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INTRODUCTION

Bacteriophages infect bacteria and destroy them in their quest to replicate (Kasman and Porter,
2023). To defend against bacteriophages, bacteria have evolved several defense systems, one of which
Is an adaptive immune system — clustered regularly interspaced short palindromic repeats, or CRISPR in
short (Jansen et al., 2002). For this system to work, CRISPR associated (CRISPR-Cas) proteins recognize
a short protospacer adjacent motif (PAM) sequence in bacteriophage DNA, and then cut out the sequence
next to it - a protospacer (Heler et al., 2015). By adding this protospacer to its genome, bacterium retains
a memory of the infection and prevents the next one by making a guide RNA (gRNA) using it as template
(Barrangou et al., 2007; Brouns et al., 2008).

Recently, CRISPR-Cas proteins, most popularly CRISPR-Cas9 from Streptococcus pyogenes,
have been repurposed for gene editing in eukaryotic cells (Adli, 2018; Doudna and Charpentier, 2014).
There, CRISPR-Cas9 can be programed to find a desired DNA target (also referred to as the on-target)
with the help of a target-complementary single guide RNA (sgRNA), where the nuclease can cleave and
allow DNA to be edited (Jinek et al., 2012). However, the nuclease also edits untargeted places, called
off-targets (Hsu et al., 2013). To better understand and prevent this unanticipated activity, one should
understand how the eukaryotic environment affects this prokaryotic nuclease. One of the challenges
associated with this environmental change is the differences between prokaryotic and eukaryotic DNA

topology, which the nuclease is now exposed to.

One topological feature that separates prokaryotes from eukaryotes is DNA methylation.
Prokaryotes methylate adenine and cytosine (Seong et al., 2021), while eukaryotes mainly methylate
DNA on cytosine (Parashar et al., 2018; Schmitz et al., 2019). Methylation on prokaryotic DNA is crucial
for determining self and non-self, as this pattern is recognized by restriction-modification systems that
help to prevent bacteriophage infections (Bikard and Marraffini, 2012). Conversely, eukaryotes
methylate their genomes as means to control their gene expression, a process called epigenetic gene
control (de Mendoza et al., 2020). In 2018, the Kallimasioti-Pazi and colleagues observed that when
CRISPR-Cas9 system is programmed towards an epigenetically imprinted DNA, the nuclease cleaves
the DNA more slowly (Kallimasioti-Pazi et al., 2018). However, the magnitude of this effect is unclear

for CRISPR-Cas9 on- versus off-target cleavage kinetics.

Another important difference investigated in this project is supercoiling. In prokaryotes, DNA is

circular (Bendich and Drlica, 2000) and negatively supercoiled for compaction (Joyeux, 2015). Positive
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supercoils appear during transcription (Chedin and Benham, 2020), but apart from that are not tolerated
and are immediately fixed (Schvartzman et al., 2019). In contrast, eukaryotic DNA can be positively and
negatively supercoiled, depending on the transcription process. However, in a eukaryotic environment,
both supercoils briefly co-exist (Corless and Gilbert, 2017). In 2020, lvanov and colleagues showed that
CRISPR-Cas9 cleaves DNA that partially matches its sgRNA programming (i.e., off-targets) more
readily when supercoiled than when relaxed (Ivanov et al., 2020). However, the magnitude of this effect
on target specificity and cleavage kinetics for Cas9 is still unknown.

The studies mentioned in this section begin to illustrate the ways DNA topology can impact
CRISPR-Cas9 activity. This study seeks more insight on how DNA topology affects CRISPR-Cas9
nuclease specificity. First, this study aims to investigate the changes in CRISPR-Cas9 cleavage Kkinetics
for on- and off-targets when a linear DNA target is either unmodified or carries adenine or cytosine
methylation. The impact of methylation at every location within the DNA target, as well as the only
adenine within the PAM, was tested on cleavage by CRISPR-Cas9. The second part of this project
investigates how CRISPR-Cas9 cleavage rate changes in response to differential DNA supercoiling for
both on- and off-targets. A target library containing matched and mispaired sequences (compared to the
sgRNA) was inserted into a plasmid and then either supercoiled or relaxed by different topoisomerases
before exposure to CRISPR-Cas9 cleavage. The data collected in this study will provide more insights
into the specificity of the enzyme by providing cleavage rate data for methylated and negatively
supercoiled on- and off-targets. For the supercoiling assay, a biophysical model will be created that will

allow a better prediction of cleavage results for an in vivo application of a desired target.



AIM AND OBJECTIVES

Project aim:

Evaluate if the topology (methylation and supercoiling) of on-target and off-target DNAs impacts their
recognition and cleavage by CRISPR-Cas9 from S. pyogenes.

Project objectives:

1. Assess if adenine or cytosine methylation of linear DNA targets changes Cas9 on-target cleavage
rates compared to unmethylated linear target DNASs.

2. Assess if adenine or cytosine methylation of linear DNA targets changes Cas9 off-target cleavage
rates compared to unmethylated linear target DNAs.

3. Determine if negatively supercoiling DNA promotes Cas9 off-target cleavage when compared to
relaxed DNA.



1. LITERATURE REVIEW
1.1 Introduction to CRISPR-Cas system
The new bacterial immune system

The history of clustered regularly interspaced short palindromic repeats (CRISPR) (Jansen et al.,
2002) is colorful enough that a poetic scientist could classify it into historical periods spanning antiquity
and middle ages to the contemporary period (Barrangou and Horvath, 2017). Regardless of one’s affinity
for extravagant naming, the first traces of CRISPR touched by man were at the end of the 20™" century.
Back then, a strange genetic anomaly was first described: palindromic sequences of 35 nucleotides long
could be found repeated many times over in Escherichia coli and Salmonella typhimurium genomes, so-
called repetitive extragenic palindromic (REP) sequences (Stern et al., 1984). After a few years, a group
was investigating the isozyme conversion of alkaline phosphatase in E. coli. After sequencing iap — the
gene potentially encoding the proteolytic enzyme responsible for such a conversion — they saw the same
unusual sequence repeats, which could form secondary structures (Ishino et al., 1987). Yet another group
showed that REPs stabilized their neighboring mMRNA sequence, and the resulting construct regulated
bacterial protein expression (Newbury et al., 1987). As years passed, researchers found more sequences
with dyad symmetry in Shigella dysenteriae (Nakata et al., 1989) and even in archaea such as Haloferax
mediterranei (Mojica et al., 1993) and Haloferax volcanii (Mojica et al.,, 1995). In 2002,
bioinformaticians finally identified four CRISPR associated (cas) genes. The casl-4 genes were found
adjacent to the CRISPR locus, but only two of the four had a possible function: Cas3, a superfamily 2
helicase homologue, could modify the DNA, while Cas4, which had similarities to RecB exonuclease,
might bind intact and cleaved DNA (Jansen et al., 2002). Arguably the biggest break-through was in
2005, when three research groups figured out that the spacers — the varying sequences between the
palindromic repeats — originated from bacteriophages (Bolotin et al., 2005; Mojica et al., 2005; Pourcel
et al., 2005). These spacers are responsible for the bacteria’s resistance to infection by bacteriophage
with matching sequence, while new spacers are acquired upon new infection by unfamiliar
bacteriophages (Barrangou et al., 2007). Soon after, Brouns et al (2008) showed that the palindromes,
together with the spacers, make specific guide RNAs (gRNA) that guide Cas proteins to sites in a

prophage’s genome (Brouns et al., 2008), where cleavage inactivates it (Garneau et al., 2010).

As the years went by, more CRISPR systems were found that differed from one another in their

overall composition. These systems were divided into two classes that differed in the way that their
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effector complexes are organized — class | have several subunits making up the effector complex, while
class 11 only have one effector protein (Ishino et al., 2018). Additional subdivisions defined as many as
6 types and 33 subtypes, which further captured the variability among CRISPR-Cas systems (Janik et al.,
2020). Types can differ based on the Cas proteins that are present in the CRISPR locus — the presence of
Cas3 is a signature of type I; the infamous Cas9 is present in type 11 systems; Cas10 is a member of type
I11, while the absence of Casl and Cas2 defines type IV CRISPR-Cas systems (Ishino et al., 2018).
Different subtypes capture the “small” differences: e.g., type Il systems, are subtyped into I1-A, 11-B, and
I1-C. They have identical Cas9, Casl, and Cas2 proteins, but II-A also has a Csn2, 11-B replaces Csn2
with Cas4, while 11-C omits a fourth Cas protein (Shmakov et al., 2017).

Having many different CRISPR-Cas systems is not only beneficial for bacteria but this versatility
can also be employed by scientists outside of it. CRISPR-Cas9 helps to perform genetic knockout screens
that identify what cancer and stem cells need to survive and genes that confer resistance to drug treatment
(Shalem et al., 2014). CRISPR-Cas12a and Cas13, which both specifically cleave their intended target
and then any available substrate (Kordys et al., 2022), underlie disease diagnostics for SARS-CoV-2
(Broughton et al., 2020), Zika and Dengue viruses (Gootenberg et al., 2017). But for gene editing,
CRISPR-Cas9 remains the most widely used nuclease due to its single multidomain effector, a short (5°-
NGG-3’, where N is any nucleotide) protospacer adjacent motif (PAM) requirement (Adli, 2018), and
ease of target reprogramming via changing the gRNA sequence (Doudna and Charpentier, 2014). For

these reasons, this review concentrates on the type Il CRISPR-Cas9 system and its mechanisms of action.
A closer look at how CRISPR-Cas9 works

When it comes to the main working mechanisms of CRISPR-Cas9, there are three steps to
neutralize the foreign genetic material (summarized in Figure 1.1) (Janik et al., 2020). The very first step
is adaptation. Type Il systems, to which CRISPR-Cas9 belongs (Shmakov et al., 2017), rely on several
Cas proteins for the execution of this phase — Casl, Cas2, and Cas9 — in addition to the trans-activating
CRISPR RNA (tracrRNA). Upon infection, the Cas9-tracrRNA complex recognizes foreign DNA (a
protospacer) next to Cas9’s PAM, which then can be excised (Heler et al., 2015). Then, the Cas1-Cas2
complex recognizes a five-nucleotide sequence separating the palindromic repeats of the CRISPR locus
from its upstream leader sequence. The latter sequence is responsible for orienting new spacers so that
they can be integrated by the order of infection, which increases the bacteria’s fitness. Thus, Cas1-Cas2

integrate the acquired protospacer right next to the leader, expanding the CRISPR array (Figure 1.1A)
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(McGinn and Marraffini, 2016). An additional protein, Csn2, is also required for spacer acquisition in
vivo and makes a complex with the aforementioned proteins, but its exact role remains to be elucidated
(Wilkinson et al., 2019).

A) A Together CRISPR array
as i
tracrRNA with Casl, [ |
\ Cas2 & Csn2 Lend =
TR | | 4
> Cas proteins
ProtoZpacer P Repeat  New spacer
D) Linker —%
tracrRNA
LT ]| Pre-crriva SgRNA
CrRNA tracrRNA
tracrRNA:crRNA
) Cas9
R- Ioop ;
tracrRNA:crRNA e HNH E - >
26 ' ;
o of o
Target sequence R 3:/’ c & o Q

Figure 1.1 The three stages of CRISPR-Cas9 bacterial immunity. Panel A) illustrates the process of
adaptation, where Cas9 helps to recognize the target next to the PAM sequence, while additional Cas proteins
help to insert the new spacer in the CRISPR array. Panel B) schematically shows the tracrRNA:crRNA
biogenesis process with the help of RNase Ill. In panel C) during interference, CRISPR-Cas9 recognizes
PAM-proximal target sequence, forms R-loop and executes cleavage with RuvC and HNH nuclease domains
before dissociating from the inactivated invader sequence. D) illustrates the difference of engineered sgRNA.
Made with BioRender.com

After a spacer sequence is integrated into the CRISPR array, the second step is RNA guide
biogenesis (Figure 1.1B). This step involves several different components, namely tracrRNA, Cas9, host
ribonuclease 111 (RNase I11), and the spacer with palindromic repeats next to it — pre-crRNA. First, the
unprocessed tracrRNA, which can be as long as 171 base pairs, gets processed to ~75 base pairs before
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it can bind pre-crRNA repeated sequences via base complementarity. This complex is then bound by
Cas9 and processed by RNase Il1. Following another processing event, the pre-crRNA is processed to
mature crRNA of 39-42 nucleotide in length, and only then this tracrRNA:crRNA construct becomes a
functional guide for Cas9 (Deltcheva et al., 2011). The 5’ end of tracrRNA and 3’ end of crRNA are held
together by 22 paired nucleotides, but it is possible to engineer a single guide RNA (sgRNA) chimera,
by joining crRNA with a tracrRNA via a linker (Figure 1.1D) (Jinek et al., 2012).

Once a known genetic aggressor enters the bacteria, the final step — interference — takes place. In
type 11 systems, Cas9 binds and cleaves this invading DNA sequence with the help of tracrRNA:crRNA,
which has formed a complex with Cas9 during crRNA biogenesis. The Cas9-RNA ribonucleoprotein is
directed to the correct target with the help of a PAM sequence, which is recognized as a double-stranded
DNA (dsDNA) though Cas9’s PAM interacting domain (Nishimasu et al., 2014). The PAM’s sequence
is read from the non-target strand, where deviations in the sequence demolish this type 11 systems’ ability
to execute target cleavage, thus supporting the importance of the PAM location on the non-target strand
(Jinek et al., 2012). The DNA melting starts at the PAM, after it is recognized. Melting continues toward
the end of the target sequence, forming a gRNA-DNA hybrid with the non-target strand getting flipped
out to the other side, a structure called R-loop (Figure 1.1 C). This formation of the R-loop depends on
base pairing between gRNA and target strand and is especially mismatch-sensitive in the seed region —
up to 12 PAM-proximal base pairs (Sternberg et al., 2014). If the Mg ions are present in the environment
(Jinek et al., 2012) and the substrate is DNA (as Cas9 is unable to cleave RNA substrates (Gasiunas et
al., 2012)), then the HNH nuclease domain cleaves the target strand, while RuvC nuclease domain takes
care of the non-target strand (Figure 1.1C). Cas9 cleaves its target strand three base pairs upstream of the
PAM sequence (Jiang and Doudna, 2017), while the non-target strand can be cleaved three to four bases
upstream the PAM (Zeng et al., 2018). This type of cleavage has a speed of about 0.3 to 1 min and
leaves blunt ends on the target DNA. The acceptable DNA topology for Cas9 is versatile as it can cleave
both linear and supercoiled targets, which then allows Cas9 to cleave the same foreign DNA several

times should it have several matching targets (Jinek et al., 2012).
Is CRISPR-Cas9 specific?

The interference step has a lot of requirements for the target specificity — it has to be proximal to
the correct PAM sequence (Nishimasu et al., 2014) and it has to complement the 20 nucleotide gRNA

(Sternberg et al., 2014). This makes it look like it does not leave a lot of space for any mismatches to be
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tolerated, however this would not be beneficial for bacteria. Bacteriophages cannot replicate on their own
and rely completely on infected bacteria’s machinery to synthesize new proteins for the assembly of the
progeny (Weigel and Seitz, 2006). Bacteria have several defense systems that are able to recognize the
invading genetic material and neutralize it (Yuan et al., 2023). This ability to recognize invading
bacteriophages puts them on constant pressure to slightly change their genetic code sequence in hopes
this abolishes recognition by the bacteria (Naureen et al., 2020). Because of this, if CRISPR-Cas9 could
only cleave the sequences that perfectly matched the PAM and sgRNA-complementarity requirements,

it would not be a good defense system for long.

In addition to the well-established PAM sequence of NGG (where N can be any nucleotide), it
has been shown that another sequence — NAG — is also recognized by Cas9. This sequence is approved
much slower than the canonical NGG PAM — NAG-proximal targets are cleaved five times slower (Hsu
et al., 2013). Single mismatches within the target sequence are also tolerated, but the extent is dependent
on the position within the sequence itself, as the further from the seed region, the less of an impact a
mismatch has. Additionally, the amount of enzyme is important for the mismatch tolerance, as using
Cas9 in excess reduces its sensitivity to mismatched PAM-proximal sequences (Pattanayak et al., 2013).
More than one mismatch between the DNA and sgRNA is possible, as even six nucleotide mismatches
also allow cleavage in vivo, indicating that Cas9 interrogation of DNA is not as sequence-constrained as
it would be desired (Tsai et al., 2015). Even deletions and insertions in the DNA sequence (relative to

the gRNA), forming a gRNA or DNA bulge, respectively, do not abolish cleavage (Lin et al., 2014).

CRISPR-Cas9’s off-target activity poses a great threat of introducing unwanted and possibly
dangerous edits and thus limits CRISPR-Cas9’s in vivo application range. One way around this issue is
to use an engineered Cas9 variant that is made specifically to evade the better part of off-targets by, for
example, having a reduced cleavage rate (Liu et al., 2020). However, in order to know the best way to
evade off-targets, the mechanisms allowing them must be fully understood with the help of future work.

1.2 Introduction to DNA topology — methylation and supercoiling
Bacteriophages

As the CRISPR-Cas system defends against bacteria-invading viruses, one should consider what
bacteriophage genomes look like. The genetic material that gets injected into the bacteria is rather
versatile — it can be single or double-stranded DNA or RNA (Hatfull and Hendrix, 2011), which is why
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different nucleases can cleave either DNA, such as Cas9 (Gasiunas et al., 2012), or RNA, such as Cas13a
(Liuetal., 2017). Due to the exceptionally small size of bacteriophages, their DNA usually does not have
any modification on them (for example, methylation), which serves as an identification advantage for the
bacteria (Marks and Sharp, 2000). The overall compaction of double-stranded genetic material in
bacteriophages acquires the form of a toroid (Hud, 1995), or coaxial coils (Jiang et al., 2006), and even
knots (Marenduzzo et al., 2009), which all help to compactly store DNA and easily unwind upon

infection.
Procaryotes

Bacteria can have their DNA sequences with additional “on-top” modifications — methylation
patterns. There are three different families of enzymes capable of methylating the DNA in bacteria —
Dam, Dcm, and CcrM methyltransferases (Casadesus, 2016). Two nucleobases can be methylated in
bacteria — adenine and cytosine — with the help of the methyl group donor S-adenosyl-L-methionine
(SAM) (Seong et al., 2021). Methylation on the 6N position of adenine (6mA\) is the predominant form
of methylation in bacteria (Figure 1.2), while methylation of positions 4N and 5C on cytosine (4mC and
5mC, respectively) is less abundant (Beaulaurier et al., 2019). The methylation patterns concerning the
DNA strands can also vary, with either one strand carrying the methyl group (hemimethylation) or both
(Adhikari and Curtis, 2016). The ability to methylate their genomes comes as a great advantageous option
for the bacteria — it enables innate immunity against bacteriophage infection by a restriction-modification
system. These systems consist of a methylase and a restriction endonuclease that work hand in hand to
create a methylation pattern on the bacterial DNA. The pattern is recognized by the cleaving enzyme as
“self and uncleavable”. Bacteriophages lack this modification and thus are exposed to degradation by the
restriction-modification system (Bikard and Marraffini, 2012). However, this does not hold true for all

methyltransferases, as some do not associate with any nucleases (the so-called “orphan”

4NH2 NH , NH; ¥k Figure 1.2
INP NS NZ CH3 N5 Nt N SN Examples of
A I, A | s || J, ¢ ) adenineand
0~ 'N 0~ 'N gNT4™N N N cytosine
H H H 3 H methylation.
cytosine 5-methylcytosine adenine N6-methyladenine  Modified from Shi et
(C) (5mC) (A) (6mA) al., 2017
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methyltransferases) and do not provide innate immunity, but rather have regulatory roles. For example,
CcrM is expressed only during chromosome replication and thus, it is important in the regulation of the
cell cycle (Casadesus, 2016). Dcm, another lone methyltransferase, has been shown to generate sites
susceptible to mutations, contributing to the plasticity of the genetic material as well as the possible

evolution of bacteria (Beaulaurier et al., 2019).

With regards to the DNA topology in bacteria, it is rather simple — there is a circular DNA
molecule that usually compacts into one chromosome (as sometimes there is even more than one
chromosome!), and can be accompanied by one to several plasmids that carry additional beneficial genes
(Bendich and Drlica, 2000). As opposed to the eukaryotic DNA compartmentalization into a
membranous nucleus, bacteria have their genetic material unseparated from the cytoplasm — it is located

in the nucleoid, which takes up to 25% of the whole cell volume.

The bacterial DNA, just as the eukaryotic DNA, is a B-form DNA, and makes a turn every 10.5
base pairs (Joyeux, 2015), while gyrases further negatively supercoil the DNA (Kuzminov, 2014) and
keep it at the superhelical density of -0.05 (Joyeux, 2015). Meanwhile, reverse gyrases positively
supercoil thermophilic prokaryotes’ DNA (Kuzminov, 2014). However, these positive or negative
supercoiling directionalities become easily subject to the DNA polymerase during transcription. As the
polymerase moves along the DNA molecule, it applies strong torsional stress on the DNA, resulting in
the formation of positive supercoils in front of the replication fork, leaving the usual negative supercoils
behind it (Chedin and Benham, 2020). But bacterial gyrases work hard to maintain the crucial negative
supercoiling of the DNA, thus eliminating positive supercoils introduced during transcription
(Schvartzman et al., 2019). However, supercoiling alone is not enough to sufficiently condense the DNA:
nucleoid-associated proteins help. The histone-like nucleoid structuring protein (H-NS), structural
maintenance of chromosomes complexes (SMC), and leucine-responsive regulatory protein (Lrp) help
to bridge the surrounding DNA duplexes. Other proteins, such as integration host factor (IHF), histone-
like protein from E. coli strain U93 (HU), and factor for inversion stimulation (Fis) can perform the
bending of prokaryotic DNA (Luijsterburg et al., 2006).

Eukaryotes

Just as the bacteria, eukaryotic cells also have post-replication modifications on their DNA, but
they differ from the aforementioned ones (summarized in Table 1.1 at the end of this section). The methyl

group is placed from the cofactor SAM on the 5" carbon of the cytosine ring. This is executed by DNA
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methyltransferases (DNMTSs), which can either place the methyl groups in a de novo fashion or maintain
the already existing pattern (Schmitz et al., 2019). DNMT3A and DNMT?3B are responsible for placing
methyl groups at novel positions, thus creating de novo methylation patterns within the genome. Another
methyltransferase — DNMT1 — works to maintain the methylation pattern on both strands equally after
replication (Greenberg and Bourc’his, 2019). The nucleotides that are susceptible to such chemical
modifications are located within the long stretches of CG dinucleotide repeats, known as CpG islands.
Evolutionary, not every single CpG island is methylated; the ones exempt are in promoter regions, which
serve to allow the transcription machinery to bind and begin transcription (Dhar et al., 2021). The
methylated cytosine can have some variation in higher eukaryotes — it can be either 5-methylcytosine
(5mC) (Figure 1.2), 5-hydroxymethylcytosine (5ShmC), 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC) (Shi et al., 2017). These forms do not show any differences when it comes to base pairing but
might affect the strength of the formed hydrogen bonds and their interactions with DNA-binding proteins
(Ren et al., 2018). A methyl group on adenine (6mA) is also possible, but is more common in mMRNA
and is only present at minuscule amounts in DNA (Parashar et al., 2018). It is rather well-known that
methylated DNA sequences in eukaryotic DNA are involved in gene silencing and X-chromosome
inactivation. However, adding methyl groups on DNA does not necessarily result in transcription
silencing, since methyl groups can physically repel the binding of transcription factors. It can have an
adverse effect and lead to the increased binding affinity of several transcription factors, thus leading to
increased transcription (de Mendoza et al., 2020). This especially holds true for introns, as the methyl
groups there have a favorable effect on the initiation of transcription by the histone modifiers and
chromatin remodelers (Dhar et al., 2021). Lastly, DNA methylation is not the only chemical modification
that can control gene expression patterns in eukaryotes. Histone proteins can also harbor methyl and
acetyl groups, further contributing to the repression or expression of genes (Kouzarides, 2002).

The compaction of eukaryotic genome has some similarities with prokaryotic genome (see Table

1.1 for a summary). Eukaryotic DNA, located in the double-membrane nucleus, is linear. Telomeres
signify the ends of each linear molecule (Bendich and Drlica, 2000). When the genetic material is
condensed, it makes up a set number of chromosomes — a karyotype — which depends on the organism,
usually ranging from 10 to 100 (Kuzminov, 2014). Histone proteins (H2A, H2B, H3, H4) together make
a nucleosome, a structure around which wraps the DNA. The DNA wrapped around many histones is
separated by roughly 10-60 base pairs (the so-called linker DNA) and is referred to as beads-on-a-string
or the 10nm fiber. The binding of additional non-histone proteins, such as cohesins, establishes the final
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chromatin structure, which is negatively charged (Maeshima et al., 2020). The eukaryotic DNA can be
over- and under-wound, and the cause of such topology is usually a DNA-binding protein, such as
DNA/RNA polymerase. These enzymes, just as in prokaryotic DNA, leave negative supercoils behind
the replication fork, while making positive supercoils right ahead. Nucleosomes, as another DNA binding
protein example, wrap 147 base pairs of DNA in a negative supercoiling manner (Corless and Gilbert,
2017), while the linker DNA is left unconstrained. Should the supercoiling be unfavorable for the cell, it
can be released with the help of topoisomerases, which exert their function on the linker DNA. There are
two topoisomerases that execute this — topoisomerase | (nicks a single DNA strand and rotates it; is
mostly present where transcription takes place) and topoisomerase Il (performs a double-stranded cut).
Usually, the under-wound state of DNA is more favorable for transcription and R-loop formation,
compared to over-wound DNA, which prevents polymerase movement across the DNA due to high
torsional stress (Corless and Gilbert, 2016). The distribution of under- and over-wound DNA in
eukaryotes might depend on the need to express the genes encoded within the DNA, thus permitting the

existence of both at the same time (Corless and Gilbert, 2017).

Table 1.1 Summary contrasting the prokaryotic and eukaryotic DNA topology (continues on the next
page)

Prokaryotes Eukaryotes
Methylation
Methylated nucleobases Adenine (most prevalent; 6mA) Cytosine (5mC; 5hmC; 5fC; 5caC)
& cytosine (4mC, 5mC) & sometimes adenine (6mA)
Methylation result Self and non-self differentiation; Epigenetic gene expression control

chromosome replication

Methylating enzymes Dam, Dcm, CcrM DNMT]L, 3A, 3B
Additional modifications? No Methylation and acetylation of
histones

Compaction of the genome

DNA location Nucleoid in the cytoplasm (relies In the nucleus (two membranes

on phase separation) separate from cytoplasm)
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Supercoiling Mainly negative, positive only Locus-specific  positive  and
ahead of the replication negative (required for gene
machinery expression); positive ahead of the

replication machinery

DNA associated proteins Help to further compact the Help to further compact the
genome; H-NS, SMC, Lrp, IHF, genome; nucleosomes and e.g.,

HU, Fis cohesins

DNA supercoiling enzymes Gyrase Topoisomerase | and 11

1.3 DNA methylation and CRISPR-Cas9 activity
Does DNA methylation have an effect?

Methylation is an example of chemical DNA markers that help bacterial nucleases avoid DNA that
is meant to be kept intact (Bikard and Marraffini, 2012). Therefore, it makes sense that the CRISPR-Cas9
system should also be tested for susceptibility to such modifications, as it is also a nuclease of bacterial
origin. Quite a few studies were performed that looked at the interactions between Cas9 and methylated
DNA. For example, Hsu et al in 2013 performed an in vitro cleavage assay with methylated and naked
pUC19 plasmids to test if there were any cleavage differences between these two substrates. The targets
were designed in a way that the methyl groups could cover either the sgRNA matching sequence or the
PAM region. After performing the experiment, they observed cleavage of both plasmids, which lead
them to conclude that at least in vitro, the position of the methyl group within the target or PAM sequence
was insufficient to prevent cleavage (Hsu et al., 2013). However, as only in vitro experiments do not
show the whole picture, the authors asked if this held true with the methylated targets in the in vivo
setting. To test this, they selected a human gene target SERPINB5, which harbors many methylation sites,
and they used 3 sgRNAs that targeted different regions within the locus. The outcome of this experiment
was in accordance with the one from the in vitro study — the locus was successfully edited despite having
many epigenetic marks (Hsu et al., 2013). This research was rather a conclusive one, as it involved both
the in vitro and in vivo settings, but there were many different variables (e.g., the sgRNA number which
was too low to test all different positions of the methyl groups within the given target sequence) that

could have tipped the scales to the negative answer.
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As the years followed, other research teams also tried their luck with DNA methylation and Cas9
cleavage experiments. However, this time a bigger emphasis was placed on the in vivo setting, as the
results could be more directly applied to genome editing with CRISPR-Cas9. Fujita and colleagues in
2016 investigated CRISPR-Cas9 ability to edit a gene located in alleles with different methylation
statuses. They chose p16INK4a from the human colorectal carcinoma cell line HCT116 for this purpose.
One copy of p16INK4a is heavily methylated on the DNA as well as histones (H3K9m2) and silenced
due to chromatin compaction, while the other allele bears the unmethylated and expressed p16INK4a
(Fujita et al., 2016). They tested a total of 3 SgRNASs that targeted an increasing number of methylated
CpG sequences (up to 5) in their targets. The methyl groups within such CpG sequences were also present
in the PAM and the PAM-proximal region. The results showed that CpG methylation did not decrease
the editing efficiencies to a significantly lower level for two sgRNA targets, but did prevent one sgRNA
(called sgRNA rig3) from editing its target. However, such a difference between sgRNA rig3 and the
other two sgRNAs was highly unlikely to have happened due to methylation — sgRNA _rig3 only had 3
methylated CpG sites, while one of the other targets harbored more (Fujita et al., 2016). When they
assayed the binding capabilities of these sgRNAs coupled with catalytically inactive “dead” Cas9
(dCas9), the results showed that the sRNA _rig3 preferred the naked DNA rather than the methylated
one. Because such preference of sgRNA _rig3 for both binding and cleavage was not observed in other
sgRNAs, it could be possible that this preference relates to chromatin accessibility rather than
methylation. This is also supported by the in vitro dCas9 binding to the sgRNA _rig3 target, which
showed no difference between the naked and methylated DNA once the compaction into higher
chromatin orders was not present (Fujita et al., 2016). Therefore, the study suggests that the differences
observed in cleavage of methylated versus naked DNA most likely are not a result of methyl groups
impeding the Cas9 activity, but may depend on additional factors, such as nucleosome positioning in

compacted chromatin.

A study by Kallimasioti-Pazi and colleagues in 2018 also looked at the effect the epigenetic
imprinting (methylation) could have on the cleavage by Cas9. The novelty of the paper included
additional investigation of the possible imprinted allele cleavage outcomes, such as insertions or
deletions when compared to the expressed allele. To test this, they investigated several CpG sites in
mouse embryonic stem cells that were known to be methylated in the maternal allele - KvDMR1, Impact,
and Inpp5f_v2. Then, these loci were exposed to either high, intermediate or low concentrations of Cas9.
The mutagenicity frequency and the subsequent outcome in maternal (epigenetically imprinted) and
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paternal (expressed) alleles were monitored for up to 96 hours. The cleavage rate, measured as the
percentage of the target cleaved over time, only had a significant difference at intermediate and high
concentrations of Cas9, while low concentrations seemed to achieve comparable results. In the first 24
hours, intermediate and high concentrations of the enzyme in the maternal allele achieved 13% to 23%
of targets cleaved, respectively, while in the paternal allele these percentages went up to 33% and 78%,
respectively. Interestingly, the mutagenicity rates were not different on either allele, which lead them to
conclude that it is the cleavage rate that changes when the target of interest is imprinted (Kallimasioti-
Pazi et al., 2018).

The result of methylation is what matters

Could these observed differences be attributed to the methyl groups that silenced the maternal allele?
This could be the case, as it is known that some other nucleases from bacteria can indeed recognize
methylated DNA and thus avoid cleaving it (Bikard and Marraffini, 2012). But does Cas9 actually
respond to such DNA modification, or does it respond to more compact chromatin, completely
disregarding the additional methyl groups, as was suggested by the results of Fujita and colleagues in
2016? One way to investigate if the methyl groups or their resulting heterochromatin formation is the
real cause of observed in vitro differences in cleavage would be to have heterochromatin which is not
compacted by DNA methylation, but by, for example, histone modifications. Polycomb Repressive
Complex can place three methyl groups on the 27" lysine on H3 (H3K27me3), which results in the
compaction of chromatin into heterochromatin (Simon and Kingston, 2009). With the help of this
complex Daer and colleagues in 2017 investigated how different chromatin states — open, partially
closed, and closed — affected Cas9 cleavage in the HEK293 cell line. The results showed that the biggest
slowing of Cas9-mediated editing was observed when they targeted the first 150 base pairs of the
transcription start site in the compacted chromatin. Moving away from the transcription start site still had
an inhibitory effect on the nuclease activity, but some edits prevailed and were still possible.
Interestingly, one sgRNA showed no decrease in editing efficiency when was introduced to the
heterochromatin target, maybe due to uneven distribution of the compacted chromatin state (Daer et al.,
2017). Similar results by Chen and colleagues in 2016 indicated that it is the heterochromatin that
impedes Cas9 function. They chose a different chromatin compaction method in human cells — they used
Kriippel-associated box domain (KRAB) as a transcriptional repressor which induces chromatin

compaction through H3K9me3 (Chen et al., 2016). These selected examples act as a suggestion that
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maybe methylation is not the reason Cas9 has different cleavage rates in vivo (Kallimasioti-Pazi et al.,
2018). It is more likely that the compact form of DNA serves as a physical barrier because once this
component is eliminated, the nuclease does seem to function with the same efficiency as it does with
naked DNA (Fujita et al., 2016). But does this mean that no chemical DNA modification affects Cas9

cleavage?
Outside-of-the-box thinking, DNA methylation, and clever bacteriophages

Bacteriophages and bacteria are in a constant arms race, and one way to avoid being recognized
by the host is to add additional chemical groups to the DNA, such as various methyl (e.g.
hydroxymethylcytosine — hmC) and glucosyl (glucosyl-hydroxymethylcytosine — ghmC) groups
(Lehman and Pratt, 1960). Such ghmC can prevent restriction systems from recognizing foreign DNA,
but it is unknown if the same applies to the CRISPR-Cas system. To test this, several versions of
bacteriophages were used to challenge Cas9 — T4 bacteriophage with hmC, T4 with ghmC, and RB49
with no DNA maodifications. In all three cases Cas9 was successfully able to recognize and cleave the
invading phage DNA, thus showing that methylation (neither on cytosine nor adenine) and additional

glycosylation is not a hindrance (Yaung et al., 2014).

Does this mean that CRISPR-Cas9 is insensitive to chemical DNA modifications and all
bacteriophages’ trouble to methylate their genomes was in vain? Bryson et al seemed to have a different
perspective on the same question, which seems to be solely due to having gRNAs that are not connected
by the linker (for the differences refer back to Figure 1.1D). The investigators also looked at T4
bacteriophage and its different mutants which allowed them to have either hmC or ghmC. They also used
several gRNAs targeting different sequences which had varying levels of modified cytosines but
excluded every sequence that also carried methylation on adenine, to have study-specific results only.
After challenging the CRISPR-Cas9 system with these bacteriophages, the authors found that ghmC
modification of either DNA strand was significantly effective at stopping Cas9 from recognizing and
cleaving the invading T4 bacteriophage. Only one gRNA targeting the least modified DNA sequence
showed some prevention against the bacteriophage infection. Similar results were observed for the hmC
version of T4, as it was also able to prevent degradation. However, the same gRNA that worked for hmC,
showed even better activity levels for ghmC. This suggests that additional chemical modifications work

more efficiently, but do not necessarily completely halt Cas9 cleavage (Bryson et al., 2015).
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Vlot et al in 2018 partially supported the findings from Bryson and colleagues, as they also found
that ghmC inhibits Cas9 ability to prevent T4 infection. Vlot et al (2018) also noted that hmC
bacteriophages that escaped Cas9 had single mutations in the seed region, which might have been the
cause of their escape, not the methylation of the cytosine. They also investigated why ghmC prevents
Cas9 cleavage, and it turns out that it impairs the nuclease affinity to bind due to the introduction of
several steric clashes as compared to the one with an unmodified target. Additionally, it was shown that
such inhibition is only effective when located in the target sequence, as ghmC in the PAM sequence did
not prevent cleavage (Vlot et al., 2018). These examples illustrate that a single methyl group on cytosine
is insufficient to protect from Cas9 degradation. However, as it was already there with the hopes of
preventing the degradation by the restriction-modification system, it was a great place for further
additions of chemical groups, which proved effective against the adaptive immune system that is the
CRISPR-Cas9.

1.4 DNA supercoiling and CRISPR-Cas9 activity
Torque influence on R-loop formation

CRISPR-Cas9 requires a lot of physical contact with DNA before it can execute cleavage.
Therefore, it is important to know the precise mechanisms that take place when the enzyme binds its
substrate and starts R-loop base pairing. Cas9 can bend the DNA it is interrogating into a V shape upon
the recognition of the PAM (Cofsky et al., 2022). Such physical distortion of the DNA helps unwind the
PAM-proximal sequence to begin the search for matches. The enzyme does not check the whole sequence
at the same time as PAM-proximal DNA testing is carried out by flipping one base pair at a time toward
the gRNA. Because flipping bases introduces additional underwinding (Cofsky et al., 2022), it could
suggest why Cas9 should have trouble binding and cleaving positive supercoils: under higher torsional
stress, it should be even more difficult to melt the target by flipping bases and forming a fully hybridized
R-loop. The opposite assumption goes for negative supercoiling when the DNA is underwound, which

should further help to facilitate the opening of the R-loop.

Torque dependency was tested by Ivanov and colleagues in 2020, where they used a rotor bead
tracking (RBT) approach to apply both negative and positive torque to target DNA. Either torque is
achieved as one rotates a magnetic bead attached to the desired DNA. When the DNA was overwound,
dCas9 was not able to melt the DNA duplex and form the R-loop, but as soon as the DNA became

underwound, R-loop formation was easily observable. They also determined that the R-loop formed
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within the first 100 ms of nuclease binding (lvanov et al., 2020). The introduction of positive torques
stimulated the release of the DNA by dCas9, which led to subsequent collapse of the R-loop. The R-loop
forms through an intermediate stage, which is when the seed region melts. This happens during the
unwinding and dissociating phases of dCas9. These intermediates were important for defining why the
PAM-distal mismatches are more tolerated than the PAM-proximal ones. If there was a mismatch in the
intermediate stage forming sequence, then this stage was quick to collapse under both positive and
negative torques, but if the mismatch was further away from the seed region, then the Cas9 dwelled
longer and more stably on the intermediate stage, allowing full R-loop formation at more negative torque
(lvanov et al., 2020).

The same torque-dependency applied for Cas9 cleavage — if the target was linear (aka relaxed),
then the cleavage could not happen when there were mismatches between the target and gRNA. But if
the target was negatively supercoiled, then both PAM-proximal and distal mismatches still allowed for
some of the cleavages to be executed, as negative torque shifts the energy landscape of Cas9 binding to
favor the transition to the open, ready-to-cleave stage (lvanov et al., 2020). This has some negative
consequences for the applications for the off-targets of Cas9 in eukaryotic genome editing, which is
mainly negatively supercoiled (Corless and Gilbert, 2017). However, as the positive supercoils seemed
to have an inhibitory effect on the Cas9 cleavage, it could be that a temporary creation of positive
supercoils on some off-targets would protect them from being cut. The other side of the coin would be if
the required edit would be present in the part that is located within the positively supercoiled part of the
DNA. Then, an opposite effect would be needed to somehow uncoil the required site and potentially
transfer the positive supercoils to any nearby off-targets. Nevertheless, it could be that even if the
negative supercoiling allows for off-target cleavage, the rate at which such targets are degraded is slow

enough so that choosing a nuclease with lower off-target tolerance could achieve the desired result.
Nucleosomes obstruct Cas9 activity

Eukaryotic genomes have additional structural factors than prokaryotic genomes, and one of them are
nucleosomes, which help to compact the DNA (Maeshima et al., 2020). In 2016, Horlbeck and colleagues
investigated human cell lines in vivo using CRISPR interference (CRISPRI), a CRISPR system based
gene silencing tool, where dCas9 binds to the gene of interest, physically preventing its transcription
(Zhang et al., 2021). The results showed that CRISPRi was much more active at sites with low

nucleosome occupancy, thus suggesting that histone octamers prevent Cas9 access. Additionally, the
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sgRNAs which should have been highly active only showed the expected level of activity in nucleosome-
unoccupied DNA targets (Horlbeck et al., 2016). The results in vivo strongly pointed to nucleosomes
having an inhibitory effect on Cas9’s activity. It was further investigated in an in vitro setting with target
DNA wrapped around mouse histone. Both binding and cleavage experiments with this DNA showed a
halting of Cas9 activity if the target was in contact with the nucleosome. The authors proposed that the
main reason behind the observed results was due to the nucleosomes introducing significant steric
hindrances for Cas9 (Horlbeck et al., 2016). There were other studies investigating the nucleosome effect
for Cas9 cleavage in vivo. Yarrington and colleagues in 2018 looked at the possibility for Cas9 to cleave
targets over time at the HO promoter from Saccharomyces cerevisiae. They found that nucleosome-free
sites were cleaved more over time, while nucleosome-occupied targets were resistant to cleavage.
However, in vivo nucleosomes “breathe” by making more loose contacts with the DNA, allowing some
Cas9 cleavage, which was observed in the study (Yarrington et al., 2018). Treating nucleosome-bound
DNA with Reb1, a protein that releases DNA from nucleosomes, was found to restore cleavage to that
of naked DNA, illustrating the importance of nucleosome obstruction of cleavage. They also confirmed
that dCas9 binding of nucleosome-bound DNA can be restored to naked-DNA levels when Rebl is
introduced (Yarrington et al., 2018).

Although the studies discussed so far have been conducted in vivo and in vitro, other papers have
concentrated more extensively on just the in vitro observations. It is possible to investigate the effect that
nucleosomes have on CRISPR-Cas9 function by focusing on targets within a short dSDNA sequence
with high nucleosome affinity, called the Widom 601 positioning sequence (Lowary and Widom, 1998).
One study by Isaac and colleagues in 2016, showed that if Cas9 targeted sequences closer or on the
histone octamer, the cleavage rates were significantly reduced, while Cas9 targeting nucleosome flanking
sequences showed rates that were close to those observed for naked DNA (Isaac et al., 2016).
Additionally, the authors were curious about which step of the Cas9 mechanism nucleosomes interfere
with. The authors measured the ability of dCas9 to bind 601 sequences with and without nucleosomes,
which were designed to have no flanking DNA. The experiments indicated that while the nucleosome-
unbound 601 sequence showed high dCas9 binding, the nucleosome-bound sequence had undetectable
dCas9 binding. Nevertheless, their results indicated that the nuclease was still able to interrogate the
DNA for PAM sequences, but it was unable to form a stable R-loop (Isaac et al., 2016). As the 601
sequence is characterized by very strong binding to the nucleosome (Lowary and Widom, 1998), it was
also desirable to test if the observed results held true for the DNA that is allowed to “breathe” — slightly
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dissociate from the nucleosome. Thus, a nucleosome with a 5S rRNA gene sequence from Xenopus
borealis was used to perform the same tests. The results showed that nucleosome breathing allows Cas9
to achieve much higher cleavage rates at all sites except for the ones in the middle of the nucleosome
(Isaac et al., 2016). Another study by Hinz and colleagues in 2015 showed that the position of PAM is
also crucial for Cas9’s ability to cleave targets associated with the nucleosomes. The study was carried
out in vitro with a 601 nucleosome positioning sequence which had two sgRNA-complementary targets.
They were designed so that the target sequences would be at the nucleosome boundary, but one would
have its PAM on the linker side and the other would have its PAM on the nucleosome side. The target
with its PAM on the nucleosome had a severe reduction of cleavage (more than 80% compared to the
naked DNA), compared to the one with its PAM outside the nucleosome (about 19% reduction compared
to naked DNA) (Hinz et al., 2015). This supports the observations that PAM interrogation still happens
even on tightly bound nucleosomes (Isaac et al., 2016), but the R-loop formation is severely halted by

nucleosome presence (Hinz et al., 2015).
1.5 Conclusion

CRISPR-Cas9 is a valuable gene editing tool sourced from bacterial efforts to prevent destruction
by bacteriophages (Barrangou et al., 2007; Brouns et al., 2008; Garneau et al., 2010). However, once
applied to a new environment — the eukaryotic genome —some things need to be taken into consideration
for efficient gene editing: CRISPR-Cas9 encounters new DNA topological features, such as nucleosome
wrapping (Maeshima et al., 2020). The reviewed literature seems to agree that these features can interfere
with the nuclease’s activity and impact cleavage both in vivo (Horlbeck et al., 2016; Yarrington et al.,
2018) and in vitro (Hinz et al., 2015; Isaac et al., 2016). DNA methylation sometimes help bacteria
differentiate between self and non-self DNA (Bikard and Marraffini, 2012), but do not provide the same
protection from the CRISPR-Cas9 system (Fujita et al., 2016; Hsu et al., 2013; Kallimasioti-Pazi et al.,
2018). However, DNA methylation in eukaryotic cells also helps to compact DNA (de Mendoza et al.,
2020), and the resulting condensation of chromatin does have a negative effect on the cleavage rate by
Cas9 (Chenetal., 2016; Daer et al., 2017). Thus, methylation still affects the activity of this nuclease but
not through a direct route of introducing steric clashes. When investigating different torques within the
supercoiled DNA, it is now known that R-loop formation is indeed torque-dependent as negative torque
promotes promiscuous Cas9 activity (Ivanov et al., 2020), which should be taken into consideration when

trying to target specific genes in vivo.
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2. MATERIALS AND METHODS

2.1 Linear DNA design

A small set of five linear DNAs, named methylation targets 1-5 (targets M1-5), was created to
test methylation effect on Cas9 cleavage kinetics. The targets were designed to have sliding sequences
of two repeating motifs (TAA and AAT with unvarying CG motif between them; underlined in Table

2.1) and were checked not to allow for palindrome formation. Such design allowed to have every position

on both strands of the DNA target (highlighted in blue in Table 2.1) to be methylated on either cytosine
or adenine. In this design, the only adenine present in the PAM sequence was also methylated. These

five target sequences were positioned in the middle of the 154 bp linear DNA target, which had PCR

primer binding sequences integrated in them (Table 2.1). The sequences were synthesized by Metabion.

Table 2.1 Linear DNAs and their PCR primer sequences

PAM is red; target sequences are blue, and PCR primers are green. The sliding repeating motifs are
underlined in single and double lines.

Name

Sequence (5’ to 37)

Target M1

AGTCAAGTAACAACCGCGAAACCGCCGAATAACAGAGTAAGTCTCCGGTGG
TGTTCAGATTTTACGTAACGAATCGAATCGTAATGGTGATCAGCATGTCCCG
GATCGCGTCGTTATAGTGTGCGAGGCGTTCTTGGAGAGCAACTGCATAAGG

Target M2

AGTCAAGTAACAACCGCGAAACCGCCGAATAACAGAGTAAGTCTCCGGTGG
TGTTCAGATTTTAGTAACGAATCGAATCGTAACTGGTGATCAGCATGTCCCG
GATCGCGTCGTTATAGTGTGCGAGGCGTTCTTGGAGAGCAACTGCATAAGG

Target M3

AGTCAAGTAACAACCGCGAAACCGCCGAATAACAGAGTAAGTCTCCGGTGG
TGTTCAGATTTTATAACGAATCGAATCGTAACGTGGTGATCAGCATGTCCCG
GATCGCGTCGTTATAGTGTGCGAGGCGTTCTTGGAGAGCAACTGCATAAGG

Target M4

AGTCAAGTAACAACCGCGAAACCGCCGAATAACAGAGTAAGTCTCCGGTGG
TGTTCAGATTTTAAACGAATCGAATCGTAACGATGGTGATCAGCATGTCCCG
GATCGCGTCGTTATAGTGTGCGAGGCGTTCTTGGAGAGCAACTGCATAAGG

Target M5

AGTCAAGTAACAACCGCGAAACCGCCGAATAACAGAGTAAGTCTCCGGTGG
TGTTCAGATTTTAACGAATCGAATCGTAACGAATGGTGATCAGCATGTCCCG
GATCGCGTCGTTATAGTGTGCGAGGCGTTCTTGGAGAGCAACTGCATAAGG

Forward primer

AGTCAAGTAACAACCGCGAAACCGCCGAATAACAGAGT

Reverse primer

CCTTATGCAGTTGCTCTCCAAGAACGCCTCGCACACT
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2.2 sgRNAs

Each sgRNA was named after its perfectly matching target. All sgRNAs used in the study (their
sequences are listed in Table 2.2) were synthesized by Synthego and diluted in 90% of RNase-free water
and 10% TE buffer (both supplied by the manufacturer).

Table 2.2 sgRNA sequences

Name Sequence (5’ to 3°)
sgRNA_M1 CGUAACGAAUCGAAUCGUAA
SgRNA_M2 GUAACGAAUCGAAUCGUAAC
SgRNA_M3 UAACGAAUCGAAUCGUAACG
SgRNA_M4 AACGAAUCGAAUCGUAACGA
SgRNA_M5 ACGAAUCGAAUCGUAACGAA

sgRNA_D GUGAUAAGUGGAAUGCCAUG

2.3 Linear DNA preparation for methylation experiments

The linear targets (from Table 2.1) were amplified with Q5 DNA polymerase (NEB, M0491L) in
a 25 cycle PCR without GC enhancer, otherwise based on the manufacturer’s protocol. After the correct
PCR products were verified by 2% agarose (Thermo Scientific, R0492) gel electrophoresis in 1X TBE
buffer (90mM Tris-base (Fisher Scientific, 10667243), 90mM boric acid (Carl Roth, 5935.2), 2mM
EDTA (Carl Roth, 8040.2), pH=8 regulated with NaOH (Honeywell, 38215)), a GeneJET column
purification kit (Thermo Scientific, KO702) was used as described by the manufacturer to clean each of
the targets, which were eluted in Milli-Q water instead of the supplied elution buffer. 1pg of each clean
PCR product was methylated on cytosine by M.Sssl CpG methyltransferase (NEB, M0226L) or on
adenine by EcoGlIl methyltransferase (NEB, M0603S) based on the manufacturer’s protocol for both
enzymes. The resulting methylated targets were cleaned from the reaction components with the GeneJET

column purification kit and eluted in Milli-Q water.
2.4 Cas9 cleavage experiments

All separate components of the cleavage reaction (DNA, sgRNA, Cas9 (NEB, M0386M)) were
diluted in 1X r3.1 buffer (NEB, M0386M; 1X buffer consists of: 100 mM NaCl, 50 mM Tris-HCI, 10
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mM MgCly, 100 pg/ml Recombinant Albumin, pH 7.9 @ 25°C). The final ratio of sgRNA:Cas9:DNA
in the reaction was 30:10:1. The sgRNA and S. pyogenes Cas9 were incubated for 15 minutes in 22 °C
to hybridize before the addition of DNA, and the cleavage assay was also performed at 22 °C. Once the
DNA was added to the reaction, aliquots at different timepoints (listed in Table 2.3) were transferred to
stop solution (final concentration: 60mM EDTA (Carl Roth, 8040.2), 1U Proteinase K (Thermo
Scientific, EO0492)) and incubated at 37 °C for 30 minutes. The linear DNA cleavage reaction products
at each timepoint were visualized on a 10% native polyacrylamide gel electrophoresis (native PAGE) in
1X TBE buffer and post-stained with SYBR Gold (Invitrogen, S11494) before visualization on
Amersham Typhoon. The target sequence was excised from supercoiled DNA samples with Lgul
(Thermo Scientific, FD1934) and size-selected by magnetic bead purification (Beckman Coulter,
A63881). DNA cleavage reaction products were time-barcoded (NEB, E7645L). Part of the reaction was

visualized with capillary electrophoresis, while the remaining reaction products were sequenced.

Table 2.3 Timepoints used in each part of this study

Linear on-target Linear off-target Supercoiling assay

0

10 seconds

30 seconds

1 minute

3 minutes

10 minutes

30 minutes

100 minutes

300 minutes

1440 minutes

2.5 Target library design

To assess the Cas9’s promiscuity levels to negatively supercoiled targets, a previously generated
library (Jones et al., 2021) was used. All sequences and design of the targets can be found in an

aforementioned paper; however, an example of a member composition is also provided here in Figure
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2.1. Briefly, the target library has many target sequence variations to create different off-targets when
compared to sgRNA. These variations include single or double insertions, deletions, substitutions, and
mismatches (Figure 2.1). However, there are 146 perfectly matched targets, which serve as a control.
Around each target there is a buffer region of DNA (Constant. and Constantr in Figure 2.1), which
controls for the same length of DNA. The buffer is especially important in the case of insertions and
deletions as it evens the overall target length out. Then, these regions are followed by left and right
barcodes, which are unique to each target and are used to tell each end of the cleaved target apart during
sequencing. The barcodes are followed by primer sequences, which are used for PCR amplification of
the library. In addition to this, at the end of the primers there are cut sites, required to remove plasmid
backbone before sequencing. The remaining parts — right and left adapters, time barcode — are added

after Cas9 cleavage assay to provide a cleavage time resolution of the targets during sequencing.
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Adapter,  Primer, Constant, Constant, Primer, Adapter,

B)
Matched — m—
PAM = Figure 2.1 Different parts of the target
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Mismatches y T ) . .
what each individual target consists of, while part B)
\/ shows the composition and the approximate number
Deletions of all different target sequences present in the target
Insertions === library. Modified from Jones et al., 2021
10 10" 10° 10
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2.6 Construction of plasmid library

The plasmid was assembled from two parts — plasmid backbone and target library sequences
(both supplied by Dr. Stephen Jones), and the assembled plasmid size was 1691bp. First, the plasmid
backbone and target library were PCR amplified with Q5 DNA polymerase using primers from Table
2.4 in 25 cycles without GC enhancer, otherwise following the manufacturer’s protocol. The correct
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plasmid vector and target library PCR products were verified by 1% or 2% agarose gel electrophoresis
in 1X TBE buffer, respectively. After the PCR products were column-purified, a HiFi master assembly
mix (NEB, E2621S) was used to ligate the two pieces together. The ligation used 0.5 pmol of target
library sequences and 0.1 pmol of plasmid backbone, and the rest of the reaction was carried out based
on the manufacturer’s protocol for using the assembly kit. The resulting ligation reaction was column-

purified and eluted in Mili-Q water.

Table 2.4 PCR primers for plasmid backbone and target library amplification

Name Sequence (5’ to 3°)
Plasmid backbone, forward ACTCTGTTATTCGGCGGTT
Plasmid backbone, reverse AGTGTGCGAGGCGTTCTT
Target library, forward AACCGCCGAATAACAGAGT
Target library, reverse AAGAACGCCTCGCACACT

2.7 Amplification of plasmid library

2uL of the column-purified plasmid library assembly reaction was transformed in 50uL of TOP10
electrocompetent E. coli cells (Thermo Scientific, C404050). After the electric pulse with a pulser (Bio-
Rad; 1652660), the cells were resuspended in SOC media (Fisher Scientific, 11347689), pH=6.9, pre-
warmed to 37°C, then recovered for 1 hour in 37°C with 250 rpm shaking. To test transformation
efficiency, a 10 000-fold dilution was plated on a 100mm chloramphenicol (Carl Roth, 3886.2) petri dish
(with a final antibiotic concentration of 25ug/mL), while the remaining cells in SOC media were further
diluted to a final volume of 1.8 mL with LB broth (Carl Roth, X968.4). Then, the cells were divided
equally among 3 150mm petri dishes, containing the same concentration of chloramphenicol. The smaller
plate was incubated at 37°C while the big plates were incubated at 30°C for 22 hours. A single
transformation was regarded as successful if the small plate had more than 90 colonies on it. As such
competence was difficult to achieve during one transformation, two transformations were performed
simultaneously. The combined transformation was regarded as successful if the combined number of
colonies on both transformations’ small plates was >90. All colonies from both transformations were

combined into one sample during plasmid library purification.
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2.8 Purification of plasmid library

After the transformation was successful, then each of the 150mm petri dishes were washed with
LB broth 3 times, scraping the whole petri dish to resuspend all the cells on it. After each wash on each
plate, the LB with the cells was collected in the same tube. Aliquots of 5SmL of the resuspended cells
were purified per single Genelet’s miniprep column (Thermo Scientific, KO702) based on the
manufacturer’s instructions, with two exceptions — purification was carried out on ice and eluted in Mili-
Q water. The correct size of the plasmid was confirmed on 1% agarose gel electrophoresis in 1X TBE
buffer. The bigger unwanted products were removed by gel-purifying only the correct-sized band with
Genelet’s gel extraction kit (Thermo Scientific, K0692), following the manufacturer’s instructions, but

eluting in Mili-Q water instead of the elution buffer.
2.9 Plasmid library supercoiling production and density assessment

First, two different supercoiling levels of the plasmid library — fully relaxed and fully supercoiled
— had to be obtained and verified, respectively. To fully relax purified plasmid, 6pg were exposed to
Topoisomerase | from E. coli (NEB, M0301L) in its supplied reaction buffer (50 mM Potassium Acetate,
20 mM Tris-acetate, 10 mM Magnesium Acetate, 100 pg/ml Recombinant Albumin, pH 7.9 @ 25°C.
NEB, M0301L), performing the relaxation as per manufacturer’s instructions. Relaxation was stopped
with a stop buffer (final concentration: 0.25% SDS (Sigma-Aldrich, L5750) and 1mg/mL proteinase K)
The reaction outcome was verified on 1% agarose electrophoresis in TBE buffer with SYBR Safe
(Thermo Scientific, S33102) post-staining and ethanol precipitated with 0.066 pg/uL final concentration
of glycogen (Thermo Scientific, R0561). To assess if the plasmid library remained supercoiled to the
fullest after its isolation from E. coli, 0.2ug of untreated plasmid was exposed to gyrase in supercoiling
buffer (35 mM Trizma-HCI (Sigma-Aldrich, T15760), pH 7.5 with NaOH, 25 mM KCI (Carl Roth,
P017.1), 4 mM MgCl; (Fisher Scientific, AC223210010), 2 mM DTT (Fisher Scientific, 15875458), 1.8
mM spermidine (Fisher Scientific, 11449396), 1 mM ATP (Thermo Scientific, R0441), 6.25% (w/v)
glycerol (Fisher Scientific, 12144481), 0.1 mg/mL BSA (Thermo Scientific, B14)), performing the
reaction as recommended by the manufacturer and stopped with the stop buffer. The reaction products
were visualized on 1% agarose in TBE buffer with SYBR Safe post-staining and compared to the
untreated plasmid. An additional control of linearized plasmid for the assessment of relaxation and

supercoiling reactions was also included. The linearization was performed with 0.5ug of plasmid using
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Lgul in its supplied reaction buffer (composition not specified; Thermo Scientific, FD1934) as per

manufacturer’s instructions.

The superhelical density assessment of plasmid library was performed following a 2D gel
electrophoresis protocol that has been previously described (Martinez-Garcia et al., 2018). Briefly, 161ng
of both relaxed and supercoiled plasmid samples were mixed and loaded on 15cmx15cm 1% agarose gel
in the first TBE buffer containing 0.6 pg/mL of chloroquine diphosphate. Then, the electric current was
applied from top to bottom of the gel and ran at about 2-3 VV/cm. The second direction run (left to right)
was performed in TBE buffer containing 3 ug/mL of chloroquine diphosphate by manually twisting the
gel 90° to the right and ran at the same voltage. After post-staining with SYBR Gold and visualising with
Amersham Typhoon, the linking number distribution “steps” that appeared on the gel were calculated to
find out the linking number difference (ALKk). The linking number for relaxed DNA (Lko) was calculated
using the equation (Liu et al., 2018):

__ plasmid size in bp
Lko = 105— PP
“turnof DNA

These two numbers allowed to find out the superhelical density (c) (Martinez-Garcia et al., 2018):

ALk

O'=L—ko

2.10 Data analysis

In order to obtain Cas9’s cleavage rate from native PAGE gels, GelAnalyzer 19.1(Lazar & Lazar,
n.d.) software was used to measure the DNA band intensity. When measuring the intensity, the
background was removed by using a rolling ball option with a peak width tolerance in 20% of lane profile
length. After this, the peaks were selected first based on the criteria that the peak threshold is 1 and the
minimum height of the peak is 5. All peaks that did not satisfy these criteria but still corresponded to the
bands of interest, were selected manually based on the position where the band was either visible or
where it should be in the context of the surrounding bands, if invisible. The raw volume numbers obtained

from this analysis were then normalized to be in a range from 0 to 1, using the formula below:

Uncut, _ Uncut
Uncut,; + Cut Uncuts + Cut
Normalized value = ( t ) ( £ £)
Uncut, Uncut,

(Uncuty + Cuty)  (Uncuty + Cuty)
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In the formula, t stands for the raw volume at a timepoint, f is the raw volume for the final timepoint and

0 is the raw volume from timepoint 0.

Once the data for one cleavage assay was normalized, then it was fitted into an exponential decay
function to give a cleavage rate in s. Two models were used to obtain the best function fit to the dataset:
e or e’'+c, where k is the cleavage rate, t is time, and ¢ is horizontal asymptote, representing a fraction

of DNA that never gets cut.

The data was analyzed using Past 4.03 (Hammer, 2001). First, the naked/methylated linear target
cleavage data was checked for normal distribution with Shapiro-Wilk test and then analyzed with one-
way ANOVA and Tukey’s multiple comparison post-hoc test, or their non-parametric equivalents. The
off-target data was first converted to log values and then analyzed. Data are present as means + standard

deviation.
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3. RESULTS AND DISCUSSION

3.1 Methylation and on-target Cas9 cleavage

To evaluate if 5mC or 6mA DNA methylation alters the rates at which CRISPR-Cas9 cleaves on-

target DNAs, we designed five targets (Figure 3.1). Across these targets, either cytosine or adenine could

be enzymatically methylated (i.e., 5mC and 6mA) at each position within a potential R-loop with Cas9’s

sgRNA. The PAM of all tested targets also had an adenine in it, which allowed us to test the impact of

6mA methylation on PAM identification. The results for on-target cleavage (Figure 3.2) indicated that

cytosine methylation at any position does not alter Cas9 activity, as it did not change how fast any of the

targets were cleaved when compared to their naked (no methyl group attached) counterparts.

Investigating targets containing 6mA modifications revealed that targets M1 and M2 tended to be cleaved

more slowly (P>0.05; Kruskal-Wallis one-way analysis of variance and Dunn’s multiple comparisons)

when their adenines were methylated. Meanwhile, target M4 had a significant reduction in its cleavage

rate with 6mA methylation (Figure 3.2).

M3

M4

M35

Non-target strand sequence

AA® AA O AA o AA

TGG 3
AA® AA ©® AA O AA0
TGG 3
AA® AA ©® AA O AA® A
GG 3

A@ AA @ AA @ AAo AA
ACGAATCGAATCGTAACGAATGG 3

........................

: Methylation marks: !

: @ 5mC

........................

Figure 3.1. Linear DNA target design. Methylation targets 1-5 were designed to have a sliding sequence
effect (see Methods section 2.1). The “travelling” sequence motif that is consistent throughout all five targets
is highlighted by a mint box. Possible places for methylation on cytosine (5mC; circle) and on adenine (6mA;
triangle) are showed only on the non-target strand. Note - the experiment never had both methylation types on
the DNA at the same time. The figure was made by me with Biorender.com
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Figure 3.2. On-target cleavage by S. pyogenes Cas9. The targets for methylation study, named targets M1-M5, were targeted with their perfectly
matching sgRNA. Cleavage reactions of naked (unmethylated) sequences and both methylated on cytosine (5mC) and adenine (6mA) sequences of each
target were performed simultaneously and thus, each triplicate is time-matched. The reactions were carried out at 22°C and the N > 3 in each target. The
data was tested for normal distribution using Shapiro-Wilk normality test and, as not all data was normally distributed, Kruskal-Wallis one-way analysis
of variance and Dunn’s multiple comparisons post hoc tests were applied. Data are present as mean + SD, * is for P<0.05 and ** is for P<0.01
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Why might some targets, such as M4, be cleaved differently when methylated, while others are
not? Target M4 had an adenine as the first PAM-proximal base in the non-target strand and as the 6"
PAM-proximal base on the target strand (Figure 3.1). It could be hypothesized that the most PAM-
proximal position of the methylated adenine has the biggest effect on Cas9-gRNA interactions with target
DNA (Figure 3.3) due to the seed region importance on the R-loop formation (Sternberg et al., 2014).
But then target M1, which had two PAM-adjacent adenines on the non-target strand and an adenine on
the 3@ PAM-proximal position of the target strand should have exhibited the biggest reduction in
degradation rates, which was not the case. In addition to this, it has been shown that Cas9 is not even
very sensitive to mismatches located in the very first two nucleotides adjacent to the PAM (Fu et al.,
2014; Zeng et al., 2018), suggesting that methylation marks should also be well tolerated as they do not
abolish sequence specificity when base pairing (Jeltsch, 2002).
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Figure 3.3. S. pyogenes Cas9 R-loop. Part A) shows a schematic representation of DNA and gRNA base-
pairing. B) shows a crystal structure of Cas9 with its hybridized DNA target. NTS — non-target strand; TS —
target strand; NUC — nuclease lobe; REC — helical recognition lobe. From Jiang et al., 2016.

To test if Cas9 detects methylation near DNA cleavage sites (the 3™ nucleotide on the target
strand and the 3" or the 4™ on the non-target strand (Jiang and Doudna, 2017; Zeng et al., 2018)) we
compared the sequences of our targets. Target M4 had an adenine on nucleotide 4 on the non-target

strand and is cleaved slower, while, for example, M1 had an adenine on the 3" nucleotide on the target
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strand and its cleavage rate was unchanged when methylated. Both of these targets had an adenine on
places that interact with different nuclease domains — could it be that one nuclease domain is more
sensitive for methylation? A quick look at other sequences rejects this hypothesis. If having an adenine
on the non-target strand is important (as is in M4), then M2 and M3 should have been cleaved slower
when adenine-methylated, but it was not the case (Figure 3.2). Since the total amount of adenines on
both DNA strands did not vary across targets (12), this also cannot explain why M4 is the only target to
show a significant difference in its cleavage rate upon 6mA methylation. Thus, my data does not support
a role for 6mA methylation proximity to the PAM, cleavage site, or in total as an explanation for why

Cas9 may cleave such targets more slowly with this type of DNA methylation.

To investigate if target methylation also impacts how different sequences are interrogated, all five
naked and methylated targets were compared to each other (Figure 3.2). Naked targets M2 and M4
showed a significant difference in their degradation rates (P<0.05; Kruskal-Wallis one-way analysis of
variance and Dunn’s multiple comparisons), but not if they were cytosine-methylated. Investigation of
other targets did not show any differences. However, it is possible that this was due to insufficient
statistical power, stemming from low replicate numbers (N = 3 or 4). If methylation status is important
for on-target editing, incomplete methylation could explain these results. Methylation status was not
explicitly checked — a decision we made since no consistent significant differences in cleavage rates were

observed in my pilot experiments.

Cas9, when paired with different sgRNAs, has different on-target cleavage efficiency depending
on the target sequence. If there is an adenine as the very first nucleotide adjacent to the PAM, this reduces
the cleavage rate the most, while a cytosine here has an opposite effect (Gagnon et al., 2014; Liu et al.,
2016). This contrasts with my results for targets M2 and M4, where the faster cleaved target M4 had an
adenine, and target M2 had a cytosine (Figures 3.1 and 3.2). However, the first PAM-proximal nucleotide
is not the only one dictating the cleavage rate — other nucleotides also have an effect. Liu and colleagues
illustrated that the most favorable nucleotides within the seed region of non-target strand were adenine
and cytosine (Liu et al., 2016). The sequences used in this study (Figure 3.1) were adenine and cytosine
rich. The literature suggests that there should have been a difference in cleavage rates between targets
M2 and M4 due to certain nucleotides in certain positions. However, they indicate a different direction
in which each of the target cleavage rates should have changed (Gagnon et al., 2014; Liu et al., 2016).

Thus, seed region nucleotides (including the most PAM-proximal one) are not sufficient to determine
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cleavage rates. Perhaps it is not just the presence of these nucleotides in the seed, but instead their order?
As it is known that the R-loop formation is the rate limiting step when it comes to cleavage by Cas9
(Gong et al., 2018), it would be beneficial to test with a bigger library if different order of nucleotides

affect the R-loop formation kinetics.

Adenine-methylated target M3 was cleaved at a significantly faster rate than all other adenine-
methylated targets, except for M5 (Figure 3.2). Apart from target M3, the other four adenine-methylated
sequences displayed a very similar cleavage rate when compared to one another. While this could reflect
incomplete methylation reactions or underpowered statistics, target sequence analysis shows that target
M3 had fewer adenines immediately adjacent to its PAM than the other targets (Figure 3.1). It could be
hypothesized that more adenines with methyl groups are proximal to the PAM sequence could reduce
the cleavage rate, but in such a case, target M1 should have shown the slowest cleavage kinetics, which
was not true. And to look at the other way around — the fewer adenines there are in the seed region, the
more unaffected the cleavage rate is. This could be the case, as target M3 had a sequence with adenines
positioned the furthest away from the PAM sequence. Yet, target M1 had the most PAM-proximal

adenines, suggesting that the difference between their cleavage rates should have been bigger.

In respect to cleavage positions, M2 had methylated adenines next to the cleavage site on both
target and non-target strands, which was also the case with M3. If this mattered, then both M2 and M3
would have the biggest cleavage rate reductions of all five targets, and M5 the lowest. Since only M4
showed a reduction in cleavage rate with methylated adenines (P<0.05; Kruskal-Wallis one-way analysis
of variance and Dunn’s multiple comparisons), not M3 or M2 when compared to their naked

counterparts, this is unlikely.

The currently used design of target sequences had an adenine in their PAMs (Figure 3.1) and
allowed us to see if placing a methyl group in it changes its cleavage kinetics. The results in Figure 3.2
show that the reduction in the rate of cleavage of adenine-methylated targets versus naked counterparts
was insignificant (P>0.05; Kruskal-Wallis one-way analysis of variance and Dunn’s multiple
comparisons) for four out of five targets. Thus, methylating the adenine within the PAM sequence, which
in our targets was 5’-TGG-3’, does not interfere with S. pyogenes Cas9 ability to degrade its targets.
Unfortunately, it was not possible to place a methyl group on the cytosines in the PAM with the

methyltransferase used in this study.
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Thus far, the only known methylation-sensitive Cas9 is from the thermophilic bacterium
Acidothermus cellulolyticus. TIts PAM sequence is 5’-NNNCC-3’. Only the first cytosine (4" nucleotide
if reading the PAM from 5” to 3°) induces exceptional Cas9’s sensitivity for methylation, as modifying
C4 abolished scission completely. This sensitivity is most likely achieved through target strand C4
interaction with Glu1044, non-target strand G4 interaction with Arg1088, and G5 with Arg1091 of the
PAM-interacting domain (PID). This is in contrast to S.pyogenes Cas9, which recognises the PAM
through interactions with guanines on the non-target strand (Das et al., 2020) (Figure 3.4). Knowing that
sensitivity to methylation most likely requires the PID to interrogate both strands of DNA, it becomes
unsurprising why S. pyogenes Cas9 did not respond to methylation on the adenine in the PAM tested
here. However, it would be interesting to engineer an S. pyogenes Cas9 variant that would respond to
methylation of its targets. This could be used as a quick means to test for the presence of methylation
marks, by simply performing a digestion assay instead of bisulfite sequencing. Another potential
application is the direct targeting of cancer cells, as they are known to lose their methylation status (Jung
et al., 2020). This might allow the engineered Cas9 to cleave a target in cancer cells that would be

otherwise inaccessible in healthy cells.

AceCas9: NNNCC SpyCas9: NGG
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Figure 3.4. PAM recognition by Cas9 from A. cellulolyticus (left) and S. pyogenes (right).
Modified from Das et al., 2020.
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The investigation of on-target cleavage and the effect methylation has on it indicated that cytosine
methylation does not affect S. pyogenes Cas9 cleavage kinetics. Adenine methylation, on the other hand,
impacted the cleavage of one (target M4) out five targets investigated in this study. Analysing its
sequence and the position of methyl group on target M4 failed to indicate a reason why this particular
target was different from the other ones, thus more replicates and/or bigger library is needed to investigate
this difference further. Due to the target design the PAM was also methylated, which, unlike for A.
cellulolyticus Cas9 (Das et al., 2020), did not affect how sequences were interrogated. Finally, as it was
reported previously (Gagnon et al., 2014; Jones et al., 2021; Liu et al., 2016), we observed varying

cleavage rates for different, chemically unmodified on-targets.
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3.2 Methylation and off-target cleavage

To understand how DNA methylation may impact Cas9 specificity, off-target cleavage was
investigated for two out of five targets. As it was observed that the biggest difference between on-target
cleavage rates was between targets M2 and M4 (Figure 3.2), it was decided to use the same targets to
test off-target cleavage changes. Due to each target (and its related sgRNA) having a single base pair
offset from our other targets (Figure 3.1), the most easily tested off-targets were those containing either
a sgRNA-relative insertion or deletion in the target DNA. The off-targets investigated in this section
were interrogated from two possible perspectives — target DNA and sgRNA. In the first case, two targets
— M2 and M4 — were used with Cas9 paired to the sgRNAs for neighboring targets (SgRNA M1, M3,
and M5). In the second case, Cas9 paired to sgRNA M3 was used with two neighboring DNA targets
(M2 and M4) (Figure 3.5). Such combinations allowed us to examine cleavage of off-targets with a 1bp
insertion or deletion relative to sgRNA M3 (inducing a DNA bulge or sgRNA bulge, respectively). Such
formation of bulges is essential to execute Cas9’s activity, as without them there would be far too many
mismatches between the target and sgRNA (Dagdas et al., 2017; Sternberg et al., 2015).
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Figure 3.5. Off-targets tested in this study. Due to the sliding sequence design (Figure 3.1), targets M2

and M4 could have an insertion or deletion off-targets, forming DNA or RNA bulge, respectively. Made by
me with Biorender.com
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First, we wanted to investigate if methylation on cytosine or adenine has any effects on off-target
cleavage. The results we obtained from the experiment (Figure 3.6), strongly suggested that methylation
does not interfere with either DNA or RNA bulge-forming off-target cleavage (Figure 3.6, P>0.05; one-
way ANOVA and Tukey’s multiple comparisons post hoc). Interestingly, on-target analysis indicated
that target M4 was cleaved slower with 6mA chemical modification (Figure 3.2), but this was not
observed with off-target cleavage (Figure 3.6). It could be possible that this lack of difference between
methylated and naked M4 counterparts in the off-target cleavage rate was because the rate is already
substantially reduced and further reductions are negligible. Regardless, higher replicate numbers for both
on- and off-target analyses are needed to give a sounder answer if there is a presence of significant

differences.

We next tested if different off-targets are cleaved at different rates. Our results indicated that only
M4 showed a significant reduction in Cas9 cleavage for all three types of DNA when comparing DNA
and RNA bulge-forming off-targets (Figure 3.6). Target M2 did not show a difference in how fast it was
degraded and, because of this, had a different cleavage profile from M4. This was rather expected as the
on-target cleavage assay indicated a significant difference in their scission rates (Figure 3.2). It was also
observed that DNA and gRNA bulge forming targets were cleaved at different rates. If looking from a
DNA perspective, target M4 with sgRNA M5 (-1 bp) is cleaved slower than M4 with sgRNA M3 (+1
bp), if looking from sgRNA M3 perspective, then target M2 (-1 bp) has a significantly reduced scission
rate than M4 (+1 bp). Therefore, my results suggest that RNA bulge-forming off-targets are much less
tolerated than DNA bulge-forming ones.
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Figure 3.6. Off-target cleavage by S. pyogenes Cas9. Two off-targets were used with two sgRNAs to analyze the impact of RNA and DNA
bulges on DNA cleavage by Cas9. Naked (unmethylated) sequences and both methylated on cytosine (5mC) and adenine (6mA) sequences of each
target were performed simultaneously and thus, each triplicate is time-matched. The reactions were carried out at 22°C and the N=4 in each target.

The data was converted to log and then tested for normal distribution using Shapiro-Wilk normality test followed by one-way ANOVA and Tukey’s 43
multiple comparisons post hoc tests. Data are present as mean + SD, *** is for P<0.001 and **** is for P<0.0001




Could it be that such cleavage rate differences relate to different binding profiles? Previous work
assessed if such DNA and sgRNA bulges affected dCas9 binding to DNA targets. Even though the work
did not compare the binding rates of methylated and unmethylated DNA (Boyle et al., 2021), this study
suggested that Cas9 does not usually sense methylation when cleaving, making it likely that the binding
rates are unaffected as well. Back in 2020, Boyle and colleagues revealed that when there is only one
nucleotide insertion induced bulge on DNA, the binding rate did not exhibit a severe decrease when
compared to how simple 1bp mismatches were bound. However, sgRNA bulges showed a greater impact
on dCas9 binding, with as little as a 3 nucleotide bulge in the PAM-proximal area leading to binding
events below detection threshold. Interestingly, Cas9 and its target association rate was only weakly
correlated to the cleavage rate, and slower binding did not mean slower cleavage. This explained why
the cleavage rates for off-targets (with either a 1bp sgRNA-relative insertion and deletion) reduced to a
much greater extent than the observed binding rates (Boyle et al., 2021). Our experiments examined
single bulges on DNA or sgRNA and their cleavage rates, which agreed with Cas9 cleavage rates reported
before (Boyle et al., 2021).

It has been shown that the identity of the bulging nucleotide on a target or sgRNA also has an effect
on cleavage and binding rates of Cas9. The insertion of a cytosine reduce binding and cleavage rates the
most, with cleavage being reduced by more than 100-fold. However, the insertion of a guanine has a
relatively mild effect on binding and cleavage rates (Jones et al., 2021). One of the targets investigated
here, target M2, had a cytosine insertion that slowed cleavage for the naked target from 0.10 s+ 0.02 to
0.00013 s+ 0.00038. Target M4 had a bulging adenine in relation to sgRNA M3; this was previously
shown to have the second lowest reduction in cleavage rates (Jones et al., 2021). Here, we observed a
similar phenomenon, as M4 cleavage slowed from 0.2 s + 0.07 to 0.0014 s + 0.00074, which is 10

times faster than that of target M2 containing a cytosine bulge.

The study performed here looked at two out of five designed targets (Figure 3.1) and their 1
nucleotide DNA or sgRNA bulge-forming off-target cleavage rate. It was found that RNA bulges are
more detrimental to scission rate, however, neither bulge-forming off-target cleavage rate was affected
by cytosine or adenine methylation. It would be interesting to investigate the remaining targets and also
to investigate bigger bulges between DNA and sgRNA, as the current sequence design allows to test up
to 4 nucleotide DNA and sgRNA bulges. Such future work could also assess if methylation starts having

an effect if there are larger sequence differences between DNA and sgRNA.
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3.3 DNA supercoiling and Cas9 cleavage

The second part of this project investigated to what extent negative supercoiling allows cleavage
of off-targets and how much the target sequence correlates to this effect. To test this, a previously
designed linear target library with different on- and off-target sequences ((Jones et al., 2021); Figure 2.1)
was moved to a plasmid setting. Once this library and a plasmid backbone were assembled (see Methods
2.6), the construct was transformed to E. coli. The transformation’s success was assessed (Table 3.1) to
ensure the diversity of the library was maintained despite plasmid-to-plasmid variation. A single
transformation did not meet our efficiency threshold. Thus, two different transformations were combined
to ensure proper representation of each of the library members (see Methods 2.7).

Table 3.1. Transformation quality assessment

_ ) Copies of each library )
Library size Final amount
member
Required 8684 100 At least 3ug
Observed 139 (54 + 67) 32ug

To assess how supercoiling affects cleavage by Cas9, we required relaxed and supercoiled
configurations of the library. The supercoiling and relaxation reactions were tested separately (Figure
3.7). The Topoisomerase I-based relaxation reaction was checked using gel electrophoresis (Figure
3.7A), which confirmed the activity of topoisomerase I. The DNA gyrase-based supercoiling reaction
was performed on purified plasmid, which should already be fully supercoiled due to the activity of
endogenous E. coli enzymes. As expected, a linearized plasmid control migrated the least distance during

gel electrophoresis when compared to both untreated plasmid and gyrase-treated plasmid (Figure 3.7B).

It was essential that our enzyme-treated plasmids represent single configurations, yet we observed
that their size was not uniform (expected length: 1691bp). As these additional plasmids did not change
after treatment with gyrase (Figure 3.7B), we hypothesized that they could be plasmid catenanes (two
separate plasmid rings linked together (Higgins and Vologodskii, 2015)) or multiple library members
fused end-to-end during plasmid assembly (see Methods 2.6). Catenanes would not affect our results, as
there would be two targets in two plasmids that could be either relaxed or supercoiled. However, any

incorrectly assembled plasmid (containing several targets) would mean that cleavage of one target would
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linearize the supercoiled plasmid and the remaining targets in the plasmid would no longer be cleaved in
a supercoiled state. To ensure the removal of these incorrect plasmid configurations (~20% of the total),
the correctly-migrating plasmid was excised and gel-purified before moving to the next part of the study.

Thus far, | have a correct-sized, clean plasmid library in two configurations — fully relaxed and fully

supercoiled.
A) Topoisomerase | B) Gyrase
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Figure 3.7. Supercoiling and relaxing plasmid library. The 1% agarose gel in the panel A) shows that
topoisomerase | is capable of fully relaxing the plasmid. The same percentage gel in panel B) shows that the
addition of a gyrase to purified sample does not result in a bigger supercoiling level of the plasmid. L is the
ladder and C is the linearized plasmid control. Both gels were post-stained with SYBR Safe in order to prevent
gel dye affecting plasmid migration.
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3.4 Next steps and future work

To finish testing our hypothesis that negative supercoiling allows for off-target cleavage, we need
to continue the started work. First, we need to test what is the level of superhelical density in our purified
plasmid library. Next, we need to expose the supercoiled and relaxed plasmids for Cas9 degradation over
time, prepare the samples for next-generation sequencing, sequence them, and then analyze the results.

Why do we care about supercoiling and off-target activity? Negative supercoiling affects how
Cas9 cleaves on- and off-target DNAs, yet it is unknown if this effect is sequence-dependent or affects
all DNAs similarly. Ivanov and colleagues back in 2020 showed that negative torque promoted the
formation of an R-loop, while positive torque had an opposing effect. Therefore, the more negative the
torque, the easier it is for Cas9 to start interrogating the sequences with more mismatches being tolerated.
This effect has been illustrated by showing that Cas9 cleaved even off-target DNA if it was negatively
supercoiled. However, linear substrates do not have the underwinding required to shift the energy
landscape to the ready-to-cleave state, and did not allow off-target cleavage (lvanov et al., 2020).
However, the magnitude of this effect with target sequence analysis has not been done before, thus more
data is needed. Given this information, we need to better understand how negative supercoiling affects
DNA and sgRNA pairing when it comes to off-targets if their interactions become more energetically
favorable. The second part of this project is focusing on investigating this effect in a greater detail. Once
the data is analyzed, we could find some interesting things, such as maybe insertion or deletion-formed

bulges are less supercoiling-state sensitive than simple mismatches.

The next step of our on-going project is the assessment of the superhelical density of our
supercoiled plasmid library. Bacteria usually keep their plasmids at a superhelical density of -0.05
(Joyeux, 2015), however, we must be certain, as our future biophysical models will greatly depend on
this. We showed that gyrase, also from E. coli, does not introduce additional, detectable supercoils
(Figure 3.7B), likely because cellular gyrases already supercoiled our plasmid. Gyrases are energy-
dependent enzymes, and limited by the energy released from ATP hydrolysis: i.e. the energy required to
introduce a new supercoil is greater than what ATP hydrolysis provides (Martinez-Garcia et al., 2018).
We will confirm the level of supercoiling of our plasmid by performing 2-dimensional electrophoresis
with chloroquine in the buffer. The method relies on different mobilities of relaxed and supercoiled
plasmids in the presence of DNA intercalator to identify individual supercoiling states of a plasmid
(Martinez-Garcia et al., 2018).
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Our final experiment, NucleaSeq (Jones et al., 2021), will capture the Cas9 cleavage kinetics of
each target in our plasmid library. This includes the cleavage rate, the position of the cleavage, and any
trimming happening after the cleavage. We will perform two biological replicates, which will be
time-barcoded before sequencing. In the methylation part of the project the cleavage rate was obtained
from running the cleavage reactions on a native polyacrylamide gel electrophoresis and quantifying band
intensities (see Methods 2.4). This time, the cleavage rate will be obtained from sequenced data by
comparing intact and cleaved sequences of any given target (for the types of different sequences see

Methods 2.5) and how their proportion changed over time.

Once the cleavage rates will be obtained, our collaborators — Martin Depken and Hidde Offerhaus
from TU-Delft — will generate a biophysical model of how on- and off-targets are interrogated when
negatively supercoiled. The main limitation of previous models by one of the collaborators is the linear
target DNAs on which the models were based (Eslami-Mossallam et al., 2022; Klein et al., 2018). They
do not represent the state of the DNA inside the cells, as there it is typically negatively supercoiled
(Corless and Gilbert, 2017; Kuzminov, 2014). Thus, using models based on linear DNA when trying to
predict off-target activity in an in vivo setting might not give the most accurate data. Our work will
eliminate this lack of information on the topic and will provide some very useful insights as it is already
known that linear DNA has different off-target permissiveness than supercoiled DNA (lvanov et al.,
2020). It could be found that negative supercoiling tolerates more mismatches, DNA/sgRNA bulges, and
still allows for cleavage, though the relaxed DNA does not. This could even affect the place of cleavage
with certain off-targets, as the base pairing between the target and the guide would be affected by
supercoiling and more favorable energetic landscape (Ivanov et al., 2020). There might even be some
trimming events in response to some specific off-targets, which would be incorporated into the model to

give the most thorough answer to how CRISPR-Cas9 responds to negatively supercoiled DNA.
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3.5 Concluding remarks

The paper presented here illustrated that CRISPR-Cas9 is usually insensitive to DNA methylation.
The on-target cleavage of cytosine methylated DNA is kinetically unaffected, which usually holds true
for adenine-methylated DNA as well — it was significantly slowed down with only one out of five targets.
Off-target cleavage rate does not change when comparing how DNA or sgRNA bulges are cleavage of
naked and chemically modified DNA counterparts, however, DNA/sgRNA deletions are cleaved

significantly slower than their corresponding insertions.

The paper also investigated if negative supercoiling affects how well off-targets are recognized
by CRISPR-Cas9. Currently, a linear target library was successfully moved in to a plasmid and amplified.
The library was either exposed to gyrase to introduce supercoils or fully relaxed by exposing to
topoisomerase 1. The future work will investigate the superhelical density level of the library and will
expose both plasmid conformations to CRISPR-Cas9 digestion over time. Once the cleavage data will
be sequenced and cleavage rates obtained, a biophysical model of how CRISPR-Cas9 interrogates
different sequences of a negatively supercoiled substrate will be created. This will help us understand
what target features affect nuclease activity and make its outcome more predictable for a safer application
of CRISPR-Cas9 for gene editing.
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CONCLUSIONS

. S. pyogenes Cas9 does not sense cytosine methylation when cleaving its on-targets.

. S. pyogenes Cas9 only occasionally senses methylation on adenine in its on-targets.

Methylation status on either cytosine or adenine is not sensed by S. pyogenes Cas9 for off-targets
that induce a single base RNA or DNA bulge.
RNA bulge forming off-targets are more detrimental for S. pyogenes Cas9 cleavage that DNA

bulge forming off-targets.
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THE ROLE OF DNA TOPOLOGY IN CRISPR-CAS9 NUCLEASE SPECIFICITY

SUMMARY

In bacteria, the clustered regularly interspaced short palindromic repeats (CRISPR) system with
its associated protein 9 (CRISPR-Cas9) can recognize genetic material of invading bacteriophages and
neutralize it. The CRISPR-Cas9 system is guided to its target with the help of guide RNA (gRNA), which
makes it easily reprogrammable to a new target with just another gRNA and thus appealing for eukaryotic
genome editing. However, a bacterial nuclease encounters different DNA topology when applied in a
eukaryotic environment. The differences include different methylation patterns, as bacteria have cytosine
and adenine methylation while eukaryotes only have cytosine methylation. Additionally, eukaryotic
environment allows short-lived positive supercoils in addition to usual negative supercoils as opposed to
bacteria. It has been shown that negative supercoiling is more off-target permissive (Ivanov et al., 2020),
yet the magnitude of this effect is unknown. Therefore, the aim of the study is to evaluate if the topology
(methylation and supercoiling) of on-target and off-target DNAs impacts their recognition and cleavage

by CRISPR-Cas9 from Streptococcus pyogenes.

First, the study analyzed if cytosine or adenine methylation affected on- and off-target cleavage
rates compared to unmethylated linear target DNAs. This work showed that CRISPR-Cas9 does not
typically sense methylation on either nucleotide in its on-targets, with the exception of one out of five
targets tested. Off-target cleavage rates are unaffected when methylated, with gRNA bulge forming off-

targets having slower cleavage rate than DNA bulge forming off-targets.

It was also analyzed if negatively supercoiling DNA promotes CRISPR-Cas9 off-target cleavage
when compared to relaxed DNA. Linear DNA target library was successfully inserted into a plasmid,
amplified, then fully relaxed and supercoiled. Future work will describe cleavage rates, sites, and
trimming for different targets and will produce a biophysical model of CRISPR-Cas9 cleavage
specificity. The data will expand our knowledge on nuclease’s specificity and help to choose the most

specifically targeted places within the genome.
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