboratory evolution (242), as well as by
structure-guided protein engineering of Casl12a (241). The discovery and characterization
of novel Cas endonucleases (153)- can also extend the PAM compatibility (130, 152, 243).
At the same time, multiple endonucleases can be used in orthogonal designs in order to
edit the genome and regulate gene expression simultaneously (165, 244). Alternatively,
orthogonal designs can incorporate modified gRNAs, as described for Cas12a (245).

In multiplexed genome editing experiments, a negative correlation is experienced between
the number of targets and the amount of obtained colonies after transformation in most
microorganisms. The introduction of DSBs dramatically reduces the cell survival rate, and
this causes limited numbers of simultaneous modifications as a delicate balance between DNA
cleavage and repair needs to be established. Alternatively, multiplexed single-base editing
does not depend on DSB generation nor dDNA supply and can be used to introduce nucleic
acid base changes at a targeted window of DNA (246, 247). In this approach, deactivated or
nickase Cas nuclease variants coupled to base editors (cytidine or adenine deaminases) are
directed to a target site by the gRNA (248). Nucleotide changes are introduced in a targeted
DNA window rather than in a precise DNA position, which makes this technique less accurate
for the introduction of single point mutations. Multiplexed single-base editing has been recently
implemented in prokaryotic microorganisms (249, 250). Useful applications of this technique
remain limited to phenotype modifications linked to single nucleotide polymorphisms (SNPs)
and to the possibility of introducing stop-codons for gene inactivation in coordination with the
presence of a PAM sequence in a determined window (257). Although very promising, further
development and control of this base editing approach are required in order to broaden the
type of modifications and to avoid unwanted mutations (706).

Advances in multiplexed genome editing of microorganisms can significantly accelerate future
strain construction programs of cell factories with unprecedented efficiencies. Therefore, the
CRISPR revolution continues: new tools and workflows are being developed to broaden the
range of functionalities of currently used CRISPR-Cas systems as well as knowledge about the
mechanism of these systems. As identified in this review, dedicated optimization of each of
the elements involved in CRISPR-Cas genome editing is crucial for efficient multiplex genome
editing and for stretching the number of simultaneous editing events.
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3.1 Abstract

CRISPR-Cas are prokaryotic adaptive immune systems. Cas nucleases generally use RNA
guides to specifically bind and cleave DNA or RNA targets. We here describe the experimental
characterization of a bacterial CRISPR effector protein Cas12m representing a novel subtype
V-M. Despite being less than half the size of Casl12a, Cas12m processes a pre-crRNA to
generate mature crRNA guides. Cas12m recognizes a 5-TTN’ protospacer-adjacent motif
(PAM) and stably binds double-stranded DNA (dsDNA). Cas12m lacks a typical RuvC nuclease
catalytic site and accordingly fails to cleave nucleic acids either specifically or collaterally.
Despite lacking target cleavage activity, the high binding affinity of Cas12m to dsDNA targets
allows for interference as demonstrated by its ability to protect bacteria against invading
plasmids by down-regulating invader replication. Based on these molecular characteristics,
we repurposed Cas12m by fusing it to a cytidine deaminase that resulted in base editing within
a unique window.

THE MINIATURE CRISPR-CAS12M EFFECTOR BINDS DNA TO BLOCK TRANSCRIPTION

3.2 Introduction

Most of the bacterial and archaeal CRISPR-Cas systems provide adaptive immunity against
invading mobile genetic elements (252). The systems are highly diverse structurally and
functionally, and have been divided into two classes, each with three types (139). Class 1
systems possess multi-protein, Cascade-like effector complexes that bind crRNA guides to
target either DNA or RNA. Class 2 systems encompass single-protein effectors (Type Il Cas9,
Type V Cas12, Type VI Cas13), that also use their crRNA guides to target DNA or RNA containing
a sequence complementary to the spacer portion of the crRNA. Upon binding of a nucleic-
acid target, interacting nuclease proteins (Class 1) or fused nuclease domains (Class 2) are
generally activated, resulting in different target interference mechanisms (247, 253, 254). A
recent genomic survey of CRISPR-Cas systems resulted in a major expansion of type V, with
many new sub-types discovered (76, 255).

After the original discovery of Cas12a (originally called Cpf1 (740, 256)), subsequent experimental
characterization of this nuclease (122, 157) and its distinct homologs from other type V subtypes
(Cas12b and Cas12c (747) ) revealed crRNA-guided DNA interference suggesting a role in
defense that is typical of CRISPR-Cas (Figure 3.1A). By screening the rapidly growing genomic
and metagenomic databases, five small Cas12 variants were initially discovered (V-U1to V-U5;
(76)). Two of these small variants have recently been characterized: Cas12f (V-U3, also referred
to as Casl4a/b/c (130, 257)) and the T7-like transposon-associated, catalytically inactive Cas12k
(V-U5; (258)). In addition, using similar approaches, six new subtypes have been subsequently
characterized: Cas12d/Cas12e (originally named CasY/CasX (243)), Cas12g/Cas12h/Cas12i (129)
and the phage-derived Cas12j (Cas®) (259) (Figure 3.1A).

Characterization of type V subtypes has revealed a highly conserved PAM specificity (T-rich
motif at 5’ end of protospacer) and two highly conserved domains, a RuvC-like nuclease and
Bridge helix (Figure 3.1B). Apart from these domains, however, remarkable structural and
mechanistic diversity of Cas12 has been observed. The first surprise was the discovery of two
structurally and functionally distinct types of guides: either a short CRISPR-derived crRNA that
is processed by Cas12 itself (122, 126, 157), or a crRNA that base pairs with a second, auxiliary
RNA (tracrRNA/scoutRNA) that is processed by an RNase lll-type ribonuclease (130, 741) (Figure
3.1A). Other variable features are the nature of the target nucleic acid (DNA or RNA) and the
role of the RuvC domain. In different Cas12 variants, RuvC was found to catalyze guide specific,
on-target cleavage or nicking of dsDNA, cleavage of RNA (129), or simply binding of the target
DNA (258). Besides on-target nucleic acid cleavage by RuvC, most Cas12 variants also have
collateral cleavage activity, where the target-activated RuvC domain ambiguously cleaves
ssDNA or ssRNA (129, 260). Apart from defense of bacterial and archaeal hosts against mobile
genetic elements (MGEs), some Cas12 effectors are encoded by MGE genomes. One of these,
Casl12k, has been shown to mediate RNA-guided transposition of Tn7-like transposons (258,
259). Cas12 effectors also substantially differ in size, ranging from less than 500 to more than
1300 amino acids (76).
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L i [T B U2 and U4 cluster within the Cas12f clade in the Cas12 phylogeny (Figure 3.1A, Figure S3.1).
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%M Vol B ' _ from the V-M arrays with the NCBI nucleotide sequence database detected 26 protospacer
N casiZ) (case) — e €. Mycolicibacterium mwoge””gg;;ﬁ:::y’i matches, at least 10 of which correspond to plasmid targets. Specifically, the CRISPR array
T sz = ) et (53":4'?%'“‘)”’ e 3nt) of the V-M system from Mycolicibacterium mucogenicum appears to target genes encoding
ENA > > - [I[emen¢] vk (v-us) —ou¢ ¢— hypothetical proteins on plasmids of Mycolicibacterium sp. TY66 (data not shown). At the
subtypes variants e e castaezes) typical location of the Cas12m PAM, 5’ of the protospacer, short T-rich motifs were identified,
5’-(G/C)-T-T-(G/C) (Figure S3.2).
Interference [7] Caseffector [7] RuvC-l, I, IIl CRISPR array [§[1}]
Adaptation [[J] Cas4 [ Cas1 [ Cas2 tracrRNA [ Some Cas12 variants require a second RNA species, either a tracrRNA or an alternatively

called scoutRNA, for crRNA processing and interference (263). Therefore, we searched the
V-M loci for the presence of tracrRNA-like sequences using a previously described prediction
Figure 3.1 Subtype V-M CRISPR-Cas systems. (A) A dendrogram showing the likely evolutionary
relationships between the types and subtypes of type V CRISPR-Cas systems. (B) Domain architectures of
Casl12a, Casl12g, Casl12k, Cas12m and Cas12f1 proteins compared with transposon-encoded TnpB. Proteins
are drawn roughly to scale and the number of amino acids is indicated for each protein. (c) Organization
of the V-M CRISPR-Cas locus in the genome of Mycolicibacterium mucogenicum CCH10-A2.

approach (264). We did not identify candidate tracrRNA in any of the V-M loci, suggesting
that the pre-crRNA is processed by Cas12m itself as previously reported for Cas12a (149, 157)
and Cas12c/h/i/j (129, 149, 265). The apparent absence of a tracrRNA in V-M systems is in line
with the partial palindromic arrangement of the repeat sequences of the CRISPR arrays that
most likely results form a pseudoknot structure (Figure S3.3), a feature that correlates with
tracrRNA-independent pre-crRNA processing by Casl12 nucleases (124, 149, 151). Because

Cas12 proteins are homologous to RNA-guided TnpB nucleases encoded by IS605 family
transposons (76, 261, 262). The sequences of large Cas12 proteins, such as Cas12a, Cas12b and
Casl2c, are weakly similar to TnpB, but the smaller Cas12-U proteins show greater similarity
and are thought to be evolutionary intermediates between TnpB and larger Cas12 effectors.
Phylogenetic analyses suggest that different Cas12-U proteins independently evolved from

no candidate tracrRNAs were identified in the V-M loci, several conserved residues in the
predicted OBD domain could contribute to the catalytic site for pre-crRNA processing (Figure
S3.4A), as discussed below.
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Like all Casl12 subtypes, and particularly the smaller protein variants, Cas12m showed
substantial similarity to TnpB (255). The similarity between Cas12 and TnpB involves mainly the
RuvC domain, which contains three conserved motifs contributing to the nuclease catalytic site
(RuvC-I, RuvC-Il, and RuvC-lll), with the arginine-rich Bridge helix domain separating RuvC-l and
RuvC-Il (Figure 3.1B and Figure S3.4). A typical feature of the catalytically active RuvC nuclease
domain is the presence of three or four negatively charged amino acids that coordinate two
divalent cations (Mg?/Mn?). In TnpB and in all but two Cas12 subtypes, three active site
residues are highly conserved (D-E-D) (Figure 3.1B and Figure S3.5). The two exceptions are
the catalytically inactive Cas12k that completely lost its active site residues and Cas12m in
which up to two of the metal-coordinating residues are replaced (H-D/E-D) (Figure 3.1B and
Figure S3.6) (76, 258). Another domain of TnpB, a Zn Finger (HxxC---CxxC), is conserved in a
subset of Cas12 variants including Cas12f and Cas12m (Figure 3.1B).

3.3.2 Cas12m recognizes a 5’-TTN PAM

The Cas12m system of Mycolicibacterium mucogenicum CCH10-A2 was selected for
experimental study based on the presence of a long CRISPR array, with degenerate repeats
at one end of the array indicating the array polarity (266). Because this bacterial strain has
not been previously cultivated (267), its V-M CRISPR locus was heterologously expressed
in Escherichia coli. The E. coli Rosetta (DE3) cells were transformed with two plasmids, one
containing an E. coli codon-harmonized cas’2m gene and the other containing a minimal
CRISPR array (repeat-spacer-repeat) harboring a spacer targeting the /ac promoter (P ). To
determine if Cas12m was able to target dsDNA, the PAM was first determined. The PAM plays
a central role in the target selection by dsDNA cleaving CRISPR systems. In the absence
of a PAM, Cas nucleases generally cannot stably bind the target, even in the presence of a
protospacer that is perfectly complementary to the spacer (268). As mentioned above, among
the spacers in the V-M CRISPR locus of M. mucogenicum, two of them partially matched
sequences of plasmids from this bacterium (269), with a putative 5°-T rich PAM (5-CTTC and
5-GTTG) (Figure S3.2).

To determine whether Cas12m recognizes a 5-T rich PAM, we adapted the previously
developed PAM-SCANR assay (270), a high-throughput E. coli-based positive and tunable
screen for PAM determination (Figure 3.2A). This assay is based on a catalytically inactive
crRNA-guided Cas nuclease (dCas) blocking the —35 element within the promoter upstream
of lacl. In the absence of binding (due to a non-PAM) by the dCas effector, Lacl is produced,
binds to the /ac operator upstream the green fluorescent protein (GFP) gene, thereby blocking
its expression. If, in the presence of a PAM, dCas binds to the -35 region, /acl is repressed,
resulting in expression of GFP (270). Based on the assumption that Cas12m would be able to
cleave dsDNA, we generated an effector plasmid (pCas-dCas12m) encoding a “dead” cas2m
gene by mutating one of the potential RuvC active site residues (D485A). We decided to name
the D485A mutant “dCas12m”, after the convention used for catalytically inactive derivatives
of Cas12a. In addition, a CRISPR array plasmid (pCRISPR-PS) was constructed with a spacer
targeting a matching protospacer (PS) upstream of the -35 element of the /ac/ promoter in
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the target PAM-SCANR plasmid (pTarget-PS). The four nucleotides immediately upstream of
this target sequence were randomized to generate the PAM library. A CRISPR array plasmid
with a non-targeting spacer (CRISPR-NT) was used as a negative control. E. coli cells were
transformed with the pCas-dCas12m, combined with either pCRISPR-PS or pCRISPR-NT, as well
as the pTarget-PS plasmid. After cultivation, fluorescent cells were isolated by fluorescence-
activated cell sorting (FACS) (Figure 3.2B). Comprehensive screening by next-generation
sequencing of the pre-sorted and post-sorted PAM libraries followed by analyses of the
target-flanking sequences showed that binding of target dsDNA by dCas12m depended on a
5-NTTM-3’ consensus PAM (Figure 3.2C, D). Weakly recognized PAMs were also detected by
titrating the Isopropyl 3-D-1-thiogalactopyranoside (IPTG) levels to down-regulate the strength
of Lacl repression (Figure S3.7A). The presence of T nucleotides at the -2 and -3 positions of
the 5-PAM appeared to be the most crucial for PAM recognition (Figure S3.7B). Thus, the PAM
recognized by Cas12m is similar to that of the other characterized type V effector proteins (122,
129, 271, 272). To validate the PAM and to clarify the ambiguity at the -1and -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 S3.7C).
E. coli cells harboring pCas-dCas12m and the CRISPR array plasmid with a spacer targeting the
promoter (pCRISPR-promoter) were transformed with the pTarget-GFP plasmids and assayed
for silencing of GFP fluorescence resulting from efficient dsDNA binding (Figure S3.7C). As
a control, we analyzed the catalytically inactive type V-A effector (dCas12a) of Francisella
tularensis subsp. novicida U112 (pCas-dCas12a), with its corresponding crRNA guide targeting
the same protospacer (Figure S3.7D). Efficient GFP repression was observed for all the tested
PAM variants, confirming the PAM sequence 5-(N)TTN-3’ for dCas12m and 5-TTTV-3’ for
dCas12a. In addition, this analysis revealed robust in vivo crRNA-guided dsDNA binding by
both dCas12m and dCas12a (Figure S3.7D).

61

|w



62

CHAPTER 3
a OFF €q b
PAM e
NNNN c
protospacer lacl gfp E§ ’ é
?‘E ’ 14 2,273% 2
e & . o 5
ON . i . 5
dCas12m e -e N
1.0‘ 102 10* 10* 10° 10° 10" 10" 10% 10° 104 10; 10% 107
Non-target Target
control
4-3-2-1
C d 5 el NN N N —— ' e
2.0~
[2]
= 1.0 T
0.0 " A
4 3-2-1

5’ PAM position

f in vivo co-purifiried crRNA (array A)

36nt 20nt

[ ———
repeat _ spacer — N n— O E—
50nt 6nt
6.2x10°
€
o
w
i
o
©
O
o
0

Figure 3.2. Cas12m recognizes dsDNA targets flanked by a 5-TTM PAM and does not require a
tracrRNA. (A) Schematic illustrating the in vivo PAM screen achieved by PAM-SCANR consisting of a library
of randomized 5’ PAM sequences (4N) cloned upstream of the lacl promoter. Inmediately downstream of
lacl there is a Lacl-dependent lacZ promoter controlling expression of GFP. A catalytically dead Cas12m
(dCas12m) protein is directed to a protospacer within the lacl promoter, resulting in GFP fluorescence only
in the presence of a functional PAM. (B) Cells harboring 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.
(C) Plasmids from the FACS-sorted cells were extracted and sequenced to determine functional PAM
sequences. A weblogo for the Cas12m PAM as determined by NGS sequencing of plasmids from sorted
fluorescent cells grown in O uM IPTG. (D) PAM-wheel representation of enriched PAMs in O uM IPTG. Arrow
indicates sequences moving from inner to outer wheel. Colors indicate relative frequency of the innermost
nucleotide (-1 position). The area of the sector within the PAM wheel is directly proportional to the relative
PAM enrichment in the library. (E) RNA-seq analysis of co-purified crRNA from cells expressing Cas12m
and a 4-spacer CRISPR-array (array a). Reads <50 nt were mapped on the expression construct (pCRISPR).
(F) Predicted pseudoknot of the crRNA of Cas12m (see also Figure S3.3) and indicated cleavage sites for
pre-crRNA auto-processing by Cas12m.
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3.3.3 Cas12m is responsible for pre-crRNA processing

To further characterize Cas12m and to validate the lack of tracrRNA requirement, Cas12m and
a minimal CRISPR-array were co-expressed in E. coli (Figure S3.8A). Subsequent analysis
demonstrated the presence of co-purified RNAs in the size range of the mature crRNAs (Figure
S3.8B). In addition, we performed an in vitro processing assay using purified recombinant
Cas12m and a two-spacer array (repeat-spacer-repeat-spacer-repeat), and observed the intact
pre-crRNA, intermediate products and RNAs that, according to their size, could correspond
to mature guides (Figure S3.8C). RNA-seq analysis of these putative crRNAs showed that
cleavage predominantly occurred after the 2" nucleotide of the repeats (Figure 3.2E, F).
Similar crRNA processing patterns were observed when Cas12m and the CRISPR-array were
co-expressed in a cell-free transcription-translation system (TXTL) (Figure S3.9) (273). Co-
expression of Cas12m and a four-spacer CRISPR-array in TXTL followed by Northern blot
analysis corroborated Cas12m-catalyzed pre-crRNA processing (Figure S3.10) (228).

Examination of the multiple alignment of Cas12m proteins suggested five conserved charged
residues located in the oligonucleotide binding domain (OBD, also referred to as Wedge domain)
that could be implicated in the pre-crRNA processing (Figure S3.4). Each of these residues was
mutated individually (R241A, R249A, H269A, R270A and R287A) and a double mutant of two
adjacent residues was constructed as well (H269A and R270A). These Cas12m mutants were
assayed for silencing of gfp expression in vivo using four-spacer and single-spacer CRISPR-arrays
(Figure S3.11). Single mutations appear to have little to no effect on GFP silencing, whereas the
double mutation (H269A, R270A) does suppress the silencing activity of dCas12m, suggesting
that at least these two residues are involved in crRNA binding and/or processing.

To test whether target site binding by Cas12m results in crRNA-guided dsDNA cleavage,
a target plasmid containing a 5-CTTA PAM adjacent to the previously used PAM-SCANR
protospacer (pTarget-CTTA) was generated. This plasmid transformed into E. coli cells
harboring the effector plasmid encoding the wild-type Cas12m protein (pCas-Cas12m) 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 harboring pCas-Cas12m and pCRISPR-PS, as compared with the strain harboring
pCas-Cas12m and the control pCRISPR-NT plasmids (Figure 3.3A). In contrast, the dsDNA-
targeting Casl12a control resulted in the expected substantial depletion of transformants
(Figure 3.3A). This result indicates that, at least under the tested conditions, CRISPR-Cas12m
did not cleave dsDNA in the heterologous E. coli host (Figure 3.3A). To confirm the inability of
Cas12m to cleave dsDNA, we repeated the same experiment, but with a plasmid (pCRISPR-
GFP) containing a different spacer targeting the 3’ region of the gfp gene. Again, we did not
observe any drop in the number of transformants as compared to the non-target control,
indicating that Cas12m lacks DNase activity. Still, because of the commonly used nomenclature
of RuvC-disrupted dCas effectors, we decided to stick to the name dCas12m. However, we
did observe a substantial decrease of the GFP fluorescence signal in cells that harbored
the pCas-Cas12m, pCRISPR-GFP and pTarget-GFP plasmid (Figure 3.3B). This in vivo GFP
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repression was much lower or undetectable in case of pCas-dCas12m (Figure 3.3B). Thus,
the observed silencing of gene expression by Cas12m was, at least to some extent, RuvC-
dependent (Figure 3.3B).
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Figure 3.3. Cas12m does not cleave dsDNA but reduces mRNA levels. (A) Results of the in vivo dsDNA
targeting experiment showing OD, , measurements from cultures of E. coli harboring the pTarget-PS
plasmid transformed with pCas-Cas12m and pCRISPR-PS compared to cells transformed with pCas-
FnCas12a and pCRISPR-Cas12a-PS plasmid. (B) Qualitative comparison of GFP fluorescence in the cells
harboring pTarget-GFP transformed with pCas-dCas12m with either pCRISPR-GFP (Target) or pCRISPR-NT
(Non-target) versus the cells harboring pTarget-GFP transformed with pCas-Cas12m with either pCRISPR-
GFP (Target) or pCRISPR-NT (Non-target). (C) Schematic of the pTarget-divergent, including the rfp and gfp
genes under the transcriptional control of two different constitutive promoters, Pmq and P‘adq. The arrows
indicate crRNAs used for targeting by Cas12m and dCas12m proteins using the respective spacers (a to f).
The PAMis located at the beginning of the arrow. (D) RFP fluorescence detected in the cells upon dCas12m
and Casl12m targeting using the individual spacers (n = 3; error bars represent mean + SEM). NT refers to
a non-targeting spacer. (E) GFP fluorescence detected in the cells upon dCas12m and Cas12m 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 a protospacer containing a 5-GGGC PAM (non-functional PAM). (F)
Relative rfp mRNA in the cells upon dCas12m and Cas12m targeting using the individual spacers (n = 3;
error bars represent mean + SEM) by RT-qPCR. NT refers to a non-targeting spacer. (G) Relative gfp mMRNA
in the cells upon dCas12m and Cas12m targeting using the individual spacers (n = 3; error bars represent
mean + SEM). NT refers to a non-targeting spacer.
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To determine whether the silencing activity of Cas12m was due to target-activated, collateral
RNA degradation, as in the case of the type VI effector Cas13a, we generated a target plasmid
(pTarget-divergent) with two fluorescence reporter genes, rfp and gfp, under the transcriptional

control of two divergent constitutive promoters, qu and P respectively (Figure 3.3C). E. coli

lacl
cells harboring either the pCas-dCas12m or pCas-Cas12m a::d the pTarget-divergent plasmids
were transformed with a set of CRISPR array plasmids (pCRISPR-(A-F)) containing spacers
targeting different locations on the promoters and on the coding strand of either rfp or gfp,
since pCRISPR-GFP targeted the coding strand (Figure 3.3C). Exclusive repression of the
targeted reporter gene was observed, indicating that interference by Cas12m occurred locally
and was unlikely to originate from collateral nuclease activity. Again, the wild-type Cas12m
generally was more efficient than dCas12m in silencing the expression of the reporter gene
(Figure 3.3 D, E). In addition to fluorescence measurements, the amounts of transcripts were
also measured by quantitative reverse transcription PCR (RT-gPCR), showing similar trends to
those observed with the fluorescent signal (Figure 3.3F and G). The observed 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 as gfp transcripts
also increase when targeting rfp (Figure 3.3F and G). However, this effect was not observed
for RFP when repressing gfp, which might be due to the stronger P'aq promoter occupying
most of the transcriptional machineries and driving high rfp expression.

When guided by spacer-e, Cas12m efficiently repressed gfp, whereas dCas12m inadequately
repressed gfp. (Figure 3.3F, G, crRNA E). The poor efficiency of spacer-e suggests sequence-
and context-dependent loss of silencing activity, most likely due to hindering RNA secondary
structures similar to the previous observations on Cas12a (228, 274). However, this spacer
still allowed for silencing by Cas12m, suggesting stronger binding. Collectively, these
observations suggest a distinct Cas12 mechanism whereby crRNA-guided binding by Cas12m
to a transcriptionally active dsDNA inhibits mMRNA transcription (Figure 3.3D-G) (162, 275).

After demonstrating local transcription repression by Cas12m, the next step was to silence
both fluorescent proteins simultaneously. To test whether in vivo multiplex gene silencing
was feasible, a CRISPR-array containing two spacers was used to silencing RFP and GFP,
respectively (Figure S3.12). Indeed, both RFP and GFP silencing was achieved, demonstrating
efficient in vivo multiplex silencing by both Cas12m and dCas12m.

To test the specificity of Cas12m, we examined the mismatch tolerance between the spacer
and the protospacer. Single mismatches, tiled 2-nucleotide mismatches and tiled 4-nucleotide
mismatches, were introduced across the protospacer in the target gfp gene (Figure S3.13A).
Cas12m appeared to be relatively tolerant to most single mismatches (Figure S3.13B), except
for the mismatch at the PAM-proximal position-8. This is in contrast to Cas12a which, according
to anin vivo analysis (276), is highly sensitive to single or double substitution in most positions
between 1and 18. Double and quadruple mismatches at PAM-proximal positions 1to 11 severely
impaired the silencing activity of Cas12m (Figure S3.13C and D), suggesting the existence
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of a seed-like sequence (277). Notably, although some mismatches impaired the activity of
dCas12m in GFP repression, the effect of the mismatches on GFP silencing by the wild-type
Cas12m was much less pronounced (Figure S3.13B-D).

To rule out that Cas12m has target-activated ssRNA cleavage activity, we incubated a purified
Cas’12m protein first with a crRNA guide, then with a complementary dsDNA plasmid target,
and then, with either a target or a non-target RNA. However, under these in vitro conditions,
Cas12m appeared to be incapable of cleaving either of the RNAs (Figure S3.14). Likewise, a
similar in vitro approach with linear target DNA also did not reveal ant transcript cleavage
(not shown). Hence, the observed interference of Cas12m, can best be explained by Cas12m

forming a transcriptional roadblock.

3.3.4 Cas12m inhibits transcription

To further investigate whether the dsDNA target-dependent silencing activity by Cas12m
extends further than one gene, we generated a target plasmid (pTarget-Operon) containing a
bi-cistronic operon with two fluorescence reporter genes, rfp and gfp (Figure 3.4A). E. coli cells
harboring either the pCas-dCas12m or pCas-Cas12m and the pTarget-operon were transformed
with different CRISPR array plasmids (pCRISPR) containing spacers targeting either the non-
coding (A1-F1) or the coding (A2-F2) strand at different locations across the entire operon
(Figure 3.4A). As expected, crRNA guides that target dsDNA sequences in the proximity of
the promoter region resulted in greatly reduced GFP and RFP fluorescent signals, indicating
efficient transcriptional silencing of both genes (Figure 3.4B and C, crRNAs A1/A2). Strikingly,
although the transcriptional silencing of the fluorescent reporter genes by the dCas12m protein
was weak for crRNA guides that targeted dsDNA towards the end of the operon (crRNAs D2/
E1/E2), relatively strong repression of both the red and the green fluorescence signals was
observed in cells expressing wild-type Cas12m (Figure 3.4B and C, crRNAs D2/E1). The loss
of red as well as green fluorescence upon binding to the downstream gfp gene indicates
that transcription, translation or stability of the entire mMRNA was affected by Cas12m (Figure
3.4B and C, crRNAs D1/D2). Moreover, the crRNA guides that targeted dsDNA sequences
downstream of the terminator (crRNAs E2/F1/F2) did not cause detectable loss of fluorescence,
suggesting that Cas12m mediated RNA-guided transcriptional silencing. Silencing appeared to
be confined to the transcripts of the target DNA, in contrast to the collateral cleavage activity
that has been reported for type V and type VI effectors (129, 265).
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Figure 3.4. RuvC and ZF domain contribute to silencing by Cas12m. (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 Cas12m and dCas12m proteins (A1 to F2) with the PAM located at the beginning of the
arrow. (B) RFP fluorescence detected in the cells upon dCas12m and Cas12m targeting using the individual
spacers (n = 3; error bars represent mean). NT refers to a non-targeting spacer. (C) GFP fluorescence
detected in the cells upon dCas12m and Cas12m targeting using the individual spacers (n = 3; error bars
represent mean + SEM). NT refers to a non-targeting spacer. (D) RFP (left) and GFP (right) fluorescence
detected in the cells upon dCas12m, Cas12m, dCas12m-AZF and Cas12m-AZF targeting using the individual
spacers (n = 3; error bars represent mean + SEM). NT refers to a non-targeting spacer.
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Besides the RuvC domain, a Zn Finger (ZF) is conserved in a subset of Cas12 variants including
Cas12m. Therefore, the ZF domain was also mutated in both Cas12m and dCas12m to generate
double mutants (H549A & C552A) Cas12m-AZF and dCas12m-AZF, respectively. Cas12m-AZF
and dCas12m-AZF variants appeared to silence pTarget-operon using crRNA guides A1, D2 and
E1. All four Cas12m variants (Cas12m, dCas12m, Cas12m-AZF and dCas12m-AZF) silenced RFP
and GFP with equal efficiency with guides targeting the promoter, indicating similar dsDNA
binding properties (Figure 3.4B and C, crRNA Al). Further downstream in the coding region,
however, where the silencing efficiency of Cas12m still works relatively well, interference by
all three mutants (dCas12m, Cas12m-AZF and dCas12m-AZF) is severely affected (Figure 3.4D).

To validate the observations of the silencing activity of Cas12m in different in vivo experiments,
we used the TXTL system to evaluate GFP silencing by Cas12m. The Cas12m and its CRISPR
array were initially pre-expressed in a TXTL reaction generating RNPs targeting degfp, a gfp
variant exhibiting higher expression in TXTL (Figure S3.15A). This reaction was subsequently
used in a new TXTL reaction containing a deGFP plasmid (pdeGFP) The GFP fluorescence
was measured over time to assess deGFP repression (Figure S3.15B). deGFP repression was
achieved in TXTL using Cas12m and dCas12m (Figure S3.15C). dCas12a was used as a control
using a non-targeting spacer (NT) and a spacer targeting the promoter (crRNA 1). Similar to
our operon repression experiment (Figure 3.4A), Cas12m yielded higher silencing activity
compared to dCas12m when targeting the transcribed region of gfp (Figure S3.15C, crRNA 2).
The same spacers were then tested in vivo, with similar results (Figure S3.15D). These findings
corroborated targeted transcriptional silencing by Cas12m.

3.3.5 Cas12m defends against MGE through silencing

Given that Cas12m is unable to cleave dsDNA, the question arises: could type V-M systems
provide defense against MGE? To test this, pTarget-GFP plasmids were transformed into E.
coli cells harboring the effector plasmid encoding Cas12m or dCas12m and a pCRISPR plasmid
expressing a minimal CRISPR-array (repeat-spacer-repeat). Spacers targeted essential regions
on the plasmid involved in plasmid replication, including the origin of replication (ori) and DnaA
binding boxes (278) (Figure 3.5A). Binding to these essential regions can disrupt plasmid
replication and thereby inhibit further plasmid propagation. In addition, gfp was also targeted
as a non-essential gene using spacers D2 (GFP1) and E1 (GFP2) from the previous operon
silencing experiment (Figure 3.5A). The potential inhibition of plasmid propagation by Cas12m
and dCas12m was compared to interference by dCas12a and Cas12a, controls that interfere
by binding and cleaving dsDNA, respectively.

In line with its anticipated role in anti-MGE defense, Cas12m efficiently silenced gfp (Figure
3.3B). In addition, Cas12m substantially lowers the transformation efficiency of pTarget-GFP
when targeting regions essential for replication of the plasmid (Ori1, Ori2 and DnaA) (Figure
3.5B). Again, the interference efficiency of dCas12m is lost by the RuvC mutation. No difference
in transformation efficiency was detected when non-essential regions were targeted with
Cas12m, dCas12m (Figure 3.5B, N.E.S (non-essential sequence), GFP1and GFP2).
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Figure 3.5. Binding by Cas12m or dCas12m can inhibit plasmid propagation. (A) Spacers for targeting
the pTarget plasmid (linear representation) in a transformation assay. Arrows indicate and location and
orientation of the targeted region with the PAM located at the beginning of the arrow. (B) Drop plating of
a transformation assay using Cas12m, dCas12m. Rows represent spacers used for targeting and columns
represent sample dilutions. N.E.S. = non-essential sequence. Transformation assay was performed using
biological duplicates (Figure S3.16).

In addition, Cas12a and dCas12a were included as controls (Figure S3.16B). dCas12a inhibited
plasmid propagation similarly to dCas12m, except for spacers Oril and DnaA. For most of the
tested spacers, the dsDNA-cleaving nuclease Casl12a caused a more pronounced inhibition
of transformation than any of the Cas proteins that only bound DNA. Thus, cleavage of dsDNA
is more efficient in plasmid clearance than dsDNA binding that presumably blocks replication
initiation (279). Moreover, as could be expected, in the case of Cas12a, plasmid propagation
can be inhibited even by targeting non-essential regions (Figure 3.4A, Figure S3.16B). Cas12a
failed to affect plasmid propagation with spacer GFP2 and had only a weak inhibitory effect
with spacer DnaA, which most likely reflects an inefficient spacer in general (228, 274).

3.3.6 Cas12m binds stronger to dsDNA than dCas12m in vitro

Most of the DNA-targeting class 2 effectors possess the ability to recognize, bind and cleave
dsDNA substrates (71, 122, 260, 280, 281). We first compared the binding of Cas12a, Cas12m,
dCas12m and dCas12m-AZF (all in complex with the aforementioned (PS) crRNA guide (Figure
3.2A)) to complementary dsDNA fragments immobilized on a chip surface using surface
plasmon resonance (SPR) (Figure 3.6, Figure S3.17). All proteins form complexes with the
dsDNA during the 1-minute association phase, with Cas12a binding more rapidly than Cas12m
and its variants at the same protein concentrations. A major fraction of all these complexes
remains stably bound and no difference in dissociation rate is apparent between Cas12a and
Cas12m variants if dissociation is monitored for 1 minute (Figure 3.6, Figure S3.17). However,
if we monitor dissociation for 5 hours, clear differences can be observed, with the majority of
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wild type Cas12m remaining bound for the full duration of the experiment, dCas12m completely
dissociating, and the Zinc finger mutant and Cas12a displaying an intermediate behavior. The
dCas12m-AZF and dCas12m mutants have considerably lower affinities for their target DNA
than Cas12m. This indicates that the observed increased silencing in vivo by Cas12m is most
likely due to stronger binding to dsDNA.

1.0
- — Cas12m
§ dCas12m
2 0.5 —— dCas12m-AZF
2 dCas12a
2 |
s f‘

0.0

|
0 30 60 9000 18000
time (seconds)

Figure 3.6. Relative binding and dissociation of crRNA guided Cas12m, dCas12m, dCas12m-AZF and
Cas12a to double stranded DNA analyzed using Surface Plasmon Resonance. Proteins (63 nM) and buffer
were added at time O and 60 seconds, respectively. Spikes during the extended dissociation phase are
caused by consecutive buffer intakes of the microfluidic system.

3.3.7 Cas12m cytidine base editor has unique base editing window

The Cas12m protein characterized in this study enables robust gene silencing in vivo in E. coli
while not cleaving dsDNA. Taking advantage of these properties, we repurposed Cas12m for
genome editing. To this end, Cas12m cytidine base editors (CBE) were constructed, which
allows for guided single nucleotide C-to-T substitution (106, 282). Although no nucleic acid
cleavage by Cas12m was observed in our experiments (see above), we used dCas12m for
constructing BEs; a control experiment with homologous Cas12m base editors resulted in
similar quantitative/qualitative editing (Figure S3.18). dCas12m-CBE1 was constructed by
fusing dCas12m to a cytidine deaminase (CDA), a uracil glycosylase inhibitor (UGI), and an
LVA degradation tag (AANDENYALVA) which is included to reduce the half-life of the protein
(Figure 3.7A).

THE MINIATURE CRISPR-CAS12M EFFECTOR BINDS DNA TO BLOCK TRANSCRIPTION

da. dCas12m-CBE1 (2.8 Kb)

C

4567 8 91011121314151617181920

WT|TTCATTAAAAATTGAATTGA
C-tile 1|CCCCCCAAAAATTGAATTGA
C-tile 2| TTCCCCCCCAATTGAATTGA
C-tile 3| TTCATTCCCCCCTGAATTGA
C-tile 4| TTCATTAAACCCCCCATTGA
C-tile 5| TTCATTAAAAATCCCCCCGA
C-tile 6| TTCATTAAAAATTGACCCCC

C-tile base editing (16 hours)
100

90
80
70
60
50
40
30
20
10

Merged 1,3,50
Merged 2,4, 6 @

Base Edited plasmid (%)

o m
12 3 4567 8 9 1011121314151617 181920
# C position

Figure 3.7. A dCas12m base editor achieves C-to-T editing in an atypical window. (A) Schematic of
dCas12m-CBE1. dCas12m-CBE1recognizes a 5 TTN PAM (orange) and binds to its target. Once an R-loop
is formed, CDA (bordeaux) deaminases a C to a U, which is converted to a T after replication. UGI (purple)
blocks UDG repair. (B) Overview of the C-tile targets used to characterize the editing window of dCas12m-
CBE1. The wildtype sequence contains a C at position 3 and serves as an internal standard for base
editing. C-tile 1to C-tile 6 plasmids contain six consecutive C’s in the sequence and shifts three position
toward 3’ end until position 20 is reached. (C) Deep sequencing results of dCas12m-CBE1 targeting the
C-tile plasmids after 16 hours. Data from plasmids of uneven and even numbers were fused for easier
data overview corresponding to ‘Merged 1, 3, 5" and ‘Merged 2, 4, 6, respectively. Y-axis represents base
edited plasmids in % of the whole plasmid population and X-axis represents the C position within the
protospacer. Unmerged data can be found in Table S3.1.
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This architecture is analogous to that of the previously developed Cas9-based BE (250). To
determine its base editing window, dCas12m-CBE1 was used to edit various pTarget plasmids.
We generated six variants of pTarget, each containing six consecutive cytosine bases at
different positions of the protospacers (C-tile plasmids; Figure 3.7B). These boxes of six C’s
shift 3 positions towards the 3’ end up to the 20th position (Figure 3.7B), ensuring a complete
C coverage on the protospacer. In addition to the C-tiles, a fixed at position 3 (C3) was used
as an internal standard for base editing. Once transformed, the E. coli cells were grown in
MOTG medium for 1-2-3 days. Deep sequencing of the targeted sequence was performed to
assess base editing of the whole population. Sequence analysis showed that base editing
occurred in each of the six C-tile plasmids, with efficient C3 base editing (>*90% editing) in all
plasmids (Table S3.1).

Next, the results of the uneven C-tile plasmids (1, 3 and 5) and of the even C-tile plasmids (2,
4 and 6) were merged, revealing a unique base editing window (Figure 3.7C). Interestingly, it
was found that dCas12m-CBE1 catalyzed base editing in two different regions within the base
editing window instead of the single region for previously described Cas9 or Cas12a-based
Bes (282, 283). C-to-T editing occurred both in a PAM-proximal (positions 2-5) and in a PAM-
distal (positions 13-19) regions. Positions 3 and 4 were found to have the highest base editing
efficiency of >75%. Base editing efficiency for C15 varied between plasmids, 41% for C-tile 5
and 94% for C-tile 6. Such differences were most pronounced in position C15 but were also
observed in other positions, such as C6, C16 and C17, and were likely caused by sequence-
specific base editing biases, i.e., context dependent base editing.

To improve the focus of the base editing window of dCas12m-CBE1, a series of dCas12m-
CBE1 variants were constructed containing different linker length (dCas12-CBE1.A-D)
(Figure S3.19A), which targeted C motif plasmids. C motif plasmids contain a tiled C motif
(CxxCxxCxxCxxCxxCxxC), starting at every first (C1 motif), second (C2 motif) or third (C3
motif) nucleotide of the protospacer (Figure S3.19B). Reducing the linker length of dCas12m-
BE1 showed no substantial decrease in the base editing window (Figure S3.19C). However,
substituting the coding region of either CDA or UGI by using a Homo sapiens codon optimized
sequence led to a decrease in overall base editing efficiency and thereby a narrower base
editing window, which is most likely due to reduced protein production of dCas12m-CBE1
(Figure S3.19B and C). In short, we’ve characterized a Cas12m protein from type V-M that
processes its own pre-crRNA, recognizes a 5’TTN- PAM and binds dsDNA. In addition, Cas12m
was utilized in constructing Cas12m-based cytidine base editors, which allows for guided single
nucleotide C-to-T substitution in a unique base editing window.
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3.4 Discussion

Here we describe the characterization of a miniature type V CRISPR-Cas system, subtype V-M
(formerly V-U1). The key player of this system is the relatively small Cas12m effector protein
(596 amino acids) that has distinct functional features compared to other Cas12 subtypes.
Of the six CRISPR-Cas types, Type V is the most diverse CRISPR-Cas type that comprises 13
distinct, well-defined subtypes (A to M) (Figure 3.1, Figure S3.1). Phylogenetic analysis indicates
that the effectors of different Cas12 subtypes evolved independently from different groups of
transposon-encoded TnpB nucleases that are thought to use an RNA-guided transposition
mechanism (76, 261, 262). The CRISPR-Cas variants that initially were called subtype V-U (76)
have been reclassified as genuine subtypes after their experimental characterization. They
appear to represent intermediate stages of the evolution of type V systems from TnpB. Most
of these proteins are relatively small, being about the same size as typical TnpB (400-500
amino acids). In addition, they show high levels of sequence similarity to TnpB, in contrast
to the much larger effector proteins of other subtypes, such as Cas12a-d. The latter, fully
developed and highly efficient CRISPR effectors are thought to have evolved from TnpB by
accretion of various, poorly conserved protein domains (76). Different type V variants appear
to correspond to different stages on this evolutionary path, which is reflected in the protein
sizes. From this perspective, Cas12m seems to represent an early evolutionary stage (Figure
3.A, Figure S3.1, Figure S3.20).

Structural analyses of Cas12 effectors from different subtypes (255) show that the conserved
RuvC residues (Figure 3.1B, DED) constitute the catalytic site for target nucleic acid cleavage.
Similarly to other nucleases that share the RNase H fold, including bacterial RuvC, Argonaute
(PIWI domain) and Cas9 (RuvC-like domain), these negatively charged residues form an
essential part of the binding site for a pair of divalent cations (Mg?*/Mn?") that position a
water molecule appropriately for a nucleophilic attack of a phosphorus atom in the backbone
of a target nucleic acid, resulting in target cleavage through hydrolysis of the scissile
phosphodiester bond (126, 284, 285). In case of Cas12m, the metal-binding site of the RuvC
domain is disrupted by substitutions of one or more of the cation-binding amino acids (Figure
3.1B), and the identity of the substitutions is rather variable among members of the Cas12m
subtype (Figure S3.6). In particular, the Cas12m from M. mucogenicum contains the triad
HDD, instead of the DED catalytic triad that is conserved in all catalytically active TnpB and
Cas12 variants. In agreement with this lack of conservation of the catalytic residues, we never
detected any target cleavage activity of Cas12m. In all Cas12m systems, however, the strong
conservation of closely-spaced two aspartic acid residues at a position that correspond to
the location of the third metal binding ligand of the canonical Cas12 RuvC domain (Figure
S3.6) may suggest that at least this residue still plays some structural and/or functional role.

Rather than cleavage of the target nucleic acid, we demonstrate both in vivo and in vitro
that Cas12m causes interference through strong crRNA-guided binding of dsDNA targets.
Initial comparison of binding kinetics of Cas12m with a catalytically inactive variant of the
well-established Cas12a system (dCas12a) did reveal similar dissociation rates (Figure S3.17).
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However, when monitoring for longer periods of time, the stability of the Cas12m RNP complex
with its dsDNA target appears to be substantially stronger than that of dCas12a (Figure 3.6).
Comparison of the performance of the wild type Cas12m (RuvC HDD) with mutant dCas12m
(RuvC HAD) reveals interesting differences. When targeting non-transcribed promoter
regions, both variants can lead to robust silencing most likely by blocking docking of the RNA
polymerase complex. However, when targeting sites in the transcribed coding region, a trend
is observed that targeting sites that are more distant from the promoter, results in steadily
decreasing silencing efficiency (as previously reported for silencing by other Cas effectors,
e.g. dCas9 (163). This is observed to some extent for the wild type Cas12m, but much more
pronounced so for the mutant dCas12m. In addition, Cas12m variants in which the ZF motif is
disrupted behave similarly as the RuvC mutant. These differences in silencing potential appear
to correlate with a drop in the target binding stability, as observed in the extended monitoring
of dissociation of the Cas12m variants (Figure 3.6). This reveal that despite the lost capacity
to cleave target dsDNA, the catalytic inactive RuvC domain of Cas12m plays a role in the
crRNA binding of dsDNA. This role of Cas12m-RuvC in target binding could also explain the
observation that dCas12m is more sensitive for mismatches than the wild type (Figure S3.13). As
previously described for other Cas effectors (e.g. Cas9 (286)) derived variants in which target
affinity was decreased resulted in increased specificity). The enhanced specificity of dCas12m
may be beneficial for certain applications, including targeted base editing (see below).

We show here that Cas12m employs an interference mechanism that is distinct from all CRISPR-
Cas systems characterized to date. Rather than target cleavage, Cas12m functions through
RNA-guided binding to complementary dsDNA targets of MGEs, that impedes either MGE
replication or transcription of essential MGE genes. Next to Cas12k, Cas12m is the second type
V effector that lacks target cleavage activity. The two inactivated Cas12 variants are similar
mechanistically but distinct biologically: despite the loss of the nuclease activity, Cas12m is
likely to maintain a defense function, whereas Cas12k has been repurposed by a transposon
to locate a specific site for RNA-guided transposition (258, 287). Several examples have
been reported of CRISPR-Cas systems that have been adopted by MGEs: transposons, but
also viruses and plasmids (87). The detection of anti-plasmid spacers in subtype V-M arrays
(Figure S3.2) suggests that control of plasmid replication could be the main function of the
V-M systems. In this context, downregulating an MGE by binding to the origin of replication
or silencing the expression of an essential gene could be sufficient to control its propagation
rate while mitigating the cost of CRISPR in terms of inhibition of horizontal gene transfer and
autoimmunity. In addition, the silencing strategy would allow to control the gene expression
of MGEs that are integrated in the host genome. Whereas DNA-cleaving CRISPR systems
control gene expression by using partial matching crRNA guides (87), the DNA-binding Cas12m
system can use perfectly matching guides for the same purpose. Given that almost half of
the V-M systems are located on plasmids, their additional role could involve inter-plasmid
competition (87). Interestingly, very recently similar conclusions have been reported on the
targeting mechanism of a Cas12c system, that also functions through target binding but not
cleaving (288).
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Some recently discovered Cas12 effectors are not even half the size of the smallest Cas9 or
Cas12a proteins. This potentially makes these miniature Cas12 variants appealing candidates
for packaging in FDA-approved Adeno-Associated Viruses (AAVs), as delivery tool for in vivo
genome engineering therapies (289, 290). Indeed, AAV-based delivery to human cells has
recently been demonstrated for the V-F systems (132). Thus, investigation of the mechanisms
of these compact CRISPR-Cas systems is not only contributing to understanding the evolution
of anti-MGE defense in prokaryotes, but also holds potential for new developments in
biotechnology.

The PAM—-dependent DNA-binding ability of Cas12m can be utilized to recruit transcriptional
activators or repressors (166) as well as base editing enzymes (282). As a proof-of-concept, we
repurposed Cas12m towards cytidine base editors (CBEs) tailored to the C-to-T substitutions.
Compared to Cas9- or Casl12a-based CBEs, dCas12m-CBE1 has a unique base editing window
that consists of two regions located at the PAM-proximal (positions 2-5) and PAM-distal
(positions 13-19) end of the protospacer. This unique feature of dCas12m-CBE1 can be due
the small size of dCas12m, where dCas12m is unable to protect the single-stranded displaced
strand and thereby allowing it to be exposed for deamination. A recently developed dCas12f1
adenine base editor has also been reported to base edit both at the PAM-proximal and
-distal end, although editing on the PAM-distal was found to have significantly lower editing
efficiency (297). Moreover, the base editing window of dCas12m-CBE1 (positions 2-5 & 13-19) is
distinct from that of the dCas12a-based CBE (position 8-13), and as such is a potentially useful,
complementary addition to the base editing toolbox for targeting 5’ T-rich PAMs. Depending
on the desired genome adjustment in a certain cell, the choice should be made on whether
using BEs that include the wild type Cas12m (stronger binding, longer editing) or rather the
mutant dCas12m (more specific, less off targeting).

To summarize, we characterized a novel Cas12 subtype with several unique features. Rather
than crRNA-guided target cleavage, Cas12m effector proteins appear to control MGE
propagation by crRNA-guided target binding, most likely by blocking the invader’s replication
and/or expression. Apart from revealing fundamental mechanistic features, the small Cas12m
protein from type V-M were repurposed to develop CBEs. These findings underscore the
incredible diversity of CRISPR-Cas systems and their potential for a wide range of applications.

3.5 Method Details

3.5.1 Sequence analysis

The MmCas12m sequence (WP_061006603.1) was used as a query for web version of the
PSIBLAST program (292), which was run against NCBI non-redundant protein sequence
database with E-value=1e-4. Phylogenetic analysis was used to verify the V-M family
assignments as follows: all sequences identified PSIBLAST search were combined with TnpB-
like proteins and previously identified V-U and V-F1 proteins (255). Multiple alignment of this
sequence set was constructed by MUSCLE v5 (option super5) and a phylogenetic tree was
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constructed using approximate likelihood method implemented in the FastTree program. The
FastTree program was run with WAG evolutionary model and gamma distributed site rates.
All proteins that belong to a well-supported branch containing both previously identified
V-U1sequences and new sequences were considered members of V-M family (Figure S3.19).
Extended loci (30 gene up- and downstream of V-M effector gene) were annotated using
PSI-BLAST program with collection of position specific scoring matrices (PSSMs) from CDD
database (293). Multiple alignment of V-M proteins was built using the MUSCLE v3 program
(294). CRISPR arrays were predicted using web version of the CRISPRfinder (295). Spacer
matches were identified using the BLASTN (megablast option; E-value=1e-4) program which
was run against viral database (296), Genbank non-redundant nucleotide database and NCBI
whole-genome shotgun contig (WGS) database. Searches were performed using either stand
alone or web version of the BLASTN program (292). The WGS search was restricted by contigs
of the same taxonomic lineage affiliation as the genome from which respective spacer was
originated (data not shown).

3.5.2 Bacterial strains and growth conditions

Bacterial strains used for the cloning and propagation of plasmids in the current study are E.
coli DH5a and DH10. For protein expression, the E. coli Rosetta (DE3) (EMD Millipore) was
used. For transformation assays or fluorescence loss assays, E. coli BW25113 strain lacking
the lacl, lacZ genes and the type I-E CRISPR-Cas system was used since it was previously
developed for the PAM-SCNR assays (270). 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 MOTG 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.

3.5.3 Plasmid construction

All plasmids and spacers used in this study can be found in Table S3.2 and Table S3.3,
respectively. The plasmids constructed and the oligonucleotides (IDT) used in cloning and
sequencing are listed in Table S3.4. E. coli codon-harmonized Cas’2m gene was inserted into
the plasmid pML-1B backbone (obtained from the UC Berkeley MacroLab, Addgene #29653) by
ligation-independent cloning using oligonucleotides to generate a protein expression construct
encoding the Cas12m polypeptide sequence (residues 1-596) fused with an N-terminal tag
comprising a hexahistidine sequence and a Tobacco Etch Virus (TEV) protease cleavage site.

The three plasmids used for the PAM-SCANR screening platform were based on the previously
published protocol (270). The cas’2m and dcas’2m genes were inserted into the pBAD33
vector backbone under the control of the constitutive J23108 promoter to generate the pCas-
Cas12m and pCas-dCas12m plasmids, respectively. The pCRISPR guideRNA plasmid series
were generated by inserting a CRISPR array downstream the constitutive J23119 promoter in
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pBAD18 backbone. The pTarget-PS plasmid is comprised of the PAM-SCANR NOT gate-based
circuit in a pAU66 plasmid backbone.

The pCas-dCas12m and pCas-Cas12m plasmids were constructed using NEBuilder® HiFi DNA
Assembly (NEB). The fragments for assembling the plasmids were amplified by PCR using
Q5@ High-Fidelity 2X Master Mix (NEB). The dCas12m gene fragment was created by site-
directed mutagenesis of the aspartic acid in the RuvC domain to an alanine (D485A). Zinc
finger mutants pCas-Cas12m-AZF and pCas-dCas12m-AZF were constructed by NEBuilder®
HiFi DNA Assembly (NEB). Backbone pCas-Cas12m was digested with restriction enzymes
Avrll and Hindlll and Cas12m fragments were amplified by PCR.

More in-depth cloning details of various pCas plasmids can be found in Table S3.5. The pCas-
(d)Cas12m-BE1 was constructed using NEBuilder® HiFi DNA Assembly (NEB). DNA fragments
used in the assembly were amplified by PCR using Q5® High-Fidelity 2X Master Mix (NEB).
The pCas-(d)Cas12m-BE1was then used to construct pCas-(d)Cas12m-BE1.A-D by Golden Gate
cloning. The vector and linker were PCR amplified to introduce flanking Sapl restriction sites.
To enable more straightforward cloning of the other Cas12m-BEs, pCas-RFP-UGI-Entry was
constructed. pCas-RFP-UGI-Entry which contains a rfp and an UGI gene. The rfp gene is
flanked Bbsl restriction sites, which can be used for Golden Gate cloning and visualization of
correctly assembled plasmid by the absence of RFP fluorescence. pCas-RFP-UGI-Entry was
used to construct pCas-(d)Cas12m-BE2 and pCas-(d)Cas12m-BE3.

The pTarget plasmids used for base editing (C-tile and C-motif plasmids) were constructed
using a fragment of pTarget-divergent digested with the restriction enzymes, Aatll and Kpnl
and subsequent ligating it to a short protospacer sequence. Protospacer sequences containing
complementary overhangs were created by annealing two oligonucleotides (Table S3.4).

The pCRISPR plasmids for Cas12m were constructed by restriction-digestion and ligation. By
PCR amplification, 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 same 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. Longer CRISPR-
arrays such as the four-spacer CRISPR-array were created by annealing two oligonucleotides
to create spacer-repeat fragments. Fragments were design to contain compatible overhangs
to other spacer-repeat fragments. Spacer-repeat fragments are ligated together and PCR
amplified to yield spacer-repeat-spacer-repeat-spacer flanked by Bbsl restriction sites. The
amplified linear fragment is then cloned into pCRISPR by digestion and ligation.

The pTarget-GFP plasmid was constructed using BamHI restriction and ligation of a linear
P . and GFP gene fragment amplified from the pTarget-PS plasmid. pTarget-GFP containing

laclq
different PAMs were constructed by site directed mutagenesis. The pTarget-operon plasmid
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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. 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
linearized with BsmBl and ligated to the target adaptors to create series pTarget-MM-[x], where
x is the position from 1to 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 BstBl, filling in the
overhang with Klenow fragment and re-circularizing the plasmid. The CRISPR-array plasmids
pCRISPR-MM-[WT] were created using the same method described above.

The pCRISPR plasmids for Cas12a were constructed by restriction digestion of pCas-Cas12a-
pCRISPR-RFP with restriction enzyme Bbsl. Bbsl digestion removes a rfp gene flanked by
two Cas12a repeats. Spacers are created by annealing two oligonucleotides containing
complementary overhangs and subsequently ligated to pCRISPR-Cas12a.

3.5.4 Cas12m protein expression and purification

The purification protocol was adapted from established Cas12a purification methods previously
(297). Briefly, the cas12m gene was heterologous expressed in E. coli Rosetta (DE3) (EMD
Millipore) and purified using a combination of Ni?* affinity, cation exchange and gel filtration
chromatography steps. Three liters of LB growth medium with 100 ug mL" ampicillin was
inoculated with 30 mL overnight culture of E. coli 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 30,000x g to remove insoluble material. The clarified lysate was appliedto 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 dialyzed against Dialysis buffer (20 mM HEPES-KOH pH 7.5, 250 mM KClI) 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 KCIl) 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 analyzed by SDS-PAGE and fractions containing the Cas12m
protein were combined, and DTT (Sigma-Aldrich) was added to a final concentration of 1 mM.
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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.

3.5.5 Pre-crRNA processing

The pre-crRNA processing assay was conducted with “varying amounts of Cas12m nuclease
and Y100nM pre-crRNA. The assay was conducted in Cas9 Nuclease Reaction Buffer (NEB), in
a total volume of 15 pL, at 37°C for an hour and quenched with 2 uL 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).

3.5.6 Transformation assay

E. coli cells harboring the pCas and pCRISPR plasmids were made chemically competent and
were transformed with 2 ng of the pTarget plasmid. After recovery, the transformation mix
was diluted 2 puL: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 selecting only for pCas and pCRISPR. After 16h, cells were diluted in PBS and
drop plated (3 pL) on LB agar selecting for all three plasmids. Plates are grown overnight at
37 °C and colonies were analyzed the following day.

3.5.7 PAM-SCANR assay

A day prior to sorting, E. coli cells harboring the pCas and pCRISPR plasmids were made
chemically competent and were transformed with the pTarget-PS plasmid containing the
randomized 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 uM)
of IPTG and cultured to an OD, 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 gating 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 1 mL PBS, which
was then immediately 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.
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3.5.8 Fluorescence repression assays

For the silencing assays, E. coli cells harboring either the pCas-dCas12m or the pCas-Cas12m
and the corresponding target plasmids were made chemically competent and transformed
with the pCRISPR library. For the 5-NTTN PAM determination assays, cells harboring either
the pCas-dCas12m or the pCas-Cas12m and the pCRISPR plasmid were made competent
and then transformed with the target plasmid. For the mismatch tolerance assays, chemically
competent E. coli BW225 cells harboring either targeting plasmid pCRISPR-MM-[WT] or non-
targeting plasmid pCRISPR-Bbsl, and either pCas-Cas12m or pCas-dCas12m were transformed
with pTarget-MM-[x]. After recovery, the transformation mix was diluted 2 pL:200 pL MOTG
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.

3.5.9 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.

Flxsargeting~F'Blank Flps—Flplank )
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lenan—targeting’”Blank >—average( Flps=Flpiank )
0D600y.,, oy —targeting=OP600B1ank 0D600r5—0D600R g
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3.5.10 RT-qPCR analysis

10 mL LB with 50 mg mL" kanamycin, 34 mg mL" chloramphenicol and 100 mg mL" ampicillin
was inoculated 1:1000 from a preculture. Cells were grown to an OD600 of 0.6 and cooled
down on ice-water. Cells were pelleted and resuspended in 250 pL of 50 mM Tris-HCI pH8,
10 mM EDTA and 10 mM DTT. Cells were then lysed with 250 uL of [0.2 M NaOH and 1%
SDS]. Protein, genomic DNA and SDS were precipitated by adding 250 uL [1.8 M potassium
acetate and 1.2 M acetic acid]. Debris was pelleted in a microcentrifuge tube and 650 L was
transferred to a new Eppendorf tube. RNA was precipitated by adding 650 pL isopropanol and
centrifuging for 5 minutes at maximum speed. RNA pellets were washed with 500 pL of [10 mM
Tris-HCI pH8 and 70% ethanol] and dried in a laminar flow cabinet. Pellets were dissolved in
100 pL DNAsel buffer (NEB) with 0.25 pL DNAse | (NEB) and incubated at 37 °C for 30 minutes.
First, 300 pL of DNAsel buffer was added and then 200 uL of Roti aqua phenol (Roth). The
phases were separated by centrifugation and 300 pL of the aqueous phase was transferred
to a new Eppendorf tube. 300 pL of isopropanol was added to the aqueous phase and the
mixture was loaded on a silica column (Thermo K0702). The RNA was washed twice with 400
pL [10 mM Tris-HCI pH8, 70% ethanol and 100 mM NacCl]. Finally, the RNA was eluted into 50
pL of [1 mM Tris-HCI pH8, 0.1 mM EDTA]. The RNA was diluted to 1 g/L in water and cDNA was
generated with the Maxima H minus (Thermo) reverse transcriptase. RT-gPCR was performed
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with the SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad) using cDNA derived from
10 ng of total RNA in a 10 pL reaction.

3.5.11 In vitro TXTL assay

TXTL experiments were conducted in the laboratory of Chase Beisel at the Helmholtz Institute
for RNA-based Infection Research in Wiirzburg, Germany. The TXTL reaction is consisted of
myTXTL® master mix, pCas, pCRISPR and p70a-deGFP. The myTXTL® Sigma 70 Master Mix and
p70a-deGFP was purchased from Arbor Biosciences. pCas and pCRISPR were plasmids used
for in vivo silencing and were prepared by midiprep using the ZymoPURE™ Il Plasmid Midiprep
Kit (Zymo Research), followed by PCR purification using the DNA Clean & Concentrator-5 (Zymo
Research). TXTL reactions were prepared according to (298). pCas (4nM) and pCRISPR (4nM)
were first pre-incubated in a TXTL reaction for 16 hours in 29°C. 1 ul of the pre-incubated mix
was added together with pTarget-eGFP (ImM) in a new TXTL mix with an end volume of 12pL.
The final reaction was pipetted into a 96-well plate using a Labcyte Echo 525 acoustic liquid
dispensing system. Each well contained a 3L reaction with four replicates per sample. The
96-well plate was then incubated for 16 hours at 29°C in a Synergy Neo2(Biotek) plate reader.
deGFP fluorescence was measured every 3 min with an excitation and emission of 485 and
528, respectively. Also, bandwidth and again were set to 13nm and 60, respectively. For pre-
crRNA processing, the pCas and pCRISPR mixture was incubated at 29°C for five hours in a
thermocycler, and total RNA was extracted using Direct-zol RNA MiniPrep kit following the
manufacturer’s instructions (Zymo Research).

3.5.12 Northern blot

For Northern blotting analysis, 5ug of each RNA sample obtained from TXTL was put on an
8% polyacrylamide gel (7M urea) at 300V for 140 min. RNA was transferred onto Hybond-XL
membranes (Amersham Hybond-XL, GE Healthcare) using an Electroblotter using 50V for 1h
at 4°C (Tank-Elektroblotter Web M, PerfectBlue) and crosslinked with UV-light for a total of 0.12
Joules (UV-lamp T8C; 254 nm, 8 W). Hybridization occured overnight in 17 ml Roti-Hybri-Quick
buffer with 5ulL y-32P-ATP end-labeled oligodeoxyribonucleotides at 42°C. The membrane
was visualized using a Phosphorimager (Typhoon FLA 7000, GE Healthcare).

3.5.13 Surface plasmon resonance

A 50-nucleotide biotinylated oligo (Table S3.4) containing a DNA target site and its
complementary strand were obtained from IDT (Leuven, Belgium) and solubilized in 25 mM
HEPES, 150 mM KCI pH 7.5. To create dsDNA, the oligonucleotides were mixed at equal
ratio, heated to 95°C and slowly cooled to room temperature. Surface plasmon resonance
(SPR) spectroscopy was carried out at 25°C on a Biacore T100 (Cytiva, Marlborough USA). A
series S CM5 sensor chip surface was modified with 2500 response units (RU) of streptavidin
(Invitrogen) using the amine coupling kit (Cytiva). Flow cell 1 was used as reference. On flow
cell 3, 21 RU of dsDNA was immobilized. Ribonucleotide protein complexes were formed by
mixing protein with 1.4-fold molar excess of Cas12m and Cas12a PAM-SCANR RNA (Table
S3.4) to a final concentration of 500 nM protein in SPR buffer (20 mM Hepes, 150mM KCl,
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10 mM MgCl, and 0.05% Tween 20, pH 7.8). Dilutions of this complex in SPR buffer (500-3.9
nM) were injected over the chip surface for 60 seconds at 50 pl/min and dissociation was
monitored for a further 60 seconds (for the complete set) or 5 hours (for an additional 63 nM
injection). Flow cells were regenerated using 4 consecutive injections of 4 M MgCl,. Because
this not only removed the protein but also the unwound complementary DNA strand, dsDNA
was reformed by injection of the complementary oligonucleotide (1 uM) for 100 seconds at 5
ul/min overflow cell 3 before every new cycle. After double reference correction a two-state
model was fit to the data using BioEvaluation Software (Cytiva) to obtain kinetic and affinity
constants for binding to target DNA. Plots were created using GraphPad Prism version 8.3.1.

3.5.14 Base editing assay

E. coli BW25113 strain lacking the lacl, lacZ genes and the type I-E CRISPR-Cas system was
used for base editing assay. Cells harboring pCRISPR-C-tile or pCRISPR-C motif plasmids and
their corresponding pTarget plasmids were made chemically competent and transformed with
the different MmCas12m base editor (pCas) plasmids. After recovery, the transformation mix
was diluted 2 pL:200 pL MOTG medium in a 96 well 2 mL master block (Greiner). Master block
was then sealed using a gas-permeable membrane (Sigma, AeraSeal™) and grown overnight
at 37 °C at 900 rpm overnight. The following day, the cells were diluted 1:10000 in fresh MOTG
medium in a 96-wells master block and grown overnight at 37°C. 20 uL E. coli cultures were
taken every at time point 16, 24 and 48 hours for C-tile base editing, whereas samples were
only taken at 40 hours for C-motif base editing. Base edited region was PCR amplified by
using 2 pL cultures in a 50 pL PCR reaction using Q5® High-Fidelity 2X Master Mix (NEB).
Amplified fragments were purified using DNA Clean & Concentrator™-5 (Zymo Research) and
sent for sequencing.
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3.9 Supplementary materials

— TnpB regular
Cas12f2 (Cas14b)
V-U3

Cas12f1 (Cas14a)

T £
2
7
7
7

 Cas1203 (Castdq) | CAS12f
VA2
Z
g V-U4
esggsmﬂMWUﬂ
%— Casiza
2 Cas12e
) 7 — Cast
\ 7 E Cas12d
‘ 7
L Z  Casik
7
————— Casty
————é——mﬁz
)
—//7— Cas12h
| 7
‘ “ Cas12b
/£ Cas12i
A
?//. 1 a

Figure S3.1. UPGMA dendrogram showing similarity between different families of Type V effectors. The
dendrogram was built using the UPGMA (unweighted pair group method with arithmetic mean) method
and is based on matrix of HHalign (299) scores calculated for all against all pairwise alignments with the
length coverage 33% or more. The alignments for the respective families were taken from (255), except
for the Cas12m family for which an updated alignment (104 proteins) was used. The dashed rectangle
corresponds to the tree depth D between 1.5 and 2 (D = 2 roughly corresponds to the pairwise HHsearch
similarity score of exp(2D) = 0.02 relative to the self-score) and reflect the tree depth where the subtype
assignment is uncertain and subject for additional consideration.
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Match to: Mycolicibacterium sp. TYS1 plasmid pTYS1_01, complete sequence(NZ_AP023363.1) position: 133674-133710, with: SPACER_4
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Figure S3.2. Native spacers matching protospacers using CRISPRtarget. Native spacers were analyzed
with CRISPRtarget (http://crispr.otago.ac.nz/CRISPRTarget/crispr_analysis.html) using default settings.
Red squares represent mismatches.
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Figure S3.3. Type V-M CRISPR repeats from different bacteria. FnCas12a and AsCas12a crRNA structures
are based on Xtal structures. Putative Cas12m pseudoknot structures in the CRISPR RNA repeat regions
as predicted by Vsfold (300) except in case of CbaCas12m the predicted base pairing deviates from
the structure shown here. FnCas12a: Francisella tularensis subsp. novicida U112 Cas12a; AsCas12a:
Acidaminococcus sp. BV3L6 Cas12a; CbCas12m: Clostridiales bacterium DRI 13 Cas12m; MmCas12m:
Mycolicibacterium mucogenicum CCH10-A2 Cas12m: Mccas12m: Mycobacterium conceptionense MLE
Cas12m; MsCas12m: Mejothermus silvanus DSM 9946 Cas12m.
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Figure S3.5. Domain architecture of type V effector proteins.
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Figure S3.6. Web logo of conserved amino acid residues found in RuvC |, Il and Ill using 104 Cas12m
sequences. The logos was built using Web Logo site (https://weblogo.berkeley.edu/logo.cgi) for alignment
of 104 Cas12m proteins with default parameters.
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Figure S3.7. Cas12m PAM determination. (A) Deep sequencing analysis of PAM-SCANR after FACS
sorting. Plasmids from the FACS-sorted cells were extracted and sequenced to determine functional
PAM sequences. Sequence logo for the Cas12m 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 positions -4, -3, -2, -1 (left to right) at the 5’ end of the protospacer
reflects the degree of conservation at each position. (B) PAM-wheel representation of enriched PAMs
in 1000 uM IPTG. Arrow indicates sequences moving from inner to outer wheel. Colors indicate relative
frequency of the innermost nucleotide (-1 position). The area of the sector within the PAM wheel is directly
proportional to the relative PAM enrichment in the library. (C) 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
dCas12m and dCas12a proteins using the respective crRNAs. (D) GFP repression detected in
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Figure S3.8. Co-purified nucleic acids and pre-crRNA processing by Cas12m. (A) Coomassie blue stained
SDS-PAGE gel in which the purified Cas12m protein (66.2 kD) is visualized. (B) Co-purified nucleic acids
from Cas12m 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 S3.9. Co-purified nucleic acids and pre-crRNA processing by Cas12m from a TXTL reaction.
Array (A-D) and MmCas12m were co-expressed in TXTL, followed by small-RNA isolation and RNA-seq

analysis. Reads <50 nt were

mapped on the expression construct (pCRISPR).
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Figure $3.10. Processing by Cas12m and dCas12m by northern blot analysis in TXTL. A plasmid
expressing the Cas12m CRISPR-array containing four spacers were incubated with a plasmid expressing
Cas12m or dCas12m in TXTL. RNA was visualized by northern blot, using a probe that binds to the first
spacer of array A (purple). Array B is similar to that of array A, only the order of spacers a shifted (yellow-
green-blue-purple).
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Figure S3.11. GFP silencing assay by single-spacer and four-spacer CRISPR-array using Cas12m
processing mutants. Blue spacer indicates the spacers that targets the promoter region of a constitutively
expressing GFP (Figure S3.7B). dCas12m and a dCas12 frameshift (FS) was used as positive and negative
controls, respectively.
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Figure S3.12. Cas12m 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, Plaq and Pladq. i to iii indicate the crRNA spacer pairs used in the pCRISPR array plasmid to
target the gfp and rfp using the Cas12m and DCas12m proteins. (B) RFP fluorescence detected in the cells
upon DCas12m or Cas12m 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 DCas12m or Cas12m 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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Figure S3.13. Tolerance of Cas12m to mismatched crRNAs. (A) Schematic gfp silencing to assess mismatch
tolerance. Mismatches are tiled through the protospacer in one, two or four nucleotides. (B) Comparison of
the mismatch tolerance of Cas12m with dCas12m for single mismatches across the protospacer sequence.
(C) Comparison of the mismatch tolerance of Cas12m with dCas12m for 2-nucleotide mismatches tiled
across in the target sequence. (D) Comparison of the mismatch tolerance of Cas12m with dCas12m for
4-nucleotide mismatches tiled across in the target sequence. GFP repression detected in the cells upon
dCas12m or Cas12m targeting is shown on the Y-axis and the different mismatches are shown on the
X-axis (n = 3; error bars represent mean + SEM). No PAM refers to a spacer targeting protospacer next to
GGGC motif (non-functional PAM).

THE MINIATURE CRISPR-CAS12M EFFECTOR BINDS DNA TO BLOCK TRANSCRIPTION

M 1 2 3 4 5 6 7 8 9
Cas12m (15 mM) : % = W =2 = = = = =
Target plasmid (8.8 mM) e
crRNA -+ 4+ 4+ o+ o+ o+ o+ O+ o+
Mg# I T
Mn2* . T T U S
Zn%* -+ o+ o+ o+ - -+ o+
Target RNA + £ + 2 o= = om B B H
Non-target RNA - e e+ 4+ o+ o+ o+ o+ o+
| |
| 1
| |
| ]
: 1
¥ '
| ]
I { L3
3 .
I | . 1
| |
| I
| |
| |
| |
| |
| |
| |

Figure S3.14. Test for in vitro dsDNA activated RNA cleavage by Cas12m. Urea-PAGE assessing the ability
of Cas12m protein incubated with a crRNA and an activator target DNA to cleave a [y-*2P] ATP labelled
target or a non-target substrate RNA. Dashed rectangle line indicates different exposure.
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Figure S3.15. Cas12m targeting deGFP in a TXTL system and in vivo. (A) Workflow of deGFP silencing
in TXTL. pCas and pCRISPR are pre-expressed in a TXTL reaction, which is then used in a subsequent
TXTL reaction containing pdeGFP. The final TXTL reaction is incubated overnight and GFP fluorescence
is measured over time to assess GFP silencing. (B) Schematic of the pdeGFP regulated by P70a promoter.
The arrows indicate the crRNAs used for targeting by Cas12m and dCas12m proteins (crRNA 1, 2, and 3).
(C) GFP fluorescence detected in TXTL upon dCas12m and Cas12m targeting using the individual spacers
(n = 4; error bars represent mean + SEM). NT refers to a non-targeting spacer. FndCas12a was used as a
positive control with crRNA NT and crRNA 1. N.A.= not available. (D) GFP fluorescence detected in in cells
upon dCas12m, Cas12m and dCas12a targeting deGFP using spacers 1,2 and 3 (n = 3; error bars represent
mean + SEM). NT refers to a non-targeting spacer.
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Figure S3.16. Drop plating of a transformation assay using Cas12m, dCas12m, Cas12a and dCas12a.
Rows represent spacers used for targeting (Figure 3.6A) and columns represent sample dilutions.
N.E.S. = non-essential sequence. (A) Transformation assay of Cas12m and dCas12m. Transformation assay
was performed using biological duplicates (Figure 3.6). (B) Transformation assay of Cas12a and dCas12a
Transformation assay was performed using biological duplicates.
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Figure S3.17. Binding of PAM-SCANR-bound Cas12m, dCas12m, dCas12m-AZF and dCas12a to dsDNA
monitored using Surface Plasmon Resonance. Increasing concentrations of protein (colored curves) were
injected and association was monitored for 1 minute, followed by 1 minute dissociation for the complete
concentration series, or 5 hours for the 63 nM condition.
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Figure S3.18. Base editing by dCas12m-CBE1 and Cas12m-CBE1. Data was obtained by merging three
data sets obtained from base editing C-motif plasmids (Figure S3.18B). Base editing % was determined
by sanger sequencing C-motif plasmids after sixteen hours and subsequent analysis using EditR (307).
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Figure S$3.19. Characterizing various dCas12m-CBEs. (A) Schematic of different dCas12m-CBEs.
All dCas12m-CBEs consist of a dCas12m (green), linker (orange), cytidine deaminase (bordeaux), UGI
(purple). Hsa indicates Homo sapiens codon optimized. (B) Base editing targets consisting of a C on every
first, second and third position of each trinucleotide. These plasmids were named C1, C2 and C3 motif,
respectively. (C) Heat map representing % of base edited C’s using different variants of dCas12m-BEs. Data
was obtained by merging C1, C2 and C3 motif data. Base editing % was determined by sanger sequencing
C-motif plasmids after sixteen hours and subsequent analysis using EditR (307).
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4.1 Abstract

CRISPR interference has previously been described for gene regulation purposes in the yeast
Saccharomyces cerevisiae by using dCas9 or dCasl12a. Recently several CRISPR-associated
proteins have been discovered that potentially could be used as novel gene silencing tools. In
this study, we assessed the potential of the recently characterized bacterial MmCas12m DNA-
binding protein as a CRISPR interference tool in the yeast S. cerevisiae. We also compared
its ability as gene silencing tool with SpdCas9 and FndCas12a. We observed gene silencing
activity when using the native MmCasi12m in S. cerevisiae, albeit less efficient than the well-
established gene silencing systems. Further optimization is required to develop MmCas12m
into an efficient CRISPR interference tool.

EXPLORING THE POTENTIAL OF MMCAS12M AS GENE SILENCING TOOL IN SACCHAROMYCES
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4.2 Introduction

Gene regulation is a powerful tool to study the function of genes in a given organism (762,
166, 231, 302, 303). Moreover, modulation of gene expression is a key aspect in metabolic
engineering (304, 305). A wide range of molecular tools has recently become available to
efficiently achieve this task (166, 169). In this work we set out to develop novel CRISPR-Cas
tools for gene regulation purposes.

In the last decade, gene regulation tools based on CRISPR-Cas systems have been developed
for either gene activation (CRISPRa) or gene interference (CRISPRI) purposes (164, 306, 307).
In prokaryotes, these CRISPRa/CRISPRi systems are based on the use of a deactivated Cas
protein (dCas) and a guide RNA targeting a specific location. By directing dCas9 or dCas12a to
the promoter region of the coding sequence of the gene-of-interest, transcriptional repression
can be achieved by steric hindrance, in which the Cas protein blocks binding of the RNA
polymerase and/or of transcription activators (162, 163). On the other hand, to increase the
expression of a target gene, the fusion of the deactivated Cas proteins and the omega (w)
subunit of the RNA polymerase complex has been proven sufficient in bacteria (163, 169).
In eukaryotes such as the yeast Saccharomyces cerevisiae, directing dCas9 or dCas12a
to the promoter region has frequently been demonstrated not to be sufficient for efficient
transcriptional silencing (104, 162). However, fusing transcription repressor domains to the
deactivated versions of the Cas endonucleases appears to be a successful strategy (766).
Fusing either the mammalian transcriptional repressor Mxi1 domain or the Kriippel-associated
box (KRAB) domain to the C-terminus of dCas9 or dCasl12a are the most commonly applied
strategies for CRISPR-based silencing in eukaryotes (104, 164). Similarly, fusion products
between deactivated Cas proteins and the VPR domain have allowed for CRISPRa in eukaryotic
organisms (308-310).

To date, SpdCas9 has undoubtedly been the most extensively used Cas protein for gene
regulation purposes in a wide range of organisms (3171, 312). That is also true for the model
organism S. cerevisiae (313, 314). Recently, a dCas12a tool generated through the fusion of this
Cas protein to the Mxi1 repressor domain has been developed (772). Although gene repression
levels were not compared to dCas9-Mxi1 repression levels, the authors generated a novel
gene repression tool by making use of some inherent advantages of the Cas12a protein: the
preference for a T-rich PAM and its pre-crRNA processing capacity allowing for multiplexed
gene regulation. At the same time, the authors presented the application of a non-dCas9-
based gene regulation tool and opened the door to explore for novel Cas candidates.

In this chapter, we evaluated the capabilities of a novel Cas protein from the recently
characterized CRISPR-Cas type V-M system (previously called type V-U1) from
Mycolicibacterium mucogenicum CCH10, consisting of the MmCas12m effector protein (Figure
4.1A). MmCasi12m is a 596 amino acid protein with an inactive RuvC domain. In silico analysis
based on detection of sequences with a strong complementarity to the direct repeat sequence
yielded no predicted tracrRNA-like sequences in the adjacent DNA sequences to the CRISPR
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locus (315) (Chapter 3). This fact, together with small RNAs being co-purified when expressing
the protein together with a small CRISPR array in E. coli suggested that MmCas12m is able to
process its own pre-crRNA into mature crRNAs, similar to what has been reported or suggested
for several other type V-CRISPR systems: Cas12a/h/i/j (122, 129, 259). This observation was
confirmed in an in vitro set-up in which purified recombinant MmCas12m protein and a minimal
CRISPR array (repeat-spacer-repeat-spacer-repeat) yielded processed intermediates and
seemingly mature crRNAs (376). Through an adapted PAM-SCANR assay (270), a 5-NTTN-3’
PAM similar to that of other characterized type V effectors could be identified (129, 272, 315).
However, despite numerous attempts, no dsDNA cleavage could be detected neither in the
heterologous E. coli host nor under in vitro conditions. Further experiments showed that
MmCas12m is able to target and bind dsDNA both in vivo (in E. coli) and in vitro. This dsDNA
binding activity allowed MmCas12m to protect E. coli against invading plasmids by impairing
plasmid replication. Experimental set-ups in E. coli indicated singleplex and multiplex crRNA-
guided MmCas12m-mediated transcriptional silencing through dsDNA binding (377) (Figure
4.1B).

In this study, we postulated that MmCas12m would be able to silence gene expression in a
eukaryotic system, such as the yeast Saccharomyces cerevisiae. The inherently deactivated
RuvC domain in MmCasi12m and its inability to cleave dsDNA allows for the use of the native
MmCas12m sequence to test this hypothesis. MmCas12m presents the same advantages as
dCas12a regarding its capacity to process its own pre-crRNA and the requirement of an AT-
rich PAM. This last characteristic is a useful feature for silencing promoters as they generally
are AT-rich.

EXPLORING THE POTENTIAL OF MMCAS12M AS GENE SILENCING TOOL IN SACCHAROMYCES
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Figure 4.1. Mycolicibacterium mucogenicum CCH10-A2 type V-U1 CRISPR-Cas system. (A) Organization
of the CRISPR-Cas locus of Mycolicibacterium mucogenicum CCH10-A2. No adaptation module is
associated to this CRISPR-Cas locus. The CRISPR array contains 14 spacers (colored rectangles) between
direct repeats (grey diamonds). Last repeat (light grey diamond) shows a slightly degenerated sequence
which generally indicates the directionality of the transcribed pre-crRNA. (B) Demonstrated activities of
MmCas12m when heterologously expressed in E. coli. Gene silencing targeting the promoter or the coding
region (left) and multiplex gene silencing.

4.3 Results

4.3.1 Expression of MmCasi12m in the eukaryotic host S. cerevisiae

In order to use MmCas12m as a gene expression regulator in S. cerevisiae, the Cas protein
needed to be properly translocated to the nucleus. For this purpose, we fused the nuclear
localization tag Nucleoplasmin sequence “KRPAATKKAGQAKKKK” (NLS) to the C-terminus of
MmCas12m, as has previously been described in case of Cas12a (170, 171). Fusion products to
the N-terminus of MmCas12m seemed to diminish the activity of the protein in E. coli (317). The
construct was expressed from a multicopy plasmid for this purpose. In order to determine the
cellular localization of MmCas12m, mRuby?2 was fused at the C-terminus of the NLS sequence.

The location of MmCas12m-mRuby?2 in living cells of S. cerevisiae was visualized using contrast
microscopy (Figure 4.2B). The genetic material of the cells was stained using DAPI (Figure
4.2A). The overlay of the two microscopy images shows that the signals of the mRuby2 and
the nuclear stain mostly overlap, which confirms localization of MmCas12m in the nucleus of
S. cerevisiae (Figure 4.2C). An observation during the obtention of the images was that the
intensity of the signal of MmCas12m-mRuby2 was weaker compared to the signal obtained from
the nuclear stain DAPI or the mRuby2 control strains. This may be caused by unproper folding
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of the fusion protein MmCas12m-mRuby?2 or by degradation of the protein due to metabolic
burden by overexpression of the protein from a multicopy plasmid. Moreover, expression
of MmCas12m under these conditions hampered the cultivation of the strain, rendering it
unviable in multiple occasions (data not shown). Also, under the microscope some cells
showed apparently low or almost no mRuby2 associated fluorescence (Figure 4.2B), which
was confirmed by subsequent analysis of the population by flow cytometry (Figure S4.1).
Flow cytometry data showed that the MmCas12m-mRuby2 population did not express
fluorescence in a uniform manner. Controls with mRuby2 and mRuby2-NLS showed that
addition of an NLS to mRuby?2 resulted in loss of fluorescence in a part of the population
(Figure S4.1). This effect increased when expressing MmCas12m-mRuby2 with an NLS from a
multicopy plasmid, with only “17% of the population being fluorescent.

A B C

Figure 4.2. Visualization of MmCas12m in the nucleus of S. cerevisiae strain YSTB117. (A) Nucleic acid
stained by DAPI, used to delimitate nuclear position. Top picture shows fluorescence signal and bottom
signal shows the overlay of fluorescence with the phase contrast image. (B) Visualization of MmCas12m-
mRuby?2. Top picture shows fluorescence signal and bottom signal shows the overlay of fluorescence with
the phase contrast image. (C) Overlay of the two fluorescent signals. Images shown are representative
of the examined population. Top picture shows the overlay of the fluorescence signals from the DAPI
stained and the MmCas12m-mRuby2.

Western blot analysis of MmCas12m expression strains also showed that expression of the protein
at high levels might cause problems for S. cerevisiae (Figure S4.2). Detection of MmCas12m
expressed from a multicopy plasmid using Western blot was not possible either because of multiple
failed attempts of cultivating the strain, or because of apparent loss of the construct when the
strain grew (which resulted in the absence of signal on Western blot). In a similar way, Western
blot detection of MmCas12m fused to mRuby2 (YSTB117) was inconsistent. Only when the strain
showed a slow growth rate (not quantified) we could detect MmCas12m-mRuby2 expression.

EXPLORING THE POTENTIAL OF MMCAS12M AS GENE SILENCING TOOL IN SACCHAROMYCES
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In contrast to expression from a multicopy plasmid, however, MmCas12m production was
consistently detected when expressed from a genome-integrated copy (YSTB211) (Figure S4.2). To
proceed with further experiments, the MmCas12m impact on yeast growth was assessed. YSTB211
resulted in a growth rate of 0.37 + 0.008 h*, while YSTB164 (isogenic background) had a growth
rate of 0.39 + 0.004 h™. This result shows that expression of MmCas12m from a genome-integrated
copy has a minimal effect on S. cerevisiae growth, although statistically significant (Figure S4.3).

4.3.2 Fluorescence repression assays of MmCas12m in S. cerevisiae

Various GFP fluorescent strains expressing MmCas12m (with or without HA tag for protein
detection) or MmCas12m-Mxi1 from a genome integrated copy were designed to test the
ability of MmCas12m as genome silencing tool in S. cerevisiae. Expression of MmCas12m from
a genome integrated copy was preferred since expression of MmCas12m from a multicopy
plasmid caused expression and growth problems. Strains expressing FndCas12a-Mxi1l
and SpdCas9-Mxil were used as positive controls for repression activity, as their use in S.
cerevisiae had previously been reported (104, 112, 165, 166). To be able to quantify the eventual
silencing activity of MmCas12m, we designed several spacers targeting either the coding or the
non-coding strand of the promoter regulating the expression of egfp, or the coding sequence
of egfp (Figure 4.3A). These guides were expressed from multicopy plasmids maintained with
an antibiotic marker. In every test, a strain expressing a non-targeting (NT) spacer was added
as negative control for silencing. Moreover, a SpCas9-Mxi1 strain expressing a targeting (T)
spacer was always included as positive control and internal control between experiments.

Initially, all spacers were tested in the egfp expressing strain expressing MmCas12m (Figure
4.3). Only spacer p2 (targeting the non-coding strand in the promoter region) showed some
gene repression activity when comparing the levels of fluorescence to the strain expressing a
NT spacer for both variants of MmCas12m (with and without HA tag). However, repression was
only statistically significant for the variant with the HA tag (t-test, p-value=0.0459). In this case,
fluorescence was diminished by 211+ 1.8 % (1.3 £ 0.1-fold decrease). Later, the transcriptional
repressor Mxil was fused to MmCas12m to eventually increase the repression levels observed
with MmCas12m alone. Mxi1 has been shown to interact with the yeast Sin3-histone deacetylase
homolog complex (378) and therefore, can promote gene silencing in a targeted way when fused
to a dCas protein. However, the repression levels achieved with MmCasi12m fused to Mxi1 with
the p2 spacer (achieving a similar 20.9% + 1.7%) were considered not statistically significant (t-test,
p-value=0.0693). Likewise, none of the other guides targeting the promoter region or the CDS
of egfp, decreased the fluorescence levels in the testing strain in a significant way (Table S4.5).
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Figure 4.3. egfp silencing using MmCas12m and MmCas12m-Mxi1. (A) Scheme of MmCas12m targeting
KlI11p promoter and egfp coding sequence. Spacers targeting the coding strand are marked with a black
arrow pointing left and spacers targeting the non-coding strand are marked with a black arrow pointing
to the right. Promoter region is marked in yellow while egfp coding sequence is depicted in green. Black
square indicates TSS and red line indicates TATA box. (B) OD,, normalized-fluorescence measurements of
different strains expressing GFP and MmCas12m (red), MmCas12m-Mxi1 (blue) or SpdCas9 (pink). Statistical
significance is indicated with symbols (*, 0.05 > p-value > 0.01; **, p-value < 0.01). Statistical significance
was calculated with a t-test comparing each strain to its congenic strain expressing a non-targeting (NT)
spacer. A positive control with SpdCas9 and a egfp targeting spacer is included in each testing set.
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Figure 4.4. egfp silencing using FndCas12a-Mxi1 and SpdCas9-Mxi1. (A) Scheme of FndCas12a-Mxil
targeting K/11p promoter upstream of egfp coding sequence. Spacers targeting the coding strand are
marked with a black arrow pointing left and spacers targeting the non-coding strand are marked with
a black arrow pointing right. (B) Scheme of SpdCas9 targeting K/11p promoter upstream of egfp coding
sequence. Spacers targeting the coding strand are marked with a black arrow pointing left and spacers
targeting the non-coding strand are marked with a black arrow pointing right. (C) OD, , normalized-
fluorescence measurements of different strains expressing eGFP and FndCas12a-Mxi1 (blue - left) or
SpdCas9-Mxil (purple — right). Statistical significance is indicated with symbols (*, 0.05 > p-value > 0.01; **,
p-value < 0.01). Statistical significance was calculated with a t-test comparing each strain to its congenic
strain expressing a non-targeting (NT) spacer.

In parallel, fluorescent strains expressing FndCas12a-Mxi1 and several spacers targeting the
egfp promoter region were also tested to assess the accessibility of the nuclease to the
designed target sites (Figure 4.4A). Since MmCas12m and FnCas12a share a common PAM (5-
TTV-3’), we designed all the spacers according to this PAM and we could test all the spacers in
the promoter region for both MmCas12m and FndCas12a. When assessing the silencing activity
of FndCas12a-Mxi, spacer p2 (t-test, p-value=0.0139), spacer p5 (t-test, p-value=0.0055) and
spacer p6 (t-test, p-value=0.0143) showed statistically significant silencing activities. These
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spacers targeted the non-coding strand (p2 and p5) or the coding strand (p6) of the DNA at the
promoter region. Repression levels of 45.2 + 6.7% (1.8+0.3 fold) were achieved with the best
crRNA (p5). At the same time, when using SpdCas9-Mxi1 (Figure 4.4B), all designed spacers
targeting the promoter region of egfp (except for p5) showed significant gene repression,
achieving repression levels of 63.8+17.0 (2.8+0.7 repression-fold).

4.4 Discussion

In this work, we systematically tested MmCas12m for CRISPRi in S. cerevisiae and we compared
it to previously used CRISPRi systems based on FndCas12a-Mxi1 and SpdCas9-Mxil. In the
eukaryotic organism, we first confirmed nuclear localization of MmCas12m. Then, we showed
that expression of the protein from a multicopy plasmid resulted either in non-optimal growth,
or in non-proper expression of MmCas12m. Expression of the protein from a chromosome-
integrated gene did not have a pronounced effect on yeast growth, and hence allowed for
testing of the silencing activity on an eGFP-expressing strain. Silencing using MmCas12m was
only detected with one of the tested spacers, allowing for 20% reduction of fluorescence.
Fusion of the repressor domain Mxil to MmCas12m did not increase silencing levels at any
specific target location. Both FndCas12a and SpdCas9 allowed for higher repression levels with
multiple tested spacers (up to 45% and 64%, respectively), validating the presented silencing
assay.

Expression of CRISPR-Cas proteins can lead to cell burden or even toxicity, which might
prevent the use of certain Cas proteins for genome editing or regulation (379). Although we
observed nuclear localization of MmCas12m in S. cerevisiae, the fluorescence signal was
not homogeneous throughout the population. This might indicate some expression burden
associated with high level expression of MmCas12m. In addition, strains expressing MmCas12m
from a high copy number plasmid exhibited impaired growth on multiple occasions and the
protein could not be detected by Western blot. These observations could indicate that high
expression levels of MmCas12m might be toxic for S. cerevisiae cells and therefore, high
copy number plasmid expression might not be stable. Attempts to obtain stable expression
of MmCasi12m in human cells also resulted in cellular toxicity, hampering the cultivation of
the transformed cell lines (data not shown). Similar detrimental effects have been reported
for other Cas proteins such as Cas9 (173, 182) and Cas12a in case of S. cerevisiae (110, 111).
Toxicity of Cas proteins has also been reported in other organisms, potentially representing
a limitation for the development of novel tools (145, 320, 321). However, as reported here,
toxicity problems can be solved by means of tuning protein expression levels or using inducible
expression systems. Still, most of the times, unsuccessful efforts of using novel Cas proteins
in any organism remain unpublished, which hampers the assessment of the importance of
this issue.

Distinct deactivated Cas proteins are able to achieve different silencing levels in the same
organism (165). Although MmCas12m was successfully translocated to the nucleus of S. cerevisiae,
significant eGFP fluorescence repression of approximately 20% could only be observed when
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using 1out of the 7 tested spacers (p2), targeting the non-coding strand (anti-sense strand) of the
egfp promoter. The mentioned spacer targeted just upstream (overlapping on 1bp) of the promoter
TATA box, which makes it different from the other two spacers targeting the same strand (p3 and
p5). These spacers targeted the region between the TATA box and the TSS. For dCas9 silencing,
positioning of the spacers downstream or in close proximity to the TATA box results in gene
repression, effect that we can partially and minimally reproduce using MmCas12m, only when
directing it to the TATA box sequence. Strand bias effect (not reported for dCas9 or dCas12a (112,
322)) could not be assessed for MmCas12m in yeast since only one spacer lead to gene repression.

In order to increase this minimal repression observed, we followed the common strategy of
fusing Cas proteins to a repressor domain such as the KRAB, Mxi1 or MIG1 repressor domains
(104, 112, 164). Unfortunately, fusion of MmCas12m to Mxi1 did not increase the silencing activity
of MmCas12m, at least not with the current fusion-protein design. Several explanations could
explain the inability of MmCas12m to silence gene expression. First, the choice of regulatory
sequences (promoter and terminator) and integration site for the expression of egfp. For
each promoter, there seems to be a more effective region to target, but this region is not
well-defined and varies from promoter to promoter (712). It is possible that the combination
of promoter-egfp chosen for this study limits the repression levels that theoretically could
be obtained. However, by means of using FndCas12a and SpdCas9 under the same set-up,
we demonstrated that repression levels of up to 64% (2.8-fold repression) could be obtained
under the same conditions in a stable and reproducible way. Secondly, MmCas12m transient
DNA binding or low DNA affinity to the DNA in yeast could explain its low repression levels,
since addition of the Mxi1 repression domain did not improve silencing activity as it occurs
with SpdCas9 or FndCasl12a (104, 164, 323). Normally, in many eukaryotic organisms, steric
hindrance of the RNA polymerase by targeting the promoter region is not efficient enough
to achieve high silencing levels. Although a single study reported an 18-fold repression in
yeast when targeting the TEFT promoter with SpdCas9 alone (166), deactivated Cas proteins
are often fused to repressor domains such as the Mxi1, KRAB, TUP1 or MIG1 for efficient gene
silencing (309, 324). Although there seems to be limitations in the transferability of design
rules when combining Cas proteins (dCas12a, dCas9) with repressor domains (Mxi1, KRAB,
TUP1 or MIG1), Mxi1 improves silencing in yeast with both SpdCas9 and FndCas12a (112, 323).
Therefore, a low residence time of MmCas12m onto its target could explain the absence of
improvement in silencing activity when MmCas12m was fused to Mxil. However, this hypothesis
would contradict the Surface Plasmon Resonance results analyzing the binding of MmCas12m
to dsDNA (Chapter 3) (376). Further experimental assessment is required to confirm the poor
or transient binding of MmCas12m to yeast DNA in vivo. Single molecule tracking microscopy
could help to elucidate the movements of MmCas12m inside the nucleus of yeast and estimate
its binding time to DNA (325, 326), which could help to explain why MmCas12m is not yet ready
to be used for silencing in yeast.

In our experiment, we chose integration site 1 (INT7) to integrate K/11p:egfp:CYCT for testing
purposes. Accessibility to the target integration site has been previously demonstrated (770).
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Moreover, we also tested the accessibility of each of the specific designed promoter targets
for MmCas12m by using FndCas12a, which showed higher repression activity than MmCas12m
targeting the same specific sequences. Targeting guides for SpdCas9-Mxi1, FndCas12a-Mxi1
and MmCas12m were designed to target a 200 bp window upstream of the transcription start
site (TSS) as described before (322). The absolute fold-repression values obtained in this study
with previously tested nucleases (SpdCas9 and FndCas12a) were lower than values reported in
other CRISPRI studies performed in S. cerevisiae (112, 166, 232). Clearly, different set-ups and
measuring protocols impair direct comparisons of silencing assays. Expression levels of the
reporter, of the guides or of the Cas protein and design of target sequences have an effect on
the reported silencing effect. Although SpdCas9-Mxi1 and FndCas12a-Mxi1 cannot be easily
compared in the absence of a target that shares both PAMs, in our study we achieved higher
repression levels when using SpdCas9-Mxi1 than FndCas12a-Mxi1. To our knowledge, only one
other study has compared the repression activity of both FndCas12a-Mxi1 and SpdCas9-Mxi1l
on the same promoter region, and they report similar outcomes (7165).

In our work, we expressed for the first time MmCas12m in a eukaryotic organism. Although the
protein was localized in the nucleus of S. cerevisiae, expression problems allowed only for a
low-copy expression system. Moreover, when the protein was tested for silencing activity in
S. cerevisiae, only limited silencing efficiencies were detected under the tested conditions.
These results may suggest that the implementation of MmCas12m as a genome regulation tool
is still limited to prokaryotic organisms, and further research is needed to better understand
its behavior in eukaryotic cells, and to optimize its performance.

4.5 Materials and methods

4.51 E. coli strains and growth conditions

E. coliDH5a and DH10B were used for plasmid construction and maintenance. Cultures were
routinely grown in Luria Bertani (LB) medium (10 g-L" Peptone (Oxoid), 5 g-L" Yeast Extract and
10 g-L" NaCl). Ampicillin (100 pug/mL) was supplemented when required.

4.5.2 S. cerevisiae strains and growth conditions

S. cerevisiae strains built in this study belong to the S. cerevisiae CEN.PK113-5D background.
Used and generated strains for this study can be found in Table S4.4. S. cerevisiae was grown
on YPD medium (10 g-L" Peptone, 10 g-L" Yeast Extract, 2% glucose) or Synthetic Medium (SMG)
medium (3 g-L" KH,PO,, 0.5 g-.L" MgSO,-7H,0, 5 g-L" (NH,),SO,, 1 mLL" of a trace element
solution, and 1 mL:L" of a vitamin solution as previously described (327). When required, the
media was supplemented with 200 pg/mL G418-sulfate (Geneticin). When selection with G418
was required on SMG media, (NH,),SO, was replaced with 3 g-L' K, SO, and 2.3 g-L" urea to
avoid pH drop (328).

For growth rate determination, synthetic complete medium (SC) [6.7 g-L" yeast nitrogen base
without amino acids and with ammonium sulfate (SIGMA), 2.0 g-L" Yeast Synthetic Drop-out
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Medium Supplements (Sigma Aldrich) and 150 mg-L" uracil] was used. 2% Glucose was used
in all cases as a sole carbon source.

4.5.3 Plasmid construction

The plasmids used in this study and the oligonucleotides (IDT and SIGMA) used for cloning and
sequencing can be found in Figure S4.1 and Table S4.2, respectively. MmCas12m sequence
was codon optimized for S. cerevisiae and synthetized by IDT as two overlapping gBlocks
Gene Fragments (IDT). Sequence can be found in Supplementary material 4.1.

Plasmids used for the MmCas12m localization experiment (PL-156, PL-157 and PL-164) were built
using pUDE731 as backbone and introducing the mRuby2 coding sequence in combination
with a nuclear localization signal or the sequence coding for MmCas12m.

PL-074 was constructed to correct the SUP4 terminator sequence to its original length by
PCR amplification of pUD628 and subsequently re-circularization by blunt-end ligation
(pPUD628 was a gift from Jean-Marc Daran). PL-074 was subsequentially used as backbone
for expression of guides for the different effectors tested in this study.

PL-098 was constructed by incorporation of a spacer targeting the INT7locus as an overhang
in the forward primer used for linearization of PL-074 by PCR amplification.

To incorporate MmCas12m spacers and repeats into PL-074 backbone, two different strategies
were followed. Initially, pPCRISPR-Mm-NT (Bbsl) (Chapter 3) was digested with Bbsl-HF® and
different pairs of pairing oligo nucleotides were used to ligate the plasmid. Plasmids PL-115
to PL-118, PL-130 to PL-132, PL-138 and PL-162 were built in this way. Later primers BG16700
and BG14156 were used to obtain different DNA fragments containing the MmCas12m repeat-
spacer-repeat sequences (A0140 to A0143, A0150 to A0152 and A0154). These DNA fragments
were digested in a two-step protocol with restriction enzymes Kpnl and BtgZl, blunted with
T4 DNA polymerase (NEB) and cloned into a linearized PL-074 backbone (fragment A0128).
Plasmids PL-120 to PL-123, PL-134 to PL-136, PL-139 and PL-163 were built in this way.

Plasmid PL-163 (containing a BsaXl restriction site) was subsequentially digested with BsaXI
and used for building targeting plasmids (PL-181 to PL-186) by ligation of different pairs of
annealed oligonucleotides.

To incorporate SpCas9 repeats into the PL-074 backbone, PL-175 was first built based on
a NEBuilder® HiFi DNA Assembly of a linearized product of PL-074 (fragment A0193) and a
DNA fragment containing the structural region of Cas9 gRNA obtained from p426-SNR52p-
gRNA.CAN1Y-SUP4t (fragment A0192). A BsaXI restriction site sequence was incorporated
by amplification of PL-175 with a forward primer containing a BsaXIl restriction site, and
subsequentially ligated to build PL-176. PL-176 was subsequentially digested with BsaXl| and
ligated with previously annealed pairing oligonucleotides to form all targeting plasmids for
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SpCas9 (PL-187 to PL-193). In a similar way, PL-179 was built in order to incorporate a BsaXI
restriction sites between the FnCas12a repeats in PL-074.

Easiness of cloning was increased by incorporation of an RFP expression cassette between
BsaXIl restriction sites in all the above mentioned BsaXl plasmids (PL-176, PL-179 and PL-163).
Plasmids PL-196, PL-198 and PL-200 were built which contain an RFP expression cassette
between BsaXIl restriction sites and the effector repeats. The backbones for each plasmid
were amplified from the previously constructed BsaXl containing plasmids. Plasmids were
obtained by NEBuilder® HiFi DNA Assembly. Plasmid PL-200 was subsequentially digested
with BsaXl and used for building FnCas12a targeting plasmids (PL-201 to PL-207) by ligation
of different pairs of annealed oligonucleotides.

4.5.4 Generation of strains for microscopy and flow cytometry

S. cerevisiae CEN.PK113-5D was transformed with PL-156, PL-157, PL-164 and PL-140 multicopy
plasmids to obtain YSTB111, YSTB112, YSTB117 and YSTB115, respectively. Transformants were
selected on SMG (not supplemented) agar plates. Obtention of transformants was confirmed
by PCR of the transformed plasmids and strains were stored in SMG medium with 15% glycerol
at-80 °C.

4.5.5 Generation of S. cerevisiae egfp chromosomally integrated expression
strain

A codon optimized egfp expression cassette was integrated into integration site 1 (INTT) as
followed in previous studies (110). S. cerevisiae strain YSTB013 (CEN.PK113-5D background
strain expressing FnCas12a from a multicopy plasmid) was transformed with four DNA
fragments and a INTT plasmid targeting guide to obtain YSTB163. Integration of the egfp
cassette was based on the in vivo recombination of four DNA fragments (a 5’ and 3 homology
fragments to INT1, a fragment containing K/11p (Kluyveromyces lactis KLLAOF20031g promoter)
and a fragment encoding for eGFP). YSTB164 (egfp expression strain) was obtained after curing
YSTB163 (obtained as indicated in Table S4.4).

4.5.6 Design of egfp targeting spacers

Spacers to target the promoter region or the coding sequence of egfp were designed using
the ChopChop online tool (329). Spacers were designed to target either the target or the non-
target strand of the promoter and the coding sequence of egfp. All spacers were checked for
off-targeting in S. cerevisiae genome by the ChopChop online algorithm (329). The sequence of
the tested spacers can be found in Table S4.3. All spacers were tested for self-complementarity
or complementarity to the DR (in case of Cas12a spacers) using RNAfold web server.

In our design, the Kluyveromyces lactis promoter KLLAOF20031g (K/11p) was used to express
egfp. The transcription start site of the K/1lp promoter was determined using the YeasTSS
database (330) and predicted to be 44 to 18 bases upstream of the egfp open reading frame.
Kli11p targeting sequences were designed to target the region 200 bp upstream of the TSS
as this region had been described as a good target for gene repression using CRISPRi in S.
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cerevisiae in previous works (104, 164). Spacers were expressed under the regulation of the
SNR52 promoter and the SUP4 terminator from a multicopy plasmid.

4.5.7 Generation of test strains for silencing with different effectors

Genomic constructs encoding for Cas effectors tested for silencing or used as controls
(MmCas12m, MmCas12m-Mxi1, FndCas12a-Mxi1 and SpdCas9-Mxi1) were genome integrated
at the INT2 site of strain YSTB164. Strains YSTB203, YSTB205, YSTB209 and YSTB2011were
built following this strategy. Strains were generated by in vivo homologous recombination of
four DNA fragments; a 5’ and 3’ INT2 homologous flanks, the cassette encoding for the effector
of interest and a URA3 expression cassette. Recombination among fragments was facilitated
by connector sequences described before (170). Strain YSTB212 was built as control which
did not express any effector construct but harbored the same URA3 expression cassette as
previously mentioned strains.

CRISPR guides for each effector were expressed from multicopy plasmids under the control
of the SNR52 promoter and the SUP4t terminator on the PL-0O74 backbone. Each guide was
flanked by the required repeats depending on the effector protein they were co-expressed
with. Strains were obtained by transformation of the effector expressing strains with guides
expressing plasmids. Strains YSTB227 to YSTB233 were obtained for testing SpdCas9-Mxif;
strains YSTB241 to YSTB247 were obtained for testing FndCas12a-Mxi1; strains YSTB262
to YSTB275 were obtained for testing MmCas12m-Mxi1 and strains YSTB290 to YSTB303
were obtained for testing MmCas12m. Strain YSTB304 was built as a control with an empty
backbone.

4.5.8 Growth rate determination

Strains YSTB211 and YSTB164 were grown in SC medium (supplemented with uracil) in 500
mL shake flasks. Shake flasks were filled with 100 mL of medium and incubated at 30°C
and 200 rpm. Growth was monitored by measuring optical density (600 nm) using UV-1800
Spectrohpotometer (Shimadzu). Maximum specific growth rate for each strain was calculated
from at least 6 time points, 3 biological replicates and 2 technical measurements.

4.5.9 Phase contrast microscopy

An Olympus BX41system equipped with a 100x/1.30 numeric aperture oil-immersion objective
was used for phase contrast microscopy. Excitation of mRuby2 was performed with X-Cite”
120Q equipped with a 530-550 nm excitation filter. Excitation of DAPI dyed cells was performed
using the same laser with a 405 nm filter. Images were acquired using the Infinity Analyse
software interface (Lumenera Corporation).

4.5.10 Flow cytometry

Strains were inoculated in SC (-ura) medium from single colonies on plates. Cultures were
grown overnight at 30°C and 200 rpm, washed twice in 1 X PBS and diluted to OD 0.5 for an
optimal sorting rate of 2000 cells/s. Fluorescence of diluted cultures was measured using
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the Attune NXT flow cytometer (ThermoScientific). 30,000 single cell events were used to
obtain average mRuby?2 fluorescence distribution among the population (excitation 561 nm,
emission filter 585/16).

4.5.11 SDS and Western blot

Cell extracts were isolated in 200 L of Lysis buffer (50 mM Tris-HCI pH 7.6, 150mM NaCl and 1
mM EDTA). To each tube, 30 pL of 0.5-0.75 mm glass beads were added. Cells were disrupted
using a FastPrep-24 ™ 5G Instrument (MP Biomedicals) in 4 rounds of bead beating at 6.5 ms”
for 25 s. Tubes were kept on ice for 1 min between cycles to avoid temperature rise. Equal
amounts of supernatant were used for SDS and Western blot analysis.

Proteins were separated in 10% Mini-PROTEAN® TGX™ Precast Protein Gels (#4561033)
and transferred to Nitrocellulose membranes (#1B301032) using the iBlot® 2 Dry Blotting
System (# IB21001). Membranes were blocked in blocking buffer (TBS-T, 5% skimmed milk),
incubated with primary antibody Thermo Scientific” Pierce™ HA Tag Mouse anti-Tag, Clone:
2-2.2.14 (#11553060) and secondary antibody Goat Anti-Mouse IgG Antibody (H&L) [HRP],
pAb (#A00160). Visualization of signal was done using SuperSignal(TM) West Pico PLUS
Chemiluminescent Substrate (#34577) and signal was captured using G:BOX Chemi XRQ
Imager (Syngene).

4.5.12 Growth conditions for silencing experiments

S. cerevisiae fluorescent strains harboring Cas effector proteins genes integrated in the
genome and the corresponding target plasmids were used for silencing assays. For wake-up
cultures, three individual colonies were picked from fresh YPD+G418 agar plates. Biological
replicates were grown in 2.5-3 mL YPD+G418 in 24-deep-well plates with Breath-Easy®
membranes (Diversified Biotec). Plates were grown overnight at 30°C and 250 rpm. Inoculums
were prepared by transferring the required volume to fresh 24-deep-well plates filled with 3 mL
YPD+G418, which were grown under the same conditions for approximately 10 hours and until
exponential phase was achieved. Exponentially growing cultures were used to inoculate the
measurement cultures by transferring the required volume for an initial OD_ , of 0.05. Plates
were incubated for 12-13 hours until measurements were performed.

4.5.13 Plate reader measurement of silencing experiments

500 pL of each well were transferred to a deep conical 96 well plate in duplicate. Plates were
spun down at 3500 x g for 10 min. Supernatant was discarded by inversion and cells were
resuspended in 500 pL of sterile PBS. Plates were spun down a second time at 3500 x g for 10
min and cells were resuspended in 500 pL PBS for measurements. 100 L of each resuspension
was transferred to a black 96 well black/clear bottom plate. Volume was corrected to 200
puL with PBS. A fluorescent end-point measurement was performed using the Synergy Neo 2
Biotek plate reader. Fluorescence was measured at 30°C after a 30 s double orbital shaking
step. Top measurements were taken using a gain of 125, excitation wavelength of 485/20 and
emission wavelength of 515/5.
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Fluorescence ratios were calculated considering the following formula:

F F

x,targeting_FBlank ] _
ODGOO,x,targeting_0D600,blank av
F.

non—fluorescent_FBlank
ODnon—fluorescent_OD600,blank av
F

Ratio =

ODnon—fluorescent_ODeoO,blank

non—targeting_FBlank ] _
ODnon—targeting_ODGOO,blank av

non—fluorescent_FBlank ]
av

Fluorescence ratios were used to run t-Tests over pairs of variables (comparing the value of test
spacers to the one of the NT spacer). GraphPad t Test Calculator was used for this purpose,
website: https://www.graphpad.com/quickcalcs/ttest1/ (accessed March 2021).
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Figure S4.1. Saccharomyces cerevisiae CEN.PK113-5D expressing MmCas12m-mRuby2, mRuby2-
NLS or mRuby2. (A) YL2-A vs BL1-A density plot. Each individual dot represents an individual particle
passed through the laser and classified as a singlet. For each population, 30.000 single events are
plotted. Control cells (not expressing mRuby?2) are plotted on the low left quadrant while mRuby2-NLS
and mRuby?2 expressing cells are plotted on the top left quadrant. MmCas12m-mRuby2 expressing cells
present a heterogeneous population with some fluorescent cells and a majority of not fluorescent cells. (B)
Histograms of each population: MmCas12m-mRuby2 (salmon), mRuby2-NLS (pink) and mRuby2 (brown).
Approximately 17% of single cells from the MmCas12m-mRuby2 population present fluorescence while
>93% of single cells from the mRuby2-NLS or the mRuby2 populations present fluorescence. The mRuby2-
NLS presents a low level of fluorescence compared to the mRuby2 population.
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Figure S4.2. Western blot detection of HA tag fused to MmCas12m or FnCas12a (as positive control).
No protein was detected on WT strain and positive control showed always signal. MmCas12m could not
be detected when expressed from a multicopy plasmid (YSTB115). For strain YSTB117, MmCas12m could
be detected only when the strain grew at a slow growth rate. MmCas12m was always detected when
expressed from a genome integrated copy (YSTB2M1).

EXPLORING THE POTENTIAL OF MMCAS12M AS GENE SILENCING TOOL IN SACCHAROMYCES

CEREVISIAE
A
0.45
0404 0390004 400008
0.35
0.30
_ 0251
< 0.20
0.15
0.10
0.05
0.00
YSTB164 YSTB211
B
YSTB164 YSTB211
10 10
y= 04076460'385"”‘ y= 0.0861 eo 3693x
o
R? = 0.9824 .,,0 R =0.9757 )
s !
§ o g o’
) / [a) 7
o 1 3 O 1 3
° /. =4 ’.
g 5, 10 15 e 5 10 15
S é e ®
0.1 : 0.1
time (h) time (h)

Figure S4.3. Specific growth rate of strain constitutively expressing MmCas12m from a genome
integrated construct at INT2 (YSTB211) and its congenic controls YSTB164 (expressing eGFP). (A)
Difference in growth rates is considered statistically significant. Statistical significance was calculated

with a t-test (p-value 0.0339). (B) Growth rate profiles for strains YSTB164 and YSTB211.
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Additional supplementary materials, tables and figures of this chapter can be accessed via

https://figshare.com/s/2387b15aea490da1d82d
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5.1 Abstract

Base editing has previously been achieved in the yeast Saccharomyces cerevisiae by using
nCas9 or dCas9 in combination with the PmCDA1-UGI or APOBEC1 deaminases. Until now, no
other Cas protein has been reported for base editing purposes in this organism. In this study,
we assessed the activity of the recently characterized MmCas12m DNA-binding protein fused
to the synthetic deaminase parts of the previously described Cas9 base editors, i.e. PmCDA1-
UGl and APOBEC1-YEE-UGI. Deaminase-dependent, specific base editing has been observed
at the target site, the reporter gene ADE2. Unfortunately, the editing frequency appeared
very low, possibly due to non-optimal binding of MmCas12m to the yeast DNA. Moreover,
the inability of this protein to introduce DNA nicks may limit its potential. Nevertheless, these
findings indicate that MmCas12m base editors are expressed in S. cerevisiae and able to
target specific locations in the genome of the yeast. Apart from optimization of MmCas12m,
analyzing the performance of other Cas12m homologs eventually might allow the use of this
novel Casl12 subtype in eukaryotic organisms.
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5.2 Introduction

With the recent advances in genetics, scientists have been working to develop precise and
efficient genome editing tools to modify the genomes of living cells (337, 332). In the last
decade, CRISPR-Cas systems have revolutionized the genome editing field as programmable
tools that can generate RNA-guided DNA double-strand breaks (DSBs) (82, 333). Generation
of DSBs awakens cellular repair mechanisms, such as non-homologous end joining (NHEJ) or
microhomology-mediated end joining (MMEJ) (334, 335). These processes repair the break in
an imprecise, error-prone manner, typically resulting in the introduction of random insertions
or deletions (indels) (334, 335). Alternatively, homology-directed repair (HDR) mechanisms
allow for precision repair, through the incorporation of specific DNA sequences at the site of
the DSB, derived either from a natural genetic copy of that DNA sequence, or from a synthetic
repair template consisting of a desired edit flanked by homology arms (155). Although targeted
and defined DNA modifications can be introduced using CRISPR systems and HDR, this last
cellular process only operates in actively dividing cells. Moreover, in some organisms the
HDR activity is low and thus out-competed by non-homologous repair (336-338). Recently,
CRISPR-associated base editing has been presented as a promising technology to generate
precise DNA modifications in an HDR and repair template-independent manner, opening new
doors for its therapeutic use in human cells (108, 282, 339).

Base editors are built by fusing components of CRISPR systems and base modification enzymes.
This allows for guide-dependent targeting, and for the deamination of nucleotides within a
nucleotide window at (or close to) a CRISPR target sequence (108). These deaminase domains
allow C-to-T (in case of cytosine base editors, CBE) (282, 340) or A-to-G (339) (in case of adenine
base editors, ABE) conversions. In the process of C-to-T deamination, cytosine (C) bases are
initially converted into uracil (U). In order to prevent the recognition of the deaminated base
by a Uracil DNA glycosylase and its further removal into an a-basic site (347), a Uracil DNA
glycosylase inhibitor (UGI) is fused to the deaminase (282). This prevents unwanted C-to-A
or C-to-G substitutions and increases base editing efficiency (342). Commonly, catalytically
deactivated Cas9 (dCas9) or nickase Cas9 (nCas9) are fused to CBEs or ABEs to introduce
single nucleotide changes in the selected target sequence (282, 339). While deactivated
variants of dCas9 can be generated by the simultaneous substitution of active site residues
of both the HNH and the RuvC domains, two different nCas9 can be generated by individual
deactivation of each of the catalytic domains. In the context of base editing, the use of nCas9
(D10A) has been proven useful to increase base editing efficiencies since introduction of a cut
in the target strand promotes mismatch repair using the edited non-target strand as template
(106, 339). The extended use of Cas9 base editors is limited to the encounter of an 5-NGG-3’
protospacer adjacent motif (PAM) and a defined window determined by the combination of
base editor and the specific Cas protein (343). In order to explore alternative PAMs and editing
windows, other modified nucleases such as the type V-A dCasl12a (283, 344) or the Type V-F
Casl12f (Cas14) (132, 291) have been proposed as complementary DNA base editing systems.
However, only dCas9 and nCas9 have been used in the yeast Saccharomyces cerevisiae for
base editing purposes to date.
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Recent bioinformatic analyses have resulted in the identification of novel putative nucleases that
have been functionally characterized under in vivo and in vitro conditions (76, 130, 133, 140, 257,
345). Among these new candidates, MmCas12m is a particularly appealing type V-U1 predicted
endonuclease due to its small size. Previous research performed in vitro and in Escherichia coli
showed that, like other Type V endonucleases, MmCas12m requires a 5-TTN-3’ PAM and it can
process its own pre-crRNA. In contrast to other Type V endonucleases (122, 346), MmCas12m
can bind DNA without introducing DSB, which allowed for the development of gene silencing
and base editing applications in E. coli. The characterization of different MmCas12m based
C-to-T base editors in this model bacterium defined a base editing window consisting of two
regions: a PAM-proximal region at positions 2-5 and a PAM-distal region at positions 13-19.
This dual editing region has not been reported by any other previously developed base editor
(108), although a recently developed A-to-G Casi12f1 base editor showed some base editing
activity at position 3 and positions 8, 10 and 14 (297). Confirmation of the dual window activity
in other organisms would establish MmCas12m base editors as promising base editor tools to
use in eukaryotic systems, such as human cells. Moreover, the reduced size of the MmCas12m
base editor constructs makes them interesting candidates for their eventual therapeutic use in
size-limited delivery strategies such as adeno-associated virus (AAV) particles.

Previous research attempted to use MmCas12m in a eukaryotic organism by showing that
MmCasi12m could be expressed and translocated to the nucleus of Saccharomyces cerevisiae
(Chapter 4). At best, however, very low activity was detected when this tool was used for
genome silencing approaches, possibly due to the transient binding of MmCas12m to its
target. Still, the possibility of using MmCas12m for base editing in yeast remains open, since
base editing requires only transient binding of the Cas protein and generates a permanent
change on the DNA. However, MmCas12m-mediated base editing activity has not yet been
reported in any eukaryotic organism.

The objective of this research was to determine whether MmCas12m-based base editors are
suitable for base editing in the eukaryotic organism S. cerevisiae. For this purpose, an in vivo
assay was designed to introduce stop codons in the coding sequence of ADE2 by C-to-T
base editing. Confirmation of base editing activity in the model organism S. cerevisiae would
therefore open the possibility for future applications of MmCas12m base editors in higher
eukaryotic organisms, including human cells.

EXPLORING MMCAS12M POTENTIAL AS A BASE EDITING TOOL IN SACCHAROMYCES CEREVISIAE

5.3 Results

5.3.1 Effect on growth of MmCas12m-PmCDA1-UGI expression

Initially, we built a yeast strain carrying a single copy of a S. cerevisiae codon-optimized
MmCas12m-PmCDA1-UGI gene integrated into its genome (strain YSTB305). To allow for
translocation to the nucleus, a nuclear localization signal (NLS) was fused to the C-terminus of
MmCas12m, followed by a 93 amino acids linker to which the base editing module was attached.
The genes coding for the PmCDA1 and UGI were codon optimized for expression in humans
and separated by a second NLS (Figure 5.1A). Through standard homologous recombination,
the MmCas12m-PmCDA1-UGI construct was integrated into the INT2 integration site (770) in
chromosome XV together with the URA3 gene from Kluyveromyces lactis for selection purposes.
We confirmed the correct integration of the construct by PCR and sequencing of the genomic
locus.

To assess the impact on growth of MmCas12m-PmCDA1-UGI expression, we compared the
growth rate of the generated strain (YSTB305) to the isogenic control strains YSTB164, which
harbors a genome integrated eGFP expression construct, and YSTB211, which expresses both
eGFP and MmCas12m from genome integrated copies. Growth rates of 0.31+0.011h',0.39 +
0.004 h"and 0.37 £ 0.008 h"' were determined for each strain, respectively, showing that the
expression of MmCasi12m fused to a base editor from a chromosomal-integrated copy has a
significantimpact on S. cerevisiae physiology, compared to the expression of MmCas12m alone
(Figure S5.1) (t-test: N = 3, p-value = 0.0003 (for YSTB164) and p-value = 0.002 (for YSTB211)).

5.3.2 Base editing from a genome integrated expression cassette for
MmCas12m-PmCDA1-UGI

Strain YSTB305 was transformed with multicopy plasmids expressing MmCas12m RNA guides
targeting the ADE2 gene. This gene can be used as a reporter in S. cerevisiae because
ADE?Z2 knockout strains accumulate P-ribosylamino imidazole, an intermediate of the adenine
biosynthetic pathway that is oxidized into a red pigment in aerobic conditions (347). This
process allows for easy discrimination of knockout and wild-type colonies on plates (Figure
5.1B). Based on the presence of a 5’-TTN PAM, we designed four targeting guides to generate
C-to-T mutations in specific positions of the ADE2 coding sequence, creating a nonsense
mutation that prematurely stopped protein translation (Figure 5.1B and C). Base editing was
assessed on plates after 2 hours of recovery in YPD, after 24 hours of recovery in YPD and after
24 hours of liquid growth in YPD and antibiotic G418. Recovery and growth in liquid medium
were conducted to assess editing after an increased time of exposure to the base editor.
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Figure 5.1. Set-up for MmCas12m genome-integrated base editing in S. cerevisiae. (A) Scheme of the
MmCas12m-PmCDA1-UGI and MmCas12m genome integrated constructs at INT2 in chromosome XV. (B)
Targeting positions of the 4 designed spacers (243-246) in the ADE2 gene and phenotypical assessment
of ADE2 knockout strains. (C) Sequence of the designed spacers and introduction of stop codons. (D)
Distribution of mutations in sequenced red strains.
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Red colonies were observed only on plates with more than 1000 CFU and in the presence of
the base editor. In all cases, the estimated percentage of red colonies per plate was <1% (Table
S5.1). However, we were not able to assess the total number of CFU per plate because of the
high colony density. Moreover, red colonies were often found in close contact or mixed with
white colonies. Surprisingly, red colonies were also obtained on the transformation plates with
the non-targeting guide (NT) (Figure 5.1D), but not in the strain expressing MmCas12m without
the base editor (YSTB211) when transformed with the NT guide. Among the three conditions
used for plating, plating after 24 hours of recovery in YPD yielded the lower number of red
colonies, suggesting a possible loss of plasmid. However, cultivating the transformed strains in
liquid medium under antibiotic selection for 24 hours did not show an increase in the number
of red colonies per plate, compared to the plates obtained after recovering the strains for 2
hours in YPD in the absence of antibiotic (Table S5.1). This indicates that 24 hours seems not
to be enough time to significantly increase the activity of base editing over the population.

Isolated red colonies on the transformation plates were re-streaked on fresh YPD + G418 plates
to check for ADE2 WT contamination. Sequencing of the ADEZ2 locus of some of the isolated
red colonies showed that 3 out of the 4 designed guides yielded targeted base editing, albeit
at a low frequency (Figure 5.1D). Moreover, desired target modifications were observed only
in the presence of their corresponding guide. In some of the sequenced colonies, other C-to-T
mutations were also detected in the ADE2 gene (at positions 1415 and 1517, data not shown), as
well as an unclear genotype with no apparent mutation in the ADE2 coding sequence (Figure
5.1D). Red colonies from the transformation plates with non-targeting guides did not show any
of the desired C-to-T conversions.

5.3.3 Base editing from a plasmid-borne expression cassette

We explored other base editor combinations by building a new set of centromeric plasmids to
assess MmCas12m base editing activity. All combinations were tested in biological triplicates.
MmCas12m-PmCDA1-UGI and MmCas12m-APOBECI1-YEE-UGI base editing activity was
assessed after 2 hours of recovery on YPD medium and after 5 days of growth in liquid medium
with G418 selection (Figure 5.2A).

Red colonies were observed on plates in all transformations when base editor domains were
being transformed, either after 2 hours of recovery, or after 5 days of growth in liquid medium
with antibiotic pressure. No plate showed more than 1.5% of red colonies (Table S5.2 and
Table S5.3). As expected, the negative control expressing MmCas12m without base editors
did not yield any red colonies. Controls with transformation of base editor domains alone
(PmCDA1-UGI or APOBEC1-YEE-UGI) yielded red colonies (Figure 5.2, Table S5.2 and Table
S5.3), although mutations were not localized at any of the designed target sites. Among all
sequenced red colonies from transformation plates obtained after 2 hours of recovery in YPD,
targeted base editing with MmCas12m-PmCDA1-UGI was shown with an approximate overall
maximum frequency of 0.2%, showing that not all red colonies presented targeted editing.
Using that recovery protocol, no targeted base editing could be detected with MmCas12m-
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APOBECI1-YEE-UGI. However, we did observe targeted base editing for both MmCas12m-
PmCDA1-UGI and MmCas12m-APOBEC1-YEE-UGI at low frequencies (up to 1 every V79 (1.3%)
and 76 (1.3%) colonies, respectively) on plates after growing the transformants for 5 days
on liquid YPD with antibiotic G418. Therefore, both the number of red colonies obtained per
plate and the frequency of targeting products relatively increased after extended incubation
(5 days) in liquid medium, compared to the value obtained after 2 hours of recovery upon
transformation.

Among all red colonies, only a fraction presented the desired genotype. For instance, we
only detected targeted base editing by using MmCas12m-PmCDA1-UGI expressed from the
centromeric plasmid with spacer 246 (Figure 5.2B, Table S5.2 and Table S5.3). When this
spacer was expressed, 9/10 genotyped red colonies showed the desired C-to-T modification
after 5 days of growth in liquid medium with G418. Although red colonies were present on
all other transformation plates, sequencing showed that C-to-T mutations were only present
at non-targeted positions, or that no mutations were present in the ADE2 coding sequence
at all. In the case of MmCas12m-APOBEC1-YEE-UGI, we observed targeted base editing with
spacers 244, 245 and 246 only after 5 days of growth in liquid medium with G418. Spacer 245
showed the highest targeted editing frequency with 36/39 red colonies presenting the desired
genotype. Both MmCas12m-PmCDA1-UGI and MmCas12m-APOBEC1-YEE-UGI showed some
background base editing activity when expressed with a non-targeting guide or without guide.
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Figure 5.2. Set-up for MmCas12m plasmid-borne base editing in S. cerevisiae. (A) Plasmid constructs
used for expression of the MmCas12m-PmCDA1-UGI and MmCas12m-APOBEC1-YEE-UGI constructs.
Controls are indicated in the shaded area. (B) Distribution of mutations in sequenced red colonies obtained
after plating cultures grown for 5 days in YPD+G418 medium. In case transformations did not show red
colonies on plate, no graph is included.
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Overall, this data indicates occurrence of the designed targeting activity of MmCas12m base
editors, but at a relatively low frequency. We observed the desired C-to-T modifications only
when the corresponding targeting spacers were expressed. At the same time, red colonies
were also obtained that were at least partly the result of off-target base editing.

5.4 Discussion

In this study we tested for the first time MmCas12m C-to-T base editors in S. cerevisiae. We
used a genome integrated base editor (PmCDA1-UGI) and two centromeric plasmid-expressed
base editors (PmCDA1-UGI and APOBEC1-YEE-UGI). We successfully introduced targeted
mutations using MmCas12m fused to either PmCDA1-UGI or APOBEC1-YEE-UGI, although
at rather low frequencies, even after 5 days of growth in liquid medium (<1.5%). These low
base editing frequencies were observed both by plasmid-borne and chromosomal expression
of the MmCas12m base editing tested variants. Moreover, we identified some spacers that
yielded higher editing frequencies than others, which most likely reflects binding efficiencies
being spacer sequence-dependent (274). Under the tested conditions, we also observed
unspecific activity under control conditions when the base editors were expressed alone or
fused to MmCas12m along with a NT guide. This unspecific activity yielded colonies with the
same phenotype as the correctly edited ones but carried no mutation at the target site. This
unspecific base editing activity was in the same order of magnitude as the targeted base
editing which could indicate low affinity of the MmCas12m-base editors for the yeast DNA.

The study performed was based on the phenotypic assessment of introduced mutations
through base editing. This set-up is based on the accumulation of a red pigment in colonies
on plate upon successful editing, and it has been validated in previous Cas9 and Cas12a
characterization assays in yeast (84, 111, 348, 349). In the case of Cas9 and Cas12a, the high
activity of the nucleases allowed for a precise quantification of the base editor efficiencies (84,
102, 111). However, when testing MmCas12m base editors, even upon plating of highly dense
cultures, we observed only limited base editing events. The low number of observations in
relation to the total amount of colonies prevented us from presenting our data in terms of
exact mutation frequencies with standard deviations even when biological replicates were
used (Table S5.1, Table S5.2 and Table S5.3). Other approaches have been used in literature to
assess base editing, such as targeting a fluorescence protein-encoding gene and analyzing a
population through flow cytometry. However, we believe these approaches would have missed
the low number of observations in our population (350). Future directions could include deep
sequencing of population samples to help quantify the base editing efficiencies (106). Yet, it
is important to consider that the sequencing depth of each sample should be high enough to
detect a significant amount of base editing events in each population.

Base editing on the designed target loci was observed only when the specific targeting
spacer was expressed and never under the control conditions. These results indicate that
the MmCas12m base editors were correctly expressed, translocated to the nucleus and able to
target specific locations in the genome of S. cerevisiae. However, the low number of targeted
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base editing events detected in our assays was comparable to the amount of unspecific activity
we observed under control conditions. This might indicate poor binding of MmCas12m-base
editors to yeast DNA. The low observed editing frequencies are not in line with reports of
nCas9-PmCDA1 or dCas9-PmCDA1 base editors, which targeted activity is 1000-fold higher
than the unspecific activity (106). Our data could indicate that MmCas12m is not able to stably
bind the DNA of yeast, unlike dCas9. Other even smaller Cas proteins (such as Cas12f1), were
also reported to have no detectable activity in mammalian cells, most likely due to inefficient
binding (297), which is also discussed in Chapter 4.

In our study, we observed that the base editing frequencies obtained were not comparable
to the ones obtained using nCas9(D10A) base editors in S. cerevisiae (106, 351, 352). The use
of nCas9(D10A)-PmCDA1-UGI in this model yeast allowed to achieve mutation frequencies
varying from 16 to 47% in a similar assay to the one performed in this work, based on the
disruption of ADET (106). Similarly, the use of several nCas9-APOBEC-BE3 variants allowed
for mutation frequencies of CANT up to “60% of the population (352). Although these systems
use the same deaminases used in our work, the main difference probably lies in the ability
of nCas9 (D10A) to generate a nick on the non-edited (target strand) (77). The introduction
of this nick allows the cell repair mechanisms to use the base-edited, non-target strand as a
repair template for the target strand (339), increasing the mutation frequencies obtained in
the population (106). Beyond the suggested and discussed inefficient binding presented by
MmCas12m to DNA in yeast, the inability of MmCas12m to introduce nicks, or to eventually
generate a nickase, prevented us from achieving higher base editing efficiencies. A similar case
was described for the yeast Yarrowia lipolytica, where dCas9-PmCDA1 activity could not be
observed on a phenotypic selection assay (353) although dCas9 can be used in this yeast for
silencing purposes (226). Instead, base editing activity was reported for nCas9-PmCDA1 after
24 hours of expression of the base editor (353) which shows, once more, that the introduction
of the nick on the non-edited strand might be crucial to increase base editing efficiencies
also in yeast. Although lower activities compared to nCas9 base editors were expected, the
higher targeted vs. unspecific activity ratio of dCas9-PmCDA1-UGI indicates that this construct
would achieve higher base editing frequencies than MmCas12m-PmCDA1-UGI. However, no
similar assay based on the frequency of phenotype-based mutants in a population has been
developed for dCas9-PmCDA1-UGI (106).

Binding base editors (not nickase) cannot induce repair mechanisms on the non-base edited
strand because they do not cleave it and therefore, a higher chance of reversion of the
introduced modification on the base-edited strand is implied in their use (282).The modification
of MmCas12m towards a nickase variant is not straight forward, since an earlier attempt to
restore its inactivated RuvC catalytic residues (HHD > DED) did not yield a DNA-cleaving
protein (377). Thus, the difficulty in generating a MmCas12m nickase might represent the major
limitation for the use of MmCas12m base editors in eukaryotic organisms. Nevertheless, it
should be noted that some Cas12m clades do possess the canonical RuvC catalytic residues
(DED), suggesting they did not lose target nuclease activity. Assessment of the nuclease
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activity of these homologs could facilitate the development of more efficient Cas12m base
editors.

This work represents one of the first attempts to establish non-Cas9 base editors in the
yeast S. cerevisiae. Other similar reports consisted in the use of APOBEC1 (a non-optimized
version of APOBEC1-YEE) fused to RNA-targeting protein dCas13a (350). In a similar way to our
study, Casl13a activity in S. cerevisiae had not been previously reported and no base editing
activity could be detected when fusing dCas13a to APOBEC1. To date, the only successful
base editing report in yeast not using dCas9 or nCas9 was performed in the fission yeast
Schizosaccharomyces pombe, where a low 6% editing was observed on RNA when using
dCas13a fused to the ADAR base editor (354). Similarly, dCas12a base editors have only been
developed for bacteria and mammalian cells, but no application has yet been reported for its
use in yeast (355).

With our constructs we were able to base edit positions +3, +4 and +15 of the protospacer in the
target gene, similar to previously described results in E. coli (317). However, the base editing
frequencies that we observed in our population were lower than the ones described in the
model bacterium, where efficiencies close to 100% were reached (377). Different DNA topology,
chromatin configuration and differences in the mismatch repair mechanisms between bacteria
and yeast might interfere with the obtainment of the desired mutations (343).

It is important to consider that the constitutive expression of MmCas12m base editors might
result in increased mutation rates and/or decreased growth rates. All tested base editors were
constitutively expressed either from genome-integrated expression constructs or centromeric
plasmids, similarly to what has been reported before for MmCas12m base editors in E. coli.
Constitutive expression of base editors is known to result in an increased off-target mutation
rate across the genome (706). In our study, we observed a reduction in growth rate caused by
the expression of the genome-integrated MmCas12m-PmCDA1 base editor. This may suggest
a toxic effect from the constitutive expression of the base editor due to unspecific activity
across the genome. In future studies, this can be circumvented by induction of the base editor
expression as previously reported (106, 351, 356). However, the chosen approach did not
hamper any measurement in our study due to the overall low activity of the studied protein
(106, 351, 356).

In our work we showed that successful characterization of genome editing tools in E. coli is not
a guarantee for their functioning in the yeast S. cerevisiae. Particularly, type V Cas proteins
are extremely diverse and present a wide variety of functions, many of which still need to be
characterized (345, 346). A better understanding of the protein mechanism of action in their
native hosts or under heterologous expression conditions will help to develop novel tools in
eukaryotic organisms. Optimization of the studied protein (or related Cas12m proteins) and
more careful characterization of the protein binding mechanism in vivo could help to develop
a reduced size tool for its use in eukaryotic systems.
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5.5 Materials and methods

5.5.1 Strains and growth conditions

E. coli DH5a and DH10B were used for cloning and propagation of plasmids. E. coli was
routinely cultured at 37 °C and 200 rpm in Luria Bertani medium (LB) [10 g L tryptone (Oxoid),
5 g L' yeast extract (BD), 10 g L' NaCl (Acros)]. Ampicillin was added for plasmid maintenance
(100 pg-mL?).

S. cerevisiae CEN.PK113-5D or CEN.PK113-7D were used for all base editing characterization
experiments as background strains. A complete list of strains can be found in Table S5.4. S.
cerevisiae was routinely cultured in YPD medium [10 g L' yeast extract (BD), 20 g L' peptone
(Oxoid) and 20 g L" glucose (Fisher Scientific B.V.)] or synthetic medium (SMG) [3 g L' KH,PO,
(VWR International B.V.), 0.5 g L' MgSO,-7H,0, 5 g L' (NH,),SO,, 1 ml L of a trace element
solution, and 1 ml L™ of a vitamin solution as previously described (327)]. Synthetic complete
medium (SC) [6.7 g L yeast nitrogen base without amino acids and with ammonium sulfate
(SIGMA), 2.0 g L' Yeast Synthetic Drop-out Medium Supplements (Sigma Aldrich) and 150
mg L' uracil] was used for growth rate determination. 2% Glucose was used in all cases as a
sole carbon source. All yeast cultures were grown at 30 °C, with shaking at 200 rpm in case
of liquid cultures. When selection was required, media was supplemented with 200 mg mL"
G418 (Geneticin) and/or 100 mg mL" Nourseothricin (ClonNAT). When selection with G418 was
required on SMG media, (NH,),SO, was replaced with 3 g L"K,SO, (Sigma Aldrich) and 2.3 g
L filter-sterilized urea (Acros Organics) to avoid pH drop (328). Solid media were obtained by
addition of 20 g L" agar (Oxoid).

5.5.2 Molecular biology techniques

PCR reactions for diagnosis purposes were performed using OneTaq” DNA Polymerase (New
England Biolab, NEB) following manufacturer’s instructions. Q5" High-Fidelity 2X Master
Mix (NEB) was used for high fidelity amplifications according to supplier’s instructions.
Oligonucleotides used for cloning and sequencing were purchased from either IDT or Sigma
Aldrich. When required, DNA fragments were purified from agarose gels using Zymoclean™
Gel DNA Recovery Kit (Zymogen). Bacterial plasmids were isolated using GeneJET Plasmid
Miniprep Kit (Thermo Scientific). Gene insertions were confirmed by diagnostic PCR and Sanger
sequencing (Macrogen, Germany).

5.5.3 Growth rate determination

To evaluate potential growth defects on strains constitutively expressing MmCas12m fused to
PmCDAT1 base editor, strains YSTB305 and YSTB164 were grown in SC medium (supplemented
with uracil) in 500 mL shake flasks. Shake flasks were filled with 100 mL of medium and
incubated at 30°C and 200 rpm. Growth was monitored by measuring optical density (600
nm) using UV-1800 Spectrohpotometer (Shimadzu). Maximum specific growth rated for each
strain were calculated from 3 biological replicates and 2 technical measurements.
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5.5.4 Selection of target sites and design of crRNA

Protospacers allowing for screening of the C-to-T base editing activity were selected to
generate premature stop codons in the open reading frame of the ADE2 gene of S. cerevisiae.
To this end, 4 protospacers were identified carrying a cytosine in position 3, 4 or 15. Plasmids
PL-243 to PL-246 were constructed to contain the corresponding spacer sequences (Table
S5.5).

5.5.5 Plasmid construction

The plasmids constructed in this study are listed in Table S5.5, as well as the assembly methods
employed. Oligonucleotides used for cloning and sequencing are listed in Table S5.6. Briefly,
ADE?2 targeting plasmids carrying the CRISPR repeats and crRNAs for MmCas12m (PL-243
to PL-246) were built by digesting PL-196 with BsaXI| (NEB) and ligating previously annealed
pairing oligonucleotides with required overhangs.

5.5.6 Construction of genome-integrated base editor strains

An initial small-scale experiment was designed with strains expressing the MmCas12m-PmCDA1
base editor from a genome integrated copy. YSTB164 (Chapter 1) was used as the parental
strain for transformation to obtain a S. cerevisiae strain expressing the S. cerevisiae codon-
optimized MmCas12m fused to a PmCDA1-UGI fusion construct. YSTB164 was transformed by
using the lithium acetate method (357) with five linear fragments to obtain YSTB305: A0246
and A0247 were obtained by genomic amplification from S. cerevisiae CEN.PK113-5D by using
primer pairs BG20385-BG20386 and BG20387-BG20388, respectively; A0295 was obtained
by amplification of the MmCas12m gene from PL-140 with primers BG20383 and BG21049;
A0296 was obtained by amplification of the human optimized PmCDA1-UGI fusion construct
from pSI-Target-AID-NG with primers BG21050 and BG21051; and A0297 was obtained by
amplification of the KIURA3 cassette from pUDE731. A control strain without the base-editor
fusion construct was built by using YSTB164 as the parental strain and then transforming
it with linear fragments A0246, A0247, A0248 and A0245 to obtain YSTB211. A0245 was
obtained by amplifying the MmCas12m construct from PL-140 with primers BG20383 and
BG20384, and A0248 was obtained by amplifying the KIURA3 cassette from pUDE731 with
primers BG20389 and BG20390. Transformants were plated on SMG media and incubated at
30°C until colonies appeared. Genomic integrations were confirmed by diagnostic PCR and
sequencing the integration locus.

5.5.7 Construction of plasmid-borne base editor strains

S. cerevisiae CEN.PK113-7D was transformed with centromeric plasmids for expression of
MmCas12m-PmCDAT1 (PL-277) or MmCas12m-APOBECI1-YEE (PL-296) to obtain strains YSTB347
and YSTB353, respectively. Control strains were built by transforming centromeric plasmids
for expression of MmCas12m (PL-302), PmCDA1 (PL-301) or APOBEC1-YEE (PL-293) to obtain
strains YSTB355, YSTB354 and YSTB351, respectively. Transformants were plated on YPD agar
plates containing Nourseothricin and incubated at 30 °C until colonies appeared. Diagnostic
PCR was used to check for plasmid acquisition.

EXPLORING MMCAS12M POTENTIAL AS A BASE EDITING TOOL IN SACCHAROMYCES CEREVISIAE

5.5.8 Assessment of base editing activity with genome-integrated MmCas12m-
PmCDA1 base editor

Subsequently, strains YSTB305 and YSTB211 were transformed with plasmids PL-243 to PL-246
and PL-139 (NT) to assess base editing activity. Transformants were plated on YPD selective
media containing 200 mg mL" G418 (Geneticin) after 2 hours of recovery. At the same time,
transformants were also inoculated in YPD medium with and without selection for overnight
growth. Cultures were subsequently plated on YPD + G418 plates. Colonies were obtained
on plates after 3 days of incubation at 30 °C. To favor red pigment accumulation in case
of the ADE2 knockouts, plates were incubated for an extra day at 4 °C. Pure or mixed red
colonies were individually picked and re-streaked in YPD + G418 medium until single red
colonies were isolated. High-fidelity genomic DNA amplification using primers BG11655 and
BG11656 and Q5° High-Fidelity DNA Polymerase (NEB) was performed on isolated red colonies.
PCR products were purified and analyzed with Sanger sequencing (Macrogen) with primers
BG11656, BG11655, BG16485 and BG12982.

5.5.9 Assessment of base editing activity with plasmid-borne MmCas12m-base
editors

Obtained strains were transformed in triplicate with plasmids PL-243, PL-244, PL-245, PL-246
and PL-139 to assess base editing activity. Transformations were recovered for 2 hours at 30
°C. After recovery, 100 pL of each transformation was used to inoculate 3 mL YPD + G418 in
24 deep well plates. Plates were covered with Breathe-Easy" sealing membranes (Diversified
Biotech) and a 24-well plate sandwich cover. Plates were incubated at 30 °C and 250 rpm. After
48 hours, cultures were diluted 1:30 in fresh 3 mL YPD + G418 + Nourseothricin and incubated
at 30 °C and 250 rpm. Every 24 hours, a new 1:30 dilution was performed in a fresh 24-deep
well plate. After 5 days, 90 pL of a 10* dilution and 90 pL of a 10-°dilution were plated on YPD
agar + G418 + Nourseothricin plates. Plates were incubated for 3 days at 30 °C, after which
phenotype and genotype were assessed as previously described.
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5.6 Supplementary materials
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Figure S5.1. Specific growth rate of strain constitutively expressing MmCas12m-PmCDA1-UGI base
editor from a genome integrated construct at INT2 and egfp at INT1(YSTB305) and its congenic control
strains YSTB164 (expressing egpf at INT1and MmCas12m at INT2). Statistical significance was calculated
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Table S5.1. Population base editing frequencies with MmCas12m-PmCDA1-UGI base editor
expressed from a genome integrated copy (YSTB305). Strain expressing MmCas12m (YSTB211)
was included as control. Plates presented more than 1000 colonies (exact number not assessed).
Among the number of sequenced colonies, the number of colonies presenting targeted base editing

is indicated in red.
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Table S5.2. Population base editing frequencies with MmCas12m base editors expressed from
centromeric plasmids and plated after transformation. Base editing was tested using both PmCDA1-
UGI and APOBECI1-YEE-UGI deaminases although targeted base editing was only observed with

MmCas12m- PmCDA1-UGI base editor (frequency 0.2%).
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Table S5.3. Population base editing frequencies with MmCas12m base editors expressed from
centromeric plasmids and plated after 5 days of cultivation in liquid selective medium. Base
editing was observed with both PmCDA1-UGI and APOBEC1-YEE-UGI deaminases with maximal
targeted mutation frequency per plate of 1.3% for both base editors. Both base editors showed
background activity (MmCas12m-PmCDA1-UGI when expressed with a non-targeting guide and
APOBEC1-YEE-UGI when expressed without a guide). CFU/plate was estimated from the dilution
plates when numbers are in italics.
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Additional supplementary materials, tables and figures of this chapter can be accessed via:
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6.1 Abstract

CRISPR-based tools have been harnessed in the last years for targeted incorporation of
DNA sequences in prokaryotic and eukaryotic genomes. However, incorporation of large
DNA fragments is a process dependent on the efficiency of the homology directed repair
(HDR) mechanism. This process is usually either cell-stage dependent or not active at all in
many organisms. CRISPR-associated transposon systems have recently been discovered and
relevant mechanistic details have been revealed. These systems appear to be the result of the
genetic incorporation of the gene(s) encoding a CRISPR effector into a gene cluster encoding
a Tn7-like transposon. This chimeric system has been demonstrated to allow for RNA-guided
DNA transposition in an HDR-independent manner. In this work, we set out to use of the
ShCAST type V-K CRISPR-associated transposon system for genome editing in eukaryotic
organisms. First, we investigate the effect of adding nuclear localization signals to each of the
proteins of the complex on transposition. Although we observe that two configurations hamper
transposition, six others do not affect the complex functionality and allow for transposition in
Escherichia coli. Then, we show transposition occurring at lower temperatures than the ones
previously reported in E. coli under in vivo conditions. Finally, when transplanting the system
to Saccharomyces cerevisiae, we did not observe transposition. Considering the most recently
published work, we speculate on different research directions towards the application of RNA-
guided DNA transposition in eukaryotic organisms, and discuss recently reported alternatives.

TYPE V-K CRISPR-ASSOCIATED TRANSPOSON SYSTEM — TOWARDS ITS APPLICATION IN
EUKARYOTIC ORGANISMS

6.2 Introduction

In the last years, clustered regularly interspaced short palindromic repeats (CRISPR) and
CRISPR- associated Cas proteins have been harnessed for genome editing purposes in wide
range of prokaryotic and eukaryotic organisms. This has contributed to substantially improving
the genome editing efficiencies in various yeasts and fungi, for which a multitude of CRISPR-
based genetic tools have been developed over the last decade (84, 94, 110, 111, 113, 120, 187).
Some of these systems allow for the introduction of double strand breaks (DSBs) in the DNA
of the target organism, which are lethal if not repaired. Some cells have an active homology
directed repair (HDR) mechanism to fix these DSBs with the utilization of DNA fragments
containing homologous sequences. Apart from natural recombination substrates, these DNA
fragments can also be supplied externally and can contain any desired heterologous DNA
sequence. This feature of HDR has been utilized to engineer new metabolic pathways into
chromosomal locations and has allowed for control over the modifications introduced in
the DNA sequence, as opposed to other DSBs repair pathways. However, HDR efficiencies
decrease with the increasing size of the DNA repair templates, which limits the size of the DNA
that can be introduced in a single event (116, 359, 360). Moreover, the HDR mechanism takes
place in actively dividing cells and the efficiency of this process over other repair processes
such as non-homologous end joining (NHEJ) is highly cell type and organism dependent (96,
367). This means that, even though CRISPR-Cas systems have been established in multiple
organisms, generated DSBs are often repaired by NHEJ, which limits the efficiency of HDR-
mediated DSB repair. This is the case, for instance, in wild type (WT) strains of industrially
relevant non-model yeasts such as Kluyveromyces marxianus. In these species, the favored
DNA repair mechanism is NHEJ, and HDR typically occurs in less than 30% of the events upon
DSB occurrence (94, 120). Mammalian cells and plant cells also show low HDR efficiencies,
which limits direct introduction of DNA sequences for therapeutic and production purposes
(362, 363).

Different strategies have been adopted throughout the years to increase the HDR efficiency
over other repair pathways. Cell cycle synchronization and limitation of Cas9 expression to
the S/G,/M cell cycle stages have been proven as valid strategies to increase the rates of
HDR in eukaryotic cells (94, 96, 121, 364). Expression of heterologous recombinases such as
the I-red recombinase (365-368) in E.coli and related bacteria has also been shown to be an
efficient strategy to increase homologous recombination when coupled to CRISPR-Cas9 as
counter-selection systems. Temporal control of the action of the Cas nucleases has also been
demonstrated to increase the efficiency of homologous recombination (94, 369). Alternatively,
gene silencing (718), protein inhibition (370) or knockout of some of the competing NHEJ
pathway elements (LigD/Ku subunits) (24—26) has been shown to increase HDR activity in
human cells and some non-conventional yeasts. Finally, the possibility of fusing characterized
transposases to deactivated Cas proteins such as deactivated Cas9 (dCas9) has also been
proposed and validated. Fusion of dCas9 to different transposases (the piggyBac transposase
(374), the Sleeping Beauty (98), or the TnpA transposase (258)) have been used to influence
the target site selection by directing the transposases to specific target sites determined by
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the sgRNA. Although showing limited success or being restricted to a ssDNA donor, these
systems do not rely on native DSB repair mechanisms, but rather on some external integration
machinery and serve as proofs of concept for the development of novel tools. Moreover, they
potentially could be used to integrate long DNA fragments (374). Laboratory evolution of
some of these systems yielded integration efficiencies over 20%, with low or non-detectable
off-target transposition events (100).

A very well studied bacterial transposon system is the Tn7 transposon. The classical Tn7
transposon is composed by proteins TnsA, TnsB, TnsC and TnsD and/or TnsE (375, 376). In
the canonical Tn7 transposon, TnsA and TnsB act together as an heteromeric transposase and
catalyze the DNA strand breakage and joining reactions required for transposon mobilization
from donor to target DNA (377, 378). TnsB cleaves and joins the 3’ ends of the transposon,
while TnsA catalyzes the cleavage of the 5’ end (378). Thus, they allow for cut-and-paste
transposition by excising the transposon from the donor DNA (379). TnsC is an AAA+ ATPase
protein that requires ATP to bind to DNA (380, 387). This protein acts as a regulator protein and
interacts both with the transposition core proteins TnsA and TnsB, as well as with TnsD or TnsE
(382, 383). These last two proteins determine the transposition fate: the TnsABC+TnsD complex
directs transposition to attTn7 sites in bacterial chromosomes while TnsABC+TnsE promotes
transposition to non-attTh7 sites found in mobile genetic elements (MGE) such as conjugative
plasmids, although at lower efficiencies (383) (Figure 6.1A). Interestingly, natural CRISPR-
associated Tn7-like transposon systems were recently described by bioinformatic analyses
in sequenced bacterial genomes of Cyanobacterial, Streptomycetaceae and Vibrionaceae
species (384, 385). These analyses identified several Tn7-like transposon systems harboring
incomplete CRISPR systems as cargo DNA between the characteristic transposon left and
right terminal sequences, also called left and right elements (RE or LE).

These Tn7-like CRISPR-associated transposases (CASTs) were identified together with
incomplete CRISPR systems of type I-B, I-F and V-U5, hereafter called V-K (384). All these
systems share the following characteristics: (i) the absence of the adaptation module (casT,
cas2 or cas4) in the cas operon; (i) the absence either of a nuclease subunit (Cas3 in case of
Class 1complexes), or of a functional nuclease domain (RuvC, in case of Class 2 effectors) and;
(iiif) the absence of TnsE and substitution of this transposon subunit by the incomplete CRISPR
system (385). Therefore, it has been proposed that these CRISPR-associated transposases
utilize the recruited CRISPR systems to target transposition to MGEs and therefore facilitate
horizontal transfer of the transposable element (384) (Figure 6.1B).

TYPE V-K CRISPR-ASSOCIATED TRANSPOSON SYSTEM — TOWARDS ITS APPLICATION IN
EUKARYOTIC ORGANISMS

Canonical Tn7 transposon

RE LE

§-a) e =) aup amp—§

Type V-K CRISPR asociated Tn7-like transposon system

RE CRISPR array LE
tnsD-like

Figure 6.1. Canonical Tn7 transposon and association to type V-K CRISPR systems. (A) Canonical
Tn7 transposition mechanism. Transposition to attTn7 chromosomal sites is guided by TnsABC+D while
transposition to mobile genetic elements (MGEs) is guided by TnsABC+TnsE. (B) Gene composition of
canonical Tn7 transposons and type V-K CRISPR-associated Tn7-like transposons. Common components
are shaded in grey.

Among all experimentally characterized systems, the type V-K system is the most compact
one (384). This system is composed of tnsB, tnsC and tniQ genes together with a type V-K
nuclease (Cas12k) and a CRISPR array (258) (Figure 6.1B) and has been used for RNA-guided DNA
transposition in vivo and in vitro (258, 386, 387). Unlike Type-l CRISPR-associated transposon
systems, this system allows for unidirectional transposition products. Similar to the transposon
family Tn5053, the V-K system is characterized by the absence of the transposase subunit TnsA
(386, 388—390). This has been proven to lead to a high number of cointegration products with
insertion of the whole donor plasmid and a duplication of the cargo sequence by a copy-and-
paste mechanism (397). Many Th5053-like transposons include a tniR resolvase that prevents the
formation of the cointegrates (390, 397). Because the type V-K CRISPR-associated transposases
are not associated to any tniR resolvase, cointegrates are being generated, which is a non-
desirable feature of the system (386, 388). Supply of linear or 5" nicked donor DNA could prevent
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the formation of co-integrants (388). To date, this system has been shown to allow RNA-guided
DNA transposition in Escherichia coli although at lower specificity and efficiency than a type I-F
CRISPR-associated transposon and in some other bacteria (392, 393). The use of any CRISPR-
associated transposon system has not been reported yet in any eukaryotic system (397).

Because of its simplicity, we here describe attempts to use a type V-K CRISPR-associated
transposon system from Scytonema hofmani (ShCAST) to promote targeted DNA integration
in eukaryotic systems by first using the model yeast Saccharomyces cerevisiae. Initially, we
tested whether the system could function at lower temperatures than the ones tested to
date (258). Aiming to use this system in organisms that grow at lower temperatures (e.g., S.
cerevisiae), we investigated whether RNA-guided DNA transposition could take place in vivo
in E. coli at lower temperatures than 37 °C. Moreover, activity of the RNA-guided transposon
system in the eukaryotic organism can only be achieved when all protein components are
successfully translocated to the nucleus. It has been shown that all components are necessary
for transposition to take place (258). Normally, positively charged nuclear localization signal
(NLS) peptides are fused to the N- and/or C-terminus of the proteins of interest for that purpose
(84, 111). However, addition of nuclear localization signals can disturb the protein structure or
functionality (377), potentially generating inactive complexes. For these reasons, we studied
the effect of addition of NLS peptides to each of the proteins of the complex at both the C and
the N terminus of the proteins.

Finally, we used the gained insights to test transposition in the yeast S. cerevisiae. Ideally, this
CRISPR-associated transposon systems could be used for integration of DNA in a homologous
recombination-independent manner, which could be a useful tool for genome editing of
eukaryotic cells with low HDR efficiencies.

6.3 Results

6.3.1 Temperature dependence of in vivo transposition activity of ShCAST
Previous work of the type V-K CRISPR-associated transposon system (ShCAST) was carried out
in E. coli at 37 °C in vivo and in a range of temperature between 25-50 °C, in vitro (258). In the in
vitro tests, it was observed that transposition did occur at 37 °C but not at 25 °C (258). With the
aim to use the system in organisms growing at lower temperatures (e.g. S. cerevisiae), we tested
the system in vivo in E. coli at different temperatures using the previously described ShCAST
2-plasmid system (258). We transformed the pHelper plasmid expressing the different ShCAST
components (TnsB, TnsC, TniQ and Cas12k) and a sgRNA targeting PSP49 (258) into an E. coli
strain harboring the pDonor plasmid. PSP49 targeted an E. coli genomic location proven to be
highly accessible by the ShCAST transposition machinery. We grew the transformed populations
overnightin liquid medium at different temperatures (25 °C, 30 °C and 37 °C). A sample from each
liquid culture was used for PCR amplification of the genomic target site (Figure 6.2A). Transposition
was observed in vivo at either 25, 30 or 37 °C (Figure 6.2B) and confirmed by sequencing results.
No quantification of transposition efficiencies was performed for any temperature.

TYPE V-K CRISPR-ASSOCIATED TRANSPOSON SYSTEM — TOWARDS ITS APPLICATION IN
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Figure 6.2. Diagnostic PCR of E. coli populations after ShCAST transposition. (A) Scheme of the followed
protocol for qualitative assessment of ShCAST transposition in E. coli. A pHelper plasmid was transformed
in E. coli harboring a pDonor plasmid. After heat shock and recovery at the selected temperatures (25 °C,
30 °C or 37 °C), transformants were inoculated in LB liquid medium and grown with antibiotic selection
at test temperatures. Cultures were cultivated overnight until culture reached confluence. Population
samples were used for PCR. Two different PCR reactions (PCR1and PCR2) at the site of integration were
used to diagnose target transposition in a qualitative way at a population level. (B) 1% agarose gel with
obtained PCR1 and PCR2 products to demonstrate the transposition, and to investigate the effect of
temperature (25°C, 30°C and 37°C) on the wild-type transposition ShCAST system in E. coli. PCR reactions
on populations transformed with a NT guide show a non-specific band pattern.
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6.3.2 Effect of nuclear localization signal peptide fusion to individual elements
of the type V-K CRISPR associated system

To assess protein and complex stability upon NLS addition, we used the previously described
ShCAST 2-plasmid system as a starting point (258). We fused the Nucleoplasmin sequence
“KRPAATKKAGQAKKKK?” (394, 395) to TnsB, TnsC, TniQ and Cas12k, independently to both
their N and C-terminus. Effect of the addition of the sequence was evaluated for each variant,
for the total of 8 different constructs. Transposition was assessed qualitatively at a population
level in E. coli following the previously described transposition protocol (Figure 6.2A) (258). The
8 plasmids built for this assay were independently transformed into a E. coli strain harboring the
pDonor plasmid. This plasmid contained the cargo sequence between the transposon’s right
and left elements (RE and LE). On-target transposition was confirmed by PCR amplification and
Sanger sequencing of the target locus (Supplementary material 6.1) from a population sample.
Sequencing results also showed mixed peaks, which could indicate the occurrence of the
co-integration events recently described in literature for the ShCAST system (386, 388, 397).
The results obtained from this assay showed that addition of the positively charged peptide
sequence in 6 cases did not interfere with RNA-guided DNA transposition, except for the
two constructs with the NLS at the C-terminus of TnsB, and at the C-terminus of TnsC (Figure
6.3A). Since all Tn7-like genes were expressed from an operon construct, addition of the short
peptide encoding sequence at the 3’ end of tnsB and tnsC could be affecting expression of
the downstream genes tnsC and tniQ, respectively, by disrupting the respective ribosome
binding sites (RBSs). However, even after addition of a second RBSs upstream of the coding
sequences of tnsC and tniQ, no transposition could be observed (Figure 6.3A), which suggests
that the positioning of the NLS in these proteins may interfere with the protein folding and/or

activity, or with functional complex formation.
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Figure 6.3. Scheme of the ShCAST test in E. coli and effect of NLS addition to individual ShCAST
elements. (A) Scheme of the followed protocol for qualitative assessment of ShCAST transposition in E.
coli. Each of the pHelper plasmid versions encoding for the different NLS-protein fusion variants of the
ShCAST system (initially, a total of 8 variants) were individually transformed in E. coli harboring a pDonor
plasmid. Two extra variants were designed after the first results which included an extra RBS upstream
tnsC and tniQ. After heat shock and recovery, transformants were inoculated in LB liquid medium and
grown with antibiotic selection until culture reached confluence. Two different PCR reactions (PCR1and
PCR2) at the site of integration were used to diagnose target transposition in a qualitative way at a
population level. (B) 1% agarose gel with PCR1 and PCR2 results over the E. coli populations obtained
after transforming the different NLS-protein fusion variants of the ShCAST system. Placement of the NLS
sequence (N-term or C-term) is indicated on top of the agarose gel. Initially, 8 variants were built. Two more
variants (“C-term TnsC + RBS TniQ” and “C-term TnsB + RBS TnsC”) were added to the set-up. A positive
control for transposition (a non-modified ShCAST system, without NLS addition) was included (first two
samples on the left) as a control for transposition and absence of it. Each system was transformed with a
targeting (T) and a Non-Targeting (NT) sgRNA guide. The parental strain was included as negative control
for PCR. The effect of the N-terminal NLS on TnsC(*) had to be repeated because of PCR technical issues
and only PCR 1 was used to diagnose transposition.
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6.3.3 ShCAST activity in the yeast S. cerevisiae

To test the ShCAST activity in S. cerevisiae, we designed a 2-plasmid system for expression of
the ShCAST system and aimed to integrate a donor DNA sequence into a previously described
accessible integration site (INT59). The first plasmid of the system was the pHelper plasmid,
a centromeric plasmid which encodes the CRISPR-associated Tn7-like transposon system
proteins (TnsB, TnsC, TniQ and Cas12k). For proper expression of the proteins in yeast, all
gene sequences were codon optimized. After determining that the NLS signals should not
be placed at the C-termini of TnsB and TnsC because of hampered transposition, we avoided
these positions for NLS placement. We fused all nuclear signals to the N-terminus of the Tn7-
like proteins (TnsB, TnsC and TniQ) and to the C-terminus of Cas12k. From the results obtained
in E. coli, placement of the NLS sequences to the N- or the C- terminus of Cas12k did not
avoid transposition. For each of the components of the ShCAST system, we selected pairs
of promoter-terminator sequences leading to similar protein expression (396). Details of the
selected promoter and terminator sequences can be found in Supplementary sequence 6.1-4.

Two different strategies were designed and tested for supply of the transposable sequence
carrying the cargo DNA in S. cerevisiae. Both strategies shared the sequence of the cargo, an
expression cassette encoding a red fluorescent protein (mRubyZ2) for easy detection (Figure
6.4). For both strategies, first a S. cerevisiae strain harboring the pHelper plasmid was obtained.

The first strategy aimed to replicate E. coli tests in which supply of the donor DNA was
performed from a circular plasmid (pDonor). Execution of this approach allows for RNA-guided
DNA transposition in E. coli, although it has been linked to co-integration reports of the plasmid
backbone and replication of the cargo DNA due to the absence of TnsA in ShCAST. Therefore,
three linear DNA fragments with 50 bp shared homologous sequences were transformed into
S. cerevisiae harboring the pHelper plasmid. The three linear fragments corresponded to: (i)
the transposable element containing the cargo flanked by right and left transposon ends; (ii)
the single guide RNA expression cassette and; (iii) a plasmid backbone. Upon transformation,
these elements should recombine in vivo and generate a circular plasmid (pDonor) harboring
the cargo sequence to match E. coli transposition conditions.

After transformation of S. cerevisiae harboring the pHelper plasmid following the first delivery
strategy, cultures were recovered in YPD medium, overnight at 4 different temperatures (20 °C,
30 °C, 34 °C or 37 °C) before plating and incubating at 30 °C. Red-fluorescent colonies were
found on all agar plates, independently of the recovery temperature (supplementary Figure
S6.1A). However, colony PCR over the integration locus yielded WT genotypes for all tested
red-fluorescent colonies, indicating the absence of transposition. Moreover, fluorescence of
individual clones was progressively lost after cultivation of transformants over 92 hours without
selection for the pDonor plasmid, and no fluorescent cells could be recovered (validated at flow
cytometry, data not shown). This indicated that initial florescence observed on all agar plates
was due to plasmid-borne expression rather than to expression after transposon-mediated

chromosomal integration.
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Since the type V-K CRISPR-associated transposon system does not encode for a TnsA subunit,
it was tested in parallel whether supply of the donor DNA as a linear fragment could allow
RNA-guided DNA transposition and decrease the number of co-integration events reported
in E. coli (386, 388). Therefore, in this second strategy we supplied two linear DNA fragments
that should recombine into a plasmid upon incorporation in S. cerevisiae (plasmid backbone
and sgRNA expression cassette) and a third linear DNA fragment that contained the sequence
of the cargo DNA. This last DNA fragment did not contain any homologous sequence to any
of the supplied linear DNA fragments and should thereafter be used as a linear donor DNA.
After transformation of S. cerevisiae harboring the pHelper plasmid following this second
strategy, cultures were recovered in YPD medium, overnight at 4 different temperatures (20
°C, 30 °C, 34 °C and 37 °C) before plating and incubating agar plates at 30 °C. Agar plates
obtained after following this second strategy showed a lower number of fluorescent colonies or
no fluorescent colonies at all (for the transformation recovered at 20 °C). Fluorescent colonies
were only observed in populations recovered at 30, 34 and 37 °C (supplementary Figure S6.1B).
However, isolation of the colonies from any of the plates was not possible, which indicates that
fluorescence did not originate from chromosomal integration of mRubyZ2. Controls for random
integration or random plasmid assembly were carried out at 20 °C and no fluorescent colonies
were observed on plates (supplementary Figure S6.1C). All together, these results indicate that
transposition did not occur under the tested conditions in S. cerevisiae.
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Figure 6.4. Scheme of the ShCAST test in S. cerevisiae. Each of the ShCAST components was expressed
with a unique combination of promoter and terminator and introduced in the yeast S. cerevisiae. A second
transformation was used to incorporate the donor sequence following two different strategies. In strategy
1, three linear fragments with homologous regions were used to transform the yeast, and they carried: (1) a
gRNA cassette, (2) a mRuby?2 cassette between right and left ends and (3) pNR1120 backbone, respectively.
In strategy 2, the donor DNA was introduced in the yeast as a linear fragment without homologous regions,
along with a gRNA cassette and a pNR1120 backbone with homologous regions. Transformed yeasts were
screened for fluorescence.

6.4 Discussion

In this work, we aimed to adapt the ShCAST system that has recently been established in different
bacterial systems to S. cerevisiae as a proof of principle for other eukaryotic systems. Adoption
of the CRISPR-associated transposon systems into different organisms requires study of its
activity at different temperatures. Although the ShCAST system originates from the mesophilic
cyanobacteria Scytonema hofmanni, in vitro characterization studies of the transposition complex
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led to the conclusion that the system is active from 37 °C to 50 °C, and that no transposition was
detected at 25 °C (258). As shown for different Cas12 variants, temperature is a key parameter
that can impair Cas proteins activity (397, 398). However, transposition dynamics in vivo and in
vitro are difficult to compare because of the different nature of both systems. In our study, we
showed that in E. coli transposition can still take place in vivo at 25 and 30 °C, suggesting that
the system can be adapted to work in plants or yeasts, which are mostly cultured at temperatures
below 37 °C. Efficiency of the transposition at these temperatures was not assessed.

Translocation of proteins into the nucleus of eukaryotic cells requires the addition of nuclear
localization signal (NLS), a sequence encoding a short stretch of positively charged amino acids
that enable protein import into the nucleus. Although translocation to the nucleus has been
shown for some Cas proteins without the addition of an NLS (7712, 399), it is a common procedure
to include these synthetic localization peptides (84, 111, 123). In the case of protein complexes,
translocation to the nucleus can take place upon pre-assembly of the protein complexes in the
cytoplasm (400). Therefore, addition of a single NLS should trigger the translocation of the whole
complex. However, when expressing heterologous complexes in eukaryotic cells, generally all
protein subunits are labelled for their translocation to the nucleus (401, 402). Often, the addition
of non-native small peptides or small proteins to the proteins of interest can disturb their folding
and/or activity (291, 317, 403), therefore a proper assessment needed to be done also for the
ShCAST. In this work, we assessed and showed that addition of NLS to single subunits did
not interfere with in vivo transposition, when the NLS is placed at the N terminus of any of the
ShCAST proteins or the C-terminus of Cas12k or TniQ. However, we observed that when the NLS
was placed to the C-terminus of TnsB or TnsC, in vivo transposition did not occur. This indicates
that TnsB and C are likely more sensitive to the position of NLS, possibly affecting relevant
interactions in ShCAST protein complex. It should be noted, that in the E. coli trials only a single
NLS per complex was present, whereas in the yeast experiments each of the 4 subunits had an
NLS. Therefore, we cannot rule out that presence of an NLS on each of the ShCAST subunits
might impair complex formation. A future test in E. coli should mimic the yeast strategy and test
the transposition activity in case of multiple NLS tags on 2-4 subunits of the complex. Moreover,
it still remains unclear whether nuclear labelling of a single ShCAST complex protein could allow
translocation of a cytoplasm pre-assembled complex.

The ShCAST system has recently been reported to undergo a series of coordinated structural
rearrangements that eventually lead to RNA-guided DNA transposition, most likely requiring
subunit interactions that are not fully characterized to date (404, 405). For instance, TnsC is an
AAA" ATPase protein that polymerizes to form helical hexamers around the target DNA. This
allows for the formation of filaments that remodel the DNA duplex (405). At the same time, it
interacts directly with Cas12k and TnsB. The latter transposase protein is in charge of cleaving
and joining the 3’ ends of the transposon DNA (397, 406). It has been shown that the C-terminus
of TnsB interacts with TnsC to unlock its ATPase activity and trigger filament disassembly of
TnsC. Addition of the small positively charged peptide to the C-terminus of these proteins
can destabilize protein folding, or any of the above-mentioned enzymatic activities or protein
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interactions. Pull down assays with recombinant proteins containing each of the NLS could help
elucidate which interactions are being disrupted by addition of the positively charged small
peptides. Alternatively, lack of production of the individual proteins could indicate instability
or degradation of the specific protein.

During the preparation of this chapter, another manuscript was released which indicates that
placement of fusion proteins at the C-terminus of either TnsB or TnsC proteins abolished
ShCAST transposition in E. coli (407). These results corroborate our results and show that,
especially in the context of a multi-subunit complex, some proteins are more sensitive to
protein fusions than others. On the other hand, the same study shows that certain protein
fusions between the components of the ShCAST system are allowed (407). The use of ShCAST
elements fusion products could potentially stabilize the complex and reduce the amount of NLS
tags that should be added to the system. For instance, the interaction of TnsC with Cas12k has
been described in the well-characterized ShCAST system. At the same time, the C-terminal
fusion of TnsC to Cas12k did not avoid transposition in E. coli (407). Protein fusion products
could minimize the number of protein interactions required to undergo transposition, stabilize
complex formation, and facilitate the transposition process in other organisms.

After the characterization work in E. coli, we assessed the activity of the ShCAST system in S.
cerevisiae. However, our assays carried out at different temperatures in vivo in S. cerevisiae did
not show any RNA-guided transposition events for ShCAST systems, indicating that the system
will need further optimization. To date, no CRISPR-associated Tn7-like transposon system (type I-F
nor type V-K) has been described to work in any eukaryotic organism. Although in our study we did
not investigate the reasons why RNA-guided DNA transposition in S. cerevisiae is not occurring,
we propose several future research approaches that could help the establishment of this system
in eukaryotes, based on the recently published characterization works (404, 405, 407, 408),

In the first place, the ShCAST system contains a type Cas12k (type V-U5) protein. Other small
size Casl12 variants such as Cas12m (type V-U1) or Casi12f1 (type V-U3) (397) initially showed
low or no activity in eukaryotic cells. This has been attributed to poor protein binding to
eukaryotic dsDNA in vivo. In the case of Cas12f1, wild type protein sequences showed no
detectable activity in mammal cells (297, 397). Modifications in the Cas12k protein sequence
by addition of positively charged amino acids in the nucleic acids interacting domains could
increase DNA and gRNA binding affinity to Cas12k. In the case of Cas12f1, this strategy allowed
for the detection of dsDNA cleavage in human cells (297). Moreover, modifications in the gRNA
structure (or individual crRNA and tracrRNA) associated to Cas12k might increase its stability in
vivo and render detectable editing efficiencies. Again, this strategy has been shown effective
for Cas12f1 in human cells (132, 297). Moreover, single particle studies allowing to track the
trajectory of proteins inside a cell (325) could help understand Cas12k behavior inside the
nucleus. Second, the process of DNA transposition requires the orchestration of TnsC, TnsB
and TniQ, to act and interact together with Cas12k for DNA transposition to take place. As
shown in recently published work, TnsC polymerizes and forms filaments around the DNA
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(404, 405). However, this has only been shown to happen under in vitro conditions or in the
bacterial DNA context. DNA structure in eukaryotic cells shows higher organization levels, with
histone proteins packing the DNA into nucleosomes and a higher level of DNA packaging with
the formation of chromatin fibers. Although the DNA in bacteria also interacts with proteins
(409), the packaging level of eukaryotic DNA may hamper the formation of TnsC filaments
around the DNA helix and therefore avoid further transposition events. As mentioned above,
protein engineering and expression of fusion protein products of the ShCAST system could
allow to promote or stabilize protein interactions between the proteins of the complex and to
DNA (407). On the other hand, successful genome editing by different types of natural and
synthetic CRISPR-associated effector proteins (nucleases, base editors, prime editors) has
been described, showing that it should be possible to also use CRISPR-associated transposons
for engineering eukaryotic DNA (392, 410).

Further experimental characterization is required for an eventual use of the ShCAST transposon
system or other Tn7-like transposon systems in eukaryotic organisms. Following the results of
the present study, the correct expression and localization of each of the ShCAST components
in S. cerevisiae should be corroborated. Fusion of small activable fluorescent tags could
be an option to detect proper protein expression and localization with minimal decrease of
protein expression. Besides, further protein structural work needs to clarify the directionality
of the TnsC growing filaments since two different hypotheses have been proposed to date
that need to be validated (404, 405). Moreover, the role of TniQ into capping TnsC filaments
needs to be putinto context in the in vivo transposition set-up. Finally, the interaction of TnsB
to TnsC or to any other subunit of the complex should be further characterized, as well as the
rearrangements during the different steps of the transposition process. Structural information
could clarify the order of the events that lead to RNA-guided DNA transposition and therefore
be used to propose eventual protein fusion products between ShCAST components that could
help to stabilize the complex and allow for RNA-guided DNA transposition in eukaryotic cells.

6.5 Materials and methods

6.5.1 Strains and growth conditions

E. coli DH5a and DH10B were used for cloning and propagation of plasmids. E. coli Pirl were
used for maintenance of pDonor plasmid and E. coli transposition assessment experiments. E.
coli was routinely cultured at 37°C and 200 rpm in Luria Bertani medium (LB) [10 g L' tryptone
(Oxoid), 5 g L" yeast extract (BD), 10 g L' NaCl (Acros)]. Ampicillin and kanamycin were added
for plasmid maintenance at final concentrations of 100 pg-mL" and 50 pg-mL", respectively.

S. cerevisiae CEN.PK113-7D was used as a recipient strain for assessment of the ShCAST in S.
cerevisiae. S. cerevisiae was routinely cultured at 30 °C and 200 rpm in YPD medium (20 g L
peptone, 10 g L' yeast extract, 20 g L' glucose), unless specified otherwise. Agar was added to
a final concentration of 2% for cultivation on plates. G418 was added for plasmid maintenance
at a final concentration of 200 pg-mL’, when required.
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6.5.2 Molecular biology techniques

PCR reactions for diagnosis purposes were performed using OneTag® DNA Polymerase (New
England Biolab, NEB) or Phusion polymerase (NEB) following manufacturer’s instructions.
Q5% High-Fidelity 2X Master Mix (NEB) was used for high fidelity amplifications according to
supplier’s instructions. Oligonucleotides used for cloning and sequencing were purchased
from either IDT or Sigma Aldrich and can be found in Table S6.1and Table S6.2. When required,
DNA fragments were purified from agarose gels using Zymoclean™ Gel DNA Recovery Kit
(Zymogen) or Wizard SV Gel and PCR Clean-Up System (Promega). HiFi assembly (NEB)
was used for construction of plasmids. All other required enzymes were acquired at NEB.
Bacterial plasmids were isolated using GeneJET Plasmid Miniprep Kit (Thermo Scientific). Gene
insertions were confirmed by diagnostic PCR and Sanger sequencing (Macrogen, Germany).

6.5.3 Plasmid construction for E. coli ShCAST expression plasmids

In order to assess the effect of adding small positively charged peptides used as nuclear
localization signals to each of the proteins of the ShCAST system, we based our assay on
the 2 plasmids developed by Strecker et al.,(258). pHelper_ShCAST was a gift from Feng
Zhang (Addgene plasmid # 127922; http://n2t.net/addgene:127922; RRID:Addgene_127922)
and pDonor_ShCAST_kanR was a gift from Feng Zhang (Addgene plasmid # 127924 ; http://
n2t.net/addgene:127924 ; RRID:Addgene_127924). Plasmids used for this assessment were
built as indicated in Table S6.3. Intermediate cloning plasmids for cloning of spacers were
built which expressed rfp between Sapl restriction sites (PL-215 to PL-223 and PL-285). The
rfp expressing plasmids were subsequently digested with Sapl (NEB) and used for cloning
PSP49 targeting (258) and non-targeting spacers by oligonucleotide annealing and ligation.

6.5.4 Transposition assessment in E. coli

E. coli Pir1 cells harboring the pDonor_ShCAST_kanR plasmid were made chemically competent
(411) and used for transposition assessment. 50 pL aliquots were transformed with 5 ng of pHelper
plasmid variants with a Targeting guide (T) or a Non-targeting guide (NT) (PL-224 to PL-241 and
PL-297 to PL-300). Cells were recovered in 1 mL LB for 20 minutes and inoculated in 5 mL LB
supplemented with ampicillin and kanamycin. When assessing the effect of temperature on
transposition, recovery was done at 25 or 30°C, respectively. 1 uL of overnight confluent cultures
was used for PCR using primers BG21035 and BG22585 (PCR 2) and BG21036 and BG22587 (PCR
2). Amplicons were also obtained with Q5 polymerase and sequenced by Sanger sequencing.

6.5.5 Plasmid construction for S. cerevisiae ShCAST expression plasmids

A pHelper plasmid was designed for expression of the ShCAST components in S. cerevisiae.
Sequences of each of the ShCAST genes and details on the chosen promoter and terminator
sequences for gene expression can be found in Supplementary materials (Supplementary
sequence 6.1-6.4). All genes were codon optimized for S. cerevisiae and ordered from Twist
Bioscience. The designed plasmid contained a CEN/ARS replication sequence for maintenance
in S. cerevisiae. DNA linear fragments were introduced into S. cerevisiae for in vivo plasmid

assembly. Plasmids were recovered from transformed yeast cells and transformed in E. coli
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for plasmid amplification and maintenance. Plasmid sequence was confirmed by Sanger
sequencing using the BigDye™ Terminator v3.1 Cycle Sequencing Kit (ThermoFisher Scientific)
and NucleoSEQ columns for dye terminator removal (Macherey-Nagel). The analysis was
performed with Genetic Analyzer 3500XL (Applied Biosystems).

Different pDonor plasmids were designed for expression of gRNA. Plasmids used for strategy
1 also contained the cargo sequence expressing mRuby2 between ShCAST right and left
ends (Supplementary sequence 6.5). Plasmids were assembled by in vivo assembly in S.
cerevisiae. Spacer sequences were designed to target the intergenic non-coding region
(INT59), previously characterized as highly accessible site for genome editing using Cas12a
and Cas9. Spacer sequences and gRNA cassettes used for transformation can be found in
Supplementary sequences 6.6-7. All sequences contain the 50 bp linkers used for homologous
recombination of fragments required for in vivo assembly.

6.5.6 Transposition assessment in S. cerevisiae

A S. cerevisiae strain harboring the pHelper plasmid was transformed following two different
strategies to assess RNA-guided DNA transposition in S. cerevisiae. Following strategy 1, three
linear fragments were transformed into the yeast strain: (1) pNR1120 backbone with NatMX
cassette, (2) gRNA expression cassette with SNR52 promoter and SUP4 terminator, (3) cargo
sequence containing the ShCAST right and left ends and expressing the mRuby2 sequence
between S. cerevisiae compatible promoter and terminator. All these linear fragments were
flanked by 50 bp sequences that allowed in vivo assembly of all transformed fragments.
Following strategy 2, two linear fragments were transformed into the yeast strain: (1) pNR1120
backbone with NatMX cassette and (2) gRNA expression cassette with SNR52 promoter and
SUP4 terminator. In this case, the cargo sequence did not contain 50 bp flanking sequences
for in vivo assembly. Linear fragments were introduced in the yeast using the LiAc/PEG
transformation protocol (472) and recovered at different temperatures overnight (20°C, 30°C,
34°C and 37°C). Reagents required for yeast transformation were obtained from Sigma Aldrich
(Lithium acetate dihydrate (LiAc) and deoxyribonucleic acid sodium salt from salmon testes
(ssDNA)) and Merck (polyethylene glycol 4000 (PEG)).

Cells were plated in dilution series on selection plates. Fluorescence of transformants was
visualized with a Qpix 450 colony picker using FITC wavelength (Molecular Devices). Colony PCR
to assess targeted transposition was performed using Phusion Polymerase. In case of strategy 1,
cells were resuspended in non-selective liquid medium and cultured for plasmid loss. Cultures
were analyzed using flow cytometry. Flow cytometry was conducted using BD FACSAria Fusion
(Becton—Dickinson). Detection of events was set such that 20,000 events were measured for
single cells and double cells were excluded from the analysis. The signal of fluorescent proteins
was detected with a bandpass filter at 610/20 nm for RFP. The data was recorded using BD
FACSDiva 8.0.2 software. Measurements were performed after 24, 48, 72 and 92 hours of
cultivation without selective pressure for the pDonor plasmid. In case of strategy 2, fluorescent
cells spotted on plates were re-streaked on non-selective plates for isolation.
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6.6 Supplementary materials

Supplementary material 6.1. Sanger sequencing results of amplified chromosomal location
(PSP49). Sequencing reactions show that transposition was achieved at the target locations.
However, mixed peaks were observed for almost all locations which could indicate mixed
amplifications of simple and co-integration transpositions, as previously described for the
ShCAST system.
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Figure S6.1. Transformation results in Saccharomyces cerevisiae using different delivery strategies.
(A) Transformation results in Saccharomyces cerevisiae using pDonor delivery strategy 1. Three linear
fragments were used for in vivo plasmid assembly into a single plasmid containing the mRuby2 expression
cassette, the gRNA expression cassette and the pNR1120 backbone. After transformation, cells were
recovered at 20, 30, 34 or 37°C overnight and plated on selective plates. Colonies were screened for
fluorescence under the TxRed fluorescence filter. (B) Three linear fragments were used for in vivo plasmid
assembly into a single plasmid containing the gRNA expression cassette and the pNR1120 backbone. The
cargo sequence expressing the mRuby2 expression cassette between ShCAST right and left ends was
introduced as a linear fragment without homology sequences. After transformation, cells were recovered
at 20, 30, 34 or 37°C overnight and plated on selective plates. Colonies were screened for fluorescence
under the TxRed fluorescence filter. (C) Control reactions used to check for random integration or random
plasmid assembly. Controls were performed at 20°C.

Additional supplementary materials, tables and figures of this chapter can be accessed via

https://figshare.com/s/a08a21101f28ee9d4a7b
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741 Abstract

Non-model yeasts bring added value to industrial processes because of their ability to grow
at a broad range of conditions using various substrates. Genomic modification of these
organisms is often required to implement novel production pathways. However, integration of
heterologous DNA at target locations is limited by low homologous recombination efficiencies.
The implementation of CRISPR-Cas tools has substantially improved the efficiency of the
homology-directed repair (HDR) pathway. Yet, because non-homologous end joining is often
the predominant repair pathway in these yeasts, screening for the desired HDR-dependent
modifications is a laborious process. In this work, we accomplished the first steps towards the
implementation of SIBR-Cas in non-model yeasts by establishing its use in the model yeast S.
cerevisiae. SIBR-Cas is a CRISPR-based tool that we recently developed to increase homology-
directed repair efficiencies in bacteria by delaying cleavage by Cas12a. The temporal control
of the activity of the Cas protein allows for more recombination events to take place before
counter-selection is executed. We optimized SIBR-Cas for its application in eukaryotic cells and
showed induced activity in the yeast S. cerevisiae. We discuss further steps for transferring
the acquired knowledge to non-model yeasts. Eventually, implementation of SIBR-Cas in these
organisms may increase homologous recombination efficiencies and as such contribute to
speeding up strain engineering.

ADAPTATION OF SIBR-CAS FORITS USE IN YEAST

7.2 Introduction

Yeast cell factories are being used to produce a wide variety of chemicals (413). The yeast
Saccharomyces cerevisiae is conveniently chosen to produce organic acids, proteins,
isoprenoids or alcohols (474). Robustness while culturing, availability of genome sequences
and of genome editing tools make this yeast an ideal candidate as a chassis for production of
industrially relevant biotechnological products. However, in the recent years, interest for the
popularly called “non-conventional” yeasts has been increasing (413). Their ability to grow on
a broader range of substrates under different conditions makes them attractive cell factory
alternatives.

One example of an increasingly used yeast is the Crabtree negative and thermotolerant
Kluyveromyces marxianus (415). This yeast has been used to produce flavors, bioethanol,
biomass or native enzymes at an industrial level (416). A characteristic feature of this yeast
is its ability to grow on lactose, which makes it an interesting organism to use on the dairy
industry waste streams (415, 416). In order to explore further uses of this yeast and exploit its
metabolism, several efforts have been made towards the facilitation of genome modifications
in this generally regarded as safe (GRAS) organism (372, 417). Transformation protocols
adapted from S. cerevisiae procedures allow for the uptake of linear DNA and incorporation
into the chromosomal DNA. Integration of single DNA fragments into chromosomal targeted
positions requires the activity of the homology-directed repair (HDR) pathway. Yet, the HDR
activity is relatively low compared to the highly efficient non-homologous end joining (NHEJ)
pathway (42). Wild type strains integrate linear DNA randomly via the dominant NHEJ repair
mechanism. Alternatively, linear DNA fragments can be incorporated into targeted locations
via the less frequent HDR pathway. For this to occur, the DNA fragments need to be flanked
by homologous DNA sequences and include a marker for their selection. As opposite to S.
cerevisiae, where HDR efficiencies are close to 100% (418), targeted integration efficiencies
in K. marxianus vary from 0-14% (371, 419). Therefore, construction of mutants with target
modifications require the screening of a large number of individuals until the correct mutant
is found (417).

Several strategies have been adopted which aim to increase HDR over NHEJ in non-model
yeasts. Among the most popular ones, disruption of the NHEJ pathway by deletion of the
KUS8O0 gene has resulted in increased HDR efficiencies (41, 119, 371). However, utilization of
these deletion strains is not widely accepted throughout the scientific community because
of the instability of the mutated strains against environmental stress (420). Recently, several
CRISPR-Cas toolkits have been developed which streamline genome editing in K. marxianus
by means of introducing targeted DNA double strand breaks (DSBs)(47, 120, 421). The use of
CRISPR-Cas9 in WT K. marxianus strains allows to incorporate specific DNA sequences into
target sites by HDR. Following this approach, no selection markers are needed and higher
target editing efficiencies are achieved compared to traditional linear fragment transformation
and marker-based selection (41, 120, 372, 421). Yet, only 24-28% of the obtained colonies
incorporate the DNA at the target location by HDR (471, 120). In the event of a double strand
break, NHEJ is favored over HDR, which limits HDR efficiencies when using CRISPR-Cas
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tools. The action of this mechanism hampers the introduction of specific DNA sequencesin a
targeted manner and requires the investigation of alternative methods.

Multiple efforts have also been conducted to increase specificity and homologous
recombination (HR) efficiencies of CRISPR-Cas tools via the regulation of the expression and
activity of its modules. Most of the following strategies allow for spatiotemporal control of the
CRISPR-Cas module. Some of the efforts focus on the control of the Cas protein expression,
and others on the control of the guide RNA (gRNA). The ones controlling the Cas nuclease
include the use of small molecules to activate Cas9 at a protein level (422), the control of
protein localization by fusion of the Cas protein to an estrogen receptor (423), the use of split
Cas proteins delivered via different recombinant adeno-associated viruses (rAAVs) (424), the
use of transcription regulators (84), the fusion of degradation tags to Cas proteins (94), or the
use of split Cas proteins which fusion can be induced with light (425) or by addition of some
chemical ligand (426). Among the strategies focused on the control of the gRNA, we can
distinguish photoactivation (427, 428), photocaging (429), ligand activation (430) or the use
of inhibitory aptamers interacting with the gRNA (437).

A Self-splicing Intron-Based Riboswitch (SIBR) associated to FnCas12a (SIBR-Cas) has recently
been developed for its application in prokaryotic organisms. The system is based on the
restoration of the FnCasl12a reading frame by a theophylline-inducible Self-splicing Intron-
Based Riboswitch (SIBR) (Figure 7.1). Therefore, induction of the system takes place at the
mRNA level. The self-splicing intron is placed downstream of the start codon of FnCas12a, to
avoid alterations in the coding sequence (CDS) by introduction of the exonic flanking regions.
These exonic flanking regions are required for splicing of the intron but can be modified to drive
different splicing efficiencies. Placement of the intron at this position allows the transferability
of this technology to virtually any other gene of interest (GOI) in bacteria. The sequence of the
intron is based on the bacteriophage T4 Group | td self-splicing intron (432, 433). Modification
of the intron by addition of a specific theophylline-binding sequence (RNA aptamer) to the P6
stem loop allowed to induce the splicing of the intron. Moreover, theophylline has been used
to induce the splicing both in vivo and in vitro (432). As other naturally occurring introns, the
T4 Group | td intron contains in-frame stop codons when retained in the pre-mRNA. Therefore,
when no splicing occurs (in the absence of theophylline), a short peptide is formed due to the
ribosomal encounter with premature termination codons in the pre-mRNA transcript. Only
upon induction of the splicing system by theophylline, the intron contained in the pre-mRNA
is spliced and a mature mRNA is formed. In the case of SIBR-Cas, this mRNA is translated
into FnCas12a, which cleaves its target DNA in combination with the corresponding gRNA.
The SIBR-Cas technology allows to delay the activity of the Cas protein by tight induction of
the system. An overall higher editing efficiency is then achieved in bacteria by postponing
Casl12a cleavage, achieving editing efficiencies of 38 £ 6.41 % in Escherichia coli MG1655,
70% + 9.85% in Pseudomonas putida KT2440 and 100% = 0% in Flavobacterium IR1 (369).
Apparently, by delaying the induction of intron self-splicing, more events of homologous
recombination can take place before Casl12a cleavage and counter-selection occurs (369).
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The same principle could be used in non-model yeasts to promote targeted chromosomal
integration by homologous recombination.

In this work, we describe the first steps towards the implementation of SIBR-Cas in yeast to
increase the efficiencies of HDR over NHEJ. For this purpose, we adjusted the previously
developed SIBR-Cas technology for engineering in bacteria, to allow for using it in the model

yeast S. cerevisiae. The successfully established SIBR-Cas in S. cerevisiae paves the way for
its application in other yeasts, and potentially in other eukaryotes.

(1) DNA ~|; &—&%—& | cas12a

(2) pre-mRNA — H—é{% [ cas12a

Joo
(3) mMRNA —D | cas12a >

@ protein (@) W}_/,w @ )

[l  Start codon (ATG)

3’ flanking sequence

|:> cas12a

5’ flanking sequence Tag sequence
E I) Theophylline
€ Premature stop codon Qp Cas12a
(©) Premature terminal amino acid
% SIBR (0] Methionine

Figure 7.1. SIBR-Cas mechanism in bacteria. (1) The SIBR sequence is located after the start codon of the
Cas12a open reading frame (ORF). The intron contains a modified version of the bacteriophage T4 Group
| td self-splicing intron with a synthetic, theophylline-responsive aptamer. The intron is flanked by exonic
flanking sequences (5’ flanking sequence and 3’ flanking sequence). Four different variants of the exonic
flanks were previously developed for the SIBR-Cas system which, upon splicing, all leave different tags
of 4-amino acids attached to the Cas12a protein. (2) Transcription leads to the formation of a pre-mRNA
containing the SIBR sequence. In the presence of theophylline (left), (3) the SIBR is spliced, and the
complete Cas12a mRNA transcript is formed and (4) translated. (5) In absence of theophylline, premature
stop codons included in the SIBR sequence abort translation at an initial stage.
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7.3 Results

7.3.1 High concentration of theophylline does not inhibit growth in S. cerevisiae
To investigate the functionality of SIBR in eukaryotic systems, we expressed SIBR-Cas tool
(previously developed for bacteria; (369)) in the model yeast S. cerevisiae. By showing the
functionality of SIBR-Cas in S. cerevisiae, we expect that the transferability of the tool to other
yeasts should also be feasible.

SIBR-Cas is based on the use of theophylline as an inducer. Therefore, theophylline should
be able to penetrate the S. cerevisiae cells and subsequently interact with the theophylline
aptamer of the T4 td intron to cause its splicing. The use of theophylline has been previously
reported as an inducer molecule for the activity of ribozymes and riboswitches in S. cerevisiae
(434). The theophylline concentration used for induction in S. cerevisiae varied between
different studies, being the 2 — 5 mM range the most common concentration. Nevertheless,
we sought to define the limits of S. cerevisiae growth in presence of theophylline and for this
reason, we conducted S. cerevisiae growth assays at different concentrations of theophylline
(0-20 mM) in complex medium. In contrast to earlier reports (435), no significant growth defect
was observed when cultivating S. cerevisiae in increasing concentrations of theophylline (O
- 20 mM) (Figure S7.9).

7.3.2 Direct translation of SIBR-Cas in S. cerevisiae does not lead to control over
the activity of Cas12a

As an initial experimental set-up for SIBR-Cas in S. cerevisiae, we used the SIBR-Cas design
that was previously used successfully in different wild-type bacteria. In more detail, we placed
the 4 different SIBR variants (Int1to Int4) downstream of the ATG start codon of the Fncasi2a
gene, which resulted in plasmids PL-286 to PL-289. Each intron variant presents a different
splicing efficiency upon induction, with Int1 having the lowest and Int4 the highest (369, 436).

To assess induction of SIBR-Cas and FnCas12a activity in S. cerevisiae, we used a 2-plasmid
system based on previous research with FnCas12a in the model yeast (177). One plasmid was
used to constitutively express either a WT FnCas12a, or the 4 different SIBR-FnCas12a variants.
A second plasmid expressed either a guide targeting the ADE2 reporter gene, or a non-
targeting guide used as control. Because S. cerevisiae generally has very low NHEJ activity,
functional expression of FnCas12a and its targeting guide should be lethal in the absence
of a repair template, resulting in a major reduction in the number of colonies compared to a
non-targeting guide (84).

We obtained strains YSTB391, YSTB392 and YSTB394 which harbored PL-286 (FnCas12a with
SIBR Int1), PL-287 (FnCas12a with SIBR Int2) and PL-289 (FnCas12a with SIBR Int4), respectively.
Strain YSTBO13 was obtained which harbored plasmid pUDE731 (for constitutive expression of
FnCas12a). Strains YSTB391, YSTB392, YSTB394 and YSTBO13 were transformed with PL-074
(expressing an ADE2 targeting spacer, used as targeting (T) plasmid) or PL-207 (expressing
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a non-targeting (NT) guide), independently. Strain CEN.PK113-5D was co-transformed with
PL-288 (FnCas12a with SIBR Int3) and PL-074 (T) to confirm that a similar assay could be set-up
by co-transformation of plasmids, which would allow us to simplify the approach in follow-up
experiments. We plated all transformants on minimal medium with theophylline (5 mM). As
expected, the combination of pUDE731 with the non-targeting PL-207 did not show colony
reduction whereas the combination of pUDE731 with the targeting plasmid PL-074 yielded no
colonies on plate. The combination of the SIBR-Cas variants (PL-286, PL-287 and PL-289) with
the non-targeting PL-207 did not result in colony reduction. Surprisingly, when either of the
four SIBR-Cas variants (Int1-Int4) was combined with the targeting PL-074, no reduction in the
number of colonies could be observed (Figure S7.2).

In order to determine the cause hindering inducible splicing of the intron, we also tested
the system with increasing concentrations of Mg* (Figure S7.3) which alleviates the self-
splicing inhibition of certain components in vitro (432). However, when comparing results of
transformations with a targeting guide to results of transformations with a non-targeting guide,
no reduction in the number of colonies was observed upon induction with theophylline (5 mM).
Controls with constitutively expressed FnCasl12a did show a clear decrease in the number
of colonies (Figure S7.3). Apparently, the SIBR-Cas design that does work well in different
bacteria, did not lead to functional expression of Cas12a in yeast.

In order to pinpoint the cause hindering the use of SIBR-Cas in yeast, we set out to
systematically analyze the different elements of the SIBR system. Starting with theophylline, we
could rule out the inability of S. cerevisiae to take up theophylline since previously, theophylline
has been reported to act successfully as an inducer for ribozymes and riboswitches in the
model yeast (434). We also looked into different medium parameters (Figure S7.3) (437, 438)
and components such as antibiotics (437, 439—-443) or co-factors (444—446) that could be
interfering with group | intron self-splicing. We used minimal medium for our assays and an
antibiotic which was reported not to interfere with intron splicing in vitro (440). To eliminate the
possibility that the T4 td intron could not splice in S. cerevisiae, we omitted the theophylline
aptamer from the self-splicing intron. We placed the intron after the ATG start codon (PL-363)
and after codon 67 (PL-364) of FnCas12a. Position 67 was chosen as the closest position to the
ATG start codon in Fncas12a CDS which allowed for the integration of the intron respecting the
exon flanking sequence requirements. The use of the T4 td self-splicing intron in S. cerevisiae
had been previously reported (447). Therefore, we expected these two approaches to yield
active FnCas12a proteins, and a reduction of transformants in the presence of a targeting
guide (and in the absence of a repair fragment). Otherwise, presence of inhibitors in the
medium should prevent self-splicing of the intron. We co-transformed the newly constructed
SIBR plasmids (PL-363 and PL-364) with targeting (PL-074) and non-targeting (PL-207) guides
expressing vectors (Figure 7.2). A reduction in the number of colonies was observed when
comparing the outcome of both transformations with a T and a NT guide, indicating splicing
of the T4 td intron and translation of a functional FnCas12a protein (Figure 7.2).
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Figure 7.2. Bacteriophage T4 td intron test in S. cerevisiae. Placing of T4 td intron after the ATG start
codon (PL-363) and at position 67 (PL-364) of FnCas12a CDS. CEN.PK113-5D was co-transformed with
PL-363 and a targeting guide encoding plasmid show a reduction in the number of colonies compared
to the transformation with the NT guide encoding plasmid. The same can be observed for the PL-364
plasmid, indicating that self-splicing of the T4 td intron is taking place and an active FnCas12 is able to
cleave yeast DNA. Two biological replicates are shown for each transformation.

The main difference between the splicing requirements between the T4 td intron and the
SIBR is the requirement of theophylline for the latter to induce self-splicing. After assumption
of theophylline uptake and confirmation of T4 td intron splicing in the FnCas12a CDS, we
hypothesized that the presence of premature stop codons in the SIBR-Cas intron triggers
degradation of the pre-mRNA by non-sense mediated mRNA decay pathway before
theophylline can induce its splicing (448, 449). Such mechanism would be competing with
theophylline for transcripts and avoiding induced splicing.

7.3.3 Adaptation of SIBR-Cas for eukaryotic use

Non-sense mediated decay (NMD) is a “quality control” regulatory pathway that degrades
mRNA transcripts reaching the cytoplasm which contain premature stop codons (also
referred to as premature termination codons (PTCs)), among other targets (448—450). This
mechanism is present in eukaryotes and it is a translation-coupled mechanism that appears
to vary substantially across different eukaryotic linages (457, 452). Our hypothesis is that
the placement of the SIBR sequence directly after the ATG start codon, as initially tested in
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S. cerevisiae, could be promoting the action of the surveillance mechanism prior to induced
splicing, resulting in decay of the transcript (NMD).

To prevent the possibility of NMD acting before the theophylline-induced splicing of the
SIBR occurs, we re-designed the SIBR constructs and adapted them for their expression
in eukaryotic cells. Although the triggers of NMD are not fully understood in , placement of
PTCs close to the 3’ end of the transcript has been shown to reduce the activity of the NMD
pathway (453). In this way, the adjusted design of SIBR-Cas may allow for its application in
the yeast S. cerevisiae as eukaryotic SIBR-Cas in order to by-pass NMD (Figure 7.3A). Using
an in house script (454) to respect exon flanking sequence requirements (369), we screened
the Fncas12a CDS for a region which could be modified with synonymous codons respecting
such requirements. We found position 859 in Fncas’2a CDS to be suitable for placement of
the SIBR. The 5’ exonic flanking sequence 5-AAAGAGTCGCT-3’ and the 3’ exonic flanking
sequence 5-CTT-3’ do respect the amino acidic sequence of FnCas12 upon excision of the
intron. At the same time, position 859 allowed to place the intron before the RuvC I, Il and llI
domains. The RuvC domain is responsible for dsDNA cleavage by Cas12a (126) and by placing
the intron at that position we ensured that translation of the RuvC domain would not occur in
the absence of theophylline. To test NMD by-pass, we built two constructs: one containing the
WT T4 td intron (without the theophylline aptamer) at position 859 and another one containing
the SIBR (with the theophylline aptamer) also at position 859. We used pUDE731 as a control
for the constitutive expression of FnCas12a.

Placement of the T4 td intron at position 859 allowed for intron self-splicing and consequently,
for expression of an active FnCas12a. Co-expression of a targeting guide allowed cleavage from
the Cas protein (Figure 7.3B), indicating that intron placement was not problematic at the tested
position. Addition of the theophylline aptamer to the intron allowed for inducible control of
splicing. Therefore, FnCas12a activity could be induced through addition of theophylline (Figure
7.3B). We tested induction of the system using theophylline concentrations from 5 - 20 mM.
Unlike what we observed when testing the unmodified version of SIBR-Cas (i.e., SIBR inserted
directly after the ATG start codon), a slight reduction in the number of colonies obtained under
induction conditions could already be observed on plates containing 5 mM theophylline.
Induction levels comparable to constitutive expression of FnCas12a were achieved at 20 mM
theophylline with the eukaryotic-modified SIBR-Cas (eSIBR-Cas). Altogether, these results
do demonstrate that SIBR-Cas could be adapted for its use in S. cerevisiae, most likely also
providing possibilities for its use in other yeasts and eukaryotic systems.
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Figure 7.3. Adaptation of SIBR-Cas to S. cerevisiae. (A) The SIBR sequence was placed at position
859 of FnCas12a, allowing production of FnCas12a upon induction with theophylline. (B) Representative
output of the test of SIBR-Cas in S. cerevisiae. Constitutive expression of FnCas12a in combination with a
targeting guide (T) causes a decrease in the number of colonies obtained after transformation. Insertion
of the T4 td intron at position 859 of FnCas12a allows for splicing of the self-splicing intron and cleavage
of FnCas12a in presence of a targeting guide (T). Co-expression of FnCas12a with the SIBR sequence at
position 859 and a targeting guide allows for cleavage only in presence of increasing concentrations of
theophylline, allowing for low cleavage activities at 5 mM and high cleavage activities comparable to the
control at 20 mM theophylline.
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7.4 Discussion

In this study, we performed the first steps towards the application of SIBR-Cas in eukaryotic
organisms. In bacteria, this tight control delays CRISPR-Cas counter-selection activity (i.e.,
lethal cleavage of wild type sequence), allowing more time for recombination events to occur.
Following a similar rationale, we aimed to increase homologous recombination efficiencies in
eukaryotic systems, by granting more time for the editing event to occur before CRISPR-Cas
cleaves the DNA. We adopted the original design of SIBR-Cas, in which 4 different SIBR variants
were positioned downstream of the ATG start codon, for its application in the model yeast S.
cerevisiae. However, initially the implementation of SIBR-Cas constructs was not successful.
Potentially, this could be the result of nonsense-mediated mRNA decay (NMD) (448, 449,
452), a eukaryotic surveillance mechanism that (amongst others) targets premature, intron-
containing transcripts reaching the cytoplasm (449, 453, 455). This control mechanism might
target the intron-containing transcript before theophylline-induced self-splicing occurred.
Hence, we modified the original design of SIBR-Cas by placing the intron closer to the 3’ end
of the mRNA transcript of FnCas12. Indeed, this allowed us to successfully induce FnCas12a
cleavage activity by theophylline addition, thereby establishing a eukaryotic-modified SIBR-
Cas (eSIBR-Cas) system. Although NMD could have been responsible for disturbing the
functionality of the original SIBR-Cas design in yeast, we cannot rule out other explanations
at this stage, since a confirmation of the NMD activity over the SIBR transcripts is still required.

To date, we developed eSIBR-Cas for the control of Cas12a. Apart from Casl12a, the SIBR
approach could ideally be transferred to Cas9 which has been more broadly utilized among
non-model yeasts (174, 194). Moreover, similarly to what it is proposed for bacteria (369), the
SIBR could eventually be used to regulate expression of any gene when placed towards
the 3’- end of transcripts, as long as the sequence encoded upstream of the PTCs encodes
for a non-functional protein. Finally, the SIBR could also be used to allow the translation of
C-terminal degradation tags upon splicing, which would allow for induced protein degradation
when exposing to theophylline.

Other technologies have been developed in S. cerevisiae which use ribozymes or riboswitches
induced by the theophylline RNA aptamer. Most studies use a maximum theophylline
concentration of 10 mM. In our study, increasing theophylline concentrations from 5 — 20
mM correlated with an increased activity of FnCas12a in S. cerevisiae, which is likely related
to increased splicing of SIBR. In the absence of a repair template, this resulted in increased
cell death. However, 20 mM theophylline was required to achieve similar activity levels as
the ones achieved with the constitutive expression of FnCas12a. The used concentrations for
induction of SIBR-Cas in bacteria were lower, probably reflecting differences in theophylline
uptake and sensitivity limits (369).

Certainly, implementation of eSIBR-Cas in S. cerevisiae opens the door for implementation of
the tool in non-model yeasts. Ideally, eSIBR-Cas could be used as a tool in a broad range of
organisms without any further modifications. Group | introns are present in multiple organisms,
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including yeasts (456). In these organisms, some of these introns are autocatalytic and do
not require the assistance of other proteins for their splicing. This represents an advantage
compared to other inducible systems such as the use of inducible promoters, characterization
of which is often limited in non-model organisms and transferability between species is not
always possible (457, 458).

Unfortunately, due to time limitations, transferring eSIBR-Cas into K. marxianus was not
possible. Future studies should focus on the adoption of this tool for this organism, among
other yeasts. Our results suggest that implementation of the tool in different organisms
may require further tuning of the splicing conditions. Temperature, pH of the medium or
the presence of T4 td intron inhibitors in the medium (e.g., some antibiotics) might limit the
application of eSIBR-Cas in some organisms. Theophylline toxicity and uptake need to be
investigated before application of the tool in a new organism. Although theophylline does
not severely affect the growth of several yeasts (459—-467), a working concentration range
needs to be established for each organism beforehand. Toxicity of theophylline has only been
reported for the S. cerevisiae strain W303 (MATa, his3-11, 15 trp1-1leu2-3 ura3-1 ade2-1) (435).
However, adenine auxotrophy for this yeast strain might explain the observed theophylline
toxicity. Uptake of adenine could be affected by the presence of theophylline in the medium,
as it has been described for other yeasts like S. pombe for other methylxanthines such as
the homolog caffeine (462, 463). In a similar way, in other yeasts and higher eukaryotes,
theophylline is described as an adenosine receptor antagonist (459, 460), blocking the uptake
of purines. These considerations should be taken into account at the time to test this tool in

other organisms.

Overall, we showed that eSIBR-Cas is a promising tool for genome editing. The induction
of FnCas12a activity at the post-transcriptional level in S. cerevisiae is a milestone in the
transfer of this tool to non-model yeasts. The universality of the Group | introns should help
in implementing this tool in different organisms, although host-specific optimization may be
required. Ideally, eSIBR-Cas will help to increase homologous recombination efficiencies over
NHEJ in non-model yeasts. This will facilitate the engineering process of non-model yeasts
and repurpose them into more flexible platforms for industrial uses.

7.5 Materials and methods

7.5.1 Strains and growth conditions

E. coli DH5a and DH10B were used for the cloning and propagation of plasmids. E. coli was
routinely cultured at 37 °C and 200 rpm in Luria Bertani medium (LB) [10 g L peptone (Oxoid),
5 g L'yeast extract (BD), 10 g L' NaCl (Acros)]. Ampicillin was added for plasmid maintenance
(100 pg mLY).

Saccharomyces cerevisiae CEN.PK113-5D (MATa; ura3-52) was used for testing SIBR-Cas in

baker’s yeast. S. cerevisiae was grown in minimal medium (yeast nitrogen base with ammonium
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sulfate as nitrogen base). Geneticin (G418) was used as selective antibiotic when required. In
these occasions, glutamate was used as nitrogen base to maintain the pH stable. Solid media
were obtained by addition of 20 g L' agar (Oxoid).

7.5.2 Molecular biology techniques

PCR reactions for diagnosis purposes were performed using OneTag® DNA Polymerase (NEB)
following manufacturer’s instructions. Q5® High-Fidelity 2X Master Mix (NEB) was used for
high fidelity amplifications according to supplier’s instructions. Oligonucleotides used for
cloning and sequencing were ordered from IDT or Sigma Aldrich (those longer than 60 bp).
When required, DNA fragments were purified from agarose gels using Zymoclean Gel DNA
Recovery Kit (Zymogen). Plasmids were generally assembled by HiFi® assembly (NEB), unless
indicated otherwise. Repair template was cloned into plasmids using previously incorporated
Sapl restriction sites. Bacterial plasmids were isolated using GeneJET Plasmid Miniprep Kit
(Thermo Scientific). Gene insertions were confirmed by diagnostic PCR and Sanger sequencing
(Macrogen, Germany).

7.5.3 Plasmid construction

The plasmids constructed in this study are listed in Table S7.1. Oligonucleotides used for
cloning are listed at Table S7.2. S. cerevisiae expression plasmids were based on the pUDE731
backbone. Intron sequences tested in this study were incorporated by HiFi Assembly. Non-
targeting spacer sequence used for transformation controls was introduced by PCR or
digestion-ligation.

7.5.4 Theophylline toxicity assay

A 40 mM theophylline stock solution was prepared by dissolving 0.286 g of theophylline
anhydrous (Sigma-Aldrich) in 40 mL dH,O. Theophylline was dissolved by vortexing, solution
was filtered through 0.22 pm filters and added fresh to media.

4 X YP (40 g/L yeast extract, 80 g/L peptone) medium was prepared and diluted accordingly to
accommodate tested theophylline concentrations with 50% glucose (2% final concentration),
the theophylline stock solution and dH,O. Two S. cerevisiae CEN.PK113-5D individual colonies
were grown overnight in 5 mL YPD at 30 °C and 200 rpm in 50 mL Greiner tubes. After
overnight incubation, cultures were inoculated in technical duplicates in 96 well plates.
Individual wells were filled to 200 pL with YPD medium and inoculated with the corresponding

volume for a starting OD__ of 0.05. Measurements were performed on a Synergy Neo2 plate

600
reader (Agilent) connected to Gen5 software. Double orbital continuous shaking (3mm orbital,
282 cpm) with slow orbital speed were used as settings. OD,,, was monitored for 24 hours
every 10 minutes. Growth curves were generated for each condition (growth under different

theophylline concentrations) and compared to the control condition (O mM theophylline).
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7.5.5 SIBR-Cas test in S. cerevisiae

To test SIBR-Cas in S. cerevisiae, CEN.PK113-5D or derivate strains (see table) were transformed
with 500 ng of plasmid by the LiAc/SS carrier DNA/PEG method (357). When 2 plasmids were
co-transformed, 500 ng of each plasmid were added to the transformation mixture. Recovery
was performed in YPD or minimal medium for 2 hours at 30 °C. Geneticin (G418) was used for
selection of plasmids. Plates were incubated for 3-5 days at 30 °C until colonies appeared. All
transformations were performed, at least, in duplicate.

To test SIBR-Cas in S. cerevisiae, PL-286, PL-287 and PL-289 were transformed in S. cerevisiae
CEN.PK113-5D in order to obtain YSTB391, YSTB392 and YSTB394, respectively (Table S7.3).
Transformants were plated on SC (-ura). Obtained strains were transformed with PL-096
(targeting 4 genomic sites) and PL-207 (NT guide). CEN.PK113-5D was co-transformed with
PL-288 and PL-096. YSTBO13 was transformed with PL-096 and PL-207 (NT guide) as control
for cleavage and absence of cleavage, respectively. Transformations were plated in dilution
series in minimal medium with glutamate as nitrogen source and G418 as selection marker.
Theophylline was added to the medium at concentration 5 mM. The same procedure was
followed to test the effect of increasing Mg* concentrations in the medium by adding MgCl,
in the medium at concentrations 4 mM, 8 mM and 12 mM. This time, only strain expressing the
FnCas12a intron 4 variant (YSTB394) was used, since higher splicing efficiencies had been
reported for that variant.

To test self-splicing of T4 td intron after the ATG start codon and at position 67, PL-363 and
PL-364 were co-transformed with PL-074 (targeting ADE2) and PL-207 (Non-targeting) in S.
cerevisiae CEN.PK113-5D. Transformations were plated on minimal medium with glutamate as
nitrogen source and G418 as selection antibiotic in dilution series.

To test the introduction of the SIBR and the T4 td intron into the middle of the CDS of
FnCas12a, PL-319 and PL-320 were co-transformed with PL-074 (targeting ADE2) and PL-207
(Non-targeting) in S. cerevisiae CEN.PK113-5D. S. cerevisiae CEN.PK113-5D was also co-
transformed with pUDE731 and PL-074 or PL-207 as controls for cleavage and absence of
cleavage. Theophylline was added to induction plates at a concentration of 5,10 and 20 mM.
Transformants were plated in dilution series on minimal medium with glutamate as nitrogen
source and G418 as antibiotic selection agent.

To test the introduction of the SIBR into the middle of the CDS of iCas9, plasmids PL-339, PL-
340, PL-341 and PL-342 were co-transformed with PL-074 (targeting ADE2) and PL-207 (NT).
PL-338 was used as positive control for cleavage and absence of cleavage and co-transformed
with PL-074 (targeting ADE2) and PL-207 (NT). Theophylline was added to induction plates at
a concentration of 20 mM. Transformants were plated in dilution series on minimal medium
with glutamate as nitrogen source and G418 as antibiotic selection agent.
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Figure S7.1. Theophylline toxicity on S. cerevisiae growing on complex YPD medium (0 mM - 20 mM).
(A) Growth curves of S. cerevisiae CEN.PK113-5D in presence of theophylline (0 mM — 20 mM). Each graph
represents the growth curve of one condition compared to the control condition (0 mM theophylline). (B)
Estimated specific growth rates of each growth condition.
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Control Intron 1 Intron 2 Intron 4 Intron 3

YSTB013  YSTB391 YSTB392 YSTB394 CEN.PK113-5D
+ PL-288 (Intron 3)
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Figure S7.2. SIBR-Cas test in S. cerevisiae in minimal medium and concentrations of theophylline (5 mM).

SIBR-Cas variants with intron 1 to intron 4 (strains YSTB391, YSTB392 and YSTB394) were tested with
targeting (T) and non-targeting (NT) guides. Positive control was obtained with YSTB013 transformed with
a targeting (T) and a non-targeting (NT) guide. A reduction in the number of colonies was only observed
with the control strain and not with any of the SIBR-Cas strains.
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Figure S7.3. SIBR-Cas test in S. cerevisiae in minimal medium and increased concentrations of MgCl,
with 5 mM theophylline. SIBR-Cas variant with intron 4 (strain YSTB394) was tested with targeting (T) and
non-targeting (NT) guides. Positive control was obtained with YSTBO13 transformed with a targeting (T)
and a non-targeting (NT) guide. A reduction in the number of colonies was only observed with the control
strain and not with any of the SIBR-Cas strains in any of the tested condition. Increased concentrations
of MgCl, did not promote intron splicing.
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Additional supplementary materials, tables and figures can be found here:

https://figshare.com/s/fb9aba5f1850122b0605
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THESIS SUMMARY

The use of microorganisms for biotechnological processes allows the natural and heterologous
production of industrially relevant compounds. Genome editing tools are required to
incorporate heterologous biosynthetic production pathways or to fine-tune already existing
metabolic pathways. The application of CRISPR-Cas systems in prokaryotes and eukaryotes
has revolutionized genome editing programs in the last years. Natural diversity of these
CRISPR-Cas systems allows the development of novel tools with different characteristics, which
can grant higher editing efficiencies, lower toxicity effects when heterologously expressed,
integration of large DNA constructs or access to novel targets. Moreover, modification of
characterized tools can facilitate genome editing of difficult-to-modify organisms, improving
genome editing programs for the construction of industrially relevant strains. In this thesis, we
explored the diversity of type V CRISPR-Cas effectors and performed the first steps towards
their application in the yeast Saccharomyces cerevisiae.

In Chapter 1, we introduced the use of yeast in biotechnological applications throughout
history and how these have benefited from the advances in the field of genetics and genome
engineering. We introduced classical genome editing methods in S. cerevisiae and the
revolution of CRISPR-Cas-based tools. Among all described systems, we focused on the type
V for the further development of novel CRISPR tools for genome editing in S. cerevisiae and
non-model yeasts.

In Chapter 2, we reviewed the multiplexing capabilities of CRISPR-Cas based tools and
the different strategies adopted in the recent years for targeting of multiple loci, both in
eukaryotic and prokaryotic microorganisms, using CRISPR-Cas tools. We assessed gRNA
design strategies, donor DNA delivery strategies and the main bottlenecks of multiplex
genome editing. We described the use of a type V effector, Cas12a, because of its capability
of processing its pre-crRNA without the aid of additional proteins or RNA species.

In Chapter 3 we focused on a novel candidate to type V effector, MmCas12m. We characterized
this effector as a DNA binding protein not able to cleave DNA. We showed this protein is able
to process its pre-crRNA and that it can be conveniently used for multiplex applications in
Escherichia coli. We hypothesized the biological role of this protein in the native organism and
showed that it can impair plasmid replication when directed to the origin of replication of an
invading plasmid. Finally, we fused several base editor domains to the protein and repurposed
MmCas12m as a small size base editor in E. coli. Characterization of the fusion products showed
their activity on a dual base editing window in the protospacer.

Following with the promising results in E. coli, in Chapter 4 we assessed whether the novel
type V effector could be used in S. cerevisiae for genome silencing purposes. Initially, we
showed nuclear localization of the protein and confirmed proper protein size. However, low-
to-no silencing effect was observed when directing MmCas12m to the promoter region of a

THESIS SUMMARY AND GENERAL DISCUSSION

genome-integrated copy of eGFP. Therefore, in Chapter 5, we aimed to detect the activity
of MmCas12m in yeast throughout a permanent effect assay. For this purpose, we designed
several MmCas12m base editors targeting the ADEZ2 reporter gene and aiming to convert
specific cytosines into thymidines, for the introduction of stop codons that would knockout the
target gene. In our assays, we detected targeted base editing activity albeit at low frequencies,
not comparable with previously developed dCas9 or nCas9 base editors. The work presented
in these two chapters show that MmCas12m is not ready to be used as genome editing or
regulation tool in S. cerevisiae.

In Chapter 6 we focused on another Type V CRISPR-Cas system, the type V-K. Type V-K
presents Casl12k, another DNA binding effector not able to cleave DNA. In this case, Cas12k is
associated to a Tn7-like transposon system with 3 other components (TnsB, TnsC and TniQ). We
assessed the activity of this CRISPR-associated transposon system at different temperatures
in E. coli and detected transposition at 25, 30 and 37 °C. Moreover, we assessed the effect
of the addition of fusion peptides to the terminal ends of each of the proteins of the complex.
We showed that 2 out of the 8 tested positions compromise RNA-guided DNA transposition
in E. coli. We used this knowledge to add nuclear localization signals to each of the proteins
of the complex and expressed them in S. cerevisiae. In this eukaryotic model organism, no
RNA-guided DNA transposition was observed.

Finally, in Chapter 7, we repurposed SIBR-Cas for its use in S. cerevisiae. This tool, initially
developed for its application in wild-type bacteria, is based on the control of the splicing
of a group | intron placed at the 3’-terminus of a Cas12a transcript. Splicing is induced by
the addition of theophylline, which allows translation of Cas12a. In bacteria, delay of the
expression of Casl12a allows homologous recombination to take place before CRISPR-
Cas counterselection. In order to adapt this tool for S. cerevisiae, we positioned the intron
downstream in the mRNA transcript in order to avoid native control mechanisms. This new
design allowed induction of splicing of the intron upon theophylline addition. Although this
tool was only tested in the model yeast, we envision that time control over the expression of
Cas12a should boost homologous recombination and improve genome editing programs in
non-model yeasts.
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GENERAL DISCUSSION

8.1 Impact of CRISPR-Cas tools on yeast research

The use of yeast for biotechnological applications has been present throughout the history
of humankind (Chapter 1) (5, 16). The more we know about yeast metabolism and genetics,
the more successful we will be in modifying its activity to fit our interest (37, 464). In this
way, the well-known Baker’s yeast is currently used as production organism for ethanol,
pharmaceuticals, and enzymes. Moreover, in the last years, the interest in using yeast for
industrial processes has been expanded to non-model yeasts, which may have typical features
such as growth on complex substrates or at higher temperatures (40).

Through design, build, test and learn (DBTL) cycles, yeast strains can be improved to boost
the production of relevant industrial products (28). Following the classification of a strain as
genetically accessible, efficient genetic toolboxes are required for performing these iterative
engineering cycles. In addition, knowledge on yeast metabolism, availability of sequenced
genomes and access to metabolic models, is essential for designing strategies to modify the
DNA in a targeted manner, to eventually obtain a yeast with the desired metabolism. In this
way, production strains can be generated in which synthetic and/or heterologous production
pathways are incorporated, or in which competing by-products are eliminated.

CRISPR-Cas tools have resulted in a revolution in the field of genome editing of many different
organisms, and their application in yeast has exponentially increased over the last years. In
the model Baker’s yeast (Saccharomyces cerevisiae), these technologies not only increased
homology directed repair efficiencies upon induction of double-strand DNA breaks (DSB), they
also improved multiplex editing programs, by allowing the simultaneous target modification of
multiple sites with high efficiencies. Moreover, CRISPR interference (CRISPRI) and activation
(CRISPRa), as well as prime and base editor tools have been developed for fundamental
research applications. Still, a limited number of Cas proteins are being used in yeast, with Cas9
being the most commonly employed one and Cas12a and Cas13 used in a smaller number of
cases (Figure 8.1).
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Figure 8.1. Application of CRISPR-Cas tools in yeast. Number of publications listed in NCBI with the

combined search “Cas9 AND yeast” (blue), “Cas12a OR Cpf1 AND yeast” (orange) or “Cas13 AND yeast”
(brown).

8.2 Bottlenecks in the field of genome editing in yeast

Since its first application in the yeast S. cerevisiae (84), Cas9 has been widely adopted
for genome editing applications across both model and non-model yeasts (83, 193, 349).
The availability of guide design tools for Cas9 and its proven activity in multiple organisms
have prompted its use across both S. cerevisiae and other industrially relevant yeasts. To a
more limited extent, Cas12a has also been applied for genome editing, exploiting its native
capabilities for multiplexing (170—112). Advances in the application of CRISPR-Cas technologies
in this model yeast are focused on several bottlenecks detailed in the next sections.

8.2.1 Multiplex editing with CRISPR-Cas systems

CRISPR-Cas technologies have been established and improved at different levels both
in S. cerevisiae and in non-model yeasts. Since close-to-100% editing efficiencies can be
obtained when using Cas9 or Cas12a in S. cerevisiae, recent advances have been focused
on generating multiple targeted modifications simultaneously in this organism. One of
the most impressive studies regarding multiplexing concerns the generation of a hexose
transporter-free S. cerevisiae strain using Cas9 (186). In this work, throughout only three
transformation rounds, 21 hexose transporter genes were deleted from the S. cerevisiae
genome (186). High sequence homology among the target genes was used to target up to 3
genes with the same guide RNA (gRNA). Following this approach, up to 8 different /oci could
be targeted simultaneously with the expression of only 4 different gRNAs. There are several
strategies to express multiple guides to drive multiplexed genome editing in yeast (Chapter 2).
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However, since the publication of this chapter (465), a novel strategy has been developed
based on the delivery of linear DNA fragments (466). Using T7 RNA polymerase-expressing
yeast strains, multiple linear fragments with gRNA genes under the control of a T7-polymerase
promoter can be transformed into yeast (encoding for the T7 RNA polymerase) and be transcribed
into functional Cas9 guides. Although editing efficiencies are lower than obtained when using
plasmid-based approaches, this strategy considerably accelerates editing programs by avoiding
amplification and cloning steps. Still, the main challenges and opportunities (already detailed in
chapter 2, (465)) remain: (i) guide design and predictability, (i) donor DNA design and delivery,
(iii) controllable expression of CRISPR elements, (iv) innovative plasmid assembly methods, (v)
editing conditions, and (vi) discovery of novel and improved endonucleases.

The work presented in this thesis aimed to address some of these challenges, one of
them regarding the control of the expression of CRISPR-Cas elements. To this extent, we
implemented SIBR-Cas (369) in S. cerevisiae (Chapter 7). Originally, SIBR-Cas was developed
as a prokaryotic genome editing tool and it employed a self-splicing intron located on the
5’-end of the Cas12a transcript (369). Generation of the intron-containing transcript prevents
translation of the full Cas12a due the premature stop codons contained in the sequence of
the intron. Upon addition of the inducer theophylline, the self-splicing intron is spliced from
the transcript together with the stop codons it contains, allowing controllable expression of
the Casl12a nuclease. This means that by delaying the counter selection activity of Cas12a, a
longer time for homologous recombination is granted, which in turn yields a higher number
of recombinants in wild type bacterial organisms. After adapting SIBR-Cas for its use in
S. cerevisiae, we showed temporal control over the activity of Cas12a by the addition of
theophylline. We envision that the time control over the activity of Cas12a provided by the
SIBR system can be used to enhance multiplexed editing. Parallel to what was described in
bacteria, we aim to provide a repair template in a circular form for its maintenance in the cell.
Although DNA recombination from plasmid DNA occurs at low rates (467), we anticipate that
by postponing Cas12a expression, a greater fraction of the population will recombine the
provided repair templates before experiencing Cas12a counterselection activity.

Novel nucleases could be used in multiplexing genome editing programs. In this regard, we
characterized a novel Cas12 variant, Cas12m (Chapter 3), and applied itto S. cerevisiae (Chapter
4 and 5). Characterization experiments in E. coli proved the ability of Cas12m to process its
pre-crRNA and its multiplexing capabilities, by efficiently and simultaneously silencing the
expression of gfp and rfp genes. Cas12m belongs to the wide type V, with multiple nuclease
and collateral activities described among the characterized effectors. Among them, only
Casl12a (149), Casl12c (73), Cas12i (129), Cas12j (259) and Cas12m have been described to display
pre-crRNA processing activity, although some require the presence of additional RNA species.
This RNase activity makes them interesting nucleases for multiplexed editing, since they
do not require additional proteins to process their pre-crRNAs. However, as other recently
characterized small size type V effectors, Cas12m displayed low or no activity in eukaryotic
systems (Chapter 4). Therefore, its multiplexing capabilities were not evaluated in S. cerevisiae.

THESIS SUMMARY AND GENERAL DISCUSSION

8.2.2 Beyond canonical use of CRISPR systems for the integration of DNA
fragments

Targeted integration of DNA fragments in yeasts with limited homologous recombination
efficiencies is a challenge. While induction of targeted DSBs increases editing efficiencies
at targeted loci in these yeasts, NHEJ-repaired colonies are yet predominant among the
edited populations. Integration of DNA fragments through DSBs-independent mechanisms
could solve this issue since it would avoid recruitment of the DNA repair machinery. In this
regard, we presented the Type V Tn7-like CRISPR-associated transposon system (Chapter
6). Expression of four proteins (TnsB, TnsC, TniQ and Cas12k) is sufficient for RNA-guided
DNA transposition in an HDR-independent manner in bacteria (258). This system has been
used for editing of E. coli and Pseudomonas putida among other bacterial species, but still,
no activity has been reported in eukaryotic systems. We assessed its activity in S. cerevisiae
and we did not detect RNA-guided DNA transposition (Chapter 6). The studied RNA-guided
DNA transposition requires the sequential activity of multiple proteins from the transposition
complex. In the context of a eukaryotic cell, Cas12k needs to stably interact with DNA. As seen
for other type V effector proteins, such as Cas12f1, interaction of a nuclease with DNA in the
eukaryotic context is not always strong (132). We postulated that inefficient DNA interaction
could be one of the causes hampering the activity of the type V CRISPR-associated transposon
system. DNA binding assays of Cas12k in eukaryotic systems might help elucidate whether low
binding affinity of the protein is the bottleneck in the RNA-guided DNA transposition process.
Next, TnsB needs to be active and cleave the transposon DNA from the donor DNA molecule.
Moreover, TnsC should be able to polymerize around the yeast DNA and interaction of TnsB
with TnsC should trigger ATP hydrolysis by TnsC and DNA decoupling (405). Assessment of
each individual step inside the nucleus of S. cerevisiae would shed light on the feasibility of
using this mechanism in yeast. By fusing a purification tag on each protein of the transposition
complex, S. cerevisiae pull-down assays could be employed to determine which protein-
protein interactions successfully take place in the yeast.

The use of non-native recombinases or transposases that recognize specific integration
sequences has also been proposed as an alternative strategy to integrate heterologous DNA
sequences without the generation of DSB. Fusion of serine-recombinases or transposases
to deactivated Cas9 (dCas9) has been proven as a valid strategy to direct these enzymes to
specific genomic sites and integrate DNA fragments in an HDR-independent manner (468,
469). However, some of these approaches still require the previous characterization of naturally
existing recognition sites or introduction of those in the target genome (468). Recently, a
large set of serine recombinases has been evaluated for DNA integration in human cells
(470). Efficiencies varying from 40-70% have been obtained without selection, although this
technology is still limited to the previous incorporation of landing pads recognized by the
recombinases (470). Undoubtedly, these systems are promising candidates for genome editing
tools to integrate DNA fragments in yeasts with limited homologous recombination efficiencies,
similar to the CRISPR-associated transposon systems.
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8.2.3 Improvement of homologous recombination efficiencies

The most common strategy to enhance the activity of the HDR pathway over the NHEJ pathway
is the use of knockout strains for the Ku70 or the Ku80 subunits (43, 373). Such strains have
been generated for industrially-relevant species of Yarrowia lipolytica and Kluyveromyces
marxianus, among others (43, 353, 373). However, their use at industrial level is not ideal since
they might present lower stability against environmental changes because of the deficiency
in the DNA repair pathway. Therefore, several genome editing tools have been focused on
boosting the activity of HDR over NHEJ.

In eukaryotic systems, homologous recombination activity is maximal in actively dividing cells
(during S, G2 and M phases). Moreover, this activity is also promoted by inducing DSBs with,
for instance, Cas effectors. Therefore, we proposed the use of SIBR-Cas as a way to induce
the activity of Cas12a after allowing the population of cells to reach an actively dividing, and
thus homologous recombination active, state. We hypothesize that this could allow for more
recombination events to take place before the induction of the Cas activity, which in time
will also enhance the recombination efficiency upon introduction of the DSB. Although such
a system could also be implemented with inducible promoters, transferability of promoters
between different yeast species is sometimes challenging. Instead, group | splicing introns
are present in multiple domains of life (471, 472) and are, therefore, are good candidates to
be established successfully in multiple species. Although we did not manage to test our
hypothesis because of time constraints, we showed that we can promote activity of Cas12a
by inducing the splicing of the SIBR in S. cerevisiae. However, this system could virtually be
used in any other yeast. A similar “easy-to-transfer-between-yeasts” system has been recently
proposed, which uses linear fragments for expression of guides and Cas encoding genes and
can simultaneously be used as DNA repair template (94). Moreover, this system is based on
the degradation of Cas9 in the G1 phase and accumulation of the protein in the S, G2 and M
phases, via its fusion to a tag (364). In this way, expression of Cas9 is limited to the cell cycle
phases when the HDR pathway is active.

8.2.4 Use of CRISPR-Cas tools as silencing or single nucleotide editing tools

In the last years, multiple genome editing or regulation tools derived from CRISPR systems
have been developed. Initially, dCas9 proteins were fused to repressor domains (Mxi1, KRAB)
to mediate transcriptional repression in several yeasts (104, 323). Most of the transcriptional
repression tools are based on the use of dCas9, although recently dCas12a-Mxi1 has been
showed as a powerful genome silencing tool in S. cerevisiae. This is due to the increased
availability of Cas9 target design tools and the limited application of Casi12a in yeasts other
than S. cerevisiae. In our work, we also tested and compared the silencing power of dCas12a-
Mxi1 to dCas9-Mxi1, showing higher repression effects when using dCas9-Mxi1 (Chapter 4).
Comparison of our results to previously reported data in literature is a difficult task, due to the
lack of standardized setups, testing conditions or the lack of inclusion of several Cas proteins
in the same study.

THESIS SUMMARY AND GENERAL DISCUSSION

The use of CRISPR-Cas tools for genome regulation purposes is based on the deactivation of
the catalytic residues in charge of DNA cleavage. In Cas12 variants, these catalytic residues
are found in the RuvC domain. Therefore, Cas12 variants naturally harboring deactivated
RuvC domains should also be able to mediate gene repression/activation in vivo. We showed
that this is the case for MmCas12m in E. coli (Chapter 3). However, when we assessed the
activity of MmCas12m in S. cerevisiae (Chapter 4), low-to-no repression activity by MmCas12m
was observed in S. cerevisiae. Moreover, fusion of a repressor domain to MmCas12m did
not improve the silencing effect. As discussed in the mentioned chapter, this could be due
to unstable binding of the protein to the DNA in yeast, as suggested for other small Cas12
variants in human cells or plants (130). However, this is in contradiction with the surface
plasmon resonance results obtained in vitro (Chapter 3), which showed that MmCas12m is
able to stably bind to DNA. Following our hypothesis, and in order to improve the silencing
activity of Cas12m in yeast, a similar laboratory evolution experiment to the one performed
on Casl12f1 in human cells (297) could be performed. First, random mutagenesis could be
performed on the MmCas12m sequence. The obtained library could then be transformed into
an eGFP-expressing yeast and silencing levels could be determined through flow cytometer
by directing MmCas12m to the eGFP promoter. Sorting of the strongest eGFP repressors could
allow the identification of improved transcriptional repressors. Multiple rounds of this process
should allow the improvement of MmCasi12m as silencing tool in S. cerevisiae by modifying its
sequence and, eventually, generating stronger DNA-binding MmCas12m variants.

Combination of novel Cas12 variants with DNA-modifying enzymes could eventually be used
for base editing applications. This is the case for MmCas12m, that can be used as a base editor
in E. coli. However, similarly to what we observed with its silencing activity, low base editing
frequencies were observed at a population level with MmCas12m in S. cerevisiae (Chapter 5).
Interestingly, in the cases where we observed targeted base editing, only the aimed nucleotide
was modified. Most likely, this is due to a globally low activity of the MmCas12m base editor,
which coincidentally minimizes the off-target activity of the fusion protein (473). At the same
time, it can be related with the previously hypothesized unstable binding of MmCas12m to the
DNA in yeast (Chapter 4). Finally, MmCas12m is a catalytically-deactivated nuclease and, to
our knowledge, cannot be converted into a nickase by restoring the catalytic DED triad. This
limits the use of this Cas12 variant in combination with base editors in eukaryotic organisms.
For their use in eukaryotic systems, base editors should ideally nick the target strand to allow
repair using the non-target and edited strand as template (282). Therefore, for MmCas12m to
be implemented as an efficient base editing tool, modification of the protein sequence to turn
it into an effectively DNA-binding nickase is required. Alternative, other Cas12m homologs
with a predicted active RuvC domain could be used for this purpose.
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8.2.5 Innovative CRISPR-Cas based tools

Besides DSB-inducing and transcription regulation tools, novel CRISPR tools such as prime
editors, serine-recombinases or similar are not extensively used in yeast. High homologous
recombination efficiencies in S. cerevisiae allow the incorporation of point mutations using
DSB-generating CRISPR-Cas tools. Therefore, more complex approaches such as base
editing (106, 107, 356) or prime editing (109) remain as proof-of-concept applications and only
tested in S. cerevisiae. For instance, Cas9-derived base editors have only been implemented
in S. cerevisiae (106, 107) and Yarrowia lipolytica (353). To date, no Casl12a-derived base
editors have been used, while their characterization has taken place for human applications
in depth (283). Another example is the use of Cas13, which activity has only been shown in
Schizosaccharomyces pombe, and not in S. cerevisiae.

Application of novel technologies such as twin prime editors (470), serine recombinases (470)
or the combination of both (470) does not represent a substantial advantage over already
existing technologies in S. cerevisiae. This is therefore not a priority for the expansion of the
S. cerevisiae CRISPR-based toolbox. Still, lack of proof-of-principle experiments in the model
yeast limits their application in non-model yeasts, where these tools might be more valuable.

8.3 Diversity of Cas12 variants as a source for novel genome editing tools
Recent access to genomic and metagenomic data has resulted in the identification of a wide
range of novel putative CRISPR-Cas systems. Among newly identified candidates, especially
a large number of Cas12 variants have been discovered and characterized in the recent years,
revealing diverse functionalities and sizes (77) (Table 8.1). The rapidly expanding diversity of
CRISPR-Cas systems emphasizes the importance of a systematic and unique nomenclature
system for designation of newly characterized effectors (140, 255, 474), which would avoid
confusion.

Table 8.1. Type V effector proteins and characteristics. Effectors names are provided with the Cas12-based nomenclature. Alternative names are provided

as “old nomenclature”. PDB ID are provided for Binary complexes (BC) and ternary complexes (TC).
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8.3.1 Diverse mechanisms of Cas12 variants

Type V CRISPR-Cas systems are characterized by effector proteins that contain a single
nuclease domain (RuvC) (122, 126). These RuvC domains have been shaped by evolution to give
rise to divergent sequences and domain architectures. The most likely ancestor of all Cas12
variants (127, 255), is a TnpB transposon of the IS200/IS605 and IS607 transposon families, that
recently has been demonstrated to function as an RNA-guided DNA endonuclease allowing for
RNA guided transposition (261, 262). Although it has not been found in association with CRISPR
arrays, TnpB uses small RNA guides derived from the right-end element of the transposon, and
can generate DSBs next to 5-TTGAT transposon-associated motifs (262). TnpB includes the
characteristic Cas12 RuvC motif with a well-conserved catalytic triad (DED). Characterization
of this evolutionary ancestor and characterization of evolutionary-derived Cas12 variants has
increased (and will increase) the number of available tools for genome editing.

Differences in domain architecture of Cas12 variants are the basis of the current type V
classification (255). The Type V sub-types differ substantially with respect to pre-crRNA
processing capacities (ability to self-process or RNaselll/tracrRNA-dependent cleavage), PAM
requirements, target specificity and collateral activity (Figure 8.2).
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A) dsDNA cleaving activity
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B) Novel features and activities described for Cas12 variants
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Figure 8.2. Beyond dsDNA cleavage activities described for Cas12 variants. (A) Double-strand DNA
cleavage activity of Cas12 variants, described for Cas12a, Cas12b, Casl12c, Cas12d, Casi12e, Cas12h and
Cas12j. (B) Novel activities described for several Cas12 variants: dsDNA cleavage upon dimerization
has been described for Cas12f1, nickase activity has been described for Cas12i1 when the crRNA:DNA
heteroduplex is shorter than 28 bp, RNA cleavage activity has been described for Cas12g, RNA-guided
DNA transposition activity has been described for Cas12k in combination with TnsB, TniQ and TnsC and
DNA binding activity has been described for MmCas12m.

THESIS SUMMARY AND GENERAL DISCUSSION

Pre-crRNA processing activity in the absence of tracrRNA is one of the most attractive features
of Cas12a, as it simplifies multiplexing applications (757). This feature has also been shown for
other small Cas12 variants, such as Cas12i (129), Cas12j (259) and Cas12m (376) (Chapter 3).
However, the guide maturation mechanisms used by these enzymes varies is diverse. Cas12a
and Cas12i use a catalytic site that resides in the Wedge (WED) domain to cleave their crRNA
upstream of the crRNA pseudoknot in a divalent cation-independent process (126, 478). A
similar mechanism has also been suggested for Cas12m (376), although details of the catalytic
site remain elusive (Chapter 3). In contrast, Cas12j1 and Cas12j2 have been shown to use the
RuvC domain for this task in a metal-dependent mechanism (259). On the other hand, and
similar to type Il effectors, Casl12b (152), Casi12e (153), Cas12f1 (133), Cas12g (137) and Cas12k
(258) require the assistance of a tracrRNA for generating a long double-stranded RNA structure
(crRNA repeat/tracrRNA anti-repeat) that most likely allows for RNaselll pre-processing. The
length and secondary structure of the identified tracrRNAs are diverse (Table 8.1). Finally,
a new CRISPR-related non-coding RNA species has been described for subtypes V-C and
V-D, the short-complementarity untranslated RNA (scoutRNA) (73). This tracrRNA analog is
required by Casl12c and Cas12d effectors for crRNA maturation and DNA cleavage. It has
been claimed that scoutRNAs differ from previously described tracrRNAs in their secondary
structure and the presence of a five-nucleotide conserved sequence essential for activity (73).
In the case of Casl12c, a metal-dependent mechanism involving the RuvC domain seems to be
responsible for pre-crRNA processing, since dCas12c (D928A) is not able to process its pre-
crRNA (475). Finally, pre-crRNA processing by some other recently described Cas12 variants
has either not yet been studied (Cas12h) or not observed (Cas12g1). In the case of Cas12g1,
crRNA pre-processing was not observed neither with nor without a tracrRNA, which suggests
that additional host factors may be required for in vivo crRNA maturation (129).

A common feature for almost all characterized Cas12 variants to date is the requirement of a
PAM upstream of the protospacer, although a wide diversity of sequence requirements has
been described. As described for MmCas12m (Chapter 3), several Cas12 variants, (e.g., Cas12a,
Cas12b, Cas12i orthologs), require T-rich PAMs. However, even between closely related Cas12a
orthologs, some variants have been described which accommodated multiple G’s in their PAM
sequences (128, 258, 481). Interestingly, the singular RNA-targeting Cas12g does not require
a PAM. Moreover, different domains are involved in PAM recognition among Cas12 variants.
While most variants use the PAM interacting (Pl) domain to interact with the different PAMs,
Casl12b and Casl12e have been shown to use the REC and the WED domains for the same
purpose (153, 272).

The nuclease activity of Cas12 variants originates from their RuvC nuclease domain. Active
RuvC domains in Cas12 variants share a conserved catalytic triad (DED). In other nucleases (e.
g. Cas9), this triad recruits a divalent cation (Mg?') that coordinates a water molecule required
for the hydrolysis of DNA (482—-484). Substitutions of one or more of these residues diminish
or completely abolish the nuclease activity of Cas12 variants, as has been reported for Cas12k
and Casl12m (122, 131). The nuclease activity of this domain is activated upon R-loop formation
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and hybridization of the crRNA to the target strand (TS). This induces a conformational change
in Cas12 variants that involves the displacement of a lid motif, which covers the RuvC domain
in its inactive state (475). Opening of the RuvC domain allows access of the RuvC catalytic
site to the non-target strand, resulting in its cleavage. Subsequentially, the TS is repositioned
towards the active site and gets cleaved (126, 485). This mechanism is shared among multiple
Casl12 variants such as Casl12a (126), Cas12b (272), Cas12e (153), Cas12i and Cas12g (131, 478).
Interestingly, several phylogenetically-related Cas12b and Cas12i orthologs have been initially
characterized as dsDNA nickases. Their nickase activity has been related to the lack of access
of the TS to the RuvC active site upon NTS cleavage. In the case of some Cas12b orthologs,
cleavage of the TS has been achieved upon incorporation of positively charged amino acids in
the pocket between the crRNA:TS-DNA hybrid and the RuvC active site, suggesting that these
residues might be pulling the TS for cleavage at the RuvC active sites. In the case of Cas12i,
access of the TS to the RuvC active site is only granted after propagation of the crRNA:DNA
heteroduplex to position 28, which promotes an inward movement of the REC1domain towards
the heteroduplex (478). This allows cleavage of the TS only when using spacers longer than
28 nucleotides (478). However, this characteristic is not shared with Cas12i2, which is able to
cleave dsDNA using spacers of 14 nt (479). Better understanding of structural features of such
Cas12 variants might allow rational engineering of these proteins, which may result in effector
proteins with increased efficiencies or new functionalities.

Interestingly, some Cas12 variants with predicted RuvC domains do not present the conserved
DED catalytic triad in charge of nucleic acid cleavage (127). These variants have been shown
to bind dsDNA but not cleave it, as it is the case for two of the Cas12 effectors studied in this
thesis, Cas12m and Cas12k. In the case of Cas12m, we showed that this nuclease is able to
bind DNA and interfere with plasmid replication, potentially explaining its biological function
(Chapter 3) (376). In the case of Casl12k, the protein is involved in directing a Tn7-like transposon
to target loci, by interacting with TniQ, TnsC and TnsB proteins (258). Finally, a relevant, unique
activity has been described for Cas12g, a protein that is able to target ssRNA. This protein
shares the bilobed architecture described for Cas12a, Cas12b, Cas12e and Cas12i (478), and it
has a canonical DED catalytic triad (137). However, differences in the REC1and REC2 domains
might be the reason of its unique RNA targeting activity (137). The small size of Casl12g (767
aa) together with its RNA-targeting activity, makes it an interesting candidate for in vivo
transcriptome engineering applications (137).

Recently, other small Cas13 variants (type VI) have been characterized which are also able
to target RNA in a similar way as Cas12g does (486). These variants belong to the subtypes
VI-D (928 aa) and VI-BT (775-804 aa), act in a protospacer flanking sequence-independent
manner in vivo and use two ribonuclease domains (HEPN) that together form an active site
that catalyzes target and collateral RNA cleavage (486—-488). The mentioned Cas12g and small
Cas13d and Cas13bt variants could be interesting candidates to assay as RNA-guided RNA
degradation tools, since activity of Cas13a has never been reported in S. cerevisiae.

THESIS SUMMARY AND GENERAL DISCUSSION

Another remarkable characteristic of the type V effector RuvC domains is the activation
of collateral cleavage upon target recognition (260). Besides its biological role in initiating
dormancy or even suicide of the infected host cell (87), this activity has been harnessed for
multiple biotechnological applications (260, 489—-491). Collateral activity towards ssDNA has
been described for almost all Cas12 variants (except Cas12m and Cas12k) (130), with Casi12g
alone also harnessing collateral ssRNA cleavage.

Finally, crystallization and cryo-EM structures of Cas12 variants allowed elucidation of important
details regarding complex stoichiometries and protein/guide/target interactions. One of the
most unique findings regarding complex stoichiometry is the dimerization requirement of
subtype V-F1 effectors in presence of a single copy of a tracrRNA and a crRNA (133, 492).
To date, this feature has not been described for any other Cas12 variant, nor for the closest
evolutionary neighbor, the TnpB transposon. A protein:reRNA (right end element RNA, specific
for TnpB) molar ratio of 1:1 has been determined for the ThnpB RNP complex through mass
photometry (262). Other relevant findings are the insights on complex stoichiometry required
for RNA-guided DNA transposition using the type V CRISPR-associated transposon system.
Multiple TnsC monomers are required to polymerize and form filaments around the DNA,
while two TniQ monomers interact with two TnsC monomers each (404). At the same time,
TnsB is only able to interact with TnsC when the last is part of a filament. Therefore, for both
type V-F and type V-K systems, protein polymerization is a requirement for proper functioning
of the effector complex, which might hamper the application of these systems in eukaryotic
organisms. Nucleosomal configuration of DNA in eukaryotic systems might limit these protein
interactions, although the Cascade complex has successfully been expressed functionally in
human cells resulting in genome editing activity (407).

8.3.2 Current application of Cas12 nucleases

Casl12 nucleases have been used as genome editing tools in a wide diversity of organisms.
Although first characterized in vitro and in E. coli, most of them have been adapted for
genome editing applications in eukaryotic organisms with different success levels (398,
493). Undoubtedly, Casl12a is the most widely adopted type V effector for genome editing
applications in eukaryotic organisms. In this thesis, we used it both for genome editing and
genome regulation applications (Chapter 4 and Chapter 7). Other variants such as Cas12b
(152), Casl12e (153, 476) and Cas12f (132, 397, 494) have also been used in mammalian cells with
different degree of success. However, the low activity of some of these thermophilic variants
at moderate temperatures, currently limits their application for genome editing purposes (397).
We also attempted to express Cas12f1 and Cms1 (a small Cas12a ortholog) (495) in S. cerevisiae
but observed no activity of the mentioned proteins in the eukaryotic model organism (data
not included), although protein expression was successful. In the case of Cmsl1, activity of
this ortholog has only been reported in plants (93, personal communication Schaart et al.,).
Structural comparison of SmCms1to LbCas12a shows the absence of the Nuc domain, which
might alter the conformation and/or flexibility of the active RuvC domain, affecting the cleaving
activity. Regarding Cas12f1, we attempted to use the AsCas12f1 ortholog in S. cerevisiae for
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both genome editing and base editing and observed no activity of the protein for any of the
applications. Similar observations have been reported by other authors when using Cas12f1in
plants and human cells (297, 397). This indicates that functional transplantation of some type
V effectors in eukaryotic systems remains challenging for unknown reasons. For instance,
some Cas12f variants required protein and/or tracrRNA engineering for detectable activity in
mammalian cells (132).

Among Cas12 variants, the association of Cas12k with Tn7-like transposition systems presents
a novel functionality for type V effectors. Casl12k presents a deactivated RuvC catalytic
triad and thus, does not induce dsDNA breaks (258). Association with Tn7-like transposon
systems allows RNA-guided DNA integration independently of the host’s homology-directed
recombination system. Although this type of coexistence and interaction between a CRISPR-
Cas subtype and a transposition system is not unique for subtype V-K (384, 496), this is the
most compact system described to date allowing RNA-guided DNA transposition. Activity
of this system has been proven in vitro and in multiple bacteria (393), although with high
off-target rates. We confirmed activity of the system in E. coli and determined critical protein
fusion products preventing transposition (Chapter 6). We showed that protein fusion products
to the C-terminus of TnsB and TnsC prevent transposition, highlighting the importance of
these positions (404). Although we confirmed that all proteins can be individually tagged
with nuclear localization tags, we failed in establishing RNA-guided DNA transposition in S.
cerevisiae. Already in E. coli it has been shown that the type V-K transposition system is prone
to yield co-integration products, consisting of the integration of the transposon and the plasmid
backbone. Attempts to prevent this by supplying a linear donor DNA fragment (386) did not
resultin the desired transposition. To date, activity of CRISPR-associated transposon systems
has been limited to bacterial systems. Future studies should focus on the identification of the
limiting step that prevents transposition in eukaryotes. For instance, localization studies of each
of the type V CRISPR-associated transposon system should determine whether all complex
proteins localize in the nucleus. Moreover, protein pull-down purification assays in eukaryotic
organisms could be used to determine which interactions are currently taking place. Finally,
fusion products between components of the Tn7-like transposition complex could facilitate
transposition. A similar approach has already been used in E. coli, yielding a functional RNA-
guided transposition complex (407).

The small size of some Casl12 variants could encourage the development of transposon
engineered systems based on the fusion of a DNA-binding Cas12 variant or a deactivated
Casl12 variant to a transposase. Similar approaches have already been developed for dCas9
and the sleeping beauty (469) or piggyBac transposases (100, 101), as well as for prime editors
in combination with serine recombinases (470).

THESIS SUMMARY AND GENERAL DISCUSSION

8.4 Future prospects for transferability of CRISPR-Cas technologies to
yeast

Current strategies to express CRISPR-Cas systems in yeast and other eukaryotic organisms
involve common protein expression strategies used for expression of proteins (Figure 8.3).
Commonly, the gene sequence of novel CRISPR-Cas effectors is codon optimized/harmonized
for expression in the organism of choice. Optimization for human expression has successfully
been used for expression of CRISPR-Cas editors in yeast (84, 117). Choice of adequate promoter
sequences for expression of the CRISPR effectors or the spacer sequences is also key in
compartmentalized eukaryotic organisms. The use of RNA polymerase Il promoters is already
implemented for expression of the Cas effectors, although the expression level of the effectors
often needs to be fine-tuned to prevent toxicity (777). For instance, MmCas12m could not be
expressed in high levels in yeast due to expression issues and instability of the protein (Chapter
4). Another important step when expressing DNA-targeting Cas effectors in yeast or other
eukaryotic systems is the addition of nuclear localization signals to the proteins which activity is
required in the nucleus. During this thesis, we confirmed that FnCas12a can reach the nucleus
of S. cerevisiae without a nuclear localization signal ((Chapter 7), data not shown). Most likely,
presence of positively charged amino acids in the FnCas12a sequence allows for nuclear
translocation in the absence of a specific nuclear localization signal. This was also observed
when using Cas12a for genome silencing (772). Still, it is important to evaluate whether addition
of nuclear localization signals to Cas effectors hampers the activity of the proteins or of the
eventual complexes these proteins may be part of. For instance, we showed the potentially
negative effect of adding nuclear localization signals on the type V Tn7-like CRISPR-associated
transposon (Chapter 6). Finally, these interrogation studies can be used to assess whether N-
or C- terminal positions can be used to fuse specific domains. For instance, addition of base
editor domains to the N-terminal of Cas12m has been reported as detrimental for the binding
activity of this protein (Chapter 3). Still, even after taking care of all these improvement items,
expression of Cas effectors in a novel organism may not lead to detection of its activity.

Currently adopted strategies Improvements

Gene sequence optimization Single particle studies

Regulatory sequences Standardization of testing systems
Addition of nuclear localization signals Automatization
Evaluation of fusion products Yeast cell-free expression systems
Protein expression/localization studies Rational protein and guide engineering

Organism-dependent processes Laboratory evolution
N J N J

Figure 8.3. Current and eventual strategies to adopt for the implementation of CRISPR-Cas tools in
yeast. Currently adopted strategies for the application of CRISPR-Cas effectors in yeast (left) and eventual
strategies to be implemented for improvement of the process (right).
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CRISPR-Cas systems originate from bacterial and archaeal systems. In their natural
environments, these prokaryotic systems interact with DNA and RNA from the host or viral
systems. The repurposing of these systems for genome editing applications in eukaryotic
systems requires proper interaction of the Cas effectors with eukaryotic DNA. As shown in this
thesis, expression of the proteins and proper translocation to the nucleus is not sufficient to
detect equivalent activities as observed in bacteria. Although bacterial genomes also present
DNA-associated, genome condensation proteins such as the factors of inversion stimulation
(FIS) or the heat-unstable nucleoid proteins (HU), the topology of the DNA between prokaryotes
and eukaryotes is vastly different (497). A clear example of this bottleneck is the fact that
deactivated Cas9 or Casl12a proteins alone can be used to repress gene expression in bacteria
in an effective way (498, 499). On the other hand, fusion of repressor-recruiting domains is
necessary to achieve an equivalent repression effect in yeast (164). From a fundamental point
of view, single particle tracking experiments through super resolution microscopy could help
elucidating the behavior of novel Cas effectors in live eukaryotic cells (325, 500). Comparison
of diffusion coefficients for different Cas effectors could then provide information of different
DNA interaction patterns.

During this thesis, we also evaluated the transferability to S. cerevisiae of SIBR-Cas, a
CRISPR-Cas based tool initially developed for bacteria. The tunability of this tool at RNA
level represented a challenge for the use of this tool in the model yeast. SIBR-Cas is based
on the control of the expression of FnCas12a via an inducible intron placed at the 5’- end
of its transcript (369). The intron contains premature termination codons that prevent the
translation of FnCasl12a in the absence of splicing. Splicing of the intron can be induced
by theophylline addition. In S. cerevisiae, a native mechanism prevented the direct transfer
of the SIBR-Cas system (Chapter 7). Non-sense mediated mRNA decay is a surveillance
mechanism in eukaryotic organisms that prevents the accumulation of premature termination
codons-containing transcripts in eukaryotes (448, 449). Therefore, SIBR-containing transcripts
are natural targets for this pathway, among others. Induction of splicing in S. cerevisiae by
addition of theophylline was achieved when the intron was placed further downstream into
the FnCas12a transcript. This modification seemed to avoid the activity of non-sense mediated
mRNA decay. In this case, transferability of SIBR-Cas to S. cerevisiae required the by-pass
of a eukaryotic control mechanism not present in bacteria, highlighting the importance of
considering organism-dependent processes and mechanisms for the implementation of
CRISPR-based tools. Future steps will focus on the use of this tool in non-model yeasts, where
the time control over the activity of Cas12a could be used in favor of allowing more homologous
recombination events before the activity of Casi12a.

Assessing the activity of novel Cas effectors as genome editing or gene expression regulation
tools requires powerful in vivo characterization systems. Differences in testing setups hinders
direct comparison of editing efficiencies or expression change. For instance, the vast majority of
studies assessing the activity of genome editing tools in yeast present gene editing efficiencies
as number of edited colonies over number of obtained colonies per transformation (90, 171,
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120), obviating the number of obtained colonies. Moreover, in multiple occasions, results from
transformations incorporating selection markers are directly compared to transformations
without selection (94). Standardized characterization systems or the inclusion of control
proteins should be a staple in the assessment of the activity of novel proteins, as done when
assessing the silencing activity of Cas12m in yeast (Chapter 4).

As shown in this thesis, characterization of novel Cas12 variants has yielded multiple variants
with low or no activity in eukaryotic systems. The wide variety of systems and sequences
available allows for big assessment programs in which more than a handful of proteins are
simultaneously tested for desired activity in such systems. However, this requires a certain
degree of automatization and standardization not available in all laboratories. Eukaryotic
cell-free systems could help in the future to speed-up initial screening programs (273, 500).
Moreover, to date several Cas12 variants have been engineered to increase their activity
in eukaryotic systems. For instance, Cas12b or Cas12f1 variants required rational protein
engineering approaches or underwent laboratory evolution programs to show detectable
activities in human cells (132, 152). High-resolution cryo-EM structures or crystal structures of
Cas12 variants can also provide information at the level of residue interaction with the guide
sequences or the target DNA. Following this approach, guide RNAs as well as protein domains
can be, to some extent, rationally engineered. For instance, the DNA interaction domains of
several Cas12f1 variants have been engineered by incorporation of several positively charged
amino acids to presumably increase protein:DNA and/or RNA affinities (297).

Increasing fundamental knowledge on Cas12 variants should enlarge the list of available
genome editing and regulation tools in S. cerevisiae and other yeasts. Moreover, diversity
of Cas systems and, specifically, of Cas12 systems ensures the future characterization of
novel Cas effectors useful for genome editing or other applications. Knowledge sharing
regarding positive or negative results on the application of novel genome editing tools would
also considerably speed up the development of novel tools. These tools should then help
shortening strain building programs focused on the industrial use of S. cerevisiae and non-
model yeasts.

8.5 Conclusion

Evolution has provided a wide range of CRISPR-Cas effectors which can be eventually used
as genome editing tools. Fundamental research on the functionality of these effectors is key
for their application in different organisms. However, application of novel genome editing tools
in different organisms can be challenging. Organisms-dependent conditions might alter the
functionality of the implemented tools. In the case of CRISPR-Cas systems, this can lead to
lack of activity of the implemented tools. Bigger screening programs with simultaneous testing
of multiple Cas effectors might increase the chance to find active variants in the organism we
want to modify. Rational protein engineering approaches or laboratory evolution strategies
can improve Cas effector activities. Undoubtedly, a lot more CRISPR-Cas based applications,
in many more organisms, are still to come.
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OVERVIEW OF COMPLETED TRAINING ACTIVITIES

Name of the course/meeting Organizing institute (s) Year
Discipline specific activities

Genome Editing and synthetic biology VIB 2018

MIB Centenial Symposium Laboratory of Microbiology (WUR) 2017

Yeasterday Delft University of Technology 2018

Yeasterday Groningen University 2019

Genome Engineering: CRISPR Frontiers  Cold Spring Harbor Laboratory 2020

Consortium meetings (NWO-BBol) Delft University/DSM/WUR 2017, 2018, 2019
Training period at laboratory Delft Industrial Microbiology Research 2020
University Section
wAGOningen 2019 Laboratory of Biochemistry (WUR) 2019
FEMS Yeast Research Webinar on FEMS 2021
Genomic Insights into Yeast Diversity
and Evolution, FEMS Microbiology
Letters in Educating in a pandemic and
beyond
5th Applied Synthetic Biology Europe TUD 2020
1st International BioDesign Research Stanford University, the University 2020
Conference of Warwick, and BioDesign
Research (BDR)
GE helathcare AKTA introduction GE Healthcare - WUR 2019
CRISPR meeting Institut Pasteur 2021
General courses
VLAG PhD week VLAG 2018
PhD competence assessment WGS 2018
Brain training WGS 2018
PhD carousel WGS 2018
Reviewing a Scientific Manuscript WGS 2019
Infographics and lconography WGS 2019
Scientific Writing WGS 2021
Presenting with Impact WGS 2021
Bioinformatics with Linux and Python WIMEK, WUR 2020
Introduction to Python Datacamp 2020
Other activities
Preparation of research proposal Laboratory of Microbiology (WUR) 2018
Weekly group meetings Laboratory of Microbiology (WUR) 2018-2022
PhD meetings Laboratory of Microbiology (WUR) 2018-2022
MSc in teaching UNIR 2019-2021
Organization of student Thesis Rings Laboratory of Microbiology (WUR) 2018-2021
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