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INTRODUCTION

Nowadays, DNA sequencing technologies enable rapid sequencing of
complete genomes within a few days. However, our abilities to manipulate
DNA sequences in vivo in order to understand or change biological traits or
functions are lagging behind due to lack of available molecular tools for
genome manipulation. Naturally occurring or engineered homing
endonucleases, ZFN or TALEN meganucleases that introduce double stranded
breaks (DSBs) in DNA and trigger repair mechanisms that may result in gene
knock-outs/knock-ins appeared as first promising genome editing tools.
However, development of these proteins for precise genome manipulation
requires extensive protein engineering for reprogramming of the amino acid
code for a specific DNA sequence and often results in tools with low
reproducibility, efficiency and specificity (Carroll, 2014; Porteus, 2016).

The recent development of the Cas9 technology revolutionized the
genome editing field. As with the most revolutionary discoveries, Cas9
nuclease genome editing technology started by trying to answer fundamental
biological questions that were not directly related to genome manipulation. In
2007, CRISPR (clustered regularly interspaced short palindromic repeats)-Cas
(CRISPR associated) systems emerged as a novel bacterial defense system
against viruses and plasmids (Barrangou et al., 2007). Soon it was revealed that
CRISPR-Cas systems use small RNA molecules called CRISPR RNA
(crRNA) to guide ribonucleoprotein complexes to foreign nucleic acids and
trigger their degradation (Brouns et al., 2008). RNA-based recognition of
foreign nucleic acids through the Watson-Crick type base pairing, offered
unprecedented opportunity for adaptation of such systems for genome editing.
Type Il CRISPR-Cas systems emerged as most promising candidates, because
of the relatively simple CRISPR-Cas locus composition (Makarova et al.,
2015). It turned out that Type Il systems require a single Cas9 protein bound to
a dual crRNA:tracrRNA (trans-activating crRNA) molecules for destruction of
foreign DNA (Deltcheva et al., 2011; Sapranauskas et al., 2011). The crRNA is
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used as guide for DNA targeting while tracrRNA is involved in bacterial
RNase |11 dependent pre-crRNA maturation.

DNA target recognized by the Cas9 complex is composite and is
comprised of DNA sequence (protospacer) complementary to the spacer
component of crRNA and short adjacent sequence termed PAM (protospacer
adjacent motif) that is absolutely required for efficient DSB formation
(Garneau et al., 2010; Sapranauskas et al., 2011). PAM sequence is recognized
by the Cas9 protein and is uniquely associated with each Cas9 protein.

These fundamental studies of Type Il CRISPR-Cas systems in bacteria
set the stage for the genome editing experiments in eukaryotes. This coincides
not only with the start and focus of the project (with the continuously adjusting
aims) described in this PhD thesis but also with the dawn of Cas9-initiated
CRISPR craze that resulted in the one of the biggest discoveries in molecular

biology.

The aims of this study were:

1. To identify molecular components required for the activity of Cas9
complex from Streptococcus thermophilus DGCC7710 CRISPR3-Cas
system;

2. To probe whether the Cas9 complex from S. thermophilus DGCC7710
CRISPR3-Cas system can be used for targeted DNA cleavage in vitro and
in vivo;

3. To establish the mechanism for Cas9 DNA binding and target sequence
recognition;

4. To develop an experimental assay for rapid PAM characterization of
newly identified Cas9 variants;

5. To validate the PAM identification assay for characterization of a novel

Cas9 protein identified in Brevibacillus laterosporus SSP360D4.
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Scientific novelty.

In this work, for the first time we identified all molecular components
required for an assembly of the functional Cas9 complex of S. thermophilus
CRISPR3-Cas system and demonstrated targeted DNA cleavage by the
reconstituted Cas9 complex in vitro and in vivo. More specifically, we showed
for the first time that Cas9 complex can be used as a tool for DNA cloning and
targeted genome editing by chemical transfection of the in vitro assembled
Cas9 ribonucleoprotein complex into the cells. Aiming to understand the
molecular mechanism governing DNA recognition and cleavage by the Cas9
complex, we analyzed mechanism of R-loop formation and provided first
direct evidence for directional R-loop formation, starting from PAM
recognition and expanding toward the distal protospacer end. Realizing the
importance of PAM sequence for Cas9 function, we developed an assay for
rapid PAM identification for newly identified Cas9 proteins and characterized
Type 11-C Cas9 protein of Brevibacillus laterosporus, expanding Cas9 toolbox

for genome editing applications.

Practical value.

The Cas9-based CRISPR-Cas system recently emerged as a versatile
molecular tool for genome manipulation. In contrast to previously used
platforms (homing endonucleases, ZFNs and TALENs) where DNA
recognition is governed by protein-DNA interactions, Cas9 RNA-guided
nucleases offer more robust and easy reprogrammable tool that recognizes the
DNA target through the Watson-Crick base pairing of crRNA and DNA. We
show here that basic studies of Cas9 protein provided in this thesis can be
translated to the genome editing applications. Furthermore, we provide a
universal in vitro method for the simultaneous examination of guide RNA and
protospacer adjacent motif (PAM) requirements, allowing expansion of Cas9
toolbox for genome targeting by utilizing orthogonal Cas9 proteins. These
results contribute to the recent genome targeting technological breakthrough

based on Cas9 technology.
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The major findings presented for defense in this thesis:
1. crRNA and tracrRNA are required for Cas9 complex from S.

thermophilus CRISPR3-Cas system activity;

2. Invitro assembled Cas9 complex is capable to cleave target DNA in vitro

and in vivo;

3. PAM sequence is used as a binding and R-loop priming site by Cas9
complex followed by unidirectional crRNA hybridization to target DNA;

4. Rapid PAM characterization assay was developed,;

5. Cas9 protein from B. laterosporus recognizes a novel NNNNCNDD

PAM sequence and can be used as a tool for genome editing.
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LITERATURE OVERVIEW

1.1. Development of genome editing technologies

A recent technological breakthrough in the field of DNA sequencing
allowed the determination of complete genome sequences for a wide variety of
organisms. This was the first necessary step for search of thorough
understanding of complex genetic functions that define living organisms. To be
able to do extensive characterization and analysis of biochemical processes
taking place in living cells it is required to link genetic sequence with encoded
information and function. This depth of understanding would be greatly
facilitated by technologies that allow to easily manipulate genomes in a truly
precise fashion.

Early attempts to introduce exogenous DNA into organisms were carried
out in the 1970s. Methods developed to manipulate DNA molecules in vitro
and in vivo using restriction enzymes and basic cloning procedures led to the
first genetically modified organism (GMO) (Cohen et al., 1973). Construction
and transformation of the plasmid encoding kanamycin resistance gene to E.
coli cells, allowed bacteria to survive in the presence of antibiotic. Soon
thereafter, ribosomal RNA coding gene from Xenopus laevis was transferred to
E. coli in the form of an engineered plasmid (Morrow et al., 1974). This was
the first GMO expressing a gene of another organism belonging to a different
kingdom. The first genetically modified animal was created by injecting
Simian virus SV40 viral DNA into mouse blastocysts. Analysis of DNA
extracted from animals derived from these cells showed that SV40 specific
DNA was present in some organs in 40% of the adult survivors (Jaenisch and
Mintz, 1974). However, in these trials no exogenous DNA was passed to
offsprings showing that no DNA integration occurred in germ line cells.
During the following few years, this issue was resolved by introducing
exogenous genetic material using Moloney murine leukemia viruses (Jaenisch,
1976, 1977).
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All the above described cases were the first attempts to introduce DNA
into cells in a basically uncontrollable fashion. The first attempt of precise
genome modification was in 1985 using human cells (Smithies et al., 1985).
Authors were able to replace HBB gene in somatic human cells in the targeted
fashion, using endogenously existing homology directed repair (HDR)
mechanism. However this approach was very inefficient. Only small fraction
of cells (10°-107) contained desired mutation (Capecchi, 1989) complicating
wider adaptation of this method.

The breakthrough to exogenous DNA transfer became realization, that
targeted double strand breaks (DSBs) greatly facilitated DNA repair
mechanisms in yeast (Rudin et al., 1989) and mammalian cells (Rouet et al.,
1994). Briefly, cells contain two DSB repair pathways: non-homologous end
joining (NHEJ) and HDR (Wyman and Kanaar, 2006) (Figure 1). NHEJ
simply joins broken DNA strands, often creating small insertions and deletions
(INDELSs). HDR, on the other hand, precisely repairs DSB, by replacing the
broken region using homologous template. So induction of DSBs in cells
triggers both targeted mutagenesis and gene repair if homologous template is
present. Proof of principle was shown by an experiment, where defective
reporter gene containing 18 bp long recognition sequence of homing
endonuclease I-Scel from Saccharomyces cerevisiae was integrated into a
mouse cell genome (Choulika et al., 1995; Rouet et al., 1994). After that,
introduction of I-Scel into cells with a donor DNA plasmid containing intact
gene resulted in cells with corrected gene due to I-Scel induced homologous
recombination between donor plasmid and defective chromosomal locus. Even
though this approach to edit genome using naturally occurring endonucleases
with long DNA recognition sequences was a very powerful method, but the
limitation to use such enzymes to cleave any desired locus restricted broader
practical applications. Instantly the efforts were shifted to develop the tools
allowing to introduce DSBs precisely at the natural sites in complex genomic
DNA, so a new era of programmable nucleases development began. So far,

there are developed four major scaffolds of programmable nucleases: homing
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Figure 1. A schematic representation of DNA double strand break (DSB) repair. DSBs
induced by nucleases can be repaired using two DSB repair pathways. In the error-prone
NHEJ pathway, the ends of a DSB are processed by endogenous DNA repair machinery and
rejoined, resulting in random INDEL mutations. INDELSs introduced within the coding region
of a gene can lead to frameshifts resulting in a premature stop codon. Alternatively, in the
HDR pathway DSB can be repaired by replacing the broken region using homologous repair
template. Therefore, precise point mutations or insertions from a single-stranded or double-
stranded DNA donor template can be introduced.

endonucleases from bacterial mobile genetic elements (Smith et al., 2006), zinc
finger (ZF) nucleases (ZFNs), derived from eukaryotic transcription factors
(Bibikova et al., 2001, 2002, 2003; Kim et al., 1996), transcription activator-
like effector (TALE) nucleases (TALENS), from Xanthomonas bacteria (Boch
et al., 2009; Christian et al., 2010; Miller et al., 2011; Moscou and Bogdanove,
2009) and the most recent the CRISPR-Cas RNA-guided nucleases from
bacterial adaptive immune system (Cong et al., 2013; Gasiunas et al., 2012;
Jinek et al., 2012, 2013; Mali et al., 2013a; Zetsche et al., 2015a).

1.1.1. Homing endonucleases

Homing endonucleases (meganucleases) are sequence-specific
endonucleases recognizing large (>12 bp) sequence sites. These enzymes are
derived from a large class of mobile genetic elements (introns and inteins) that
catalyze their own propagation using induced DSBs at a specific genomic
locus in which the mobile element is absent, followed by duplication after
HDR (Chevalier and Stoddard, 2001; Jurica and Stoddard, 1999).
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Until now, five homing endonuclease families were characterized on the
basis of conserved protein motifs (Stoddard, 2006, 2011). Most widespread
and best characterized is LAGLIDADG family. The name of this family
corresponds to a short amino acid sequence (motif) which is found in all of the
proteins of this family. LAGLIDADG endonucleases exist both as homodimers
(where the two identical protein subunits are each 160 to 200 residues in size)
and as monomeric proteins where a tandem repeat of two LAGLIDADG
domains is connected by a variable peptide linker (their individual domains are
often only 100 to 120 residues in size). While homodimeric LAGLIDADG
enzymes recognize palindromic or near palindromic sequences (e.g. 1-Crel),
monomeric proteins (e.g. I-Scel) can recognize fully asymmetric DNA target
sites (Stoddard, 2011). LAGLIDADG endonucleases contain a conserved core
structure, characterized by a appoppa fold, which is unique for these proteins.
Typically, two oappoappa folds are facing each other across a twofold
symmetrical or pseudo-symmetrical axis and both contribute to the active
center, thus leading to tight connection between target binding and cleavage

activities (Figure 2A and B). The B-sheets are organized in a saddle shaped pair
A

Figure 2. Homing endonucleases from LAGLIDADG family (A) Structure of I-Crel
homodimer bound to target DNA (indicated in red) (PDB id: 1G9Y). Homing endonuclease
domains are shown in grey with blue p-sheets showing DNA binding saddle. (B) Schematic
representation of LAGLIDADG family meganuclease bound to target DNA. DNA cleavage
position is indicated by black triangles
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of hairpins, which are located above the DNA major groove, and are
responsible for specific DNA recognition (Paques and Duchateau, 2007).

During 1990s several hundreds of homing endonucleases had been
identified, but still the range of recognizable sequences was way too limited to
address a complexity of genomes. Speculations, that altering DNA recognition
contacts could overcome this issue only shifted the problem to another level —
protein engineering (Paques and Duchateau, 2007). Decades of attempts to
change the substrate specificity of restriction enzymes clearly demonstrated the
complexity of the task (Lanio et al., 2000; Rimseliene et al., 2003; Samuelson
and Xu, 2002).

For reengineering homing endonucleases, three main strategies were
adapted (Stoddard, 2014): altering individual contacts in the protein (Gimble et
al., 2003; Sussman et al., 2004), shuffling the domains from LAGLIDADG
meganucleases family members (Baxter et al., 2012; Smith et al., 2006; Steuer
et al., 2004) or combining both approaches (Gao et al., 2010; Grizot et al.,
2010) followed by complex and laborious in vitro and in vivo experimental
selection. However, the success of these studies has been moderate. The fact
that DNA recognition mechanism cannot be reduced to simple modular code
and that in parallel a more attractive technology based on ZF (described below)
was being developed, failed to ensure popularity of these enzymes in genome
editing field, although biotechnology companies like Cellectis Bioresearch,
Pacific Biosciences and academic groups continue to develop this system
(Porteus, 2016).

1.1.2. ZFNs

ZFN are engineered proteins, but they originated from the natural
components: zinc finger (ZF) proteins and Fokl endonuclease. In early 1990s
investigators discovered, that Type Il restriction endonuclease Fokl contains
two distinct and separable sequence-specific DNA binding and cleavage

domains (Li et al., 1992). This observation led to a hypothesis that novel
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cleavage specificities could be obtained by linking nonspecific Fokl DNA
cleavage domain to alternative DNA binding modules. Few years later, first
active chimeric nuclease was engineered by fusing Drosophila Ultrabithorax
homeodomain with cleavage domain from Fokl nuclease (Kim and
Chandrasegaran, 1994), demonstrating the possibility to design nucleases with
altered specificities.

Meanwhile, the story of another component began in early 1980s. It was
shown, that immature oocytes of Xenopus laevis store 5S RNA molecules in
the form of 7S ribonucleoprotein (RNP) particles (Picard and Wegnez, 1979).
Soon, it was identified, that protein in the complex is transcription factor 1A
(TFIHIA) (Pelham and Brown, 1980). Biochemical studies of TFIIIA identified
repeating 30 amino acids motif within the protein responsible for binding
DNA, which was called zinc finger (ZF) motif, because it contained bound
zinc (Zn) (Miller et al., 1985). This new fold offered a novel principle of DNA
recognition that was distinct from helix-turn-helix motif found in the first DNA
interacting proteins described. Most often, the latter bind to DNA as symmetric
dimers, thus recognizing palindromic DNA sequences (Klug, 2010). In
contrast, ZF proteins bind to variable length DNA in linear and polar fashion.
The modular design of ZF proteins offers a vast number of combinatorial
possibilities to bind specific DNA targets. Therefore, it is not surprising that
these proteins are abundant in eukaryotic sequence specific transcription
factors and represents the second most frequently encoded protein family in
human genome (~3% of genes contain ZF motif) (Gaj et al., 2013; Klug,
2010).

Despite the extensive biochemical characterization of ZF proteins, the
precise amino acids responsible for specific binding to DNA remained
unknown. The breakthrough to understand how the ZF proteins recognize
DNA targets was the solved crystal structure of the mouse Zif268 transcription
factor bound to DNA (Pavletich and Pabo, 1991). Zif268 DNA binding domain
consisting from three zinc fingers confirmed the modularity of recognition and

the coordination of a single Zn atom by two histidine and two cysteine residues
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(Cys,-His, matif) in each finger domain (Figure 3A and B). It was shown that
the dominant contacts with three consecutive bases in the same DNA strand are
formed with o helix, which is positioned in the DNA major groove binding to
DNA by three amino acids at -1, 3 and 6 helical positions (Figure 3A). Two
years later, another solved structure of ZF protein bound to DNA revealed
additional minor contact made from amino acid at helical position 2 to the
adjacent base of the other DNA strand (Fairall et al., 1993) (Figure 3A). The
most important discoveries here were that each DNA base was recognized by
single amino acid and every ZF functions as a mostly independent module that
recognizes DNA triplet (Figure 3A and B). By rational design (Desjarlais and
Berg, 1992) or advanced phage display library screening approaches (Choo
and Klug, 1994) researchers started to engineer ZF proteins resulting in the
first active ZF protein with altered substrate specificity in 1994 (Choo et al.,
1994). Three finger peptide was engineered to bind to unique 9 bp region of
the oncogenic p190 bcr-abl fusion gene, originated from translocation of 9 and
22 chromosomes tips, resulting fusion between parent bcr and abl genes (Choo
et al., 1994). Mouse cells harboring bcr-abl oncogene transfected with vector
expressing ZF peptide showed reduced expression of bcr-abl, due to
transcriptional block imposed by specific binding of the ZF protein. In
addition, authors fused the same ZF peptide with VP16 activation domain from
Herpes simplex virus. Reporter gene expression from the plasmid, containing
promoter with the same ZF recognition sequence, increased by 30 fold after the
transfection of cells with vector encoding ZF-VP16 fusion protein (Choo et al.,
1994), demonstrating that engineered ZF proteins can be used as a guide to
deliver functionally active proteins to specific DNA sequences.

At this point in time, all necessary components for engineering a
programmable nuclease were present: nonspecific DNA cleavage domain from
Fokl endonuclease and modular DNA binding ZF proteins. During the next
few years, first artificial ZFN protein was described (Kim et al., 1996). By
fusing a ZF
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Figure 3. Zinc finger (ZF) nucleases (ZFNs). (A) Single finger motif highlighting
individual residues responsible for contacting DNA bases. Positions —1, 3, and 6 are
responsible for the dominant contacts with three consecutive bases. The residue in position 2
forms additional minor contact with DNA base adjacent to DNA triplet. Coordinated Zn atom
by two histidine and two cysteine residues is visualized as a gray sphere. (B) Structure of
three zinc fingers motifs bound to their target DNA in the major groove (PDB id: 1IMEY).
(C) Schematic representation of ZFNs bound to DNA target. ZFNs have multiple DNA
binding motifs linked in series to create a ZF array. Each array binds a separate half-site
sequence (indicated in red), and a dimeric Fokl nuclease cleaves the DNA within what is
referred to as the spacer region. DNA cleavage position is indicated by black triangles.

protein to Fokl nuclease domain authors were able to demonstrate specific
nuclease activity on the A DNA in vitro and the race to apply them for genome

editing applications had begun. Unfortunately, it took five years to reach this
goal, because of an obstacle that was not known at the time. To efficiently
generate DSB, Fokl nuclease must dimerize (Bitinaite et al., 1998; Wah et al.,
1998). Soon, this requirement was confirmed for Fokl nuclease domains in
ZFN proteins as well (Smith, 2000). It was demonstrated, that for efficient
DSB generation by ZFNs, the substrate with two binding sites in close
proximity (~6 bp) is required. Finally, taking into account the Fokl nuclease
domain dimerization, ZF number and spacer length between ZF binding sites
requirements (Figure 3C), experiments with synthetic extrachromosomal DNA
and designed ZFNs showed efficient cleavage and recombination of DNA in

vivo in Xenopus oocytes (Bibikova et al., 2001). Soon, the first successful
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experiments using ZFN pair designed for a natural genomic target took place.
Both efficient targeted mutagenesis (Bibikova et al., 2002) and gene
replacement (Bibikova et al., 2003) were demonstrated in Drosophila cells.
After showing, that ZFNs can be used for targeted genome editing,
improving the efficiency and specificity became the next main goal for
subsequent work. Even though it was well known, that ZF recognition of 3
nucleotides mostly lies in three main contacts made with residues at -1, 3 and 6
helical positions (Pavletich and Pabo, 1991), initial studies aiming to redesign
ZF ignored additional contact to adjacent nucleotide made from amino acid at
helical position 2 (Fairall et al., 1993) that was shown that it could significantly
contribute to specificity (Isalan et al., 1997, 1998). By redesigning previously
used phage library screening methods, scientists were able to take into account
this interaction and create an archive of ZF proteins that selectively recognize a
vast number of DNA sequences (Isalan et al., 2001). Another step in improving
ZFN technology was increasing the length of recognizable DNA sequences,
thus increasing the rarity of targets in genomic DNA and reducing possible off-
targets. Simple addition of ZF modules to existing three ZF proteins had minor
effect, because the periodicity of ZF modules linked with conventional linkers
does not quite match the periodicity of DNA (Klug, 2010), leading only to the
small increase in binding affinity. By using engineered longer and more
flexible linkers between pre-existing two (Moore et al., 2001) or three finger
peptides (Kim and Pabo, 1998), scientists were able to get an array of up to six
ZF units with drastically increased binding affinity and specificity. During the
next few years the method of choice became engineering ZF proteins by
linking together pre-existing two finger peptides (Klug, 2010), because this
design proved to be more sensitive to the DNA sequence mismatches (Moore
et al., 2001). Possibility to add ZF units in ZFN proteins drastically increased
specificity and reduced off-target cleavage, but in some cases this is not
sufficient (Shimizu et al., 2011). ZFNs toxicity that is related to promiscuous
binding and cleavage in off-target sites could be linked with inadequate

specificity of one ZF protein in ZFNs pair, resulting in homodimerization and

21



undesirable cleavage at off-target sites. Requirement of Fokl nuclease domains
in ZFNs pair to form a dimer, suggested a perfect possibility to overcome this
issue and further refine the system. Redesigning Fokl dimer interface to
prevent homodimer formation, but allowing heterodimerization solved the
problem, but lowered on-target cleavage efficiency (Miller et al., 2007;
Szczepek et al., 2007). Few years later, by improving obligate heterodimer
formation cleavage efficiency was restored (Doyon et al., 2011).

More than twenty years of ongoing ZFNs research and development
made ZFNs a very attractive tool for genome engineering. Until now, more
than 25 species have been genetically modified using ZFNs (Carroll, 2014).
The most notable achievement confirming the maturity of technology is
ongoing Phase I/l clinical trials on ZFN driven CCR5 gene modification in T-
cells of patients that are HIV-infected initiated by Sangamo Biosciences
(Porteus, 2016).

It might look like there is a smooth path from DNA target selection to
genetically modified cell using ZFNs. In reality, considerable proportion of
designed ZFN pairs fail, due to complex protein-protein and protein-DNA
interaction problems (Ramirez et al., 2008). Fortunately, for those who have
only a few DNA targets and an adequate budget, designed ZFNs can be
obtained from Sangamo Biosciences archive marketed by Sigma-Aldrich that
have been extensively tested for activity and specificity. For the rest looking
for an affordable tool, the hope was restored, when alternative technology
based on transcription activator-like effector (TALE) nucleases (TALENS)

emerged.

1.1.3. TALENSs

Naturally, transcription activator-like effectors (TALES) are produced by
plant pathogens from Xanthomonas spp. and was first described as early as
1989 (Bonas et al., 1989). During infection, these proteins enter to the plant
cells using Type Il secretion pathway. Inside the cells, TALES imported to the
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nucleus bind to specific DNA targets and activate gene expression resulting in
increased plant susceptibility to colonization by pathogen (reviewed in Boch
and Bonas, 2010).

The most interesting feature of TALE proteins are its modular DNA
binding motifs, which consist of as many as 30 repeats of 33-35 amino acids
(Figure 4A and B). Each repeat is highly conservative except for hypervariable
adjacent amino acids at position 12 and 13. These repeat variable di-residues
(RVDs) are responsible for specific single DNA base recognition (Boch et al.,
2009; Moscou and Bogdanove, 2009). Later, crystal structures of TALES
bound to DNA revealed, that only 13" residue makes base specific contact
from major DNA groove, while 12" residue stabilizes the RVD containing
loop, between two helices (Deng et al., 2012; Mak et al., 2012) (Figure 4A and
B). Thus, in contrast to ZF proteins, where each finger dominantly recognizes
three DNA bases, TALE repeats interact with DNA in one to one fashion (one
TALE repeat recognizes one base pair).

After identification and characterization of TALE DNA recognition code,
the analogy to ZF DNA recognition became obvious, and it was a matter of
time when TALE DNA binding arrays would be fused with Fokl nuclease.
Almost twenty years of pioneering work developing ZFNs helped
tremendously and it took only more than a year before TALE fusion proteins
with Fokl were produced showing engineered TALE nucleases (TALENS) pair
ability to induce DSB in vivo (Christian et al., 2010; Li et al., 2011; Miller et
al., 2011). However, in contrast to ZF proteins that can bind DNA without any
additional motifs, assembled TALE modules require additional protein
sequences on both sides of the TALE array (Christian et al., 2010; Miller et al.,
2011) (Figure 4C). Upstream of the TALE binding domain there is a
requirement for protein motifs that form pseudo repeats involved in making
contacts with T base (Mak et al., 2012). C-terminal end of the TALE array
contains half repeat followed by additional residues from natural TALE
protein. These requirements determine DNA sequences that can be efficiently

targeted with TALENS. Therefore, to allow dimerization of Fokl nuclease, two
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Figure 4. Transcription activator-like effector (TALE) nucleases (TALENS). (A) Single
TALE motif highlighting repeat variable di-residues (RVDs) responsible for specific single
DNA base recognition. 13" residue makes base specific contact from major DNA groove,
while 12" residue stabilizes the RVD containing loop. (B) The crystal structure of TAL
effector PthXol bound to its DNA target (PDB id: 3UGM). (C) Schematic representation of
TALENSs bound to DNA target. TALE array with additional protein sequences on both sides
forms DNA binding module that is linked with Fokl nuclease. Each TALEN binds separate
half-site sequence (indicated in red), and a dimeric Fokl nuclease cleaves target DNA
(cleavage position is indicated by black triangles).

opposite orientation DNA binding sites separated by 12-20 bp are required.
Longer 12-20 bp spacer for TALENS pair versus 5-7 bp for ZFNs is the result
of additional protein sequences between TALE array at C-terminal end and
Fokl nuclease domain. Furthermore, each DNA target should start with T
nucleotide, followed by 15-21 bp sequences to promote efficient binding by
TALE DNA recognition array (Christian et al., 2010; Miller et al., 2011).
Although, single base discrimination without crosstalk between adjacent
protein repeats offered greater ease and flexibility to design TALE arrays for
novel DNA targets than with ZF proteins, but highly repetitive nature of these
proteins raised new technical DNA assembly challenges. To overcome this
issue, different strategies were adapted that can be grouped into four
categories: standard restriction and ligation based cloning, solid phase
assembly, "Golden Gate" cloning and commercial DNA synthesis (reviewed in
Joung and Sander, 2013). For those, not interested in designing TALENS,

companies like Cellectis Bioresearch, Thermo Fisher Scientific and
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Transposagen Biopharmaceuticals offer custom TALENs construction.
However, the complexity of protein engineering leads to the fact that on
average only one third of engineered TALEN pairs shows reasonable activity
at their intended target sites (Porteus, 2016).

Experience in developing ZFNs for genome editing greatly facilitated
TALENS evolution and soon this technology became the method of choice. In
all organisms tested, TALENs proved to be similar or more efficient than
ZFNs (Carroll, 2014; Segal and Meckler, 2013). Ongoing preparations to enter
Phase I clinical trials for immunotherapy using UCART19 T-cells (developed
by Cellectis Bioresearch using TALENSs) to treat CD19" B-cell leukemia
shows the potential of this technology.

One major problem of all the aforementioned genome editing
technologies is their DNA recognition that depends on protein sequence.
Because of this, event after thorough protein design and synthesis it is
necessary to extensively validate the activity in vitro and in vivo conditions,
because it may vary in unpredictable ways. This leads to the construction of
multiple sets of proteins, for the same locus to be targeted, resulting in genome
editing experiments that are very complex, costly and time consuming. In
2012, no one even imagined that these problems soon will become history,
after a new player called Cas9 from CRISPR-Cas bacterial adaptive immune

system emerged.

1.1.4. CRISPR-Cas RNA-guided nucleases

The story of adaptable immunity system in prokaryotes composed of
clustered regularly interspaced short palindromic repeats (CRISPR) and
CRISPR associated (cas) genes (Figure 5), began in 1987, when first
observation of CRISPR locus in E. coli genome were described (Ishino et al.,
1987) and later in other organisms as well (Jansen et al., 2002; Mojica et al.,

1993, 1995, 2000), but the function of these systems remained unknown.
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Figure 5. Schematic representation of CRISPR-Cas system. Usually, cluster of cas genes
(represented by arrows) is located in the vicinity of CRISPR region, consisting of repeat
sequences (represented by diamonds) interspaced by spacers (represented by boxes). Spacer
sequences are originated from invading nucleic acids, where they are termed protospacers.
Protospacer adjacent motif (PAM) is located in the vicinity of protospacer.

In 2005, after observation that non-repetitive sequences between repeats,
termed spacers, match DNA sequences of phages and conjugative plasmids
(Figure 5), the first hypotheses that these systems could be involved in RNA-
guided adaptive immunity emerged (Bolotin et al., 2005; Makarova et al.,
2006; Mojica et al., 2005; Pourcel et al., 2005). It took two years to
experimentally demonstrate, that phage-sensitive Streptococcus thermophilus
strains acquire immunity against phages when new phage derived spacers in
pre-existing CRISPR locus were inserted (Barrangou et al., 2007). The central
role of CRISPR RNA (crRNA) in this RNA-guided defense system was
revealed shortly thereafter (Brouns et al., 2008).

Basically, the mechanism of action of CRISPR-Cas system can be
divided into three stages: adaptation (spacer acquisition), crRNA biogenesis
and interference (Figure 6). During adaptation, new spacers are selected from
foreign nucleic acid and integrated in the CRISPR locus. Precursor CRISPR
RNA (pre-crRNA) is then transcribed and further processed into smaller
crRNAs, each containing a single or a part of the spacer adjacent to a repeat
derived sequence or flanked by them. Matured crRNAs form ribonucleoprotein
complexes with single or multiple Cas proteins, that recognize foreign nucleic

acid by base pairing with crRNAs and triggers its degradation by Cas
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Figure 6. Schematic representation of CRISPR-Cas mechanism. The CRISPR-Cas
system mechanism can be divided into three stages: adaptation, crRNA biogenesis and
interference. During adaptation, Cas proteins recognize invasive nucleic acid (NA) and
integrate short pieces of foreign DNA into the CRISPR region as new spacers. In the crRNA
biogenesis stage, the CRISPR repeat-spacer array is transcribed into a long primary RNA
transcript (pre-crRNA) that is further processed into a set of small crRNAs, containing a
conserved repeat fragment and a variable spacer sequence (guide) complementary to the
invading nucleic acid. crRNAs further combine with Cas proteins into an effector complex. In
the interference stage, the effector complex recognizes the target sequence in the invasive
nucleic acid by base pairing and induces sequence specific cleavage, thereby preventing
proliferation and propagation of foreign genetic elements. Adapted from Gasiunas et al.,
2013.

nucleases, resulting in aborted proliferation of foreign genetic elements (van
der Oost et al.,, 2014; Wright et al.,, 2016). Extensive identification and
characterization of CRISPR-Cas systems using bioinformatic and experimental
approaches revealed the remarkable diversity of these systems. The most
recent classification defines two classes, six types and 19 subtypes (Makarova
et al., 2015; Shmakov et al., 2015). Despite this diversity, Cas proteins might
be grouped into two main functional modules: adaptation module, which is
responsible for spacer acquisition, and effector (interference) module, which,

guided by crRNA recognizes and degrades foreign nucleic acids (Makarova et
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al., 2015; Shmakov et al., 2015). The adaptation module consists of relatively
conserved Casl and Cas2 proteins and share many common mechanistic
features across different CRISPR-Cas systems. The effector module, on the
other hand, shows extreme diversity. Thus, the recently introduced grouping of
CRISPR-Cas systems into two classes are based on the effector modules. Class
1 group comprises CRISPR-Cas types with effector modules consisting of
large multi-protein complexes: Cascade (CRISPR-associated complex for
antiviral defense) accompanied with Cas3 protein to degrade DNA in Type |,
Csm or Cmr in Type Ill, and putative interference complex from Type IV
systems (Brouns et al., 2008; Hale et al., 2008, 2009; Kazlauskiene et al., 2016;
Makarova et al., 2015; Marraffini and Sontheimer, 2008; Mulepati and Bailey,
2013; Sinkunas et al., 2011, 2013; Tamulaitis et al., 2014; Westra et al., 2012).
In contrast, effector modules from Class 2 group consist of single Cas proteins:
Cas9 in Type II, recently discovered Cpfl, C2cl or C2c3 in Type V, and C2c2
in Type VI (Abudayyeh et al., 2016; Gasiunas et al., 2012; Jinek et al., 2012;
Sapranauskas et al., 2011; Shmakov et al., 2015; Zetsche et al., 2015a). So,
Class 2 CRISPR-Cas systems contain the simplest effector modules that have
the potential to be easily designed for targeted DNA destruction and the
development of bacterial Type Il and V CRISPR-Cas RNA-guided nucleases
to genome editing tools perfectly illustrates that.

After the initial experiments, demonstrating CRISPR-Cas immunity in
action (Barrangou et al., 2007), the focus was shifted to understand how these
systems work. Soon, by studying Type Il CRISPR-Cas mediated plasmid
interference in S. thermophilus scientists were able to capture linear DNA
plasmid cleavage products. After sequencing and identification of blunt end cut
3 nt upstream of the DNA target 3’-end it was confirmed that Type 11 CRISPR-
Cas system guided by RNA creates DSBs in target DNA (Garneau et al.,
2010). Another unexpected key discovery came from a study focused on
profiling S. pyogenes CRISPR-Cas regions expression using differential RNA
sequencing. In addition to ~42 nt length crRNAs, consisting of 20 nt spacer

derived 5’ guide sequence and 22 nt repeat derived 3’ sequence, additional
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species of RNA molecules adjacent to the CRISPR-Cas locus were identified.
These RNAs, named tracrRNAs (trans-activating crRNAS), contained
sequence stretch with almost perfect complementarity to CRISPR repeats,
suggesting base pairing between two RNA species. Experiments that followed
confirmed formation of duplexes between tracrRNAs and precursor crRNAS
(pre-crRNAS) that were further processed by endogenous RNase Ill, and after
an additional crRNA’s 5’-end trimming, resulted in matured forms of ~42 nt
length crRNASs and ~75 nt length tracrRNAs (Figure 7). In agreement, genetic
deletion experiments confirmed not only Cas9 and crRNA, but additionally
tracrRNA and RNase Il involvement in Type Il CRISPR-Cas system DNA
interference function in vivo (Deltcheva et al., 2011). Few months later another
study came out regarding Type Il systems. Scientists transferred entire S.
thermophilus CRISPR-Cas locus with flanking sequences to distant E. coli
bacteria and this proved to be sufficient to ensure DNA interference in the
remote host (Sapranauskas et al., 2011). Additionally, it was shown that Cas9
is the only protein from entire CRISPR-Cas system required for the
interference and mutations in Cas9 HNH or RuvC active sites abolishes this
effect. Also, using plasmid interference assay, researchers experimentally
confirmed the requirement of the short sequences (2-5 nt) adjacent to the DNA
targets 3’-ends, termed PAMs (protospacer adjacent motifs) for efficient DNA
interference (Sapranauskas et al., 2011). These sequences were identified
earlier by analyzing DNA targets matching spacer sequences in CRISPR arrays
(Bolotin et al., 2005; Deveau et al., 2008; Horvath et al., 2008; Mojica et al.,
2009) and provide discrimination between self and non-self DNA.

Eventually all necessary puzzle components were characterized and
identified: Cas9 nuclease, crRNA and tracrRNA. It became a matter of time to
demonstrate the ability of this system to cleave DNA in vitro and in vivo.
Finally, in 2012 two independent studies showed that Cas9 can be used to
cleave DNA in vitro (Gasiunas et al., 2012; Jinek et al., 2012). S. thermophilus

Cas9 complex purified from E. coli cells (Gasiunas et al., 2012) and
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Figure 7. Schematic representation of Type Il CRISPR-Cas system crRNA maturation
and Cas9 effector complex assembly. In Type Il CRISPR-Cas systems additional RNA
molecule, termed tracrRNA, is required for pre-crRNA maturation. tracrRNA binds with
almost perfect complementarity to each repeat sequence in pre-crRNA transcript. Resulting
repeat-tracrRNA duplexes are recognized and cleaved by host RNase Ill in the presence of
Cas9 (first processing event). crRNA undergo further trimming at the 5'-end by unidentified
nuclease to produce mature Cas9 effector complex (second processing event).

S. pyogenes Cas9 complex assembled from separate components in vitro (Jinek
et al., 2012) efficiently generated DSBs 3 nt upstream of the PAM sequence,
confirming the observation from the data obtained in in vivo studies (Garneau
et al., 2010). For the cleavage to take place, both crRNA and tracrRNA were
required — 20 nt length 5’-end of the crRNA for base pairing with target DNA
while 22 nt of 3’-end for duplex formation with tracrRNA to promote efficient
complex formation. By fusing those into single-guide RNA (sgRNA) scientists
were able to further simplify the system (Jinek et al., 2012). Cas9 complex
recognizes DNA targets through Watson-Crick base pairing between guide
RNA and DNA, thus by changing guide RNA sequences both studies were

able to successfully reprogram Cas9s to cleave novel DNA targets (Gasiunas et
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al., 2012; Jinek et al., 2012). In addition, mutating HNH and RuvC active sites
revealed that each domain is responsible for cleaving opposite DNA strands —
HNH cleaves complementary to crRNA DNA strand, while RuvC cuts
displaced DNA strand. As a result, mutations in either one of the Cas9 active
sites converted Cas9 endonuclease into a nickase (Cas9n) (Gasiunas et al.,
2012; Jinek et al., 2012). At this point researches realized that Cas9 could
potentially be the powerful new tools in genome editing field, but the fact that
bacterial Cas9 protein could work in large and complex eukaryotic genome
raised some concerns (Barrangou, 2012). Nevertheless, after few months all
skepticism was dispersed when the first studies demonstrated that S. pyogenes
Cas9 complex could be effectively used as a genome editing tool in human
(Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013a), mouse (Cong et al.,
2013; Wang et al., 2013), zebrafish (Chang et al., 2013; Hwang et al., 2013),
yeast (DiCarlo et al., 2013), bacteria (Jiang et al., 2013) and plant (Nekrasov et
al., 2013) cells. Additionally, catalytically inactive Cas9 (dCas9) with sgRNA
has been used as a programmable DNA binding scaffold. Using dCas9 with
SgRNA investigators were able to sterically hinder RNA polymerase binding
sites leading to the downregulated gene expression in bacteria (Bikard and
Marraffini, 2013; Qi et al., 2013). Also, by fusing dCas9 with effector domains
it was demonstrated the ability to address these proteins using sgRNA to
specific DNA loci and induce or repress gene expression (Gilbert et al., 2013;
Maeder et al., 2013; Perez-Pinera et al., 2013), modify histones or DNA bases
(Hilton et al., 2015; Kearns et al., 2015; Komor et al., 2016; Vojta et al., 2016)
and track DNA location in vivo (Chen et al., 2013). Furthermore, with PAM
providing DNA oligonucleotides Cas9 can be used to bind and degrade RNA
in vitro (O’Connell et al., 2014) or track RNA in vivo (Nelles et al., 2016).
Cas9 was also adapted for systematic genetic analysis. Gene knockout screens
using Cas9 and lentiviral sgRNA libraries in cells followed by high-throughput
SgRNA sequencing after negative or positive selection allowed to identify
genes essential for cell survival in the provided conditions (Koike-Yusa et al.,
2013; Shalem et al., 2014; Wang et al., 2014; Zhou et al., 2014).
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Recently, other Type V CRISPR-Cas RNA-guided nucleases from Class
2 have been used for genome editing in human cells. As Cas9, Type V-A
signature protein Cpfl uses 42-44 crRNA, consisting of 19 nt repeat derived 5’
sequence and 23 nt spacer derived 3’ guide sequence to recognize target DNA
(Zetsche et al., 2015a). By utilizing RuvC and newly identified nuclease
domain, Cpfl makes staggered DSB in PAM dependent fashion that could be
advantageous in some situations over Cas9 that produces blunt ends in target
DNA (Dong et al., 2016; Yamano et al., 2016; Zetsche et al., 2015a).
Furthermore, it was shown that in addition to DNAse activity, Cpfl is also
involved in pre-crRNA maturation. Cpfl cleaves pre-crRNA transcripts
(instead of RNAse Il in Type Il CRISPR-Cas systems) leading to intermediate
crRNAs that are processed further into mature crRNAs (Fonfara et al., 2016).
It is still too early to predict if Cpfl will become as popular as Cas9, but the

resemblance with Cas9 makes it an attractive alternative.

1.2. Comparison of technologies

In order to compare different technologies it is crucial to determine what
features of nucleases are important for genome editing. Ideal nuclease has to
have long target sites (>16 bp to be not found once by chance in human
genome), ability to be easily reengineered, high on-target activity and high
specificity (low or none off-targets). All above described platforms meet the
target site length requirements (homing endonucleases can recognize >16 bp,
ZFN pairs 24-36 bp, TALEN pairs 24-38 bp and Cas9 from S. pyogenes 22
bp). All technologies have more or less comparable on-target activity, reaching
up to 80% editing efficiencies using Cas9 (Zuris et al., 2014), although off-
target activity greatly varies, favoring TALENSs and Cas9 platforms (Porteus,
2016). Another story is the ease of programmability. Despite the fact that
genome editing tools evolution from homing endonucleases to TALENS
dramatically simplified the reengineering of nucleases for novel target sites, it

Is hard to find the simpler alternative for Cas9 complex offered Watson-Crick
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based crRNA and DNA base pairing for target recognition where no protein
engineering is required. As a result, Cas9 based genome engineering
technology became method of choice for practically all laboratories interested

in genome editing.

1.3. Cas9 DNA cleavage mechanism

Rising Cas9 popularity as a genome editing field demanded to understand
the mechanism by which Cas9 complex functions. A number of S. pyogenes
and few other Cas9 structures in different substrate bound state were solved
revealing the basic principles of molecular mechanism of DNA targeting
(Anders et al., 2014, 2016, Hirano et al., 2016a, 2016b, Jiang et al., 2015,
2016; Jinek et al.,, 2014; Nishimasu et al., 2014, 2015). Basically, Cas9
complex consists of nuclease (NUC) and recognition (REC) lobes with nucleic
acids positioned in positively charged groove between them (Figure 8A and B).
NUC lobe composed of HNH and RuvC domains is responsible for DNA
cleavage, and PAM recognition with PAM interacting (Pl) domain. REC lobe
is essential for binding nucleic acids and contains positively charged bridge
helix (BH), connecting two lobes (Anders et al., 2014; Hirano et al., 2016a;
Jinek et al., 2014; Nishimasu et al., 2014, 2015). During target recognition,
Cas9 complex scans double stranded DNA for PAM sequences making
specific protein-DNA contacts before DNA strand separation and R-loop
formation initiation. R-loop is initiated at the PAM proximal nucleotides and
propagates to PAM distal end leading to the both DNA strands cleavage
(Sternberg et al., 2014). A perfect or near perfect complementarity between
guide RNA and DNA is required, with some mismatches tolerated better at
PAM distal end than in the first 10-12 nt from the PAM, named seed region
(Figure 8C) (Cong et al., 2013; Jiang et al., 2013; Jinek et al., 2012; Sternberg
et al., 2014). Recent studies revealed, that Cas9 bends DNA helix by 30°
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Figure 8. CRISPR-Cas9 RNA-guided nuclease. (A) Schematic representation of Cas9
complex bound to target DNA. Cas9 complex consists of nuclease (NUC) and recognition
(REC) lobes with (BH) connecting two lobes. NUC lobe composed of HNH and RuvC
domains is responsible for DNA cleavage, and PAM recognition with PAM interacting (PI)
domain. DNA cleavage position is indicated by black triangles. (B) Structure of S. pyogenes
Cas9 bound to DNA (PDB id: 4UN3). (C) DNA target can be divided into two parts: PAM
sequence (indicated in cyan) and protospacer (indicated in red). PAM is recognized by Cas9
protein (residues located in PI domain make base specific contacts) while protospacer by base
pairing with spacer component of the guide RNA.

providing structural distortion required for R-loop formation initiation (Jiang et
al., 2016). In addition, seed region of guide RNA is positioned in A-form helix
leading to the energetic compensation of dsDNA unwinding and hybridization
to guide RNA (Jiang et al., 2015). Mechanism by which Cas9 is activated to
cleave target DNA might be linked with HNH domain structural flexibility,
since HNH domain position in crystal structures varies and are distant from the
complementary strand cleavage site (Anders et al., 2014; Hirano et al., 2016a;
Jiang et al.,, 2016; Nishimasu et al., 2014, 2015). In agreement, FRET

experiments confirmed HNH domain movement towards scissile phosphate in
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complementary DNA strand after full length heteroduplex formation leading to
the RuvC domain activation and concerted DNA cleavage forming DSB
(Sternberg et al., 2015).

1.4. Off-target cleavage

Initial experiments demonstrating Cas9 ability to be used as efficient
genome editing tool were immediately followed by concerns regarding off-
target cleavage. Early attempts to identify possible off-targets were limited to
the analysis of similar to target sequences that were cleaved by Cas9 complex
in various experimental setups. Thus this type of off-target characterization
was biased by ignoring all available sequences in the genome wide context.
Nevertheless, these experiments revealed that S. pyogenes Cas9 can cleave up
to 5 nt mismatches containing target sites (favoring PAM-distal end) with high
efficiency. Tolerable mismatches were not limited to the spacer sequences but
also for the PAMs, where targets containing non-canonical 5’-NAG-3’ PAM
sequences (compared to canonical 5’-NGG-3") were efficiently cleaved as well
(Fu et al., 2013; Hsu et al., 2013; Mali et al., 2013b; Pattanayak et al., 2013).
To overcome these limitations and get more comprehensive profile of possible
Cas9 induced genome wide off-targets, a number of methods were adapted or
developed (see Table 1). Whole genome sequencing (WGS) is potentially the
least biased method to identify INDELs after NHEJ repair in Cas9 treated
cells, but suffers from the low sensitivity. Available 30-50x read coverage of
the genome after high-throughput sequencing (Tsai and Joung, 2016) allows to
identify off-targets in single-cell clones or non-mosaic F; animals but only
with the limited sensitivity (Smith et al., 2014; Veres et al., 2014). Similar
problems are present in method named digested genome sequencing
(Digenome-seq). In this case purified genomic DNA is cleaved with assembled
Cas9 complex in vitro and sequenced. Those reads that are relatively enriched
possessing the same start or end sequences compared to random DNA breaks

are interpreted as Cas9 cleavage products (Kim et al., 2015, 2016). The
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Table 1. Comparison of methods used in detection of off-target cleavage events.

Method

Details

Reference

Bioinformatic

Allows to identify off-target cleavage events at

Fu etal., 2013; Hsu
et al., 2013; Mali et

; o al., 2013b;
analysis similar to target sequences. Pattanayak et al
2013
Whole genome sequencing allows to identify
WGS INDELSs after NHEJ repair in Cas9 treated Smith et al., 2014

cells in single-cell clones or non-mosaic F;
animals.

Veres et al., 2014

Digenome-seq

Purified genomic DNA is cleaved with
assembled Cas9 complex in vitro and
sequenced.

Kim et al., 2015,
2016

On target sequence is used as “pray” to detect

HTGTS the translocation events with off-target Frock et al., 2014
cleavage sites, termed “baits”.
Based on integration of linear integrase- Gabriel et al., 2011;
IDLV defective lentiviral vector at DSBs followed by | Osborn et al., 2016;
amplification. Wang et al., 2015
Based on integration of double-stranded
GUIDE-seq oligodeoxynucleotide at DSBs followed by Tsai et al., 2015
amplification.
Adapters are ligated to DSBs in situ in fixed g;?]sgttgl etZ%II52_013,
BLESS cells followed by enrichment on streptavidin, N '

Slaymaker et al.,
2016

amplification and sequencing.

possibility to use high amounts of Cas9 complex relative to DNA makes this
approach attractive, because it might allow to maximize rare off-target
cleavage events, but the bottle neck of sensitivity becomes available read
coverage of high-throughput sequencing (Tsai and Joung, 2016). Another
strategy in off-target detection is utilized in the method named high-throughput
genome-wide translocation sequencing (HTGTS). In this case on target
sequence is used as “pray” to detect the translocation events with off-target
cleavage sites, termed “baits”. After sequencing and analysis “bait” sequences
are mapped to the genome to identify off-target sites (Frock et al., 2014). The
main disadvantages of this method are that translocations are quite rare events
in the cells and the resulting products might have negative effects on the cells
leading to the underestimated score of off-targets. More sensitive methods,
named IDLV (integrase-defective lentiviral vector) capture (Gabriel et al.,
2011; Osborn et al., 2016; Wang et al., 2015) and genome wide unbiased
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identification of DSBs enabled by sequencing (GUIDE-seq) (Tsai et al., 2014a)
were also adapted for off-target identification. Both approaches are based on
integration of DNA sequences (linear vector or double-stranded
oligodeoxynucleotide respectively) at the formed DSB sites after treatment
with Cas9 followed by DNA amplification. Because of the relatively high level
of background integration these methods suffer from high false-positive error
rates. BLESS (breaks labeling, enrichment on streptavidin and next-generation
sequencing) allows to capture DSBs at the specific moment in time, because it
uses direct adapter ligation to DSBs in situ in fixed cells followed by
amplification and sequencing (Crosetto et al., 2013; Ran et al., 2015;
Slaymaker et al., 2016). However those DSBs that have already been resolved
before cells permeabilization and fixation remain undetected.

All above described genome wide Cas9 induced off-target detection
studies revealed a relatively comprehensive picture of these events. The most
important observation was that Cas9 complex is able to cleave similar to target
sequences, tolerating mismatches not only in the spacers, but also in the PAMs.
Thus, these experiments resulted in a number of studies focused on improving

CIRSPR-Cas9 system specificity.
1.5. Strategies to minimize off-target effects

Basically, two general strategies could be adapted to minimize off-target
effects of nucleases: improving the specificity and limiting the time when
nuclease is active in the cells. As a result, both approaches were successfully

utilized in the attempts to reduce off-target cleavage by Cas9.
1.5.1. Improving Cas9 specificity

A number of strategies were adapted in order to improve the Cas9
specificity (see Table 2). The least intuitive approaches were based on sgRNA

modifications. sgRNA 5’-end truncation by 2-3 nt or addition of two G
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nucleotides at the guide RNA 5°-end resulted in reduced cleavage rate in some
of the validated off-target sites (Cho et al., 2014; Fu et al., 2014). The rationale
behind this is not well understood, but could be related with decreasing the
RNA-DNA interaction energy or disruption of protein interaction with guide
RNA 5’-end, respectively, thus only producing sufficient amount of interaction
energy with on target sites but reduced tolerance for off-targets.

Somewhat more familiar approaches adapted from ZFNs or TALENSs
technologies were based on paired Cas9 nickases (Cas9n) (Mali et al., 2013b;
Ran et al.,, 2013) or catalytically inactivated Cas9 (dCas9) fused with
dimerization dependent Fokl DNA cleavage domain (Guilinger et al., 2014;
Tsai et al., 2014b) to induce DSBs in the target DNA. Co-localization of paired
nickases in PAM-out orientation where each Cas9n independently cleaves
single DNA strand resulted in efficient DSB formation (Mali et al., 2013b; Ran
et al., 2013). The remaining uncertainty in this method was that each Cas9n
could cleave elsewhere in the genome resulting in off-target mutations. These
possible monomeric cleavage behaviors were eliminated in the approach based

on fusing dCas9 with Fokl, where DNA cleavage was only dependent on the

Table 2. Strategies used to improve Cas9 specificity.

Strategy Details Reference
Guide RNA 5’-end truncation by 2-3 nt
(reduced excessive RNA-DNA interaction Fuetal., 2014
Guide RNA energy).
modification Addition of two G nucleotides at the guide

RNA 5’-end (destabilization of protein Choetal., 2014

interaction with the 5’-end of the guide RNA).

Co-localization of paired nickases in PAM-
out orientation where each Cas9n
independently cleaves single DNA strand.

Paired Cas9 nickases
(Cas9n)

Mali et al., 2013b;
Ran et al., 2013

Fusing dCas9 with
Fokl nuclease

Fusing dCas9 with Fokl, where DNA
cleavage is dependent on the dimerization of
Fokl nuclease domains.

Guilinger et al.,
2014; Tsai et al.,
2014

Engineered Cas9
variants

SpCas9-HF1 (high-fidelity variant 1) contains
alanine substitutions of residues responsible
for nonspecific interaction with target DNA
strand.

Kleinstiver et al.,
2016

eSpCas9 1.1 (enhanced SpCas9 version 1.1)
contains alanine substitutions of residues
responsible for nonspecific interaction with
non-target DNA strand.

Slaymaker et al.,
2016
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dimerization of Fokl nuclease domains (Guilinger et al., 2014; Tsai et al.,
2014b). Although, both strategies proved to be very effective in increasing
specificity and yielding in some cases non-distinguishable off-target cleavage
levels from background, but introduced requirement to target two adjacent
DNA sequences restricted the DNA targeting range and limited the wider use
of these methods.

Recently, there have been rationally engineered two Cas9 protein variants
(Kleinstiver et al., 2016; Slaymaker et al., 2016) based on crystal structures of
S pyogenes Cas9 complexes (Anders et al., 2014; Nishimasu et al., 2014).
SpCas9-HF1 (high-fidelity variant 1) (Kleinstiver et al., 2016) and eSpCas9
1.1 (enhanced SpCas9 version 1.1) (Slaymaker et al., 2016) contained alanine
substitutions of residues responsible for nonspecific interaction with
complementary or non-complementary DNA strands, respectively. Disruption
of these contacts allowed to retain enough binding energy for efficient on-
target cleavage, but activity on the most off-target sites was reduced to the

undetectable levels.

1.5.2. Modulating Cas9 activity in the cells

Another way to regulate Cas9 activity in the cells lies in the way how
Cas9 is delivered. There are three methods based on introducing DNA
expression vectors, RNAs or RNP complexes. In the latter two cases the half-
life of Cas9 complex in the cells is reduced comparing to the Cas9 delivered by
plasmid DNA, where protein can be expressed for several days (Kim et al.,
2014), possessing the increased potential for off-target effects. In agreement,
analyzes of previously identified off-target sites after RNP delivery to the cells
revealed reduced off-target activity when compared to plasmid DNA
transfection (Kim et al., 2014; Liang et al., 2015; Zuris et al., 2014). Also,
different strategy to limit the time when Cas9 is active in the cells was utilized
by reengineering Cas9 protein. By splitting Cas9 into domains fused with

proteins capable to dimerize when stimulus is present (Nihongaki et al., 2015;
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Zetsche et al., 2015b) or by catalytically repressing Cas9 by inserting a drug
inducible intein (Davis et al., 2015) investigators were able to successfully
improve the on-target and off-target cleavage ratio.

All these examples perfectly illustrates what a great progress has been
made both in increasing specificity of Cas9 and off-target detection, but the
room for improvements still remains. Comparison of off-target detection
methods using the same guide RNAs in the same experimental conditions
would provide the information allowing to evaluate and standardize assays to
detect off-targets. Also, combining strategies from different studies could
allow to further increase the specificity of Cas9, allowing to get closer to the

“perfect” tool for genome editing.

1.6. Expanding the Cas9 toolbox for genome editing

DNA target of Cas9 RNP complex can be divided into two components.
Variable component, termed protospacer is recognized by Watson-Crick base
pairing with spacer sequence (~20 nt) of the guide RNA. As a result, by
customizing guide RNA spacer sequence it is possible to program Cas9 to
recognize, in theory, any protospacer. However, invariable component that is
absolutely required to initiate guide RNA-mediated DNA binding is a short
nucleotide sequence (2-5 nt) (Gasiunas et al., 2012; Jinek et al., 2012;
Sternberg et al., 2014), termed PAM, which is usually located adjacent to a
protospacer sequence and is uniquely associated with each Cas9 protein
(Deveau et al., 2008; Fonfara et al., 2014; Mojica et al., 2009). Cas9 using
hydrogen bonding and Van der Waals interactions between amino acid
residues located in the Pl (PAM interacting) domain specifically recognizes
PAM sequence and licenses subsequent DNA unwinding and base pairing with
guide RNA (Anders et al., 2014, 2016, Hirano et al., 2016a, 2016b). Thus,
recognizable PAM sequence is the major factor restricting the choice of targets
in the genome. However, PAM recognition mechanism suggested the possible

solution for this issue. Experiments, using rational design or directed evolution

40



approaches revealed the possibility to alter Cas9 PAM recognition specificity.
In engineered S. pyogenes Cas9 variants specificity from initial 5’-NGG-3’
PAM were altered to 5’-NGA-3’, NGCG-3’, 5’-NGNG-3" or 5’-NAAG-3’
PAMSs (Anders et al., 2016; Kleinstiver et al., 2015a). Same strategy resulted in
the variant of S. aureus Cas9 with relaxed PAM recognition from 5’-
NNGRRT-3’ to 5>-NNNRRT-3" (Kleinstiver et al., 2015b). F. novicida Cas9
engineered protein was able to recognize 5’-NYG-3> PAM, where wild-type
Cas9 were limited to 5°-NGG-3” (Hirano et al., 2016a). These examples
Illustrate the feasibility of reengineering approaches to expand the toolbox of
Cas9s for genome editing, but available repertoire is still too limited to target
any desired DNA sequence with nucleotide precision.

Another strategy to overcome this issue was offered by nature itself. With
>1000 Cas9 sequences available in sequence databases and the continued
sequencing of microbial genomes, Cas9 orthologues are abundant (Fonfara et
al., 2014; Makarova et al., 2015). The availability of new Cas9 proteins may
also open the way for orthogonal genome engineering allowing different
modifications (for example, DNA cleavage and transcriptional activation or
silencing) to be performed simultaneously (Esvelt et al., 2013). However,
methods to determine the PAM sequence requirement for new Cas9 proteins
are limited and can be divided into three main categories. First, PAM
sequences of new Cas9 proteins can be identified by bioinformatic analysis of
sequences immediately flanking matching protospacers in bacteriophage
genomes (Shah et al., 2013). With most of the spacers in available Type I
CRISPR arrays exhibiting only a few if any matches to available phage
sequences in the databases, this approach limits the exploration of Cas9 protein
diversity for genomic applications. Another method is based on in vitro
cleavage assays with DNA substrates containing various PAMs (Fonfara et al.,
2014; Jinek et al., 2012). This approach, in theory, allows to identify consensus
PAM sequence, but suffers of its low-throughput nature. Finally, the most

recent methods are based on interrogation of PAM libraries and allow
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examination of all available PAM sequences spanning up to 6-8 nucleotides
from protospacer.

High-throughput in vivo screens are based on plasmid depletion
experiments (Esvelt et al., 2013; Jiang et al., 2013; Kleinstiver et al., 2015a) or
binding of dCas9 to lacl repressor promoter (Leenay et al., 2016). In plasmid
depletion experiments, bacterial cells bearing plasmids with Cas9 are co-
transformed with plasmid library containing randomized PAMs and gene
providing resistance to antibiotic. Plasmids with functional PAMs are
recognized by Cas9 and cleaved leading to cell death. As a result, sequencing
and analysis of the plasmids purified from the survived cells allows
identification of depleted functional PAMs (Esvelt et al., 2013; Jiang et al.,
2013). Different strategy is used in the method, based on dCas9 binding to lacl
repressor promoter. To associate Cas9 binding with positive signal,
protospacer with randomized PAMs are cloned within the promoter upstream
of lacl, which product blocks the promoter of gfp. Thus, only functional PAMs
would result in Cas9 binding and lacl repression leading to reporter expression.
After fluorescence activated cell sorting (FACS), plasmid purification and
sequencing it is possible to identify functional PAMs (Leenay et al., 2016).
Another group of high-throughput methods is based on PAM library cleavage
in vitro, followed by adapter ligation and amplification (Pattanayak et al.,
2013; Ran et al., 2015). These experiments require active RNP complexes,
which can be assembled from purified components (Pattanayak et al., 2013) or
directly in the cell extracts (Ran et al., 2015).

These strategies proved to be successful in identifying PAMs for novel
Cas9 proteins, but suffered from low sensitivity. The point is perfectly
reflected in the inability to precisely reproduce the PAM recognition of S.
thermophilus Cas9 protein from CRISPR1 system (Esvelt et al., 2013; Leenay
et al., 2016; Ran et al., 2015) originally reported by Horvath et al., 2008. Thus,
in order to successfully expand Cas9 toolbox for genome editing there is still a

need for more sensitive high-throughput PAM identification strategies.
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Chemicals
All chemicals used in this study were of the highest quality available.
2.1.2. Enzymes

T4 Polynucleotide Kinase, FastAP  Thermosensitive Alkaline
Phosphatase, Pfu and DreamTag DNA polymerases, T4 DNA ligase,
FastDigest restriction enzymes, Proteinase K, RNase A and RNase 111 used in
this study were obtained from Thermo Fisher Scientific. Phusion DNA
polymerases — from Thermo Fisher Scientific and NEB. All these products

were used according to the manufacturer's protocols.
2.1.3. Kits for molecular biology

“Rapid DNA Ligation Kit”, “GeneJET Gel Extraction Kit”, “GeneJET
PCR Purification Kit”, “GeneJET Plasmid Miniprep Kit” and “TranscriptAid
T7 High Yield Transcription Kit”, “GeneJET RNA Cleanup and Concentration
Micro Kit” were purchased from Thermo Fisher Scientific, “miRNeasy Mini
Kit”, “QIAquick PCR Purification Kit” — from Qiagen and “SURVEYOR
Mutation Detection Kit for Standard Gel Electrophoresis” — from

Transgenomic. Kits were used according to the manufacturer’s protocols.
2.1.4. Bacterial strains

E. coli strain DH5a. (F endAl gIinV44 thi-1 recAl relAl gyrA96 deoR
nupG ®80dlacZAM15 A(lacZY A-argF)U169, hsdR17(rk” mk*), A-) was used

for the cloning procedures.
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E. coli strain RR1 (F- mcrB mrr hsdS20(rB- mB-) leuB6 ara-14 proA2
lacY1l galK2 xyl-5 mtl-1 rpsL20(SmR)gIinV44 XA-) was used for plasmid
interference assay.

E. coli strain BL21 (DE3) (F ompT gal dcm lon hsdSg(rg” mg’) MDE3

[lacl lacUV5-T7 gene 1 indl sam7 nin5]) was used for plasmid interference
assay and Cas9 proteins expression.

E. coli strain DH10B (F- endAl recAl galE15 galK16 nupG rpsL
AlacX74 ®80lacZAM15 araD139 A(ara,leu)7697 mcrA A(mrr-hsdRMS-

mcrBC) A-) was used for Cas9 proteins expression.

2.1.5. Cell lines

CHO-K1: adherent cell line derived from the ovary of the Chinese
hamster.
HEK?293T: adherent cell line derived from human embryonic kidney cells

grown in tissue culture and expressing SV40 Large T-antigen.

2.1.6. Plasmids

All plasmids used in this study are listed in Table 3.

2.1.7. RNAs

Origins of all RNA molecules used in this study are listed in Table 4.

2.1.8. Oligonucleotides

Sequences of all oligonucleotides and primers used in this study are listed
in Table 5.
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Table 3. Plasmids used in this study.

Plasmid

Description

Reference

pBAD24-Sth3-Cas9-
CHis

cas9 of Streptococcus thermophilus CRISPR3-Cas system cloned into pBAD24-CHis
expression vector

Karvelis et al., 2013

pBAD24-Sth1-Cas9-
CHis

cas9 of Streptococcus thermophilus CRISPR1-Cas system cloned into pBAD24-CHis
expression vector

Karvelis et al., 2015

pBAD24-Spy-Cas9-
CHis

cas9 of Streptococcus pyogenes cloned into pBAD24-CHis expression vector

Karvelis et al., 2015

pBAD?24-Sth3-Cas9-
NLS-CHis

cas9 of Streptococcus thermophilus CRISPR3-Cas system fused with SV40T nuclear
localization signal (NLS) cloned into pBAD24-CHis expression vector

Glemzaite et al., 2015

pBAD24-Blat-Cas9-
CHis

cas9 of Brevibacillus laterosporus cloned into pBAD24-CHis expression vector

Karvelis et al., 2015

pCRISPR3

Streptococcus thermophilus complete CRISPR3-Cas system (~7.6kb) cloned into
pACYC184 plasmid

Sapranauskas et al., 2011

pCRISPR3-At

pCRISPR3 plasmid lacking an entire tracrRNA encoding gene

Karvelis et al., 2013

pCRISPR3-AtR

pCRISPR3 plasmid containing tracrRNA fragment from the transcription start site to the
end of anti-repeat sequence

Karvelis et al., 2013

ptracrRNA

pCDF-DUET plasmid with cloned tracrRNA encoding sequence under control of a T7
RNA polymerase promoter

Karvelis et al., 2013

pMTC-RFP/EGFP
dual reporter plasmid

Plasmid containing intron-split eGFP gene inserted into RFP gene, engineered with 400 bp
direct homologous repeats on both sides of the eGFP insert (see Figure 15B)

Glemzaite et al., 2015

pUC18 plasmid with cloned 30 nt protospacer S1 (matching to the S1 spacer in the

pS1 CRISPR3 system of S. thermophilus) and PAM — NGGNG (crRNA in the Cas9 complex | Sapranauskas et al., 2011
matches only 20 nt in the 30 nt protospacer)

pS1' pUC18 plasmid with cloned 20 nt protospacer S1' matching to the 20 nt spacer of crRNA Szczelkun et al., 2014

pSI'Al lgrSRlNI,JAI\E)lsmld with 1 nt 5’-end truncation of the S1” protospacer (19 nt complementary to Szczelkun et al., 2014

pS1'A3 pS1' plasmid with 3 nt 5'-end truncation of the S1” protospacer (17 nt complementary to Szczelkun et al., 2014

CrRNA)

See next page for Table 3 extension
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pS1' plasmid with 5 nt 5’-end truncation of the S1” protospacer (15 nt complementary to

pS1°'A5 CTRNA) Szczelkun et al., 2014
pSI'A7 IérSRlNl,jbl\?SHnd with 7 nt 5'-end truncation of the S1”° protospacer (13 nt complementary to Szczelkun et al., 2014
pSI'A9 lgrSFiNil‘?smd with 9 nt 5'-end truncation of the S1” protospacer (11 nt complementary to Szczelkun et al., 2014
pS1-G1C pS1 plasmid with G1C mutation in PAM (30 nt S1 protospacer) Szczelkun et al., 2014
pS1-G2C pS1 plasmid with G2C mutation in PAM (30 nt S1 protospacer) Szczelkun et al., 2014
pS1-G4AC pS1 plasmid with G4C mutation in PAM (30 nt S1 protospacer) Szczelkun et al., 2014
pS1-5N-PAM pTZ57R/T pasmids library with cloned S1 protospacer and randomized 5 bp PAM Karvelis et al., 2015

pS1-7N-PAM pTZ57R/T plasmids library with cloned S1 protospacer and randomized 7 bp PAM Karvelis et al., 2015

pS1-GTCCCGAA

pUC18 plasmid with cloned S1 protospacer and GTCCCGAA PAM seguence

Karvelis et al., 2015

pS1-GTCaCGAA

pUC18 plasmid with cloned S1 ptotospacer and GTCACGAA PAM sequence

Karvelis et al., 2015

pS1-GTCCtGAA

pUC18 plasmid with cloned S1 protospacer and GTCCTGAA PAM sequence

Karvelis et al., 2015

pS1-GTCCCGCcA

pUC18 plasmid with cloned S1 protospacer and GTCCCGCA PAM sequence

Karvelis et al., 2015

pS1-GTCCCGAC

pUC18 plasmid with cloned S1 protospacer and GTCCCGAC PAM sequence

Karvelis et al., 2015

pS1-GTCCCGce

pUC18 plasmid with cloned S1 protospacer and GTCCCGCC PAM sequence

Karvelis et al., 2015
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Table 4. RNAs used in this study.

Name Sequence (5' to 3') Origin
Sth3 tracrRNA3 (105 nt) ggguaauaauaauugugguuugaaaccauucgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaa | In vitro
agguggcaccgauucgguguuuuu transcription
Sth1 tracrRNAL (105 nt) gggguguaaggggcgccuuacacaguuacuuaaaucuugcagaagcuacaaagauaaggeuucaugcecgaaaucaacacce | In vitro
ugucauuuuauggcaggguguuuu transcription
Sth3 pre-crRNA3 (150 nt) ggguagaaaagauauccuacgagguuuuagagcuguguuguuucgaaugguuccaaaacaaauucuaaacgcuaaagagga | In vitro
agaggacaguuuuagagcuguguuguuucgaaugguuccaaaacuacugcuguauuagcuugguuguug transcription
Sth3 pre-crRNA3 (94 nt) gggaaauucuaaacgcuaaagaggaagaggacaguuuuagagcuguguuguuucgaaugguuccaaaacuacugeuguau | In vitro
uagcuugguuguug transcription
Sth1 pre-crRNAL (94 nt) ggguguuugacagcaaaucaagauucgaauuguguuuuuguacucucaagauuuaaguaacuguacaacaaugacgagga | In vitro
gcuauuggcacaac transcription
Sth3 tracrRNA (78 nt) gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaaagguggcaccgauucgguguuuuu :pa\r/llstcr:)i otion
Sth3 tracrRNA (73 nt) gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaaagguggcaccgauucggug :Paxgtgﬁption
Sth3 tracrRNA (68 nt) gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaaagguggcaccgauu :pax;tgﬁpti on
Sth3 tracrRNA (63 nt) gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaaagguggeac :?ax;tgﬁption
In vitro
Sth3 tracrRNA (58 nt) gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaaaggu transcription
In vitro
Sth3 tracrRNA (53 nt) gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaa transcription
In vitro
Sth3 tracrRNA (48 nt) gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaac transcription
In vitro
Sth3 tracrRNA (43 nt) gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguac transcription
Sth3 tracrRNA (33 nt) gggcgaaacaacacagcgaguuaaaauaaggeu In vitro

transcription

See next page for Table 4 extension

47




Extension of the Table 4

Sth3 crRNA (S1)

cgcuaaagaggaagaggacaguuuuagagcuguguuguuucg

Synthetic
oligonucleotide

Sth3 pre-crRNA (N1)

ggguagaaaagauauccuacgagguuuuagagcuguguuguuucgaaugguuccaaaacugucaugauaauaaugguuuc
uuagacgucguuuuagagcuguguuguuucgaaugguuccaaaacggauccucuacgecggacgeaucgug

In vitro
transcription

Sth3 pre-crRNA (N2) ggguagaaaagauauccuacgagguuuuagagcuguguuguuucgaaugguuccaaaacacgagccggaagcauaaagug | In vitro
P uaaagccugguuuuagagcuguguuguuucgaaugguuccaaaacggauccucuacgcecggacgeaucgug transcription
Sth3 pre-crRNA (1 gDNA) ggguagaaaagauauccuacgagguuuuagagcuguguuguuucgaaugguuccaaaaccgggagggaageugcaugaug | In vitro
cgauguuauguuuuagagcuguguuguuucgaaugguuccaaaacggauccucuacgccggacgcaucgug transcription
Sth3 pre-crRNA (E. coli | ggguagaaaagauauccuacgagguuuuagagcuguguuguuucgaaugguuccaaaacucaagggagaauagaggeucu | Invitro
gDNA) cguugcauuguuuuagagcuguguuguuucgaaugguuccaaaacggauccucuacgccggacgcaucgug transcription
Synthetic
Sth3 crRNA (RASGEF1C) | gcucccggggeucgaugaagguuuuagageuguguuguuucy oligonucleotide
Synthetic
Sth3 crRNA (ARL15) ugaaucgugaaaucugcucaguuuuagagcuguguuguuucg oligonucleotide
Synthetic
Sth3 crRNA (NC) cgcuaaagaggaagaggacaguuuuagagcuguguuguuucg oligonucleotide
Synthetic
Sth3 crRNA (EGFP-L1) cuucagggucagcuugccguguuuuagagcuguguuguuucg oligonucleotide
Synthetic
Sth3 crRNA (EGFP-L2) gcugaagggcaucgacuucaguuuuagagcuguguuguuucg oligonucleotide
Synthetic
Sth3 crRNA (DNMT3B) gcugaauuacucacgccccaguuuuagagcuguguuguuucg oligonucleotide
Synthetic
Sth3 crRNA (PPIB) guguauuuugaccuacgaauguuuuagagcuguguuguuucg oligonucleotide
Spy crRNA (S1) cgcuaaagaggaagaggacaguuuuagagcuaugcuguuuug Synthetic
oligonucleotide
In vitro
Spy tracrRNA gggaaacagcauagcaaguuaaaauaaggcuaguccguuaucaacuugaaaaaguggceaccgagucggugcuuuuuuu

transcription

See next page for Table 4 extension
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gggcgcuaaagaggaagaggacaguuuuagagcuagaaauagcaaguuaaaauaaggecuaguccguuaucaacuugaaaaa | In vitro
Spy sgRNA (S1) _
guggcaccgagucggugcuuuuuu transcription
Synthetic
Sth3 crRNA (S1) cgcuaaagaggaagaggacaguuuuagagcuguguuguuucg oligonucleotide
Sth3 sgRNA (S1) gggcgcuaaagaggaagaggacaguuuuagagcuguguuguuucgguuaaaacaacacagcgaguuaaaauaaggcuuag | In vitro
9 uccguacucaacuugaaaagguggcaccgauucgguguuuuuu transcription
Synthetic
Sthl crRNA (S1) cgcuaaagaggaagaggacaguuuuuguacucucaagauuua oligonucleotide
In vitro
Sthl tracrRNA ggguaaaucuugcagaagcuacaaagauaaggcuucaugccgaaaucaacacccugucauuuuauggeaggguguuuucg transcription
Sth1 sgRNA (S1) gggcgctaaagaggaagaggacagtttttgtactctcaagattcaataatcttgcagaagctacaaagataaggcttcatgccgaaatcaa | In vitro

caccctgtcattttatggcagggtgttttcg

transcription

Blat sgRNA (S1) direct

gggcgcuaaagaggaagaggacagcuauaguuccuuacugaaagguaaguugcuauaguaagggcaacagaccegaggegu
uggggaucgccuagcccguuuuuacgggeucuccccauauucaaaauaaugacagacgageaccuuggagcauuuauuuce
gaggugcuuuuuuuu

In vitro
transcription

Blat sgRNA (S1) reverse

gggcgcuaaagaggaagaggacaaucauaucauaucgaggaaacuugauaugauaugauacuuucauuuuauauccauaua
ucaucgaagucaaucucauuuaucugucuauuuuaug

In vitro
transcription

Blat sgRNA (S1-3)

gggaaacgctaaagaggaagagggcuauaguuccuuacugaaagguaaguugcuauaguaagggcaacagacccgaggegu
uggggaucgccuageccguuuuuacgggeucuccccauauucaaaauaaugacagacgagcaccuuggagcauuuauuuce
gaggugcuuuuuuuu

In vitro
transcription
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Table 5. Oligonucleotides and primers used in this study.

Oligonucleotide

Sequence (5’ to 3°)

Details

GG-322

gtacggactaagccttattttaactcgcetgtgttgt

anti-tracrRNA probe for Northern blot analysis

GG-321 tcgaaacaacacagctctaaaactgtcctcttcctctttage anti-crRNA probe for Northern blot analysis

dir-pS1 gcgtaagtctcgagaactagttccgtaagatgcttttctgtgact Primers used to amplify 2.1 kbp PCR fragment from pS1
plasmid and its derivatives containing the protospacer S1

rev-pS1 gcgtaagtgcggcecgcttcgttccactgagegtcaga variants

dir-puC19 gcgtaagtctcgagaactagtagaatagtgtatgcggegace Amplification 1.0 kbp DNA fragment from pUC19

rev-puC19 gcgtaagtgcggecgctgaccatgattacgecaage plasmid labeled with biotin or digoxigenin

TK-36 cagcaattataagagatgtatcagaagaagatgc Generation of 397 bp hybridization probe from E. coli

TK-34 gcacctttattcccaactgttctttgatttaga BL21(DE3) genomic DNA

pr-hs1f tgctgctcgatgcacaggt Primers used for gPCR to amplify RASGEF1C (HS1)

pr-hsir catcttcaccttcctgetgag locus

S:Eig: ;gzzzgggg%gs:gg:gggﬁg Primers used for qPCR to amplify ARL15 (HS2) locus

EGFP_L1/L2-f agggcgaggagctgttcacc Primers used to amplify eGFP DNA fragment (592 bp)
EGFP_L1/L2-r tagtggttgtcgggcagceag for Surveyor nuclease assay

DNMT3B-f tgagaaggagccacttgctt Primers used to amplify DNTMT3B DNA fragment
DNMT3B-r gaccaagaacgggaaagtca (544 bp) for Surveyor nuclease assay

PPIB-f gaacttaggctccgctcctt Primers used to amplify PPIB DNA fragment (505 bp)
PPIB-r ctctgcaggtcagtttgctg for Surveyor nuclease assay

GG-821N tgaccatgattacgaattcnnnnntgtcctcttcctctttagcgage Oligonucleotides used in construction of a 5 bp
GG-820 aaggatccccgggtaccgagctgetcgctaaagaggaagaggac randomized PAM library (pS1-5N-PAM)

GG-940-G gtgcacgccggcegacgttgggtcaactnngnnnntgtcctcttectctttagegtttag

GG-940-C gtgcacgccggcegacgttgggtcaactnnennnntgtectcttcctctttagegtttag ) ) ) )

GG-940-A gtgcacgccggegacgttgggtcaactnnannnntgtcctcttectetttagegtttag Oligonucleotides used in construction of a 7 bp
GG-940-T gtgcacgecggegacgttgggtcaactnntnnnntgtectettectctttagegtttag randomized PAM library (pS1-7N-PAM)

GG-939 gactagacctgcaggggatcccgtcgacaaattctaaacgctaaagaggaagaggac

See next page for Table 5 extension
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Extension of the Table 5

;—5 Clz?r giggg%%ﬁ?; i%i%%?:gggg Primers used to PCR amplify 5N plasmid library
TK-113 gaaatictaaacqctasagaggaagagg IIZ:E:Z?; used with pUC-dir to PCR amplify 7N plasmid
JKYS800.1 ctacactctttccctacacgacgctcttccgatctaagtgagetcgcetaaagaggaaga Primers used to introduce barcode for Illumina
JKYS803 caagcagaagacggcatacgagctcttccgatctgaattcgagctcggtacct sequencing to 5N amplified library

JKYS921.1 ctacactctttccctacacgacgctcttccgatctggaataaacgctaaagaggaagagg Primers used to introduce barcode for Illumina
JKYS812 caagcagaagacggcatacgagctcttccgatctcggegacgttgggte sequencing to 7N amplified library

JKYS557 aatgatacggcgaccaccgagatctacactctttccctacacg Universal primers for secondary PCR amplification for
JKYS558 caagcagaagacggcata Illumina sequencing

¥Eﬂz ;gggggggssE%Zifgggéggggggig Oligonucleotides used for adapter generation
JKYX1.1 ctacactctttccctacacgacgctcttccgatctaaggggegctggecctectagte Primers used to introduce barcode for Illumina
JKYS178Rd caagcagaagacggcatacgagctcttccgatctgecggetggcattgtetetg sequencing and amplify Ms45 exon 1 target
JKYS1083.1 ctacactctttccctacacgacgctcttccgatctggaaggcaggttcgegaacacct Primers used to introduce barcode for Illumina
JKYS1084 caagcagaagacggcatacgagctcttccgatctctccgagacaacaaactgcaggt sequencing and amplify Ms45 exon 4 target

JKYX2.1 ctacactctttccctacacgacgctcticcgatctaaggggecggacgeggtgtt Primers used to introduce barcode for Illumina
JKYX3 caagcagaagacggcatacgagctcttccgatcttacatgcgcaggtgcaaagtctac sequencing and amplify liguleless-1 target
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2.1.9. Buffers

Loading buffer: 20 mM KH,PO, (pH 7.0), 0.5 M NaCl, 10 mM
imidazole, 5 % glycerol.

Cas9 storage buffer: 10 mM Bis-Tris-HCI, (pH 7.0 at 25°C), 300 mM
KCI, 1ImM EDTA, 1 mM DTT and 50 % (v/v) glycerol.

Cas9 complex assembly buffer: 10 mM Tris-HCI (pH 7.5 at 37°C), 100 mM
NaCl and 1 mM DTT, 0.05 mg/ml BSA.

Cas9 complex reaction buffer: 10 mM Tris-HCI (pH 7.5 at 37°C), 100
mM NaCl, 1 mM DTT and 10 mM MgCl,,0.05 mg/ml BSA.

Phenol/chloroform  solution:  Phenol-Chloroform-lsoamyl  Alcohol
[25:24:1 (v/Iviv)] saturated with 10 mM Tris (pH 8.0), 1 mM EDTA.

3x Loading dye solution: 0.01% (w/v) bromophenol blue and 75 mM
EDTA in 50% (v/v) glycerol.

20x SSC: 3M NacCl, 300 mM sodium citrate (pH 7.2).

Adapter ligation buffer: 40 mM Tris-HCI (pH 7.8 at 25°C), 10 mM
MgCl,, 10 mM DTT, 0.5 mM ATP, 5 % (w/v) PEG 4000.

TE buffer: 10 mM Tris-HCI (pH 8.0), 0.1 mM EDTA.

2.2. Methods

2.2.1. Plasmid interference assay

Plasmid interference assays were performed as described previously
(Sapranauskas et al., 2011). The E. coli RR1 strain was transformed with 1 ng,
BL21 (DE3) strain — with 25 ng and HS115 strain — with 100 ng of pUC18 or
pS1 plasmid (Table 3). The transformants were plated on LB agar
supplemented with appropriate antibiotics and 0.1 mM IPTG (for BL21 (DE3)
strain). All transformation experiments were repeated at least three times. Bars
in the graphs represent mean values from three or more independent

experiments +1 SD.
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2.2.2. Northern blot analysis

Northern blot analysis was performed as described previously (Gasiunas
et al., 2012). Cas9 bound RNA was isolated from Strep-Tactin—purified Cas9-
RNA complex (Gasiunas et al., 2012) using the “miRNeasy Mini Kit”
(Qiagen). The RNA was probed with a [y-*PJATP (Hartmann Analytic)
labeled 36 nt oligodeoxynucleotide GG-322 (Table 5) complementary to
tracrRNA or 42 nt oligodeoxynucleotide GG-321 (Table 5) complementary to
crRNA. The size of RNAs was estimated by comparison with **P-radiolabeled
Decade RNA marker (Ambion) and RNA transcripts of different lengths.

2.2.3. Expression and purification of Cas9 proteins

Sthl, Sth3, Sth3-NLS and Spy Cas9 proteins were expressed in E. coli
DH10B while Blat Cas9 in E. coli BL21 (DE3) strains grown in LB
supplemented with ampicillin (100 mg/ml). After growing bacteria at 37°C and
reaching an ODgqg Of 0.5, temperature was decreased to 16°C and expression
induced with 0.2 % (w/v) arabinose for 20 h. Cells were pelleted and
resuspended in loading buffer and disrupted by sonication. Cell debris was
removed by centrifugation. The supernatant was loaded onto the Ni**-charged
5ml HiTrap chelating HP column (GE Healthcare) and eluted with a linear
gradient of increasing imidazole concentration. The fractions containing Cas9
were pooled and subsequently loaded onto HiTrap heparin HP column (GE
Healthcare) for elution using a linear gradient of increasing NaCl concentration
(from 0.5 to 1 M NacCl). The fractions containing Cas9 were pooled and stored
at -20°C in Cas9 storage buffer.

2.2.4. RNA production

RNAs were either purchased as synthetic oligoribonucleotides
(Metabion) or synthesized by in vitro transcription using the “TranscriptAid T7

High Yield Transcription Kit” (Thermo Fisher Scientific). For in vitro
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transcription, T7 promoter at the proximal end of the RNA coding sequence
were PCR introduced using plasmids or DNA fragments assembled from
oligonucleotides as a templates. After in vitro transcription resulting RNA
fragments were purified using “GeneJET RNA Cleanup and Concentration
Micro Kit” (Thermo Fisher Scientific). All RNAs sequences are listed in Table
4,

For RNA strand annealing activity assay (see section 2.2.7), tracrRNAS,
dephosphorylated with FastAP phosphatase (Thermo Fisher Scientific) were
radiolabeled with [y-33P]JATP (Hartmann Analytic) using T4 polynucleotide

kinase (Thermo Fisher Scientific).

2.2.5. Assembly of Cas9 RNP complexes

Cas9-guide RNA complexes (0.1-2.5 uM) were assembled by mixing
Cas9 protein with pre-annealed crRNA and tracrRNA duplex or sgRNA at 1:1
molar ratio followed by incubation in a complex assembly buffer at 37°C for 1
h. To reconstitute active Cas9 complexes using pre-crRNAs generated from
PCR products by in vitro transcription, Cas9 protein was mixed with pre-
crRNA and tracrRNA transcripts at 1:1:2 molar ratio and pre-incubated in a
complex assembly buffer at 37°C for 30 min followed by addition of equimolar
amount (0.1-2.5 uM) of E. coli RNase Il (Thermo Fisher Scientific) and
MgClI; (10 mM) and further incubation for additional 30 min at 37°C.

2.2.6. Cas9 plasmid DNA cleavage assay

Cas9 DNA cleavage reactions were initiated by mixing supercoiled
plasmid DNA with preassembled Cas9 complex and performed at various
temperatures. Final reaction mixtures contained 3 nM plasmid DNA and 50
nM Cas9 complex in 100 pl of reaction buffer. Aliquots were removed at
timed intervals and quenched with phenol/chloroform. The aqueous phase was

mixed with 3x loading dye solution and reaction products analyzed by
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electrophoresis through agarose gel and ethidium bromide staining. The
amount of supercoiled (SC), open circle (OC), and linear (FLL) DNA forms
was evaluated by densitometric analysis of ethidium bromide stained gels
using the software ImageJ (National Institutes of Health). Values of reaction

rate constants were obtained as described earlier (Zaremba et al., 2006).
2.2.7. RNA strand annealing activity assay

The annealing activity of Cas9 was assayed in 10 ul reaction volumes.
Reactions were initiated by mixing 5 nM pre-crRNA (94 nt) and varying
concentrations of Cas9 with 5 nM tracrRNA (105 nt) radiolabeled with
[y-PJATP (Hartmann Analytic) and 1 pg nonspecific 2 kb RNA transcript in
complex assembly buffer and conducted for 10 min at 37°C. In order to
inactivate Cas9, disrupt protein-nucleic acid complexes and prevent
spontaneous pre-crRNA annealing to labeled tracrRNA, reactions were
terminated by mixing 5 pl reaction aliquots with 20 ul of solution containing
0.625 mg/ml Proteinase K (Thermo Fisher Scientific), 0.625% SDS, 12.5%
glycerol and RNA trap (187.5 nM solution of unlabeled tracrRNA). Reaction
mixtures were incubated for additional 5 min at 37°C and analyzed in non-
denaturing 8% PAGE. Gels were dried and visualized by a phosphorimager
(FLA-5100, Fujifilm).

2.2.8. Genomic DNA cleavage in vitro
2.2.8.1. L DNA cleavage

The reactions were initiated by mixing A DNA (Thermo Fisher Scientific)
with assembled Cas9 complex (1:1 v/v ratio) and incubating at 37°C. Final
reaction mixture contained 2 ug A DNA and 50 nM Cas9 complex in 100 pl
reaction buffer. Aliquots were removed at timed intervals and quenched with

phenol/chloroform. The aqueous phase was mixed with 3% loading dye
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solution and reaction products analyzed by electrophoresis through agarose gel
and ethidium bromide staining.

2.2.8.2. E. coli genomic DNA cleavage

Genomic DNA from E. coli (BL21) strain was isolated using the
“GeneJET Genomic DNA Purification Kit” (Thermo Fisher Scientific). For the
cleavage assay, genomic DNA was combined with assembled Cas9 complex
(2:1 v/v ratio) and incubated for 3 hours at 37°C. Final reaction mixture
contained 30 pug genomic DNA and 1 uM Cas9 in a 300 ul reaction buffer.
Following incubation, Pstl (Thermo Fisher Scientific) was added and the
reaction mix was incubated for additional 16 hours at 37°C. The reaction was
terminated by heating the mixture for 30 min at 55°C with Proteinase K (0.5
mg/ml, Thermo Fisher Scientific) and SDS (0.5%, w/v) following 30 min
incubation at room temperature with RNase A (0.25 mg/ml, Thermo Fisher
Scientific). After phenol/chloroform treatment, DNA was precipitated by
isopropanol and dissolved in TE buffer. DNA cleavage reaction products were

analyzed using Southern blot hybridization (see section 2.2.9).

2.2.8.3. Human genomic DNA cleavage

Human genomic DNA extracted from human brain was kindly provided
by Dr. Arturas Petronis (Centre for Addiction and Mental Health, Toronto,
Canada). Cas9-HS1 and Cas9-HS2 complexes were assembled to target
RASGEF1C or ARL15 loci, respectively. DNA was combined with assembled
Cas9 complexes and incubated for 30 min at 37°C. Final reaction mixture
contained 1 pg of genomic DNA and 100 nM of each Cas9 complex in 100 pl
reaction buffer. DNA cleavage reaction products were analyzed using qPCR

assay (see section 2.2.10).
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2.2.9. Southern blot hybridization

Southern blot analysis was performed as described in (Sambrook et al.,
1989) with the following modifications. 10 pg of fractionated DNA was
transferred from 1% agarose gel onto “SensiBlot Plus Nylon membrane”
(Thermo Fisher Scientific) via semi-dry transfer. DNA was denatured and
fixed on the membrane by placing it on a paper towel saturated with 0.4 M
NaOH for 10 min following rinsing with 2x SSC and air drying. The
membrane was prehybridized with 6x SSC buffer containing 0.5% SDS and
100 pg/ml denatured salmon sperm DNA (Amresco) for 1 h at 65°C. The
hybridization probe was generated by PCR using genomic E. coli BL21 (DE3)
DNA as template and primers TK-36/TK-34 (Table 5) yielding a 397 bp
product. 5’-ends were radiolabeled by incubating with [y-**PJATP (Hartmann
Analytic) and T4 PNK (Thermo Fisher Scientific). The labeled probe was
purified using “GeneJET PCR Purification Kit” (Thermo Fisher Scientific),
denatured by heating to 95°C for 5 min, rapidly cooled on ice and added
directly to the prehybridization solution. The membrane was probed for 16
hours at 65°C and washed twice with 2x SSC, 0.5% SDS and twice with 2x
SSC, 0.1% SDS at room temperature, air dried and visualized by
phosphorimaging (FLA-5100, Fujifilm).

2.2.10. DNA quantification using gPCR assay

DNA products after cleavage reactions were analyzed using gPCR assay
using primers listed in Table 5. 30 ng of DNA was used as a template for
qPCR reaction (25 pl) with SYBR Green reagent (Maxima SYBR Green
Master Mix 2%, Thermo Fisher Scientific). Relative quantification of DNA was
performed using 2"**“* method (Livak and Schmittgen, 2001).
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2.2.11. Cell culture and transfection

One day before the experiment, the CHO-K1 or HEK293T cells were
seeded in a 24-well plate at the density of 7x10* cells per 1 ml of RPMI-1640
culture medium supplemented with 10% fetal bovine serum (FBS). For protein
transfection, cells were transferred into serum-free medium just before the
experiment. For DNA transfection, plasmid DNA was mixed with TurboFect
in vitro DNA transfection agent (Thermo Fisher Scientific) following
manufacturer’s protocol. The transfection efficiencies were analyzed using
“Guava EasyCyte S8HT” flow cytometer and “Guava CytoSoft 5.3 cell
acquisition/analysis software (Millipore).

For DNA/protein co-transfection experiments the dual reporter plasmid
DNA (0.5 pg) and Cas9 complex (1 pg) plus extra 300 ng of crRNA:tracrRNA
duplex (to ensure more efficient complex formation with cationic polymer
TurboFect) were diluted in separate tubes with serum-free medium to a final
volume of 50 pl. Next, 0.5 pl of TurboFect transfection agent was added into
each tube, samples were incubated for 15-20 min at room temperature and
added to the cell cultures at the same time. The serum-free cell culture medium
was changed into the complete growth medium 3 h later and cells were
incubated for an additional 48 h.

For protein transfections, 1 ug of the recombinant Cas9 or Cas9 complex
plus excess of crRNA:tracrRNA duplex (300 ng) were diluted with serum-free
medium to the final volume of 100 pl. The samples were mixed with 1pul of
TurboFect protein transfection agent, incubated for 15 min and added to the
cell culture. Three hours after transfection the serum-free cell culture medium
was changed into the full growth medium. Cells were analyzed 48 h later.

For multiplex gene editing of DNMT3B and PPIB genes, 1 ug of each
corresponding Cas9 complexes plus 300 ng of each RNA duplex were diluted
with PBS to a final volume of 100 pl, mixed with 2.5 ul of TurboFect and

following 15 min of incubation added to the cells. Serum-free medium was
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replaced with complete growth medium 16h after transfection and the cells
were incubated for another 48h.

The stable cell line expressing a dual reporter gene cassette was generated
using “cGPS® CHO-K1 Full Kit DD (Cellectis Bioresearch). TurboFect in

vitro transfection reagent was used for plasmid delivery into the CHO-K1 cells.

2.2.12. INDEL analysis

DNA was extracted from CHO-K1 or HEK293T cells using “GeneJET
genomic DNA purification kit” (Thermo Fisher Scientific). Regions
surrounding Cas9 target sites were PCR amplified using Phusion Hot Start Il
DNA polymerase (Thermo Fisher Scientific). Corresponding primer sequences
are provided in Table 5. For Surveyor assay, PCR products were reannealed
and analyzed using “SURVEYOR Mutation Detection Kit for Standard Gel
Electrophoresis” (Transgenomic). Amplicon sizes are provided in Table 5.

For Cas9 complex digestion assay, 3 nM of PCR products were mixed
with 50 nM of Cas9 complex and incubated for 20 min at 37°C in a reaction
buffer. Reaction was quenched with phenol/chloroform and digestion products
were examined in 2% agarose gel. Quantitative analysis was done using
ImageJ program (National Institutes of Health) as described in (Cong et al.,
2013).

2.2.13. Single-molecule experiments

2.2.13.1. Construction of DNA substrates for magnetic tweezers

experiments

All DNA constructs were based on pUC18 plasmids into which single
protospacer/PAM elements were inserted via the EcoRlI sites (see Tables 3 and
5 for the details). For preparing constructs for the tweezers experiments, a 2.1
kbp fragment containing a single protospacer/PAM combination was made by

PCR from the recombinant plasmids (see Table 5 for primer sequences),
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digested with Notl and Spel and purified from the agarose gel. Biotin- or
digoxigenin-modified attachment handles were made using 1.0 kbp DNA
fragments that where labeled with biotin- or digoxigenin-dUTP by PCR (see
Table 5 for primer sequences), and which were digested with either Notl or
Spel. The protospacer fragment was ligated with the biotin/digoxigenin-
labeled handles using T4 DNA ligase.

2.2.13.2. Single-molecule observation of R-loop formation

Single-molecule magnetic tweezers experiments with Cas9 were carried
out as previously described (Revyakin et al., 2005; Seidel et al., 2005) using
Picotwist instrument (Saint Romain de Popey, France, equipped with a Jai CV-
A10 GE camera, image acquisition at 60 Hz). The fluidic cells for the Cas9
experiments were constructed from an uncoated 24x60 mm coverslip (Menzel-
Glaser No. 1), double-sided adhesive tape (3M 467MP, 50 um depth) and
polyester film (Melinex 401, DuPont, 50 um depth). Anti-digoxigenin (Roche)
and BSA were adsorbed directly to the glass by incubation for >3 hours at
room temperature. Each DNA construct was bound at its biotin-modified end
to excess streptavidin-coated magnetic beads (1 pm diameter, MyOne,
Invitrogen) and added into the fluidic cell to allow the DNA to bind the surface
via its digoxigenin-modified end. Non-magnetic particles (3.2 um tosyl
activated polystyrene or 2.0 um aldehyde/sulphate latex, Invitrogen) were
adhered to the glass (in phosphate buffered saline or 50 mM MES, pH 5.5,
respectively) to correct for instrument drift. The three-dimensional position of
the magnetic bead and thus the orientation and length of the attached DNA
molecule was determined from video images at the camera frame rate (see
above) using real-time 3D particle tracking with sub-nm accuracy (Klaue and
Seidel, 2009; Lionnet et al., 2012; Otto et al., 2010). Suitable topologically-
constrained DNA were identified from rotations curves and the rotational zero
reference set as determined from a rotation curve at 0.3 pN. Experiments with

Cas9 were carried out in complex assembly buffer. Measurements were
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performed using 1 nM Cas9 (at 25°C). When recording the shift in rotational
zero due to R-loop formation magnets were rotated at 0.5 — 1.0 Hz. For
measuring the on/off times as a function of torque, the magnets were turned at
10 Hz. In all time trajectories and rotation curves depicted, raw DNA length
data taken at the camera acquisition rate is shown in light colours (light grey,
blue or red), while data smoothed with either a 1 or 2 Hz moving average is

shown as in dark colours (dark, blue, green, grey and red).

2.2.13.3. Determination of rotational shifts upon R-loop binding

On the majority of Cas9 DNA substrates, R-loop formation and
dissociation events occurred in the postbuckling/constant torque regime (see
Figure 16D). The position of the rotational zero could therefore be estimated
before and after R-loop formation by fitting the peak of the induction and

probe rotation curves to a parabolic function.

2.2.14. Rapid characterization of Cas9 PAM sequence elements

2.2.14.1. Construction of a 5 bp randomized PAM library

Construction of the 5 bp randomized PAM plasmid DNA library was
initiated with the synthesis of a single oligonucleotide, GG-821N (Table 5),
with hand-mixing used to create a random incorporation of nucleotides across
the 5 random residues (represented as N in the sequence of GG-821N). To
convert the single-stranded template of GG-821N into a double-stranded DNA
template for cloning into the plasmid vector, a second oligonucleotide, GG-820
(Table 5), was synthesized with complementation to the 3” end of GG-821N to
form a partial oligonucleotide duplex. The partial duplex was then extended by
PCR using DreamTaq polymerase (Thermo Fisher Scientific) to generate a full
duplex containing the target sequence, 5 randomized base pairs downstream of
the target sequence and cleavage site for the BamHI restriction enzyme. To

generate the plasmid library, the oligoduplex, purified using “GeneJET PCR

61



Purification Kit” (Thermo Fisher Scientific), was digested with BamHI and
ligated into pTZ57R/T vector (Thermo Fisher Scientific) pre-cleaved with
BamHI. Linear pTZ57R/T vector contains protruding ddT nucleotide at the 3’
ends, whereas PCR fragments generated with DreamTaqg polymerase contains
dA at the 3’ ends. Therefore one end of the PCR fragment is ligated into the
vector through BamHI sticky ends, while another through A/T ends. DH5a
Ca®" competent cells were transformed with the ligated plasmid library and
plated onto LB containing agar. The transformation efficiency was estimated
from plated dilutions. Overall, ~12,000 colonies were recovered. The colonies
were harvested from the plate by gently resuspending them in liquid LB media
and plasmid DNA was purified using “GeneJET Plasmid Miniprep Kit”

(Thermo Fisher Scientific).
2.2.14.2. Construction of a 7 bp randomized PAM library

The 7 bp randomized PAM plasmid DNA library was constructed as
described for the 5 bp library with the following modifications. Randomization
of the PAM sequence was generated through the synthesis of four
oligonucleotides, GG-940-G, GG-940-C, GG-940-A and GG-940-T (Table 5),
with hand-mixing used to create a random incorporation of nucleotides across
the random residues (represented as N). The randomized single-stranded
oligonucleotides were each separately converted into double-stranded DNA
templates for cloning into the plasmid vector using a second oligonucleotide,
GG-939 (Tableb), with complementation to the 3° end of GG-940-G, GG-940-
C, GG-940-A and GG-940-T and by PCR extension with DreamTaq
polymerase (Thermo Fisher Scientific). To avoid cleavage of some species of
the randomized positions, the resulting double-stranded templates were each
digested with an 8 bp cutting restriction endonuclease, Sdal, so that overhangs
were present at each end; a Pstl compatible overhang and a Taq added single 3’
A overhang. The resulting overhangs were used to directionally ligate the 4

double-stranded templates into pTZ57R/T (Thermo Fisher Scientific) pre-
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cleaved with Pstl. The ligations were transformed into DH5a Ca** competent
cells, plasmid DNA was recovered and combined from each of the 4
transformants derived from GG-940-G, GG-940-C, GG-940-A and GG-940-T
to generate the randomized 7 bp PAM plasmid DNA library.

2.2.14.3. PAM libraries validation

To validate the randomness of the resulting PAM libraries, PCR
fragments spanning the 5 bp and 7 bp randomized PAM regions were
generated by Phusion High-Fidelity DNA Polymerase (Thermo Fisher
Scientific) amplification (15 cycles of a 2-step amplification protocol) using
the primer pair combinations TK-119/pUC-dir and TK-113/pUC-dir (Table 5)
for the 5 bp and 7 bp libraries, respectively. The resulting 122 bp (for 5 bp
PAM library) and 145 bp (for 7 bp PAM library) PCR products were purified
using “GeneJET PCR Purification Kit” (Thermo Fisher Scientific) and the
sequences necessary for amplicon-specific barcodes and Illumina sequencing
were “tailed” on through two rounds of PCR each consisting of 10 cycles. The
primer pair combinations in the first round of PCR were JKYS800.1/JKYS803
and JKYS921.1/JKYS812 (Table 5) for the 5 bp and 7 bp libraries,
respectively. A set of primers, JKYS557/JKYS558 (Table 5), universal to all
primary PCR reactions was utilized for the secondary PCR amplification. The
resulting PCR amplifications were purified with a Qiagen PCR purification
spin column, concentration measured with a Hoechst dye-based fluorometric
assay, combined in an equimolar ratio and single read 60-100 nucleotide-
length deep sequencing was performed on Illumina’s MiSeq Personal
Sequencer with a 5-10% (v/v) spike of PhiX control v3 (lllumina, FC-110-
3001) to off-set sequence bias. After sequencing, reads were trimmed to a
minimum Phred quality (Q score) of 13 and different treatments were
deconvoluted by identifying a perfectly matching 4-6 nt barcode sequence
present at the 5 prime end. The PAM sequence for only those reads containing

a perfect 12 nt sequence match flanking either side of the randomized PAM
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sequence were captured. The collection of resulting PAM sequences were then
collapsed into like sequences, counted and frequency of each PAM calculated.
A position frequency matrix (PFM) was then performed by first aligning the
collapsed PAM sequences. Next, each nucleotide (G, C, A or T) at each
position of the PAM was weighted based on the frequency of the PAM
sequence with which it was associated. Finally, the total contribution of each
nucleotide (G, C, A or T) at each PAM position was summed to generate the
overall probability of identifying a given nucleotide at each PAM position

within the dataset.

2.2.14.4. Capture and identification of PAM preferences

To identify PAM preferences, 1 pg (5.6 nM) of plasmid DNA library
with randomized PAM was cleaved with 0.5 nM and 50 nM of Cas9-guide
RNA complex in a reaction buffer for 60 min at 37°C in a 100 pl reaction
volume. To efficiently capture the blunt-ends of the plasmid library generated
by Cas9 complex cleavage, a 3° dA was added by incubating the completed
digestion reactions with 2.5 U of DreamTag DNA Polymerase (Thermo Fisher
Scientific) and 0.5 pl of 10 mM dATP (or dNTP) for an additional 30 min at
72°C. Reaction products were purified using “GeneJET PCR Purification Kit”
(Thermo Fisher Scientific). Next adapters with a 3’ dT overhang were
generated by annealing TK-117 and phosphorylated TK-111 oligonucleotides
(Table 5). 100 ng of the resulting adapter was ligated to an equal concentration
of the purified 3’ dA overhanging cleavage products for 1 hour at 22°C in a 25
ul reaction volume in adapter ligation buffer with 0.5 U T4 Ligase (Thermo
Fisher Scientific). Next, to selectively enrich for cleaved products containing
the PAM sequence, PCR amplification was performed with a forward primer,
pUC-dir specific to the PAM-side of the cleaved pTZ57R/T plasmid vector and
with a reverse primer, TK-117 specific to the ligated TK-117/TK-111 adapter
sequence. PCR fragments were generated by Phusion High-Fidelity DNA

Polymerase (Thermo Fisher Scientific) amplification (15 cycles of a 2-step
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amplification protocol) with 10 ul of ligation reaction mixtures as a template
(in 100 pl total volume). The resulting PCR products amplified from the Cas9-
guide RNA complex cleaved plasmid libraries were purified with “GeneJET
PCR Purification Kit” (Thermo Fisher Scientific) and prepared for Illumina
deep sequencing as described in the PAM library validation section except the
barcode containing forward primers used in the primary reaction were specific
to the TK-117/TK-111 adapter sequence (Table 5). Illumina deep sequencing,
post-processing and position frequency matrices (PFMs) were performed as
described in the PAM library validation section (see 2.2.14.3). WebLogos were
generated as described by (Crooks, 2004).

2.2.15. In planta mutation detection

The DNA region surrounding the expected site of cleavage for each
Cas9-guide RNA was amplified by PCR using Phusion® High Fidelity PCR
Master Mix (NEB) “tailing” on the sequences necessary for amplicon-specific
barcodes and Illumina sequences through two rounds of PCR each consisting
of 20 cycles. The primer pairs used in the primary PCR were
JKYX1.1/JKYS178Rd, JKYS1083.1/JKYS1084 and JKYX2.1/JKY X3 (Table
5) each corresponding to Ms45 exon 1, Ms45 exon 4 and liguleless-1 targets,
respectively. A set of primers universal to the products from the primary
reactions, JKYS557/JKYS558, were used in the secondary PCR reaction. The
resulting PCR amplifications were purified using “QIAquick PCR Purification
Kit” (Qiagen), concentration measured with a Hoechst dye-based fluorometric
assay, combined in an equimolar ratio, and single read 100 nucleotide-length
amplicon sequencing was performed on Illumina’s MiSeq Personal Sequencer
with a 5-10% (v/v) spike of PhiX control v3 (Illumina, FC-110-3001) to off-set
sequence bias. Post-processing on the resulting sequences was performed as
described in the PAM library validation section and only those reads with a >1
nucleotide INDEL arising within the 10 nt window centered over the expected

site of cleavage and not found in the negative controls were classified as
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mutations. Mutant reads with an identical mutation were counted and collapsed
into a single read and the top 10 most prevalent mutations were visually
confirmed as arising within the expected site of cleavage. The total numbers of
visually confirmed mutations were then used to calculate the percentage of
mutant reads based on the total number of reads of an appropriate length
containing a perfect match to the barcode and forward primer.
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3. RESULTS AND DISCUSSION

3.1.crRNA and tracrRNA guide Cas9-mediated DNA

interference in Streptococcus thermophilus

S. thermophilus DGCC7710 strain contains four distinct CRISPR-Cas
systems: CRISPR1, CRISPR2, CRISPR3 and CRISPR4 (Horvath and
Barrangou, 2010). The CRISPR2 and CRISPR4 systems belong to the Type 111
and Type I, respectively, while CRISPR1 and CRISPR3 both belong to Type Il
CRISPR-Cas systems (Horvath and Barrangou, 2010; Makarova et al., 2015).
Type Il CRISPR-Cas systems dramatically differ from other types of CRISPR-
Cas systems and are one of the simplest systems in terms of number of genes.
All CRISPR-Cas systems in subtype II-A share a similar architecture, with
tracrRNA and four cas genes located in the vicinity of the CRISPR spacer-
repeat array (Figure 9A). Type Il signature gene cas9 encodes a sole
multidomain protein, responsible for target DNA cleavage (Gasiunas et al.,
2012; Jinek et al., 2012; Sapranauskas et al., 2011). In addition, it has recently
been shown cas9 involvement in adaptation step with casl, cas2 and csn2
genes (Heler et al., 2015; Wei et al., 2015).

The effector complex of the Type II-A S. thermophilus CRISPR3-Cas
system contains a ~42 nt crRNA combined with Cas9 (Gasiunas et al., 2012).
While tracrRNA involvement in the S. pyogenes effector complex has been
documented (Jinek et al., 2012), the role of tracrRNA in DNA silencing
provided by the S. thermophilus CRISPR3-Cas effector complex remains to be
established.

3.1.1. Genetic location of the tracrRNA-encoding sequence in the
S. thermophilus DGCC7710 CRISPR3-Cas system

Sequence analysis of the DNA region upstream of the cas9 gene in the S.
thermophilus DGCC7710 CRISPR3-Cas system revealed that, similarly to the
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Figure 9. Schematic representation of Type I1-A CRISPR-Cas systems in S. pyogenes, S.
thermophilus LMD-9 and DGCC7710 strains. (A) Four cas genes are located in the
vicinity of the CRISPR spacer-repeat array. tracrRNA is encoded upstream of the cas operon.
(B) Alignment of tracrRNA encoding loci in S. pyogenes, S. thermophilus LMD-9 and
DGCC7710 CRISPR-Cas systems. The anti-repeat regions complementary to the repeat
sequences in crRNA are underlined, the putative promoters are shown in grey and the Rho
independent terminators are boxed. The RNase Ill cleavage site and transcription site in S.
pyogenes is indicated by a gray triangle and arrow, respectively.

S. pyogenes CRISPR-Cas system (Deltcheva et al., 2011), a putative tracrRNA
Is encoded upstream of the cas operon (Figure 9A). In S. pyogenes, deep
sequencing data (Deltcheva et al., 2011) revealed 171 nt and 89 nt tracrRNAs
that would result from transcription at two distinct promoters to a shared
transcriptional terminator. Northern blot analysis of the S. thermophilus LMD-
9 strain, which contains a CRISPR3-Cas system nearly identical to the
S. thermophilus DGCC7710 CRISPR3-Cas system (Gasiunas et al., 2012),
revealed a ~100 nt tracrRNA transcript (Deltcheva et al., 2011).

To identify a putative transcriptional start position for the tracrRNA
transcript from S. thermophilus DGCC7710 CRISPR3-Cas system, we
compared DNA fragments containing anti-repeat region of the tracrRNA
(Figure 9B). The tracrRNA encoding sequences are very similar (87% identical
nucleotides) and contain Rho-independent transcription terminators. Therefore,
we assumed that the transcription of S. thermophilus DGCC7710 tracrRNA
could start at the same position as in S. pyogenes and the estimated size of
S. thermophilus DGCC7710 tracrRNA is ~100 nt, which would be consistent
with the size of S. thermophilus LMD-9 tracrRNA (Deltcheva et al., 2011).
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3.1.2. tracrRNA is necessary forin vivo DNA interference by
S. thermophilus CRISPR3-Cas

The pCRISPR3 plasmid, which carries a complete S. thermophilus
DGCC7710 CRISPR3-Cas locus including a CRISPR3 array comprised of 12
spacer-repeat units and a tracrRNA encoding fragment located upstream of the
cas9 gene (Figure 10A), provides interference against transformation of a
donor pS1 plasmid which contains a protospacer identical to the S1 spacer in
the CRISPR3 array and the accompanying 5’-NGGNG-3 PAM sequence
(Gasiunas et al., 2012; Sapranauskas et al., 2011). To establish whether
tracrRNA is required for S. thermophilus CRISPR3-Cas-mediated plasmid
interference in E. coli, we generated pCRISPR3 plasmid variants with a
compromised tracrRNA-encoding sequence (Figure 10A). In the pCRISPR3-At
plasmid, the entire tracrRNA coding sequence is deleted, while in the
PCRISPR3-AtR variant, the tracrRNA-encoding sequence is truncated at the 3’
end, to leave only the region from the transcription start site to the end of anti-
repeat sequence (Figure 10A). Next, we analyzed transformation efficiency of
two recipient E. coli strains carrying tracrRNA-deficient pCRISPR3-At or
PCRISPR3-AtR variants by the pS1 donor plasmid. The pUC18 plasmid,
which lacks a protospacer but contains multiple PAMs was used as a control in
the plasmid transformation assay. We found that, in contrast to pCRISPR3
carrying recipient strain, which was resistant to pS1 transformation, the
tracrRNA-deficient strains became permissive for transformation by pS1
plasmid (Figure 10B). Thus, the plasmid immunity provided by the
heterologous S. thermophilus CRISPR3-Cas system is compromised when
either part of or the full tracrRNA encoding sequence is eliminated, indicating
that tracrRNA is necessary for Cas9-mediated interference.

To confirm that the S. thermophilus CRISPR3-Cas mediated plasmid
interference is lost due to the tracrRNA gene deletion/truncation, we
introduced a full length tracrRNA in trans into the tracrRNA-deficient

permissive recipient strain and evaluated pS1 plasmid transformation
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efficiency. More specifically, the fragment encoding tracrRNA was cloned into
the pCDF-DUET plasmid under T7 promoter control, the construct expressed
in the pS1 permissive E. coli BL21 (DE3) strain carrying the pCRISPR3-At
plasmid (Figure 10C), and transformation efficiency was evaluated by counting
colonies on Ap, Str, Cm and IPTG-supplemented agar plates. Under these
conditions, we found that transformation by the pUC18 plasmid yielded ~1,000
colonies, while no colonies were obtained in the case of pS1 plasmid (Figure

10C). The same results were obtained in a recipient host, which carried the
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Figure 10. The tracrRNA is required for interference. (A) Schematic representation of
plasmids used for plasmid transformation interference assays. The pCRISPR3-At plasmid
encodes a CRISPR3-Cas system without tracrRNA. In pCRISPR3-AtR, tracrRNA contains
only the anti-repeat region and lacks 3’ end. ptracrRNA plasmid was obtained by inserting a
full length tracrRNA encoding sequence under control of T7 RNA polymerase promoter in
the pCDF-DUET plasmid. (B) The deletion or shortening of tracrRNA inactivates CRISPR3-
Cas interference. (C) tracrRNA can be provided in trans on a separate plasmid. (D) Cas9 co-
purifies with ~65 nt tracrRNA and ~42 nt crRNA. Northern blot analysis of nucleic acids
extracted from purified active Sth3 Cas9 complex using anti-tracrRNA (left panel) and anti-
crRNA (right panel) oligonucleotide probes. The estimated size of the tracrRNA is ~65 nt,
minor amounts of longer tracrRNA intermediates are present. M — RNA size markers.
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pPCRISPR3 plasmid containing tracrRNA in cis (Figure 10C). These results
show that trans-complementation of tracrRNA converts a pS1-permissive E.
coli strain into a transformation resistant (non-permissive) strain. Taken
together, plasmid transformation assays demonstrate that tracrRNA is
necessary for DNA interference provided by the S. thermophilus CRISPR3-Cas

effector complex, in vivo.

3.1.3. tracrRNA co-purifies with Cas9 protein

S. thermophilus CRISPRR3 (Sth3) Cas9 is the sole Cas protein required
for the S. thermophilus CRISPR3-Cas mediated immunity (Gasiunas et al.,
2012; Sapranauskas et al., 2011). Sth3 Cas9 protein co-purifies with a ~42 nt
crRNA (Figure 10D) (Gasiunas et al., 2012). To probe whether tracrRNA also
co-purifies with Cas9 and crRNA, we performed Northern blot analysis using
an anti-tracrRNA 36 nt oligodeoxynucleotide probe. Nucleic acids extracted
from the Strep-Tactin—purified Cas9 preparation (Gasiunas et al., 2012)
hybridized with the anti-tracrRNA probe and were sensitive to RNase, but not
to DNase treatment (Figure 10D). The estimated size of the tracrRNA which
co-purified with Cas9 is ~65 nt. Hence, the S. thermophilus DGCC7710
CRISPR3-Cas effector complex that provides interference against DNA
consists of a ternary Cas9-crRNA-tracrRNA complex similarly to the S.

pyogenes (Spy) effector complex (Jinek et al., 2012).

3.1.4. In vitro reconstitution of the Sth3 Cas9-crRNA-tracrRNA effector

complex

Analysis of the protein and nucleic acid content of the Sth3 effector
complex isolated from the heterologous E. coli strain revealed the presence of
Cas9, a ~42 nt crRNA and a ~65 nt tracrRNA (Figure 10D). Next, we aimed to
reconstitute an effector complex in vitro, by combining these three individual
components. To assemble Cas9-crRNA-tracrRNA complex, Cas9 was pre-

incubated with equimolar amounts of a synthetic 42 nt crRNA and 78 nt
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tracrRNA, corresponding to a mature form, obtained by in vitro transcription.
Extra nucleotides (78 nt vs. 65 nt) were introduced for in vitro transcription by
a T7 RNA polymerase. The DNA cleavage activity of the reconstituted
complex was monitored in vitro using the pS1 plasmid (see section 2.2.6). In
the presence of a reconstituted Sth3 Cas9 complex, the pS1 plasmid which
contains a protospacer 1 sequence flanked by the 5°’-NGGNG-3’ PAM s
converted into a linear form (Figure 11A), indicating that both DNA strands
are cleaved within the protospacer region. If one of the complex components
(Cas9, crRNA or tracrRNA) is missing, no cleavage of pS1 is observed,
indicating that all three components are necessary to form a functional Sth3
Cas9 complex. On the other hand, the pUC18 plasmid which lacks the
protospacer is not cleaved by the Sth3 Cas9. Hence, a catalytically competent
Cas9-crRNA-tracrRNA complex can be reconstituted in vitro by mixing
individual components, similarly to the Cas9 complex of S. pyogenes (Spy)
(Jinek et al., 2012).

Experiments with Spy Cas9 complex revealed that tracrRNA can be 3°-
truncated in in vitro applications (Jinek et al., 2012). To define the minimal
length of 3’-end of tracrRNA required for crRNA-guided DNA cleavage by the
Sth3 Cas9, we designed and generated a set of tracrRNA molecules truncated
by stretches of 5 nt from the 3’ terminus. The overall size of tracrRNA variants
varied between 33 nt and 78 nt (Figure 11B). The truncated tracrRNA variants
were used for in vitro reconstitution of the Sth3 Cas9 complex, followed by
analysis of the pS1 plasmid cleavage. We found that 38 nt and 33 nt tracrRNA
variants do not support DNA cleavage by Sth3 Cas9 (Figure 11C), whereas 43,
48 and 53 nt variants showed decreased cleavage activity. On the other hand,
tracrRNAs longer than 58 nt support efficient Sth3 Cas9 cleavage of the pS1
plasmid. Interestingly, secondary structure analysis of tracrRNA suggests

formation of three putative hairpin structures in the non-complementary
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Figure 11. Plasmid DNA cleavage by the in vitro assembled effector Sth3 Cas9 complex.
(A) Cas9, 42 nt crRNA and 78 nt tracrRNA were used for complex assembly. The Cas9 RNP
complex was incubated with pS1 or pUC18 plasmids. pS1 plasmid contained a protospacer 1
sequence flanked by the 5’-NGGNG-3’PAM sequence. Protospacer 1 sequence is absent in
pUC18. Reaction products were analyzed by electrophoresis in agarose gel. SC — supercoiled
plasmid, OC — nicked reaction intermediate cut at either DNA strand, FLL — final reaction
product cleaved at both DNA strands. Under these reaction conditions the pS1 plasmid is
converted into a linear form while the pUC18 plasmid lacking a protospacer 1 sequence is
resistant to cleavage. In the reaction mixes lacking one of the components (Cas9, crRNA or
tracrRNA) pS1 plasmid is not cleaved. (B) Schematic representation of 42 nt crRNA:78 nt
tracrRNA duplex structure. The putative secondary structures of the non-complementary part
of the tracrRNA identified by RNAfold (Hofacker et al., 1994) are shown. The positions of 5
nt 3’-truncations in the non-complementary region are indicated. (C) pS1 plasmid cleavage
by the effector complex assembled in vitro using tracrRNAs of different lengths.

3’-terminus of tracrRNA (Figure 11B). Our data indicate that the 3’-end
proximal hairpin is not necessary for effector complex formation, while two

others are required for Cas9 binding and/or cleavage.

3.1.5. Cas9 role in formation of the pre-crRNA:tracrRNA duplex

In the Sth3 and Spy Cas9 effector complexes, the target site recognition is

achieved by the crRNA while the Cas9 protein provides two active sites for the
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cleavage of opposite DNA strands in the protospacer (Gasiunas et al., 2012;
Jinek et al., 2012). Indirect evidence obtained in vivo in S. pyogenes suggests
that Cas9 is also an essential protein for crRNA maturation (Deltcheva et al.,
2011) and may facilitate formation and stabilization of the pre-
crRNA:tracrRNA duplex (Deltcheva et al., 2011), however experimental
evidence and molecular details remain to be established. To probe
experimentally whether the Sth3 Cas9 promotes pre-crRNA and tracrRNA
annealing, we produced tracrRNA3 (105 nt) and pre-crRNA3 (94 nt containing
a single 36 nt repeat sequence) from CRISPR3 by in vitro transcription and
monitored tracrRNA3:pre-crRNA3 duplex formation in the presence of Sth3
Cas9 (Figure 12). In a control set of experiments, tracrRNA1 (105 nt) and pre-
crRNAL1 (94 nt) from the homologous S. thermophilus DGCC7710 Type I
CRISPR1 system were used. To monitor duplex formation, radioactively
labeled tracrRNAs were incubated for 10 min with pre-crRNAs in the presence
of a non-specific 2 kb RNA transcript and different amounts of the Sth3 Cas9,
the reaction was quenched by adding Proteinase K and an excess of unlabeled
tracrRNA and samples were analyzed on the non-denaturing PAGE (Figure

12). Under these experimental conditions, in the absence of Cas9, no

CRISPR3 CRISPR1
105 nt tracrRNA3 3 . 105 nt tracrRNA1
3- ) 3 5
5 5 I N
94 nt pre-crRNA3 94 nt pre-crRNA1
Cas9 (CRISPR3) Cas9 (CRISPR3)
C D 0 0105 1 25 5 nMfinal C D 0 0105 1 25 5 nMfinal
3
U [ H tracrRNA3/pre-crRNA3 H tracrRNA1/pre-crRNA1

u U U - U “ gracrRNA3 U - U“ Sl b tracrrnas

Figure 12. tracrRNA and pre-crRNA annealing in the presence of Cas9. 105 nt tracrRNA
and 94 nt pre-crRNA used in the annealing assay are represented above the gels.
Complementary sequences are indicated in black. Non-denaturing PAGE analysis of duplex
assembly between tracrRNA3 and pre-crRNA3 of CRISPR3 system (left panel) and
tracrRNAL and pre-crRNA1 from CRISPR1 (right panel) at varying concentrations of Cas9
from CRISPR3. C — control lanes, containing only labeled tracrRNA, D — tracrRNA:pre-
crRNA duplex, formed by heating tracrRNA:pre-crRNA mixture (1:100 molar ratio) to 95°C
and slowly cooling to room temperature.
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tracrRNA:pre-crRNA duplex is formed. Increasing amounts of Sth3 Cas9
promote tracrRNA3:pre-crRNA3 formation but have no effect with tracrRNAL
and pre-crRNAL (Figure 12). Taken together these results indicate that Sth3
Cas9 specifically promotes pre-crRNA3 and tracrRNA3 annealing and
facilitates formation of the pre-crRNA3:tracrRNA3 duplex.

3.2. Programmable DNA cleavage in vitro by Cas9

The simple modular organization of Cas9 complex, where specificity for
the DNA target is encoded by a small crRNA and the cleavage reaction is
executed by the Cas9 endonuclease (Gasiunas et al., 2012; Jinek et al., 2012),
provides a versatile platform for the engineering of universal RNA-directed
DNA endonucleases. By altering the crRNA sequence within the Cas9
complex, we tried to adapt programmable endonuclease for in vitro

applications.
3.2.1. Sth3 Cas9 complex as a tool for DNA manipulation

Restriction endonucleases recognize short nucleotide sequences usually
4-8 bp in length and in the presence of Mg®*-ions cut both DNA strands within
or close to the target site. Due to their unique specificity, restriction enzymes
became indispensable tools for DNA cloning (Roberts, 2005). The flexibility
when inserting gene fragments into the plasmid vector is limited by the
availability of recognition sequences for restriction enzymes. To demonstrate
that Sth3 Cas9 could be used as a universal RNA-guided DNA endonuclease
programmed by the crRNA to target any DNA site we adapted it for cloning
procedure. We selected two target sites (N1 and N2) located near the Aatll and
Sapl restriction endonucleases sites in the pUC18 plasmid (Figure 13A). Using
in vitro transcription of the PCR products bearing N1 and N2 spacers encoding
sequences flanked by two repeat units we generated pre-crRNAs matching

protospacers N1 and N2.
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The theoretical length of the fragment located between Cas9-N1 and
Cas9-N2 sites is 612 bp (Figure 13A). Double digestion of pUC18 plasmid
with Cas9-N1 and Cas9-N2 (Figure 13B) yielded two DNA fragments (~2000
bp and ~600 bp), indicating that plasmid was cut at sites targeted by the
crRNAs in the Cas9-N1 and Cas9-N2 complexes. Sequencing data confirmed
that plasmid DNA cleavage occurred at both sites 3 nt upstream of the PAM
sequence generating blunt-ended plasmid vector (Figure 13C). To demonstrate
that the plasmid vector pre-cleaved with Cas9 is suitable for further
manipulations, we ligated a PCR fragment amplified from the region
containing a promoter and a tetracycline resistance gene in the pACYC184
plasmid (Figure 13D) and used a resulting ligation mix to transform E.coli
cells. The resulting clones were selected on media enriched by tetracycline and
ampicillin. Sequencing data confirmed that the PCR fragment was inserted at
the desired position and no mutations or INDELs were introduced upon Cas9
cleavage. Taken together these experiments demonstrate that i) Cas9 can be
used as a programmable DNA endonuclease suitable for cloning experiments,
i) multiple cleavage can be performed simultaneously by different Cas9

complexes.

3.2.2. In vitro cleavage of genomic DNA by the Cas9 complex

The predicted length of the DNA target recognized by the Sth3 Cas9 is
determined by the 20 nt sequence complimentary to the crRNA plus 3 nt of
PAM sequence. Plasmid interference experiments in vivo indicate that 6 nt at
the PAM distal end of the protospacer are not important for interference
suggesting that only 14 nt matching to the crRNA and PAM sequence are
absolutely required for DNA interference by the Sth3 Cas9 (Sapranauskas et
al., 2011). In theory, the 17 nt recognition sequence allows to design Sth3 Cas9
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Figure 13. Sth3 Cas9 complex as a tool for DNA manipulation. (A) Schematic
representation of the target sites in the pUC18 plasmid. The distance between Sapl and Aatll
restriction enzymes sites is 775 bp, whereas the distance between two protospacer sites Cas9-
N1 and Cas9-N2 is 612 bp. (B) pUC18 plasmid cleavage by reprogrammed Cas9 complexes.
Cleavage products resulting from the double digestion using Sapl and Aatll restriction
enzymes are also shown. Sizes are indicated in kbp. (C) Run-off sequencing data of pUC18
pre-cleaved with Cas9-N1 (upper panel) and Cas9-N2 (lower panel) complexes. Cleavage of
plasmid DNA at both sites occurred 3 nt upstream of the PAM. (D) Schematic representation
of the cloning experiment. Plasmid vector pre-cleaved with Cas9-N1 and Cas9-N2 complexes
was ligated with a PCR fragment encoding a promoter and a tetracycline resistance gene.
Clones were selected on media containing tetracycline (Tc) and ampicillin (Ap).
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complexes that target unique sequences in genomic DNA. To find out whether
Cas9 is able to locate and cleave target sites in vitro in the context of genomic

DNA, we programmed the Cas9 complex for unique sites in bacteriophage A
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(49 kbp), E. coli (4.6 Mbp) and human (3.2 Gbp) DNA. The analysis of phage
A genomic DNA cleavage products in agarose gel confirmed that the 49 kbp
DNA is cleaved only once yielding 42 kbp and 7 kbp products as predicted
(Figure 14A). To identify cleavage products of the E. coli genomic DNA we
used southern blot analysis. More specifically, we first treated genomic DNA
with an excess of Cas9 complex, followed by Pstl restriction enzyme digestion,
and then analyzed reaction products by Southern blotting using a probe
designed against the DNA fragment between the Cas9 cleavage site and a
downstream Pstl target (Figure 14B). The distance between two Pstl targets is

~1500 bp, while the distance between a protospacer and the downstream Pstl
target is ~500 bp. After Cas9 cleavage, we detected only ~500 bp DNA
fragment, which means that E. coli genomic DNA was cleaved by Cas9 at the

desired position.
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Figure 14. Genomic DNA cleavage in vitro by the Cas9 complex. (A) A DNA cleavage.
Phage A DNA was incubated with the Cas9 complex for various times and reaction products
were analyzed by agarose gel electrophoresis. The Cas9 is programmed for a target located 8
kb away from the cos site. (B) E. coli genomic DNA cleavage. Genomic DNA extracted from
the E. coli BL21 strain was incubated for 30 min with Cas9 complex before fragmentation
with Pstl. The Cas9 is programmed for a target located between two Pstl sites. If genomic
DNA is cleaved by the Cas9, a 466 bp fragment should be detected by probe hybridization; in
the absence of cleavage, the hybridization probe should detect the 1499 bp fragment. (C)
Human genomic DNA cleavage by Cas9. Following Cas9-HS1 and Cas9-HS2 cleavage, the
relative amounts of uncleaved DNA targets (HS1 or HS2) were estimated by gPCR. The ratio
of cleaved to uncleaved DNA target quantified by gPCR is at least 25:1.
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In the next set of experiments we analyzed human DNA cleavage by the
Cas9-HS1 and Cas9-HS2 complexes targeted to RASGEF1C (HS1) and
ARL15 (HS2) loci, respectively. Cleavage reaction was monitored by gPCR
(quantitative real-time PCR) (Figure 14C). After treatment with Cas9-HS1 and
Cas9-HS2, the amount of intact DNA targets in both loci decreased more than
25 times indicating that human genomic DNA was cleaved at the desired loci.
Taken together these data demonstrate that Sth3 Cas9 effectively finds and
cleaves its targets in the context of genomic DNA of different complexity

including viral, bacterial and mammal DNA.

3.3. Targeted gene editing by transfection of in vitro

reconstituted Sth3 Cas9 nuclease complex

Recently, Cas9 protein emerged as a promising tool for genome editing in
human and other eukaryotic cells. Cas9 complex guided by RNA locates and
binds to the target site, while the Cas9 protein cuts DNA generating a double
strand break (DSB) within the target sequence (Gasiunas et al., 2012; Jinek et
al., 2012). In eukaryotic cells, DSB is repaired by “error prone” non-
homologous end joining (NHEJ) (Lieber, 2010) or by homology directed repair
(HDR) (Moynahan and Jasin, 2010) mechanisms resulting in the genome
modification or insertion of new genetic information (Carroll, 2011; Perez-
Pinera et al., 2012; Urnov et al., 2010).

Spy Cas9 (Jinek et al., 2012) is currently used as a model system for
genome editing applications. Typically, the DNA expression cassettes
encoding nucleus targeted codon optimized Cas9 protein and single-guide
RNAs (sgRNAs) are transfected into the cells (Cong et al., 2013; Jinek et al.,
2013; Mali et al.,, 2013a). The efficiency of DNA cleavage by plasmid
delivered Cas9 in eukaryotic cells depends on multiple factors, including
expression vector design, transfection efficiency, cell type, recovery yield of
functional Cas9 complex (Hsu et al., 2013), and usually requires optimization

of a set of experimental conditions. Cas9 delivery by plasmid transfection is
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still difficult to achieve for some hard to transform cell lines including human
primary cells and pluripotent stem cells (Yamano et al.,, 2010; Kim and
Eberwine, 2010; Li et al., 2014). Moreover, plasmid transfection occasionally
results in undesirable integration of vector plasmid into the genome and is
often inefficient and stressful to cells (Gabriel et al., 2011). To overcome these
issues we tried to adapt an alternative way for the Cas9 mediated genome
modification in eukaryotic cells (Figure 15A) by using chemical transfection of
in vitro reconstituted functionally active Sth3 Cas9 complex.

Sth3 Cas9 complex bearing the nuclear localization signal (NLS) was
reconstituted in vitro using crRNA:tracrRNA duplex or an artificial single
guide RNA (sgRNA). To enable the delivery of reconstituted Sth3 Cas9
complex into CHO-K1 cells, transfection experiments were performed using a
protein delivery agent TurboFect™. Alternatively, other transfection reagents
like Lipofectamine® 2000 or 3000 can be used to transfect Sth3 Cas9
complexes into cells (data not shown).

To monitor the DNA cleavage activity of transfected Cas9 complexes in
mammalian cells, we constructed a dual reporter cassette bearing Red
Fluorescent Protein (RFP) and enhanced Green Fluorescent Protein (eGFP)
genes (Figure 15B). eGFP gene contains two sites, L1 and L2, targeted by two
different Sth3 Cas9 complexes. The I-Crel nuclease (Jurica et al., 1998) target
site was also engineered into the cassette. In the absence of Cas9, eGFP
fluorescence should be observed following intron processing in vivo. Cas9
facilitated DSB at L1 or L2 target site should trigger DNA repair either
through NHEJ or HDR. In case of NHEJ, mutations within the eGFP gene
would result in lost or diminished eGFP fluorescence. HDR, on the other hand,
should result in the RFP expression due to reassembly of the RFP gene via the
engineered homology arms, and enable quantification of HDR efficiency
within the population of transfected cells. Integration of the dual reporter
cassette into a plasmid vector generated a reporter plasmid while integration

into the CHO-K1 cell genome produced a stable reporter cell line.
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Figure 15. Gene editing by in vitro reconstituted S. thermophilus Cas9 complex. (A)
Workflow of the cell transfection experiment. (B) CMV-promoter driven dual reporter gene
cassette for the Cas9 cleavage analysis and expected NHEJ or HDR repair products. L1 and
L2 designate 2 different Cas9 target sites. Insertion of the reporter gene cassette into a
plasmid vector generates a reporter plasmid while insertion into the CHO-K1 cell genome
generates a stable reporter cell line. (C) Percentage of GFP* and RFP* cells (in L1 and L2-
targeted samples) estimated by a flow cytometry. (D) Cleavage analysis of the reporter
plasmid. Regions surrounding Cas9 target sites in the reporter plasmid were PCR amplified
and reannealed PCR amplicons (592 bp) were digested with Surveyor nuclease or L1
targeting Cas9 complex. Red arrows indicate 100+492 bp and 363+229 bp hydrolysis
products for L1 and L2, respectively, and undigested 592 bp fragment. Numbers below
indicate INDEL % calculated by densitometric analysis of corresponding bands. (F) FACS
analysis of RFP* cells in the reporter CHO-K1 cell line transfected by Cas9 or I-Crel
nucleases. (E) Detection of RFP" cells using fluorescent microscope imaging. (G) Cleavage
analysis of the chromosomal Cas9 target sites in the CHO-K1 cell line. PCR amplicons (592
bp) were digested with Surveyor nuclease to produce 100+492 bp fragments (L1) and
363+229 bp fragments (L2), respectively. (H) HEK293T cells were transfected with Cas9
complexes specific for DNMT3B and/or PPIB gene loci. Surveyor digestion was performed
on reannealed PCR amplicons - 544 bp (DNMT3B) or 505 bp (PPIB) vyielding hydrolysis
products of 335+209 bp or 330+174 bp, respectively (red arrowheads).
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To demonstrate Sth3 Cas9 functional activity in vivo, the dual reporter
plasmid was co-transfected together with preassembled Sth3 Cas9 complexes.
Sth3 Cas9 and reporter DNA transfection mixtures were prepared in separate
tubes and added to the cell culture at the same time; the percentage of eGFP”
cells was estimated 48 h later by flow cytometry. When cells were transfected
with the reporter plasmid alone, the percentage of eGFP™ cells was ~40%,
indicative of overall transfection efficiency (Figure 15C). Upon the Sth3 Cas9
complex transfection, the percentage of eGFP" cells was reduced to 5-15%.
Cell transfection by Sth3 Cas9 complexes bearing non-targeting crRNA had no
affect on GFP fluorescence. Surveyor nuclease assay (Guschin et al., 2010)
revealed ~27% and ~22% of insertions/deletions (INDELSs) at the L1 and L2
sites, respectively, indicating that Cas9 cleavage at these sites triggered DSB
repair via NHEJ. These values were further verified by an independent in vitro
cleavage assay. In this assay amplified eGFP gene fragments were digested in
vitro with the Cas9 complex targeting L1 site. Assuming that NHEJ introduces
INDELs, we expected that PCR fragments with INDELs will remain intact
while unmodified fragments will be cut. It turned out that the percentage of the
Cas9-resistant DNA (25%) is very similar to that established by the Surveyor
assay. Thus, in vitro digestion of PCR amplicons with Cas9 provides an
alternative to Surveyor assay for INDEL quantification in Cas9-mediated
genome modification in vivo (Figure 15D). In this case the INDEL detection is
faster compared to Surveyor assay since no additional steps of amplicon
reannealing is required. Taken together these results demonstrate that in vitro
reconstituted Cas9 complex delivered by transfection promotes generation of
DSB at the target site, and subsequent repair by NHEJ produces INDELs and
inactivates the eGFP gene. Importantly, INDEL percentage in the target gene
after pre-assembled Sth3 Cas9 complex transfection (Figure 15D) was similar
to that resulting from transfection of Sth3 Cas9 and sgRNA encoding plasmids
(data not shown).

To find out whether HDR contributes to the DSB repair in the reporter

plasmid, we looked at the appearance of RFP* cells: RFP was expressed in 5-
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8% of cells transfected with L1 or L2 targeting Sth3 Cas9 complexes, whereas
no red cells were detected in cultures transfected with non-targeting Cas9
complexes (Figure 15C). The presence of RFP positive cells was subsequently
confirmed by fluorescence microscopy (Figure 15E).

For further analysis of Sth3 Cas9 cleavage activity on the chromosomal
DNA we used the CHO-K1 cell line with a dual reporter cassette (Figure 15B)
integrated into the genome. The weak eGFP fluorescence signal in the
engineered cell line hindered a reliable quantification of the Cas9 cleavage
efficiency by monitoring the decrease of the eGFP signal by flow cytometry.
The Surveyor assay, however, revealed that INDEL values reached 2-6% for
respective chromosomal target sites (Figure 15G). FACS analysis confirmed
that about 3-4% of cells expressed RFP in reporter cell cultures (Figure 15F).
Transfection of recombinant I-Crel nuclease yielded ~4.5% of RFP* cells,
indicating that similar cleavage efficiencies can be achieved by different
recombinant nucleases delivered using chemical transfection (Figure 15G).
Cas9 cleavage specificity was further verified by deep sequencing using MiSeq
system (Illumina). NHEJ-mediated INDELS were centered about the target site
validating the cleavage specificity (data not shown).

To extend the study of recombinant Cas9 potential in multiplex genome
modulation, a series of experiments were carried out using HEK293T cells and
Cas9 complexes specific for endogenous genes DNMT3B or PPIB. The cells
were transfected with each gene targeting complexes separately (single
transfection) or together (dual transfection). Surveyor assay revealed that for
Sth3 Cas9 complex INDEL values for genes DNMT3B or PPIB reached 7%
and 10% in single transfections or 6% and 8% in dual transfections,
respectively (Figure 15H). Overall, this data validated that in vitro
preassembled Cas9 complexes could be successfully used for genome
modulation at different genomic loci and in addition demonstrated the potential

of targeting multiple loci at the same time.
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3.4. DNA target recognition mechanism of Cas9 complex

In DNA-targeting CRISPR-Cas systems, the RNA component of the
complex encodes target recognition by forming a site specific hybrid (R-loop)
with its complement (protospacer) on the DNA while displacing the non-
complementary strand. Subsequently, the R-loop structure triggers DNA
degradation. Although we were able to reconstitute these reactions in vitro and
in vivo (section 3.1-3.3), the exact mechanism of R-loop formation has not

been fully resolved.
3.4.1. Direct observation of R-loop formation

To directly observe and quantify the dynamics of R-loop formation and
dissociation for Sth3 Cas9 complex in single DNA molecule supercoiling
experiments, we used magnetic tweezers (Brutzer et al., 2010; Mosconi et al.,
2009) (Figure 16A). A 2.1 kbp DNA containing a single protospacer S1 and
PAM was attached at one end to a magnetic bead and at the other end to the
bottom of a fluidic cell. A pair of magnets above the cell were used to stretch
the DNA and to supercoil it by rotating the magnets. Simultaneously the DNA
length was measured (Klaue and Seidel, 2009). Upon supercoiling DNA at
constant force, its length stays initially constant. Once a critical torque in the
molecule is reached, its length starts to decrease due to formation of a
plectonemic superhelix resulting in a characteristic rotation curve and an
associated torque profile (Forth et al., 2008; Kauert et al., 2011; Mosconi et al.,
2009; Oberstrass et al., 2012). Enzyme-dependent local DNA unwinding, e.g.
due to R-loop formation, changes the DNA twist and can be seen as a shift of
the whole rotation curve or as a DNA length change (Howan et al., 2012)
(Figure 16A). To detect R-loop formation we carried out “R-loop cycles” with
Cas9 on DNA with matching protospacer and canonical PAM sequence
(Figure 16B). First we slightly untwisted the DNA (producing negative

supercoiling) at low force to help R-loop formation (blue curves in Figures
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Figure 16. R-loop formation and dissociation by Cas9 observed in single-molecule
twisting experiments. (A) Magnetic tweezers-based twisting assay. R-loop formation on
supercoiled DNA molecules at fixed rotation causes local DNA untwisting. Compensatory
overtwisting of the DNA changes the supercoiling, resulting in a DNA length change. (B)
Schematics of the anticipated R-loops formed by Cas9 (20 bp). (C and D) R-loop cycle
experiment in the presence of 1 nM Cas9. DNA with matching protospacer and PAM is
negatively supercoiled at 0.31 pN to induce R-loop formation (blue area of trace), followed
by positive supercoiling to probe the presence of the R-loop (green area of trace); and R-loop
dissociation (red area of trace). R-loop dissociation occurs readily at low positive torque.
Blue and red arrows indicate the positions of R-loop formation and dissociation, respectively.
(E) Cas9-induced shift of the supercoiling curve (orange bars).

16C and D). Subsequently we probed R-loop dissociation by rewinding the
DNA to produce positive supercoiling (green curves in Figures 16C and D).
We observed efficient R-loop formation (100% of all cases, N = 50), which
was seen as a shift of the left side of the probe curve towards negative turns
compared to the curve in absence of the protein (Figure 16D). Cas9-induced R-
loops dissociated readily at low positive force (Figures 16C and D). The
observed shifts in the rotation curves were

dependent on the presence of a protein complex, a matching protospacer and a
corresponding crRNA. For Cas9, 1.45+0.05 turns were obtained from the
center shift (Figure 16E). This value is slightly smaller than anticipated (1.9
turns considering the predicted R-loop length (20 nt) and a DNA helical pitch
of 10.5 bp), possibly due to compensatory writhe from DNA bending induced
by Cas9 complex.
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3.4.2. PAM mutations hinder R-loop formation but not its stability

To clarify whether the PAM regulates R-loop formation by kinetic
inhibition or altered R-loop stability, we measured the dynamics of R-loop
formation and dissociation on substrates with matching protospacers but
mutated PAMSs. Using magnetic tweezers experiments with Cas9 revealed, that
R-loops could still be formed using a G4C mutant, albeit at a much lower rate
than with WT (NGGNG) sequence (Figure 17). Once formed, R-loop stability
was not compromised (Figure 17). R-loop formation using G1C and G2C was
even slower while PAM deletion did not support R-loop formation at all, even
under induced denaturation conditions (data not shown). In support of the
tweezers data, DNA cleavage assays suggest that R-loop formation is hindered
by PAM mutation (with the order G2C>G1C>G4C>>WT) but that subsequent
R-loop cleavage is much less affected (Figure 18A, B and D). Thus, the PAM

regulates R-loop formation and subsequent cleavage by kinetic inhibition.
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Figure 17. PAM mutations affect primarily R-loop formation and not dissociation. Mean
R-loop formation and dissociation times as a function of torque for the G4C PAM compared
with the canonical PAM.
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Figure 18. Cleavage of plasmid DNA with end-truncated protospacers or mutated
PAMs by the Cas9-crRNA-tracrRNA complex. (A) Plasmid containing a consensus
NGGNG PAM and a matching protospacer S1. Reaction products and intermediates were
analyzed by agarose gel electrophoresis (gel image shown on top) and quantified (shown
below). SC (blue open circles) — supercoiled plasmid, OC (green open squares) — nicked
reaction intermediate cut at either DNA strand, FLL (black open triangles) — final reaction
product cleaved at both DNA strands. Solid lines are fits to the data. (B) Cleavage reaction
for a plasmid containing a G2C PAM mutation, and a matching protospacer S1. (C) Cleavage
reaction for a plasmid containing a consensus NGGNG PAM and 7 bp protospacer truncation
(S1" A7 bp). (D) Cleavage rates for the first and second DNA strand in plasmids containing
protospacers with end truncations of different lengths but a consensus PAM (left) or a
mutated PAM but a matching protospacer S1 (right). k; is the rate constant for formation of
the nicked intermediate (including the first strand cleavage step and any preceding rate-
limiting R-loop formation steps) whilst k; is the rate constant for the appearance of the final
FLL product (including the second strand cleavage step) . k; and k, values were obtained by
fitting the cleavage data as previously described (Zaremba et al., 2006). All data points are
mean values from >3 independent experiments. Error bars are given as S.D. For the PAM
mutants, the accumulation of nicked intermediate was not detected (see gel in panel B).
Therefore only the k; value is provided. We can only estimate that k;<<k, under these
conditions. This is in agreement with a greatly reduced R-loop formation rate on these DNA.
The actual cleavage rates of first and second strand after R-loop formation are expected to be
as fast as for the consensus PAM hence k;, being much faster than k;.
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3.4.3. Protospacer end truncations destabilize R-loops for Cas9

For Cas9, R-loops were detected for truncations up to 7 bp with little
change in the association rate (Figure 19) but were not detected for a 9 bp
truncation. For 1 or 5 bp truncations, R-loop stability and DNA cleavage rates
were slightly reduced (Figures 19 and 18). For the 7 bp truncation however,
while an R-loop population with reduced stability was also detected (Figure
19), many R-loops exhibited slower, torque-independent dissociation Kkinetics.
This suggests that mismatches between the crRNA and protospacer can cause
rearrangement of the Cas9 RNP into an inhibited, off-pathway intermediate;
the protospacer truncation correlated with changes in DNA cleavage rate but
also with an accumulation of nicked intermediates (Figure 18C and D; nicking

was even detectable for the 9 bp truncation).

3.4.4. Model for R-loop formation and dissociation by Cas9

Data presented above, shows that the PAM controls tightly the R-loop
formation kinetics but leaves the R-loop stability practically unchanged. Thus,

the PAM provides a kinetic rather than a thermodynamic control of R-loop
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Figure 19. Protospacer end truncations affect the R-loop stability. Mean R-loop
formation and dissociation times as a function of torque for different S1’ protospacer
truncations.
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formation. Distal protospacer mutations affected the R-loop stability but hardly
altered the formation kinetics. This reveals a unidirectionality in the R-loop
formation and dissociation cycle (Figure 20). Firstly the Cas9 complex uses
DNA distortion, guided by PAM binding, to accomplish homology search.
Since R-loop formation times are dependent on complex concentration (data
not shown), 3D diffusion must be an integral part of the target search pathway.
Matching hydrogen bonding between the crRNA and the protospacer then
leads to propagation of R-loop formation over the adjacent base pairs. Under
unfavorable energetic conditions (high positive torque or mismatches between
the protospacer and crRNA), R-loop dissociation occurs in a PAM-independent
manner.

Cas9 can efficiently cut a protospacer with a 7 bp truncations, albeit at a
reduced rate (Figure 18). Nonetheless, Cas9 efficiently discriminates targets
over 11 bp adjacent to the PAM similarly to Cas9 from S. pyogenes (Sternberg
et al., 2014). Despite complementarity, R-loops of 11 bp or shorter were not
formed, revealing that Cas9 can sense further into the protospacer to identify
the correct target. Structurally this likely originates from the more extensive
amino acid contacts with the heteroduplex in this particular region (Nishimasu
et al., 2014).
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Figure 20. Model for the differential control of R-loop formation and dissociation by
PAM and protospacer sequences. Red positive (+) and negative (-) symbols indicate where
supercoiling of the respective sign can accelerate the step.
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3.5. Rapid characterization of CRISPR-Cas9 protospacer

adjacent motif (PAM) sequence elements

The DNA target site for Cas9 is composite and consists of a protospacer
sequence and a short PAM sequence adjacent to the protospacer. As described
previously (section 3.4) and in Sternberg et al., 2014, target recognition is
achieved through a complex mechanism involving Cas9-mediated interaction
with the PAM and crRNA-guided interactions with the complementary DNA
of the protospacer. The process initiates with PAM recognition by Cas9 and
then proceeds through crRNA-guided sequence-specific hybridization with a
protospacer. In this respect, the PAM sequence plays a key role in target
recognition by licensing crRNA-guided base pairing to the protospacer
sequence (Sternberg et al., 2014). A strict PAM requirement constrains DNA
target selection and poses a limit to Cas9 genome editing applications. Target
site selection may be further confined if unique genomic sites are required
especially in large complex plant genomes like maize (Xie et al., 2014). These
constraints imposed by the PAM and the specificity of the Spy Cas9 could be
overcome either by systematically redesigning the PAM specificity of a single
Cas9 protein (Anders et al., 2016; Hirano et al., 2016a; Kleinstiver et al.,
20154, 2015Db), by simply exploring the natural diversity of Cas9 proteins or by
combining the two approaches. In addition to expanding the sequence space
targeted by Cas9, orthologous Cas9 proteins with different biochemical
activities may enhance genomic manipulation efforts. Cas9 systems with
enhanced specificity or tunable activity may help mitigate off-target concerns
while systems with incompatible guide RNAs or PAM sequences could be
used to concertedly edit, activate or repress different targets. Thus, by
combining these features unique control over genome expression and content
may be afforded.

To tap into this unexplored diversity and expand the repertoire of Cas9s
available for genome targeting applications, the development of a method that

allows the direct-read out of Cas9 endonuclease PAM specificity is necessary.
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3.5.1. Assaying Cas9 PAM preferences

PAM libraries containing randomized DNA sequences immediately
downstream of a DNA sequence complementary to the spacer of a guide RNA
were generated and used to empirically determine the protospacer adjacent
motif (PAM) recognition of Type Il Cas9 endonucleases (Figure 21). With the
guide RNA spacer target sequence being fixed, the randomized bases serve as
a substrate for the direct read-out of Cas9 endonuclease PAM specificity.
Randomized sequences were introduced into a plasmid DNA vector in the
PAM region of a protospacer target sequence demonstrating perfect homology
to the guide RNA spacer S1. Two libraries increasing in size and complexity
from 5 randomized base pairs (1,024 potential PAM combinations) to 7
randomized base pairs (16,384 potential PAM combinations) were generated as
described in (sections 2.2.14.1 and 2.2.14.2). The randomized PAM libraries
were subjected to in vitro digestion using different concentrations of
recombinant Cas9 protein preloaded with guide RNA in order to assay Cas9
endonuclease PAM preferences in a dose-dependent manner. After digestion
using Cas9 complexes, PAM sequence combinations from the randomized
PAM library that supported cleavage were captured by ligating adapters to the
free-ends of the plasmid DNA molecules cleaved by the Cas9 complex
(Figures 21, steps A and B). To promote efficient ligation and capture of the
cleaved ends, the blunt-ended double-stranded DNA cut generated by Cas9
endonucleases (Garneau et al., 2010; Gasiunas et al., 2012; Jinek et al., 2012)
was modified to contain a 3° dA overhang and adapters were modified to
contain a complementary 3’ dT overhang. To generate sufficient quantities of
DNA for sequencing, DNA fragments harboring the PAM sequence supporting
cleavage were PCR amplified using a primer in the adapter and another
directly adjacent to the PAM region (Figure 21, step C). The resulting PCR
amplified Cas9 PAM libraries were converted into ampli-seq templates (Figure
21, step D) and single-read deep sequenced from the adapter-side of the

amplicon. PAM sequences were identified from the resulting sequence data
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Figure 21. Schematic for identification of PAM preferences by Cas9 cleavage in vitro. A.
Initial plasmid library with randomized PAM (green box) is cleaved with Cas9 complex and
3’ dA overhangs are added. B. Adapters with 3° dT overhang (blue box) are ligated to both
ends of the cleavage product. C. Primers are utilized to enrich for PAM-sided cleaved
products by PCR. D. After PCR enrichment, DNA fragments are purified and Illumina
compatible anchors and barcodes are “tailed-on” through two rounds of PCR (gray boxes)
and Illumina deep sequenced.

by only selecting those reads containing a perfect 12 nt sequence match
flanking either side of the 5 or 7 nt PAM sequence (depending on the
randomized PAM library used); capturing only those PAM sequences resulting
from perfect Cas9-guide RNA target site recognition and cleavage. To
compensate for inherent bias in the initial randomized PAM libraries, the
frequency of each PAM sequence was normalized to its frequency in the

starting library. The results were visualized as a WebLogo (Crooks, 2004).
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3.5.2. PAM preferences of Streptococcus pyogenes and Streptococcus
thermophilus (CRISPR3 and CRISPR1 systems) Cas9 proteins

In order to validate the assay, the PAM preferences of Spy and Sth3 Cas9
proteins, whose PAM sequence requirement have been previously reported
(Gasiunas et al., 2012; Horvath et al., 2008; Jinek et al., 2012; Sapranauskas et
al., 2011), were examined. In vitro digests were carried-out with 1 pg (5.6 nM)
of the 5 bp randomized PAM library at two concentrations, 0.5 and 50 nM, of
pre-assembled Spy or Sth3 Cas9 protein, crRNA and tracrRNA RNP
complexes (Gasiunas et al., 2012; Jinek et al., 2012). Based on their frequency
in the 5 bp randomized PAM library, Spy and Sth3 Cas9 PAM sequences
(NGG and NGGNG, respectively) were at final concentrations of 0.40 nM and
0.11 nM in the digestion, respectively. Members of the randomized PAM
library that contained PAM sequences which supported cleavage were captured
and identified as described in the previous section.

Examination of the PFM derived WebLogos (Figures 22A and B) reveal
the presence of the canonical PAM preferences for the Spy and Sth3 Cas9
proteins, NGG (Jinek et al., 2012) and NGGNG (Gasiunas et al., 2012;
Horvath et al., 2008; Sapranauskas et al., 2011), respectively. Although the
PAM preferences reported for Spy and Sth3 Cas9 proteins are observed in both
the 0.5 nM and 50 nM digests, there is a general broadening in specificity
under the 50 nM digest conditions. This is most evident at position 2 for the
Spy Cas9 protein where the frequency of a non-canonical A residue increases
dramatically (Figure 22A). For Sth3, all PAM positions exhibit a marked
decrease in specificity as a result of increasing the RNP complex concentration
(Figure 22B).
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Figure 22. PAM preferences for S. pyogenes (A), S. thermophilus CRISPR3 (B) and S.
thermophilus CRISPRL1 (C) Cas9 proteins. Frequency of nucleotides at each PAM position
was independently calculated using a position frequency matrix (PFM) (Stormo, 2013) and
plotted as a WebLogo (Crooks, 2004).

Further validation of the assay was conducted by examining the PAM
preferences for the Streptococcus thermophilus CRISPR1 (Sth1) Cas9 protein
whose PAM specificity has been reported to extend out to 7 bp (Fonfara et al.,
2014; Horvath et al., 2008). Using 1 ug (5.6 nM) of the 7 bp randomized PAM
library as template, Sthl Cas9-guide RNA digestions were carried-out at two
concentrations, 0.5 nM and 50 nM, of RNP complex as described in section
2.2.14.4. Based on the frequency in the 7 bp randomized PAM library, the
PAM sequences previoulsy reported for Sth1 (NNAGAAW), was at final
concentrations of 0.01 nM. The PAM preferences for the Sthl Cas9 protein
closely matched that previously reported, NNAGAAW (Horvath et al., 2008),
at the 0.5 nM Cas9-guide RNA complex concentration (Figure 22C). Similar to

Spy and Sth3 Cas9 proteins, Sth1 Cas9 was capable of cleaving a more diverse

94



set of PAM sequences in the reactions containing a higher concentration of
Cas9-guide RNA complex (50 nM), the most striking was the marked loss of
the G residue requirement at position 4 and the near equal preference for a C
and A bp at position 5 (Figure 22C). This resulted in a different PAM
consensus than that obtained at lower concentrations. This finding corroborates
previous studies which demonstrated that lowering Cas9 concentration and
shortening cleavage time prevents off-target cleavage by Spy Cas9 in vivo (Lin
et al., 2014; Pattanayak et al., 2013). Additionally, most other PAM
determination methods have been performed in cells or cell extracts by
expressing Cas9 at undefined concentrations (Esvelt et al., 2013; Jiang et al.,
2013; Kleinstiver et al., 2015a; Leenay et al., 2016; Ran et al., 2015). Given
this, the Cas9 PAM recognition results from these studies may be difficult to
accurately interpret. A case in point is reflected in the inability of previous
attempts (Esvelt et al., 2013; Fonfara et al., 2014; Ran et al., 2015) to precisely
reproduce the PAM recognition of S. thermophilus CRISPR1 (Sthl) Cas9
protein originally reported by Horvath et al., 2008, while the methods
described here accurately recapitulate the PAM recognition of Sthl Cas9 albeit
at lower Cas9-guide RNA ribonucleoprotein complex concentrations. Taken
together, the method established here further refines PAM specificity
assessments by the dose-dependent control of recombinant Cas9 protein in
vitro enabling an accurate detailed examination of Cas9 PAM recognition as a

function of Cas9 and guide RNA complex concentration.

3.5.3. Identification of sgRNA and PAM preferences for the Brevibacillus

laterosporus Cas9 protein

To empirically examine the PAM preferences for a Cas9 protein whose
PAM was undefined, an uncharacterized Type II-C CRISPR-Cas locus from
Brevibacillus laterosporus strain SSP360D4 (Blat) was identified by searching
internal DuPont Pioneer databases for Cas9 orthologues. The locus

(approximately 4.5 kb) contained a cas9 gene capable of encoding a 1,092
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polypeptide, a CRISPR array comprised of 7 repeat-spacer units just
downstream of the cas9 gene and a tracrRNA encoding region located
upstream of the cas9 gene with partial homology to the CRISPR array repeats
(Figure 23A). The repeat and spacer length (36 and 30 bp, accordingly) is
similar to other Type Il CRISPR-Cas systems with 5 of the 8 repeats
containing 1 or 2 bp mutations (Figure 23B). Other genes typically found in a
Type Il CRISPR-Cas locus were either truncated (casl) or missing
(Figure 23A).

The guide RNA requirement for the Blat Cas9 protein was determined by
generating two sgRNA variants. These variants were generated to account for
both possible sense or anti-sense expression scenarios of the tracrRNA and
CRISPR array (Figure 23C) and used to probe which expression scenario
supported cleavage activity of Blat Cas9 in the randomized PAM library.
Single guide RNAs were designed by first identifying the boundaries of the
putative tracrRNA molecules by analyzing regions which were partially
complementary to the 22 nt 5’ terminus of the repeat (anti-repeat). Next, to
determine the 3’ end of the tracrRNA, possible secondary structures and
terminators were used to predict the region of termination in the downstream
fragment. This was accomplished by screening for the presence of Rho
independent-like termination sequences in the DNA surrounding the anti-
repeat, converting the surrounding DNA into RNA sequence and examining
the resulting structures using UNAfold (Markham and Zuker, 2008). The
resultant sgRNAs were designed to contain a T7 polymerase transcription
initiation recognition signal at the 5° end followed by a 20 nt target recognition
sequence, 16 nt of crRNA repeat, 4 nt self-folding hairpin loop and anti-repeat
sequence complementary to the repeat region of the crRNA followed by the
remaining 3' part of the putative tracrRNA. The sgRNA variant which contains
a putative tracrRNA transcribed in the same direction as the cas9 gene (Figure
23C) is termed “direct” sgRNA, while the sgRNA containing the tracrRNA
transcribed in the opposite direction a “reverse” sgRNA. Fifty nM of Blat Cas9
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Repeatd ATCATATCATATCGAGTTTTAGTAAGGAACTATAGC -
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C cas9 cas1' CRISPR
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Figure 23. Identification of elements in Brevibacillus laterosporus SSP360D4 CRISPR-
Cas system. (A) An illustration of the genomic DNA region from the Type Il CRISPR-Cas
system from Brevibacillus laterosporus SSP360D4. (B) Comparison of Type Il CRISPR
array repeat sequences identified in Brevibacillus laterosporus SSP360D4. (C) The “direct”
and “reverse” tractrRNA and CRISPR array transcriptional scenarios for the Type Il CRISPR-
Cas system from Brevibacillus laterosporus SSP360D4. (D) An agarose gel with reaction
products, indicating that only the “direct” sgRNA (dir sgRNA), but not the “reverse” sgRNA
(rev sgRNA) support plasmid library cleavage in combination with the Cas9 endonuclease
originating from Brevibacillus laterosporus SSP360D4 (Blat Cas9).

SgRNA RNP complex, pre-loaded with either the “direct” or “reverse”
SgRNAs, respectively, were incubated with 1 pg (5.6 nM) of the 7bp
randomized PAM library. After library digestion and addition of 3° dA
overhangs, adapters were ligated and cleavage products were PCR amplified
(Figure 20). Analysis of reaction products by agarose gel electrophoresis
revealed that the “direct” sgRNA, but not the “reverse” sgRNA supported
plasmid library cleavage (Figure 23D).

After determining the appropriate guide RNA for Blat Cas9, PAM
identification was performed similarly to that described above for the Spy,
Sth3 and Sth1l Cas9 proteins against the 7 bp randomized PAM library with
two concentrations, 0.5 and 50 nM, of pre-assembled Blat Cas9 “direct”
SgRNA RNP complex. As shown in Figure 24A, the PFM WebLogo PAM
consensus for the Blat Cas9 protein under the 0.5 nM digest conditions was
NNNNCND (N=G,C, Aor T; D=A, G or T) with a strong preference for a C at
position 5 of the PAM sequence. A moderate preference for an A was observed

at position 7 and slight preferences for a C or T at position 4 and G, C or A
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over T at position 6 were also present. Similarly to Spy, Sth3 and Sthl Cas9
proteins, the PAM specificity broadens as the Cas9 RNP complex
concentration increases. This is most evident at position 5 where a larger
proportion of PAM sequences containing an A residue support cleavage at 50
nM compared with 0.5 nM digest conditions.

Since Blat Cas9 may accept any base in the first 3 positions of its PAM
sequence (Figure 24A), the spacer S1 was shifted by 3 nucleotides in the 5’
direction to allow PAM identification to be extended from 7 to 10 bp. The
shifted S1 spacer, S1-3, was incorporated into the Blat “direct” sgRNA and
PAM identification was performed as described previously for Spy, Sth3, Sthl
and Blat Cas9 proteins. PAM preference analysis revealed the PAM specificity
for Blat Cas9 may be extended out to position 8 where there is a moderate
preference for an additional A (Figure 24B).

PAM specificity for Blat Cas9 was confirmed by generating plasmids to
contain mutations in the most conserved residues of the PAM (Figure 24C).
Replacement of the C nucleotide at the 5th position abolished plasmid DNA
cleavage confirming its key role in Blat Cas9 PAM recognition. Replacement
of A nucleotides at the 7th and 8th positions significantly reduced (43x and
12x%, respectively) the cleavage rate of supercoiled plasmid also indicating the
importance of these nucleotides in Blat Cas9 PAM recognition.

To identify the DNA target cleavage positions for the Blat Cas9 protein, a
plasmid containing a 20 base pair region matching the spacer S1 followed by a
PAM sequence, GTCCCGAA, falling within the PAM consensus for Blat
Cas9, NNNNCNDD, was generated and digested with Blat Cas9-guide RNA
ribonucleoprotein complex. Direct DNA sequencing was used to determine the
ends of the linear DNA molecule generated by the Blat Cas9 RNP complex.
The sequencing results confirmed that plasmid DNA cleavage occurred in the
protospacer 3 nt 5’ of the PAM sequence (Figure 24D) similar to that observed
for Spy, Sth3 and Sthl Cas9 proteins (Garneau et al., 2010; Gasiunas et al.,
2012; Jinek et al., 2012).
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Figure 24. PAM preferences and cleavage positions of Blat Cas9 enzyme. Blat Cas9 PAM
preferences when 1 ug of library DNA was cleaved with 0.5 nM or 50 nM Cas9-sgRNA
complex (A), extended out to position 10 by shifting the protospacer target by 3 bp (B).
Frequency of nucleotides at each PAM position was independently calculated using a
position frequency matrix (PFM) (Stormo, 2013) and plotted as a WebLogo (Crooks, 2004).
(C) Cleavage rates of supercoiled plasmid DNA substrates containing mutations (shown in
red) in GTCCCGAA PAM sequence. All data points are mean values from >3 independent
experiments. Error bars are given as S.D. (D) Run-off sequencing from both sense and anti-
sense directions of plasmid DNA cleaved with Blat Cas9.

3.5.4. In planta genome editing using Blat Cas9 and sgRNA

Following elucidation of the sgRNA and PAM preferences for Blat Cas9,
maize optimized Cas9 and sgRNA expression cassettes were generated for in
planta testing as previously described for the Spy cas9 gene and sgRNA
(Svitashev et al., 2015). Briefly, the Blat cas9 gene was maize codon optimized
and intron 2 of the potato STH3 LSI gene was inserted to disrupt expression in
E. coli and facilitate optimal splicing in planta (Libiakova et al., 2001).

Nuclear localization of the Blat Cas9 protein in maize cells was facilitated by
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the addition of both amino and carboxyl-terminal nuclear locations signals,
SV40 (MAPKKKRKYV) and  Agrobacterium  tumefaciens  VirD2
(KRPRDRHDGELGGRKRAR), respectively. The Blat cas9 gene was
constitutively expressed in plant cells by linking the optimized cas9 to a maize
Ubiquitin promoter (Christensen et al., 1992) and pinll terminator (An et al.,
1989) in a plasmid DNA vector. To confer efficient sRNA expression in
maize cells, a maize U6 polymerase Ill promoter and terminator (TTTTTTTT)
were isolated and fused to the 5’ and 3’ ends of a modified Blat sgRNA
encoding DNA sequence, respectively.

To accurately compare the mutational efficiency resulting from the
imperfect non-homologous end-joining (NHEJ) repair of DNA double-strand
breaks (DSBs) resulting from Spy and Blat Cas9 cleavage, protospacer
identical genomic target sites were selected by identifying targets with Spy and
Blat Cas9 compatible PAMs, NGGNCNDD. Identical spacer sequences were
selected for Blat and Spy Cas9 by capturing the 18 to 21 nt sequence
immediately upstream of the PAM. To ensure optimal U6 polymerase Il
expression and not introduce a mismatch within the sgRNA spacer, all target
sequences were selected to naturally terminate in a G at their 5’ end. Targets
were identified and selected in exon 1 and 4 of the maize fertility gene Ms45
and in a region upstream of the maize liguleless-1 gene.

The mutational activity of Blat Cas9 in maize was examined by
biolistically transforming 10 day old immature maize embryos (IMEs) with
DNA vectors containing Cas9 and guide RNAs. Blat and the equivalent Spy
Cas9 and sgRNA expression vectors were independently introduced into maize
Hi-Type Il (Armstrong and Green, 1985) IMEs by particle gun transformation
similar to that described in (An et al., 1989; Ananiev et al., 2009). Since
particle gun transformation can be highly variable, a visual marker DNA
expression cassette, Ds-Red, was also co-delivered with the Cas9 and sgRNA
expression vectors to aid in the selection of evenly transformed IMEs. In total,
3 transformation replicates were performed on 60-90 IMEs and 20-30 of the

most evenly transformed IMEs from each replicate were harvested 3 days after
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transformation. Total genomic DNA was extracted and the region surrounding
the target site was amplified by PCR and amplicons sequenced to a read depth
in excess of 300,000. The resulting reads were examined for the presence of
mutations at the expected site of cleavage by comparison to control
experiments where the sgRNA DNA expression cassette was omitted from the
transformation. As shown in Figure 25A, mutations were observed at the
expected site of cleavage for Blat Cas9 with the most prevalent types of
mutations being single base pair insertions or deletions. The mutational activity
for Blat Cas9 was robust at 2 of the 3 sites tested and exceeded that of the Spy
Cas9 at the Ms45 Exon 4 target site by ~30% (Figure 25B).

A
Target »L PAM Frequency Frequency
Reference CCAGGATAATGAGGTACTGGCTGGAAGGCCCARGAGCGGGCGAGGT in Treated in Control
Mutation 1 CAGGATAATGAGGTACTGGCTtGGAAGGCCCAAGAGCGGGCGAGGT 4,553 0
Mutation 2 CAGGATAATGAGGTACTGGCTaGGAAGGCCCAAGAGCGGGCGAGGT 1,110 0
Mutation 3 CAGGATAATGAGGTACTGGCTgGGAAGGCCCAAGAGCGGGCGAGGT 281 0
Mutation 4 CAGGATAATGAGGTACTGGCTeGGAAGGCCCAAGAGCGGGCGAGGT 120 o]
Mutation 5 CCAGGATAATGAGGTACTGGC-GGAAGGCCCAAGAGCGGGCGAGGT 119 0
Mutation 6 AGGATAATGAGGTACTGGCTttGGAAGGCCCAAGAGCGGGCGAGGT 112 0
Mutation 7 CAGGATAATGAGGTACTGGCgTGGAAGGCCCAAGAGCGGGCGAGGT 111 0
Mutation 8 CCAGGATAATGAGGTACTGGCT--AAGGCCCAAGAGCGGGCGAGGT 87 0
Mutation 9 CCAGGATAAT === === == — e ————— GAGGT 79 0
Mutation 10 CCAGGATAATGAGGTACT-------- GGCCCAAGAGCGGGCGAGGT 63 0
Total Read Depth 450,873 755,448
B 1.6

@Blat W Spy

-
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Cas9 only Ms45Exon1 Ms45Exon 4 Near liguleless-1

Figure 25. Brevibacillus laterosporus Cas9 promotes NHEJ mutations in maize. (A) Top
10 most prevalent types of NHEJ mutations detected with Blat Cas9 in exon 4 of the Ms45
gene. A black arrow indicates the expected site of cleavage; mutations are highlighted in red;
lower case font indicates an insertion; “-” indicates a deletion. (B) Comparison of Spy and
Blat Cas9 NHEJ mutation frequencies at 3 proto-spacer identical target sites in maize. NHEJ
mutations were detected by deep sequencing 3 days after transformation. Error bars represent
SEM, n=3 particle gun transformations. Cas9 only is the negative control and represents the
average (across all 3 target sites) background frequency of mutations resulting from PCR
amplification and sequencing.
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Taken together, the developed assays described here further refine Cas9
PAM discovery efforts by the use of recombinant Cas9 protein and reframe
PAM specificity as being non-static and dependent on Cas9-guide RNA
complex concentration. Proof of concept for the described methods is provided
by identifying the PAM preferences of a novel Cas9 protein from B.

laterosporus SSP360D4 and by demonstrating its functional activity in maize.

3.6. Final remarks

In this work we have characterized molecular components crucial for
Type Il CRISPR-Cas system activity and reconstituted active Cas9 complex
from Streptococcus thermophilus CRISPR3-Cas system in vitro. These
experiments allowed us not only to use Cas9 complex as a molecular tool for in
vitro cloning and in vivo genome editing experiments, but also thoroughly
analyze Cas9 complex DNA target recognition molecular mechanism.
Identified PAM importance motivated us to develop PAM identification assay
that allowed to characterize a novel Cas9 protein from Brevibacillus
laterosporous.

The strategies and methods described here could be used not only for
novel Cas9-based tools characterization that may have unique sequence
recognition and enzymatic properties but also for evaluation of previously
described Cas9 proteins (e.g. Cas9s with altered PAM recognition
preferences). The offered approach for thorough identification of Cas9
complex components and inspection of target DNA requirements further

contributes to the efforts of expanding Cas9-based genome editing toolbox.
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CONCLUSIONS

1. The functional Cas9 ribonucleopreotein complex of S. thermophilus
CRISPR3-Cas system capable of cleaving target DNA can be assembled
in vitro by mixing the Cas9 protein, tracrRNA and crRNA.

2. In vitro assembled Cas9 complex can be used as a molecular tool to
cleave target DNA in vitro.

3. Invitro reconstituted Cas9 complex delivered by a chemical transfection
agent can be used for genome editing in eukaryotic cells in vivo.

4.  PAM sequence is used by Cas9 ribonucleoprotein complex as R-loop
priming site for unidirectional crRNA hybridization to DNA target.

5. PAM characterization assay developed in this work allows identifying
PAM preferences for Cas9 proteins.

6. Cas9 protein from B. laterosporus SSP360D4 recognizes NNNNCNDD
PAM sequence and is functionally active in maize.
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