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Expanding the Target Range of a Type II-B Cas9 Enzyme Through Evolution-
Guided Engineering

CAESAR NELSON

Department of Life Sciences

Chalmers University of Technology

Abstract

The discovery and development of CRISPR-Cas9 has revolutionized genome edit-
ing and enabled the development of novel therapeutic approaches. However, many
disease-causing mutations are still inaccessible due to the absence of relevant PAM
sequences within the therapeutic editing window. This master’s thesis employed di-
rected evolution to generate ePsCas9 variants with expanded PAM recognition capa-
bilities, enabling the targeting of disease-causing mutations previously inaccessible.
Different library generation approaches and selection strategies were systematically
explored. Selected variants obtained from the directed evolution were screened using
a luciferase reporter system and four lead candidates (pCN1, pCN12, pCN15, and
pCN27) were identified. A novel PAM-determination assay was established to profile
motif recognition, revealing that pCN1, pCN12, and pCN15 exhibit relaxed recog-
nition of NRG or NDG motifs. This PAM assay provides a valuable tool for char-
acterizing Cas9 variants and was successfully applied to determine the NNNGAA
recognition motif of another novel proprietary AstraZeneca Cas9 enzyme. Genome
editing analysis demonstrated that pCN12 and pCN15 achieved equal or greater
activity than the established SpRY variant at two of three NAG-PAM target se-
quences, while pCN27 showed enhanced NGC-PAM activity compared to wild-type
ePsCas9.

Keywords: CRISPR-Cas9, directed evolution, ePsCas9, library generation, selection
system.
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1

Introduction

1.1 Theoretical Background

The concept of editing the human genome using specific endonucleases has evolved
from a theoretical possibility to approved treatments within three decades [1]. Al-
though early genome editing tools, such as zinc finger nucleases (ZFNs) and tran-
scriptor activator-like effector nucleases (TALENS), provided a platform for intro-
ducing targeted genome modifications, they require great engineering effort to target
specific sequences [2, 3]. The discovery of CRISPR-Cas9 and its subsequent devel-
opment into a programmable genome editing tool fundamentally transformed the
efficacy of producing treatments for genetic diseases [4, 5, 6]. In contrast, to ZFNs
and TALENs, CRISPR-Cas9 consists of a ribonucleoprotein (RNP), where a pro-
grammable single-guide RNA (sgRNA) directs the Cas9 protein to induce precise
double-stranded DNA breaks (DSBs) [5].

The clinical impact of CRISPR-Cas9 has been demonstrated through several ap-
proved gene therapies, such as the first ex vivo treatment for sickle cell disease that
received regulatory approval in 2023 [7]. Beyond inducing DSBs breaks for gene
disruption, CRISPR-Cas9 has been further developed into base editors that enable
conversions of specific nucleotides without creating DSBs, and prime editors that can
insert, delete, or replace DNA sequences with single nucleotide precision through the
use of reverse transcription [8, 9]. Despite these remarkable achievements, CRISPR-
Cas9 technologies are constrained by the requirement for a protospacer adjacent
motif (PAM), a short DNA sequence located adjacent to the target sequence [4].
This PAM dependency significantly restricts targeting flexibility, as mutations in
PAM-deficient genomic regions can become inaccessible. Engineering Cas9 with al-
tered or relaxed PAM specificity therefore represents a viable strategy for expanding
the targeting range and therapeutical applicability of CRISPR-Cas9-based genome
editing.

1.1.1 CRISPR-Cas9

In bacteria and archaea, clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated proteins (Cas) was first discovered as adaptive de-
fense systems that integrates short stretches of foreign DNA sequences (spacers) into
the host’s genome between repetitive CRISPR sequences [10, 11]. These arrays of
short foreign and CRISPR sequenes are called CRISPR arrays and act as memory
of past infections. Elements of the CRISPR array, together with Cas enable the

1



1. Introduction

host to recognize and destroy DNA or RNA of returning genetic invaders, such as
viruses [11]. CRISPR-Cas systems are divided into two main classes of CRISPR-Cas
systems, class 1 and class 2, containing a total of six types of different CRISPR-Cas
systems, type I-VI, and 33 subtypes [12]. CRISPR-Cas class 1 systems (type I,
III, and IV), consists of several Cas proteins forming a multi-Cas protein complex,
while CRISPR-Cas class 2 (type 11, V, and VI) consists of a single Cas protein. Only
CRISPR-Cas type IT and V target DNA, while type VI targets RNA [12].

Type II CRISPR-Cas systems have Cas proteins called Cas9, and follow a distinct
maturation pathway. Here, the long RNA sequences containing the spacer-repeat
sequences (CRISPR arrays) are transcribed into pre-crRNA, which is then proc-
cessed into crRNA in a pathway involving trans-activating RNA (tracrRNA), Cas9,
and RNAse III [13]. The tracrRNA contains a 25-nt sequence complementary to the
repeat in the pre-crRNA and annealing of these complementary sequences recruits
the Cas9 enzyme to form a Cas9-pre-crRNA-tracrRNA complex. The formation
of this ribonucleoprotein-complex recruits RNAse III that cleaves the tracrRNA-
pre-ctRNA at two distinct positions, leaving a mature crRNA still annealed to the
tracrRNA and the Cas9 protein. The mature crRNA consists of 20 nt derived from
the spacer sequence, and 22 nt derived from the repeat sequence that hybridizes with
the tracrRNA forming a hairpin structure that interacts and binds with the Cas9
enzyme. Once assembled, the Cas9-ribonucleoprotein (Cas9-RNP) initiates target
search by randomly colliding with the DNA until it encounters a PAM sequence, and
if the spacer sequence matches the target sequence (protospacer), induces a DSB
[14].

However, more than a decade ago, Jinek et al. (2012), found that a truncated tracr-
RNA retaining the endogenous nucleotides 23 to 48, compared to the native 72-nt
tracrRNA, was capable of inducing DSBs at equal efficiency [4]. This discovery led
the same researchers to design a chimeric RNA, a single-guide RNA or a sgRNA,
by fusing the tracrRNA and the mature crRNA [4]. The development of an engi-
neered sgRNA, awarded the noble prize in chemistry in 2020, eliminated the need for
both the tracrRNA processing and crRNA maturation pathway and enabled target
reprogramming by modifying the spacer sequence [15].

1.1.2 Cas9 Protein Structure and PAM Recognition

The structure of Cas9 type II subtypes (ITA-C) proteins are similar, with type
ITA Streptococcus pyogenes Cas9 (SpCas9) being the most well understood among
them. In general, the Cas9 in its apo state, meaning that it’s not bound to a
sgRNA or a tracrRNA-crRNA duplex, consists of two different lobes, the alpha-
helical recognition (REC) lobe and the nuclease (NUC) lobe containing the divided
RuvC domains, the HNH domain, and the C-terminal domain (CTD).

Two linking segments, one forming a bridge helix and the other a disordered linker
segment, connect the two lobes. The REC lobe is organized into three alpha-helical
domains (Hel-I, Hel-II, Hel-IIT). The CTD domain, which can be further divided

into a WED and PI domain, is composed of PAM-interacting sites responsible for

2



1. Introduction

PAM-recognition. In the Cas9 enzyme’s apo state, the PAM-interacting regions are
mostly disordered, which keeps the enzyme in an inactive conformation until the
RNA binding occurs. The HNH domain, referred to as the His-Me finger domain, is
a conserved catalytic region characteristic of enzymes that catalyze phosphodiester
bonds in nucleic acids [16].

The RuvC is split into three smaller subdomains (RuvC I-III) and uses a two-metal
mechanism and requires Mg?* to catalyze the cleavage reaction of the phosphodi-
ester bond [17]. During the assembly of Cas9 and sgRNA (or tractrRNA-crRNA du-
plex) the Cas9 undergoes a structural rearrangement into its active form and starts
searching for its target sequence [18]. The target recognition for CRISPR-Cas9 is a
two-step process requiring both the sgRNA spacer to bind to the protospacer and
the recognition of an adjacent PAM sequence, located on the opposite strand, to the
protospacer sequence.

Once the activated Cas9 enzyme encounters a PAM sequence, another conforma-
tional change initiates the seed nucleation. During the seed nucleation 10-12 nu-
cleotides at the 3’ end of the spacer sequence are probed against the protospacer
sequence. If the seed sequence matches, the remaining sgRNA spacer sequence will
bind, and if instead mismatches are identified, the Cas9 dissociates from the DNA
[19]. A fully bound DNA-sgRNA forms an R-loop state that repositions the HNH
and RuvC domains, which cleave both the target-strand and the non-target strand.
For SpCas9, the PAM sequence recognized is NGG and the induced DSB occurs
approximately 3 nt upstream of the PAM sequence on both strands, causing a blunt
ended cut. In Figure 1.1, the Cas9 ribonucleoprotein formation, PAM recognition,
seed nucleation, and DNA cleavage is depicted.
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apo-Cas9 (inactive) pre-target state PAM recognition

active state seed nucleation

Figure 1.1: Cas9-mediated DNA targeting and cleavage mechanisms. The apo-Cas9
binds to the sgRNA and forms a Cas9 ribonucleoprotein (pre-target state). Once DNA
containing a PAM sequence is encountered, a short segment of the sgRNA spacer is seeded
(seed nucleation) and if the seed sequence is a match, then the remaining spacer is bound.
When the spacer is fully bound to the DNA, two Cas9 protein domains are repositioned
and the dsDNA is cleaved (active state). Created with biorender.com.
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1.1.3 DNA Repair Mechanisms

When a double-strand break occurs in DNA, such as those induced by Cas9 enzymes,
cells repair the DNA damage using two primary repair mechanisms found in both
prokaryotes and eukaryotes: non-homologous end joining (NHEJ) and homologous
recombination (HR). NHEJ works by directly joining the broken DNA ends together
without the need for a homologous template, making it a relatively fast but error-
prone process that can introduce small insertions or deletions [20]. In contrast, HR
repairs the break using a homologous DNA sequence (typically the sister chromatid)
as a template to accurately restore the original DNA sequence [21], making it a more
precise but also more complex compared to NHEJ. In certain cases a third repair
mechanism can occur: microhomology-mediated end-joining (MMEJ) [22]. MMEJ
is an alternative repair pathway to NHEJ, and repairs a double-strand break using
microhomologies of 1-16 nucleotides flanking the cut site, resulting in deletions.

1.1.4 ePsCas9

Since the discovery and development of SpCas9 into a genome editing tool, finding
and developing Cas9 enzymes with higher sequence specificity and lower off-target
effects has been a priority. For this reason many Cas9 orthologs have been found
and characterized, among them Parasutterella secunda Cas9 (PsCas9) [23]. PsCas9
recognizes an NGG PAM sequence, has an optimal sgRNA spacer sequence length
of 22-nt and is more sensitive to mismatches between the sgRNA spacer and the
protospacer sequence, making it a safer therapeutic tool [23]. A similar increased
specificity has been reported for Francisella novicida Cas9 (FnCas9), which belongs
to the same type II-B subcategory as PsCas9 [24]. However, it was found that the
editing efficiency of PsCas9 was highly dependent on the in vivo concentration of
Cas9 RNP, likely due to its low affinity for DNA in mammalian cells. Therefore
an engineered variant of PsCas9, ePsCas9, was developed, achieving similarly high
sequence specificity but with much higher editing activity [25].

1.1.5 Directed Evolution

The engineering effort of Degtev et al. (2024) to increase the editing efficiency of
PsCas9 was carried out using a protein engineering strategy called rational design,
in which strategic mutations were introduced to increase DNA binding affinity of
the Cas9 enzyme [25]. Rational design has also been applied to obtain Cas9 PAM-
engineered variants, such as enhanced FnCas9 (enFnCas9) [26]. However, rational
design is limited by the availability of structural and mechanistic insight. As an al-
ternative, directed evolution has been employed to generate Cas9 PAM-engineered
variants, such as xCas9 [27]. Directed evolution consists of iterative cycles of li-
brary generation and selection for determined phenotypical traits [28, 29, 30, 31,
32]. The purpose of the library generation is to create a diverse set containing the
gene of interest (GOI) or selected parts of the GOI with randomized changes, such
as mutations, deletions, or insertions [28]. Numerous methods and strategies for
both in wvitro and in vivo mutagenesis have been developed [33, 34, 35, 36, 37, 38,
39]. Examples of mutagenesis methods that have previously been used to evolve

5
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Cas9 variants include in vitro methods such as error-prone PCR (epPCR), which
uses a low-fidelity polymerase that misincorporates nucleotides during PCR amplifi-
cation, and in vivo methods such as phage-assisted continuous evolution (PACE), in
which genetically modified E. coli with impaired replication mechanistic introduce
mutations into a mutagenesis plasmid [40, 41]. The purpose of the selection is to
identify variants of the protein that exhibit traits of interest, such as improved sub-
strate binding, solubility, thermostability, PAM-recognition, and more. There exist
a wide range of methods for selection, but it is common that selection is coupled to
increased growth, or survival, of cells that harbor variants of interest [40, 41].

1.2 Aim

The aim of this master’s thesis is to evolve an AstraZeneca proprietary type II-B
Cas9 enzyme, ePsCas9, Degtev et al. (2024), to obtain efficient ePsCas9 variants
capable of recognizing alternative PAM sequences and to characterize the PAM-
recognition of these variants. In the future, this will allow for therapeutic targeting
of currently inaccessible loci.

1.3 Objectives

To achieve the stated aim, four objectives were established:

o The first objective is to evolve novel ePsCas9 PAM-relaxed variants through
directed evolution and explore different strategies to improve the evolution
process.

o The second objective is to evaluate the efficiency of ePsCas9 variants in recog-
nizing alternative PAM sequences. An in-house established luciferase reporter
system integrated at the HBEGEF locus in HEK293T cells serves as an ex-
cellent reporter assay to evaluate the editing efficiency of new variants in a
mammalian cell context.

o The third objective is to establish a Cas9 PAM determination assay, and profile
the PAM sequences recognized by novel ePsCas9 PAM-relaxed variants.

o The fourth objective is to compare the editing efficiency of the novel ePsCas9
variants with established Cas9 PAM-engineered variants at various loci with
different PAM sequences.



2

Methods

In this section, the methodology will be described. Primer and oligonucleotide
sequences can be found in Appendix B. Note that due to confidentiality primer
sequences binding to the coding sequence of ePsCas9 will not be disclosed, instead
explanations of the primers will be provided.

2.1 Directed Evolution

2.1.1 ePsCas9 Plasmid Library Generation

The WED and PI domian, approximately 1.3 kb in length, for ePsCas9 was tar-
geted for mutagenesis using GeneMorph II Random Mutagenesis Kit [42]. During
mutagenesis via error-prone PCR (epPCR) there are two main ways of controlling
the error rate: varying the number of PCR cycles (denaturation, annealing, elon-
gation) or varying the amount of input DNA in the PCR reaction. In this project,
the mutation rate was controlled by adjusting the amount of linear template in the
epPCR reaction. In Figure 2.1, the Cas9 plasmid used in library generation and the
CDS for ePsCas9 are shown.

1 49 81 650 691 726 856 874 999 1246 1409

L1 [T I |

RuvC:l  BH REC  RuvCAl L1 HNH LZRwCIll  WED P~
N

Cas9 plasmid

Figure 2.1: The bacterial Cas9 plasmid used in the library generation. Selected regions
of the ePsCas9 CDS was mutagenised using epPCR and assembled with an unmodified
backbone vector into Cas9 plasmid libraries.

The unmodified WED and PI domain of ePsCas9 (Fig. 2.1) was amplified from
the Cas9 plasmid using 2X Phusion Flash PCR Master Mix (Thermo Fisher Sci-
entific, cat. #F548S) and primers CN9 and CN10 (Appendix B.1) according to
the manufacturer’s protocol. Following amplification, reaction mixures were treated
with Dpnl (1 pL, New England Biolabs, cat. #R0176S) at 37°C for 15 min, then

7



2. Methods

80°C for 20 min to digest template plasmids, then purified by gel extraction using
QIAquick Gel Extraction Kit (Qiagen, cat. #28704).

The unmodified linear WED and PI domain was subsequently used as input tem-
plate in an error-prone PCR reaction using the Mutazyme II DNA Polymerase Kit
(Agilent Technologies, cat. #200550) and primers CN9G and CN10G (Appendix
B.1) according to the manufacturer’s protocol. After amplification, reaction mix-
tures were purified by gel extraction using QIAquick Gel Extraction Kit.

The mutation frequency was empirically determined to be 4-9 mutations per 1.3
kb of linear template, consistent with the GeneMorph II Random Mutagenesis Kit
specifications [42]. However, to introduce some variation in mutation rate the in-
put template was slightly varied between library generations. For L1, L2, L3, and
L4 the input template in the PCR reaction was 300 ng, 200 ng, 250 ng, and 250
ng, respectively. Note that the primers (CN9G and CN10G) used in the epPCR
reactions contain the same binding sequence as the primers (CN9 and CN10) in
the linear template amplification but have additional overhang sequences harboring
Bsal recognition sites, allowing for downstream Golden Gate assembly.

A linear backbone vector containing the remaining ePsCas9 CDS was amplified from
the Cas9 plasmid (Fig. 2.1) using High-fidelity 2X Phusion Flash PCR Master Mix
and primers (CN11 and CN13; Appendix B.1) that harbor Bsal recognition sites
and complementary overhangs to the epPCR-products. Following amplification, the
reaction mix was Dpnl treated and purified by gel extraction.

The Golden Gate plasmid assembly was performed according to a standardized
assembly protocol (see Tab. 2.1 for thermocycler protocol) proposed by Daffern et
al., 2023 [43]. For each generated library, a 200 pL reaction containing 200 fmol
of linear vector, 200 fmol error-prone PCR product, 20 pl. 10x T4 ligase buffer
(New England Biolabs, cat. #B0202S), 5 nl. Bsal-HF-V2 (New England Biolabs,
cat. #R3733S), 5 nl. T4 DNA ligase (New England Biolabs, cat. #M0202S), and
nuclease-free H,O up to 200 nL.

Table 2.1: Thermocycler conditions for the standardised Golden Gate assembly
protocol.

Temperature | Time (s) | Cycles
37°C 1 min
60

16°C 1 min
37°C 5 min 1
80°C 20 min | 1
4°C 00

Wskok

The heat inactivation of enzymes step, marked as , has been altered to the recom-

mended temperature for Bsal-HF-V2 from NEB.
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2. Methods

All plasmid assembly reactions were purified and eluted in 6 pL. nuclease-free HyO
using Monarch DNA cleanup kit (New England Biolabs, cat. #T11030). The puri-
fied assembly reactions were measured using NanoDrop (Thermo Fisher Scientific,
cat. #ND-ONE-W) to ensure sufficient purity, after which the remaining plasmid
was transformed into high-competency electrocompetent DH10B (New England Bi-
olabds, cat. #C3020K) according to the manufacturers recommendations. For the
first generation libraries, 100 mL TB medium with 25 pg/mL chloramphenicol was
inoculated with the transformation mix, grown overnight at 37°C with shaking, and
the plasmid libraries were extracted using the QIAGEN Plasmid Plus Maxi Kit
(Qiagen, cat. #12963) according to the manufacturer’s protocol. Transformation
efficiency was determined by plating serial dilutions (50 uL aliqouts diluted 1073
and 10™*) of representative transformations.

For second generation libraries, each transformation mix was plated on a 500 cm?
LB agar (Thermo Fisher Scientific, cat. #22700025) plate with 25 pg/mL chlo-
ramphenicol, incubated at 37°C overnight, collected in 25 mL TB, inoculated for 3
h, and the plasmid library were extracted using the QIAGEN Plasmid Plus Maxi
Kit. Agar-based selection was used to minimize potential selection bias, as slower
antibiotic diffusion in solid medium may better preserve library diversity compared
to direct liquid culture inoculation.

The transformation efficiency, defined as colony forming units (cfu), is calculated as
follows:

colonies
TE (CFU = ———— % dilution factor 2.1
(CFU/pug) DNA (1g) (2.1)

The number of colonies on an agar plate is divided by the amount of plasmid DNA
(ug) and the dilution.

2.1.1.1 Second-Generation Library Construction

The second-generation Cas9 plasmid libraries were constructed according to four
approaches (A-D). Second-generation Cas9 libraries using approach A-C were gen-
erated using error-prone PCR and Golden Gate assembly as described in section
2.1.1, with different ePsCas9 variants as input templates:

Approach A: template consisted of a single Cas9 variant selected on TTG PAM
containing one missense mutation.

Approach B: template consisted of two Cas9 variants selected on TGC PAM (car-
rying 2 or 3 missense mutations in the WED and PI domain, respectively) mixed in
equal proportions.

Approach C: template consisted of pooled plasmids from approximately 600 colonies
across all PAM-selections from the first selection of the first-generation libraries.

Approach D employed a hybrid mutagenesis strategy (Fig. 2.2). Eight ePsCas9
variants (pCN1-pCN8) selected on TTG PAM were pooled equally. The WED and
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PI domain, and plasmid backbone were amplified from this pool using high-fidelity
polymerase, while the upstream 3/4 of the ePsCas9 CDS (Fig. 2.1) was amplified
from wild-type ePsCas9 plasmid and mutagenized by error-prone PCR using the
GeneMorph II Random Mutagenesis Kit [42]. Both fragments were assembled into
Cas9 plasmid libraries using the Golden Gate protocol described previously.

WED. ] WED Pl

[T 11T 11 8 variants

Error-prone PCR weooon e selected
f LA N 1 N
[ — w_ - e - | onTiG
Ruve-l  BH REC  RuvC-l L1 HNH L2 RuvClll | | " | I | || | I
= WED Pl WED L]

ePsCas9
Pr7 Pr7 Tr
Cas9 plasmid

Figure 2.2: Principle of library generation using approach D. The non-PAM interacting
upstream CDS was mutagenised and assembled with the WED and PI domain of pCN1-
pCNS8 into a Cas9 plasmid library.

The unmodified coding sequence upstream of the WED and PI domain of ePsCas9
(Fig. 2.1) was amplified from the Cas9 plasmid using 2X Phusion Flash PCR Master
Mix and primers CN38 and CN39. Following amplification, reaction mixtures were
treated with Dpnl and purified by gel extraction QIAquick Gel Extraction Kit.

The unmodified linear coding sequence was used as the input template (300 ng) in
the following epPCR reaction with using the Mutazyme II DNA Polymerase Kit and
CN12G and CN11G. Following amplification, reaction mixtures were purified by gel
extraction using the QIAquick Gel Extraction Kit. In addition, the linear backbone
vector was amplified from the 8-TTG-Cas9 plasmid pool, that contained the WED
and PI domain from the 8 selected variants, using 2X Phusion Flash PCR Master
Mix and primers CN9G and CN14G (Appendix B.1). Following amplification the
linear backbone vector was Dpnl treated and purified by gel extraction.

2.1.2 Selection System and Retransformation Procedure

2.1.2.1 Overview of the Survival Selection System

A survival selection system was established in-house according to B. Kleinstiver, et
al. (2015) , with modifications [40]. It consists of two plasmids, the selection plasmid
and a Cas9 library plasmid. The first plasmid, the selection plasmid, encodes a
DNA gyrase inhibitor called CcdB, and the CedB gene expression is driven by an
arabinose-inducible (ppap) promoter. The selection plasmid contains a defined 22-
nt protospacer sequence extracted from the FMX1 gene (EMX1b) followed by a
distinct PAM sequence consisting of three nucleotides. Additionally, the selection
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plasmid contains a ColE1 origin of replication, which ensures a high copy number,
and an ampicillin resistance selection marker.

The second plasmid belongs to the Cas9 plasmid library, which contains a mutage-
nized ePsCas9 gene driven by a T7 promoter, followed by a gene encoding an sgRNA
targeting the EMX1b protospacer sequence on the selection plasmid, which is flanked
by its own T7 promoter and T7 terminator (see Fig. 2.3). The T7 promoter al-
lows for strong and orthogonal expression of both Cas9 enzymes and sgRNA, but
requires expression of T7 polymerase in the host cell as it is not natively expressed
in E. coli. Furthermore, the plasmid harbors a plba origin of replication as well as
a chloramphenicol selection marker. plba leads to a low to medium copy number
and, more importantly, is compatible with ColE1 origin of replication, allowing both
plasmids to replicate independently in the same cell.

Six selection plasmids, each carrying a distinct PAM sequence (TGG, TTT, TCG,
TTG, TGT, or TGC), were individually transformed into E. coli BW25141 (DE3)
to generate six in-house electrocompetent cell stocks, hereafter, referred to as PAM
(sequence)-cell. The transformation efficiency of each stock was verified prior to
selection.

During selection, six different electrocompetent cell stocks, each harboring a dif-
ferent selection plasmids, were transformed with Cas9 plasmid libraries and the
transformation mixes were streaked onto agar plates containing arabinose and chlo-
ramphenicol. The presence of chloramphenicol selects for cells carrying Cas9 plasmid
variants and the presence of arabinose induces expression of CcdB, killing the cells
carrying the selection plasmid. Consequently, only the cells carrying Cas9 variants
able to recognize the PAM sequence on the selection plasmid survive (Fig. 2.3).

Cas9-mediated cleavage

— )

No cleavage

—

Figure 2.3: Principle of the bacterial selection system. Cas9 plasmid libraries were
transformed into competent cell stocks harboring a selection plasmid and streaked onto
agar plates containing chloramphenicol and L-arabinose. If the PAM sequence on the
selection plasmid was recognized then toxic gene was not expressed and the variants sur-
vived.

2.1.2.2 Selection and Retransformation

The electrocompetent cell stocks harboring different selection plasmids were trans-
formed with first-generation Cas9 plasmid libraries, according to the protocol de-
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scribed in Appendix C.1. Surviving colonies from the same selection cells were
pooled in groups of 6, inoculated in 5 mL TB containing 25 pg/mL chlorampheni-
col, and plasmids were extracted using the QIAprep Spin Miniprep Kit (QIAGEN,
cat. #27104). Each of the pooled plasmid preparation was then retransformed
(Appendix C.1) into its original selection ce