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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
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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 II, V, and VI) consists of a single Cas protein. Only
CRISPR-Cas type II 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-crRNA 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 (IIA-C) proteins are similar, with type
IIA 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-III). 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 Mg2+ to catalyze the cleavage reaction of the phosphodi-
ester bond [17]. During the assembly of Cas9 and sgRNA (or tracrRNA-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.

3



1. Introduction

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. Introduction

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 vitro 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
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1. Introduction

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:

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

• 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 HBEGF locus in HEK293T cells serves as an ex-
cellent reporter assay to evaluate the editing efficiency of new variants in a
mammalian cell context.

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

• 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.
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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.

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 DpnI (1 µL, New England Biolabs, cat. #R0176S) at 37oC for 15 min, then
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80oC 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
BsaI 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 BsaI recognition sites
and complementary overhangs to the epPCR-products. Following amplification, the
reaction mix was DpnI 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 µL reaction containing 200 fmol
of linear vector, 200 fmol error-prone PCR product, 20 µL 10x T4 ligase buffer
(New England Biolabs, cat. #B0202S), 5 µL BsaI-HF-V2 (New England Biolabs,
cat. #R3733S), 5 µL T4 DNA ligase (New England Biolabs, cat. #M0202S), and
nuclease-free H2O up to 200 µL.

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

Temperature Time (s) Cycles
37oC

16oC

1 min

1 min
60

37oC 5 min 1
**80oC 20 min 1
4oC ∞

The heat inactivation of enzymes step, marked as "**", has been altered to the recom-
mended temperature for BsaI-HF-V2 from NEB.
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All plasmid assembly reactions were purified and eluted in 6 µL nuclease-free H2O
using Monarch DNA cleanup kit (New England Biolabs, cat. #T1030). 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 µg/mL chloramphenicol was
inoculated with the transformation mix, grown overnight at 37oC 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 µL aliqouts diluted 10−3

and 10−4) of representative transformations.

For second generation libraries, each transformation mix was plated on a 500 cm2

LB agar (Thermo Fisher Scientific, cat. #22700025) plate with 25 µg/mL chlo-
ramphenicol, incubated at 37oC 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:

TE (CFU/µg) = colonies
pDNA (µg) × dilution factor (2.1)

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

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-
pCN8 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 DpnI 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 DpnI 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 CcdB gene expression is driven by an
arabinose-inducible (pBAD) promoter. The selection plasmid contains a defined 22-
nt protospacer sequence extracted from the EMX1 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 p15a origin of replication as well as
a chloramphenicol selection marker. p15a 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).

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 µg/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 cells. From these retransformations, 5
individual colonies were picked, inoculated in 5 mL TB containing 25 µg/mL chlo-
ramphenicol, and plasmids were extracted using the QIAprep Spin Miniprep Kit.

The second-generation Cas9 plasmid libraries were selected and retransformed using
the same strategy, but varied by which selection cells they were transformed into.
Libraries generated using approach A and D were transformed into TTG-selection
cells, approach B were transformed into TGC-selection cells, and libraries gener-
ated using approach C were transformed with all six selection cells. Each second-
generation Cas9 plasmid library was transformed according to the protocol found
in Appendix C.1. Surviving colonies from the same plasmid library were pooled
together, inoculated in 25 mL containing 25 µg/mL chloramphenicol, and plasmids
were extracted using the QIAGEN Plasmid Plus Maxi Kit. Each of the Cas9 plasmid
libraries were subjected to a total of three iterative rounds of transformation, pool-
ing surviving colonies, inoculation, and plasmid extraction. The plasmid libraries
were transformed a fourth time and 10 colonies from each plasmid library were indi-
vidually picked, inoculated in 5 mL TB containing 25 µg/mL chloramphenicol, and
extracted using the QIAprep Spin Miniprep Kit.

Protocols for preparing TB medium and agar plates containing chloramphenicol and
L-arabinose can be found in Appendix C.3-C.4.

2.1.3 Variant Characterization
Each variant was sequenced using Sanger sequencing, which often is referred to as
the gold standard of sequencing due to its low error rate of 0.001 % [44]. Variants
in the WED and PI domains were bidirectionally sequenced using primers CN9
and CN10 (Tab. B.1) to ensure adequate coverage of the targeted regions. Selected
variants from the second-generation Cas9 library (approach D) were sequenced after
screening in the luciferase reporter assay (see Results and Discussion 3.3). Mutations
were identified by mapping Sanger sequencing files to the reference Cas9 plasmid
(Fig. 2.1) in Geneious 2024.0.7 (https://www.geneious.com).

2.2 Molecular Cloning

2.2.1 Cloning of Mammalian Vectors
The coding sequence in the bacterial Cas9 plasmid (Fig. 2.1) is codon optimized
for mammalian cells allowing for direct cloning into a mammalian Cas9 vector (Fig.
2.4) with an identical coding sequence. The ePsCas9 variant coding sequence and
the mammalian backbone were amplified using 2X PlatinumSuperFi Master Mix
(Thermo Fisher , cat. #12358010). Primers CN30 and CN31 were used for ampli-
fying the ePsCas9 coding sequence, while primers CN40 and CN33 were used for
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amplifying the mammalian backbone vector (Tab. B.1). Each reaction mix was
DpnI-treated, purified by gel extraction, and the PCR products were assembled us-
ing InFusion (TAKARA, cat. #638943). Primers used during amplification were
designed so that each linear fragment would contain a 15 bp overlap on each side,
allowing for assembly using InFusion.

Figure 2.4: Mammalian Cas9 plasmid.

2.2.2 Site-directed Mutagenesis

Prior to using the Cas9 plasmid (Fig. 2.1) as template for downstream PCR, it was
screened for common type IIS endonuclease recognition sites and BsaI was found
to have the fewest recognition sites (one recognition site). At the BsaI-recognition
site in the Cas9 plasmid (Fig. 2.1) forward and reverse primers were designed with
an overlap of 15-nt, allowing for assembly using InFusion. The overlap additionally
contained one mutated nucleotide, which removed the BsaI-recogntion site. 2X
Phusion Flash PCR Master Mix and primers CN35 and CN36 were used during
amplification. The subsequent reaction mix was DpnI-treated and purified by gel
extraction.

Site-directed mutagenesis was also used to introduce the S1223A mutation or com-
bined I1222A/S1223A mutations in the following variants: pCN1, pCN9, pCN12,
pCN15, pCN24 and pCN27. Each of the variants resided in mammalian Cas9 plas-
mids (Fig. 2.4) and primer pairs were designed with overlapping sequences contain-
ing the desired mutations, as described earlier. The linear fragment with introduced
mutations were amplified using 2X platinum SuperFi Master Mix, DpnI-treated
and purified by gel extraction. Primers CN45 and CN47 were used to introduce
the S1223A mutation, while primers CN46 and CN48 were used to introduce the
I1222A and S1223A mutations. See table 3.2 for details on which variants contain
the respective mutations.
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2.3 Luciferase Reporter Assay

2.3.1 Overview of the Luciferase Reporter Assay
The Luciferase reporter system (Fig. 2.5) is a gene cassette integrated at the HBEGF
locus in HEK293T cells [25, 45]. The gene cassette consists of puroR, mScarlet, and
nanoluciferase (Nluc), each separated by a ribosomal skipping element (2A peptide)
and coexpressed under a strong mammalian promoter (EF1a). Upstream of the CDS
for NLuc there also exists a STOP codon followed by a specific PAM sequence. The
STOP codon and the PAM sequence are furthermore flanked by a 9 nt MMEJ-repeat
sequence. An sgRNA was designed to target a region spanning the upstream MMEJ
repeat sequence and the STOP codon. Upon recognition of the adjacent PAM
sequence, the Cas9 variant introduces a double-strand break positioned between the
two MMEJ repeat sequences. Because the MMEJ-repeat sequences now flanks the
dsDNA break, the MMEJ-repair mechanism is strongly favored as the main repair
mechanism of action. The recruitment of the MMEJ-repair mechanism results in an
excision of the STOP codon, which allows for the translation of NLuc.

The reporter cassette is expressed under a strong constitutive promoter, the EF1a
promoter, and transcription is terminated under a dual terminator, including both
the rabbit β-globulin (rbGlob) terminator and the Bovine growth hormone polyadeny-
lation (BGH-pA) terminator. Additionally, the polyadenylation (pA) element serves
to enhance the mRNA stability.

Once NLuc is translated, the enzyme is excreted by the cells into the cell medium
from which a small sample can be taken and after adding a substrate containing
furimazine a luminescence readout is measured using a fluorescent plate reader. The
luminescence output is generated because the NLuc enzyme converts furimazine in
the presence of oxygen into furimamide, which releases carbon dioxide and light.
However, alternative repair pathways, such as NHEJ-repair, could result in repair
patterns that do not remove the STOP codon. Selected samples were therefore
submitted for amplicon sequencing for editing efficiency evaluation.

Figure 2.5: Schematic of the luciferase reporter system. The sgRNA targets a
sequence in the reporter assay gene cassette, and if the PAM sequence is recognized
by the Cas9 variant, a double-stranded break is induced between the MMEJ repeats.
DNA repair via the MMEJ mechanism leads to the reactivation of NLuc, which is
secreted into the cell medium.
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Figure 2.6: Illustration of the workflow for the luciferase reporter assay. The
HEK293T reporter cell lines were seeded in a 96-well plate. After 24 h, the cells
were co-transfected with synthetic sgRNA and a Cas9 plasmid, followed by transfer
of the medium to a 384-well plate to which the NLuc substrate was added. The
luminescence readout was measured using a plate reader. Created with BioRen-
der.com

2.3.2 Luciferase Reporter Assay
HEK293T cells were maintained in DMEM (1X) + GlutaMAX (gibco, cat. #31966-
021) supplemented with 10% FBS (Thermo Scientific, cat. #A5256701) and 1%
penicillin-streptomycin at 37 oC in a humidified atmosphere with 5 % CO2. Cells
were passaged every 2-3 days upon reaching 80-90 % confluency.

Several HEK293T reporter cell lines have been generated in-house, each containing
a distinct reporter cassette integrated into the HBEGF locus. Each cassette con-
tained a unique PAM sequence to enable assessment of Cas9 variant activity against
different PAM sequences.

HEK293T reporter cells were seeded in 96-well plates at a density of 1.5 * 104 in 100
µL complete DMEM and incubated for 24 hours to allow the cell to attach properly.
Cells were then co-transfected with mammalian Cas9 plasmids (100 ng/well) and
synthetic sgRNA (0.3pmol/well) using Lipofectamine 3000 (Thermo Fisher, cat.
#L3000008) according to the manufacturer’s protocol.

After 48-72 hours post-transfection, 7.5 µL of cell medium was transferred to a 384-
well plate. Luminescence was measured immediately after dispensing 7.5 µL PBS
containing NanoLuc substrate (Promega, cat. #N1110) at a 1:1000 (substrate:PBS)
dilution using a microplate reader (Molecular DEVICES, SpectraMax iD3). The
general workflow of the reporter assay is shown in Figure 2.6.

For selected samples, genomic DNA was extracted using QuickExtract DNA ex-
traction solution (Lucigen, cat. #QE09050) according to the manufacturer’s in-
structions. The targeted HBEGF locus was amplified by PCR using barcoded
primers (Table B.2). Amplicons were purified using AMPure magnetic beads (Beck-
man Coulter, cat. #A63881) and sequenced with paired-end reads on an Illu-
mina NextSeq500. Sequencing data were analyzed using an in-house software called
RIMA4 to determine the Cas9 editing efficiency [46].
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2.4 PAM assay

2.4.1 Overview of the PAM assay
The PAM assay is a novel assay inspired by the previously established high-throughput
PAM determination assay (HT-PAMDA) by Walton, et al. [47]. HT-PAMDA quan-
tifies PAM sequences not recognized by Cas enzymes and infers PAM preference
based on depletion. The novel PAM assay developed in this thesis instead utilizes
a dual-approach that quantifies both the recognized and non-recognized sequences.
This dual-approach allows for determining the PAM preference through both infer-
ence and direct measurement.

The assay begins with a cleavage reaction in which a Cas9 enzyme and sgRNA are
incubated with a dsDNA substrate library containing randomized PAM sequences.
The cleaved substrates are separated from the uncleaved substrates and both popu-
lations are purified using magnetic beads. The cleaved substrates are then enzymat-
ically treated to generate blunt ends and undergo dA-tailing to add an adenosine at
each 3’ end. This enables ligation of a dsDNA extender containing a complementary
thymine overhang at the 3’ end of the upper strand. Both cleaved and uncleaved
substrates are subsequently amplified with barcoded primers and submitted for am-
plicon sequencing. Figure 2.7 depicts the main steps of the PAM assay, while a
detailed description can be found in the next subsection.
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Figure 2.7: Schematic of the PAM assay workflow. The following steps of the PAM
assay are depicted: (1) Cas9 RNP cleavage reaction of substrate, (2) Separation of cleaved
and non-cleaved samples using magnetic beads, (2a) substrate products bound to the
magnetic beads, (2b) substrate product in the supernatant, (3b) enzymatic end treatment
(blunt ending, and dA-tailing) of the cleaved substrate, (4b) Extender ligation to the end
treated cleaved substrate, and (5) amplification of substrates with barcoded primers.
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2.4.2 The PAM Assay
Two different substrate libraries containing different protospacer sequences (EMX1b
and PCSK9) were generated using a protospacer sequence from the EMX1 gene
(EMX1b) and a protospacer sequence from the PCSK9 gene (PCSK9). The sub-
strate libraries were generated by amplification using 2X KAPA HiFi HotStar ReadyMix
(Roche, cat. #07958927001), an antisense oligonucleotide (oCN002 or oCN003,
Tab. B.3 ), and a primer with a conjugated dual-biotin at the 5’ end (pCN002 and
pCN003, Tab. B.3). Following amplification, the reaction mixes were purified by
gel extraction.

Three reaction mixtures were prepared according to table 2.2. The cleavage buffer
consisted of HEPES pH7.5 (10 mM), NaCl (150 mM), MgCl (5 mM), and nuclease-
free water. For experiments that used Cas9 enzyme expressed in cell lysate (see
Subsection 2.4.3) 1 µL of cell lysate was used instead. For reactions containing
the untreated substrate library, the Cas9 enzyme and sgRNA in mixture B was
substituted with nuclease-free water.

Table 2.2: Contents of reaction mixtures in the cleavage reaction.

Mixture A Mixture B Stop reaction
Substrate library (50 nM) Cas9 enzyme (100 nM) Proteinase K (2 mg /mL)
Cleavage buffer (1x) sgRNA (0.2 µM) EDTA (50 mM)
Nuclease-free water Nuclease-free water Nuclease-free water
2.75 µL 2.25 µL 5 µL

The cleavage assay was performed according to the procedure shown in Table 2.3.
The Cas9 enzyme and sgRNA first form a ribonucleoprotein (RNP) complex (step
1), which then cleaves substrates containing specific PAM sequences (step 2). Sub-
sequently, proteinase K is added to digest the Cas9 enzyme (step 3) before being
heat-inactivated (step 4).

Table 2.3: Procedure for performing the cleavage reaction.

Step Procedure
1 Mixture A and B were incubated at 37o for 15 min.
2 Mixture A added to mixture B and incubated at 37o for 30 min.

3 5 µL of the Reaction stop buffer added to the reaction
and incubated at 45oC for 20 min.

4 Reaction incubated at 95oC for 10 min

After the cleavage reaction, the reaction mixtures were incubated with 25 µg Dyn-
abeads TM Streptavidin Magnetic Beads (Thermo Fisher Scientific, cat. #11205D).
The Magnetic Beads were prepared according to the manufacturer’s instructions.
The supernatant, containing the cleaved substrates, was transferred to another tube
and purified using AMPure XP Beads (Beckman Coulter, cat. #A63880), while the
streptavidin-bound substrates (the uncleaved substrates) were further purified using

18



2. Methods

the Dynabeads. Respective purification was performed according to each manufac-
turer’s instruction.

Blunt ending, dA-tailing, and extender ligation of the cleaved substrates was per-
formed using the NEBNext Ultra II DNA library prep kit for Illumina (New England
Biolabs, cat. #E7645S). The Illumina adapter in the original protocol was replaced
with the dsDNA extender. The extender annealing was carried out by mixing 1
nmol of each reverse complementary oligonucleotide (oZA080 and oZA081) at 95oC
for 5 min followed by a 4oC hold step. After extender ligation, the samples were
purified using AMPure XP beads.

Amplification of the cleaved and uncleaved samples was performed using the NEB-
Next Ultra II Q5 Master Mix, which is part of the NEBNext Ultra II DNA library
prep kit, and barcoded primers. For the uncleaved substrates primers nCN002
(EMX1b) or nCN003 (PCSK9) with nZA111 were used and for the cleaved-extender
ligated substrates nZA101 and nZA111 (Table B.3). After amplification, reaction
mixtures purified using AMPure beads, eluted with Qiagen Elution Buffer (QIA-
GEN, cat. #19086) and submitted for amplicon sequencing with paired-end reads
on an Illumina NextSeq500.

For the cleaved sample, the forward primer binds to the extender, while for the
uncleaved and control sample, the forward primer binds upstream of the protospacer
sequence. The binding sequence of the reverse primer is the same for all samples and
binds downstream of the degenerative sequence. Unique combinations of barcodes
from the forward and reverse allows for differentiation of samples from sequencing
results when pooling samples together.

2.4.3 Cas9 Cell Lysate
HEK293T cells were seeded in 6-well plates at a density of 8.0 * 105 in 100 µL
complete DMEM and incubated for 24 hours to reach approximately 70-80 % con-
fluency. Cells were then transfected with mammalian Cas9 plasmids (1 µg/well)
using Lipofectamine 3000 according to the manufacturer’s protocol. 24 hours after
transfection, cells were washed with PBS, incubated with 50 µL of lysis Buffer for
15 min, and stored at -80oC. The lysis buffer was prepared according to table C.1
in Appendix C.2.

2.4.4 Bioinformatic Analysis
Paired-end amplicon sequencing was performed by the NGS facility at AstraZeneca.
All reads were demultiplexed based on barodes using bcl2fastq (Illumina). Paired-
end reads were merged using FLASH (https://github.com/ebiggers/flash). The
merged reads were processed using custom python scripts (Python 3.12.12).

Merged reads were first filtered based on length, where only reads between 137-nt
and 150-nt were kept for further analysis. A motif search was performed to identify
the target sequence "ACCACAAACCCACGAGGGCAGA", and the six nucleotides
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immediately upstream of this motif were extracted for PAM analysis. Below is an
illustration of a general read sequence from a cleaved or uncleaved substrate:

5’-[38-nt or more]NNNNNNACCACAAACCCACGAGGGCAGA[71-nt]-3’

The PAM nucleotide distribution heatmaps (log2 fold change) were plotted as fol-
lows: (1) extracting the first 2 nucleotides and the following 2 nucleotides from
each PAM, (2) summing the frequency of the unique 4-nt combination, (3) repeat
extraction and summing the frequency of the unique 4-nt combination from an un-
treated substrate library, (4) use the formula in equation 2.2 to calculate the log2
fold change, (5) visualize the log2 fold change values as heatmaps displaying 2-nt
x 2-nt heatmaps. The same procedure was used to visualize the log2 fold change
of the unique 6-nt nucleotide combination (3-nt x 3-nt heatmap). Plots were made
using pandas (2.3.3) and matplotlib (3.10.8). Note that a pseudocount of 1*10−7

was added to avoid division by zero for absent sequences (eq. 2.2).

log2 FC = log2

(
ftreated + 1 ∗ 10−7

fcontrol + 1 ∗ 10−7

)
(2.2)

2.5 Benchmark Experiment
Twelve genomic target sequences were selected from Walton et al. (2020), which
engineered and characterized SpCas9 PAM-relaxed variants [48]. To assess editing
efficiency across different PAM sequences, three target sites were selected for each of
four PAM sequences: NGG, NTG, and NGC. Amplicon sequencing primers flanking
each target site and sgRNA spacer sequences for SpCas9 were obtained from the
original publication and are provided in Table B.4-B.5. For ePsCas9 experiments,
the sgRNA spacer sequences were modified by adding 2 extra nt at the 5’ end of the
spacer sequence and pairing it with the ePsCas9 scaffold sequence (Tab. B.5.)

HEK293T cells were maintained as described in section 2.3.2 and passaged using
Trypsin-EDTA (Gibco, cat. #15400054) every 2-3 days upon reaching 80-90 %
confluency. Co-transfection with mammalian Cas9 plasmids and synthetic sgRNA
was also performed as described in section 2.3.2. Genomic DNA was extracted
from transfected cells after 72 hours using QuickExtract DNA extraction solution
(Lucigen, cat. #QE09050). The targeted loci were amplified by PCR using barcoded
primers for each targeted locus (Tab. B.4).

Amplicons were bead-purified using AMPure magnetic beads and sequenced with
paired-end reads on an Illumina NextSeq500. Sequencing data were analyzed using
an in-house software called RIMA4 to determine the Cas9 editing efficiency [46].
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3
Results and Discussion

This chapter describes the results for the directed evolution, luciferase reporter assay,
the PAM assay, and comparison with established SpCas9 PAM-relaxed variants.
Due to confidentiality, no mutations obtained from the directed evolution will be
disclosed.

3.1 First Generation of Evolution
A crucial step in directed evolution is to generate plasmid libraries that contain a
large number of unique variants. To ensure a sufficient library diversity, the trans-
formation efficiency was calculated according to equation 2.1 (see results in Table
3.1). The transformation efficiencies for Cas9 plasmid libraries L1-L4 was about
100 times lower than what the manufacturer claims is possible for about the same
amount of plasmid. However, the benchmarking is performed using pUC19, a plas-
mid almost 4-times smaller than the Cas9 library plasmid used, which should reduce
the possible maximum transformation efficiency [49]. Another approach for estimat-
ing the theoretical complexity of the plasmid library is by multiplying the number
of colonies by the dilution and the number of transformations for each library. The
theoretical complexity of the library, for example, L2 is 1.95 * 107 clones, which
is about 10 times higher than reported by B. Kleinstiver, et al. (2015) to obtain
evolved SpCas9 PAM-engineered variants [40]. This confirms a sufficient theoretical
library complexity for L1-L4, following second generation libraries generated using
the same methodology were assumed to have a sufficient library diversity. For more
details on library generation see Method 2.1.1.

Figure 3.1 shows an overview of the first-generation library generation, bacterial
selection, and validation. The Cas9 plasmid library was transformed into selection
cells, six surviving colonies from each PAM selection were pooled, plasmid pools
were extracted, and re-transformed into the same selection cells as a validation step,

Table 3.1: Number of colonies obtained from 20 000x dilution and the TE for one
of four transformations from the generation of library L1, L2, L4. For L3 the average
of five transformations are calculated.

Plasmid library: L1 L2 L3_avg L4
Colonies (20 000x dilution): 13 108 294 243.6
Transformation efficiency (cfu): 3.7e+6 3.1e+7 8.4e+7 7.14e+7
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3. Results and Discussion

Figure 3.1: Overview of the first generation of evolution. Competent E. coli cells har-
boring a selection plasmid were transformed with Cas9 plasmid libraries. The surviving
colonies were pooled into groups of six colonies from the same PAM selection, after which
the plasmids were extracted and retransformed. Surviving colonies from the retransfor-
mation were then sequenced.

from which individual colonies were picked for further characterization. The Cas9
plasmid library encodes an sgRNA that targets a protospacer sequence, which is
followed by a specific PAM sequence, on the selection plasmid. If the Cas9 variant
encoded in the library plasmid confers recognition to a specific PAM sequence, the
selection plasmid will be cleaved allowing the cell to survive.

Four different libraries targeting the same region of the WED and PI domain with
different mutation rates were generated, transformed with the bacterial selection
system, followed by re-transformation with selection-cells. Ten colonies surviving the
re-transformation from each 6-plasmid pool were sequenced. Figure 3.2 illustrates
the selection of ePsCas9 plasmid libraries L1-L4 transformed into TTT-, TGG-,
TCG-, TTG-, TGT-, and TGC-selection cells. For each library, a plasmid expressing
wild-type (wt) ePsCas9 was transformed into the selection-cells (first and second
column in Fig.3.2a-d) to ensure the functionality of selection system. Each Cas9
plasmid library was also transformed into TGG-selection cells. It is worth noting
that the wt control on the TGG-plates had fewer colonies for the L1-selection than
expected and that a newer batch of control plasmids was used as for L2-L4 resulting
in more surviving colonies. It is noticeable that L1 resulted in fewer surviving
colonies than L2-L4, underlining the importance of ensuring a library with sufficient
diversity in directed evolution.

Approximately 40 out of 100 plasmid pools re-transformed into their respective
selection cells resulted in surviving colonies, and plasmids from surviving colonies
were extracted and sequenced. Sanger sequencing identified 39 unique variants from
L2-L4 and 9 unique variants from L1. More than half of all identified variants
originated from TTG-selection cells, and harbored a mutation interacting with the
second PAM nucleotide. Eight TTG-variants (pCN1-pCN8) with 4-7 amino acid
mutations and few consensus mutations were identified and cloned into mammalian
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expression vectors. Previously established Cas9 PAM relaxed-variants contain 6-8
amino acid mutations [40, 27, 48].
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(a)

(b)

(c)

(d)

Figure 3.2: Selection of ePsCas9 plasmid libraries (a) L1, (b) L2, (c) L3, and (d)
L4 on selection plasmids containing different PAMs.
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3. Results and Discussion

3.2 Screening of Cas9 Variants in the Luciferase
Reporter Assay

The bacterial survival selection system demonstrates high efficiency in isolating eP-
sCas9 variants capable of recognizing alternative PAM sequences. However, en-
hanced fitness conferred in E. coli does not invariably translate to equivalent bene-
fits in mammalian cell systems. The eight selected ePsCas9 TTG-recognizing vari-
ants (pCN1-pCN8) cloned into a mammalian expression vector, where the Cas9 is
driven by a strong CMV promoter, were co-transfected with synthetic sgRNA using
HEK293T cells with the luciferase reporter system integrated at the HBEGF locus
(see Fig. 2.6 for workflow) [25, 50].

The luciferase reporter system (Fig. 2.5) is a gene cassette containing a strong EF1a
promoter that drives expression of a coding sequence (CDS) harboring a premature
STOP codon flanked by MMEJ microhomologies, with a downstream ribosomal
skipping element and nanoluciferase (NLuc) reporter. A sgRNA spacer sequence was
designed to span the upstream MMEJ microhomology and the STOP codon such
that Cas9 variant recognition of the specific PAM sequence induces a double-strand
break (DSB) between the two MMEJ microhomologies. As MMEJ microhomologies
flank the DSB site, the MMEJ repair pathway is strongly favored over alternative
repair mechanisms. MMEJ-mediated repair results in excision of the STOP codon,
thereby enabling the translation of NLuc.

Figure 3.3 shows the luminescence output and total editing efficiency for ePsCas9
variants pCN1-pCN8 and wild-type ePsCas9 in the seven PAM-specific luciferase
reporter cell lines. Untransfected cells served as a negative control. Luminescence
was measured in relative light units (RLU), while total editing efficiency was de-
termined by amplicon sequencing to quantify all indels. This screen was performed
with one biological replicate and two technical replicates per PAM-reporter cell line.
The PAM reporter cell lines used contained TGG, TTT, TCG, TTG, TAG, TGT,
and TGC.

In the TGG-reporter cells, wild-type ePsCas9 demonstrated the highest mean lumi-
nescence activity of 6.0 ∗ 104 RLU while only the second highest mean total editing
efficiency of 12%, followed by pCN1 in mean luminescence activity of 5.7 ∗ 104 and
proceeded in mean total editing efficiency of 21%. In the TAG-reporter cells, pCN1
demonstrated the highest performance, achieving mean luminescence of 8.5 ∗ 104

RLU and 28% mean editing efficiency, followed by pCN8 (mean: 4.0 ∗ 104 RLU,
15% editing efficiency). In the TTG-reporter cells, pCN3 demonstrated the highest
performance, achieving 5.7 ∗ 103 RLU and 7.8% editing efficiency, followed by pCN8
(mean: 5.2 ∗ 103 RLU, 6.1% editing efficiency), and pCN1 (mean: 4.8 ∗ 103 RLU,
7.8% editing efficiency). The luminescence activity measured below 1 ∗ 103 RLU
for the remaining PAM-reporter cells, while the total editing efficiency below 3%.
Wild-type ePsCas9 (mean range: 350-420 RLU, 0-3.1% editing efficiency) showed
minimal activity across all PAM-reporter sequences, except for TGG, confirming
the necessity of engineering mutations to relax the current PAM recognition.
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3. Results and Discussion

Differences between luminescence output and total editing efficiency were observed
across multiple variants and PAM-reporter cells, although the magnitude varied. In
the TAG-reporter cells, pCN7 exhibited approximately half the mean luminescence
of pCN8 (mean: 2.1 ∗ 104 RLU vs. 4.3 ∗ 104) despite achieving similar editing
efficiencies (mean: 12% vs. 15%). These differences likely reflect differences in
the indel spectrum generated by each variant at different target sequences, as the
luciferase reporter system responds to deletions that excise the STOP codon through
MMEJ repair or NHEJ, whereas insertions or other indel types that maintain reading
frame cause no luminescence signal.
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Figure 3.3: pCN1-pCN8 luciferase reporter assay: (a) luminescence output and
(b) total editing efficiency. Bars represent mean ± standard deviation (SD) from 2
technical replicates.
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3.3 Second Generation of Evolution
The bacterial survival selection system identifies Cas9 variants capable of recogniz-
ing and cleaving specific PAM sequences on the selection plasmid. However, a key
limitation is that the system is not designed to select variants based on their degree
of activity. This limitation could potentially be overcome through iterative enrich-
ment (see Fig. 3.4): pooling all variants from surviving colonies, re-transforming the
resulting plasmid library, and repeating the selection process multiple times. Each
successive round would favor variants with higher cleavage efficiency, as more effi-
cient variants would generate larger surviving populations. This enrichment strategy
will subsequently enable the selection and mutagenesis of second-generation variants
with optimized activity at specific PAM sequences.

Figure 3.4: Principle of enrichment strategy. The Cas9 plasmid libraries were trans-
formed into the bacterial selection system. The surviving colonies were pooled into a single
mixture, after which the plasmids were extracted and retransformed. Multiple rounds of
transformation, colony pooling, and retransformation were performed to enrich for the
most efficient variants.

To evaluate this iterative selection strategy, second-generation mutagenesis plasmid
libraries underwent four successive rounds of transformation and selection using four
distinct approaches. Approach A used a single TTG-selected variant containing a
conserved amino acid mutation found in most TTG variants, followed by Wedge
and PI domain mutagenesis. Approach B pooled two TGC-selected variants from
the first generation and performed a second round of Wedge and PI domain muta-
genesis. Approach C pooled all plasmids from the first-generation of evolution and
re-mutagenized the Wedge and PI domains. Approach D retained the Wedge and
PI domains from variants pCN1-pCN8 while mutagenizing the remaining upstream
coding sequence. Details for each library generation can be found in Method 2.1.1.

Approach A was designed specifically to enhance the efficiency for recognizing TTG
PAM and approach D to enhance overall efficiency of the Cas9 enzyme, both used
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TTG-selection cells exclusively throughout all four rounds. Approach B focused on
TGC PAM recognition and utilized TGC-selection cells across the entire iterative
selection process. The library generated using approach C was initially transformed
into all PAM-selection cells, but surviving colonies were only recovered from TTG-
plates after the first round. This indicates that the pooled library from approach C
had converged toward TTG specificity. The remaining three rounds for approach C
therefore employed only TTG-selection cells.

Ten colonies resulting from each approach (A-C) were selected and sequenced. All
unique variants were cloned into a mammalian expression vector (see Method 2.1.1).
For approach A, most variants mainly contained the conserved mutation from the
first-generation evolution but one variant fulfilled the requirement of 4 mutations
(pCN29). Suggesting that while the iterative selection for the conserved benefi-
cial mutation, the stringency was insufficient to consistently drive accumulation
of additional beneficial mutations. For approach B and C, four variants (pCN24-
pCN28) and five variants (pCN19-pCN23, and pCN29), respectively, reached the
requirement. No variants from approach D were sequenced at this stage, instead
undetermined variants (pCN9-pCN18) from 10 colonies were directly cloned into
mammalian expression vectors (see Method 2.1.1).

Figure 3.5 shows the luminescence output of second-generation variants (pCN9-
PCN29) derived from Approaches A-D and SpCas9 and ePsCas9, evaluated across
the PAM-specific reporter cell lines, with untransfected HEK293T cells as negative
control. This screen was performed with one biological replicate and three techni-
cal replicates per variant and reporter cell line. Second-generation variants showed
diverse outcomes with a high dependency of which approach was used for generat-
ing the Cas9 plasmid library. In the TAG-reporter cells, variants generated using
approach D demonstrated the highest mean luminescence activity of 1.2 ∗ 105 RLU
for pCN12 and pCN14 and 1.1 ∗ 105 RLU for pCN15. In comparison, the highest
activity in TAG-reporter cells for variants from approaches A-B was measured for
pCN23 with mean luminescence of 7.8 ∗ 104 RLU. The highest activity in TTG-
reporter cells was also measured for variants from approach D: pCN9, pCN12, and
pCN14 with a mean luminescence of 1.7 ∗ 104, 1.6 ∗ 104, 8.9 ∗ 103 RLU, respectively.
In the TGC-reporter cells, pCN24 and pCN27 generated using approach B, clearly
demostrated the highest activity reaching 1.2 ∗ 105 RLU and 2.3 ∗ 105 RLU. In the
TGG-reporter cell, all variants generally demonstrated a similar or higher activity
than the wild-type ePsCas9 (mean: 2.3 ∗ 105 RLU).

The best performing variants (Fig. 3.5) in the TTG-, TAG-, and TGC-reporter cells
from the second-generation were compared to the first-generation variants (Fig. 3.3)
in a following comparison experiment. pCN23 demonstrating the highest activity
(mean: 8.9 ∗ 103 RLU) in TTG-reporter cells among the variants generated from
approaches A-C was also included in the same comparison experiment. Prior to the
following experiment, the complete coding sequences of pCN9, pCN12, pCN14 and
pCN15 were determined by Sanger sequencing, revealing that each variant repre-
sented a unique variant with a distinct mutation profile.
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Figure 3.5: Luminescence output from the luciferase reporter assay for the second-
generation ePsCas9 variants (a) pCN9-pCN18 and (b) pCN19-pCN29. Bars repre-
sent mean ± SD from 3 technical replicates.
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3.4 First and Second Generation variants
To directly compare the performance of the best first and second-generation variants,
a subset of lead candidates from each generation was evaluated in the luciferase
reporter assay in three selected PAM-specific reporter cells: TGG-, TAG-, TTG-
, and TGC-reporter cells. Figure 3.6 presents the luminescence output and total
editing efficiency for first-generation variants (pCN1, pCN3, pCN6, and pCN8), and
second-generation variants (pCN9, pCN12, pCN14, pCN15, pCN23, pCN24, and
pCN27), along with wild-type ePsCas9 and SpCas9 as additional comparison, and
untransfected HEK293T as negative control. This experiment was performed with
one biological replicate and two technical replicates.

In the TTG-reporter cells, second-generation variants pCN9 (mean values: 2.8 ∗ 104

RLU and 16 % total editing efficiency) , pCN12 (mean: 2.5 ∗ 104 RLU, 21 %), and
pCN14 (mean: 1.2 ∗ 104 RLU, 16 %) consistently outperformed all first-generation
variants with a difference of 7-12 percentile points to the best performing first-
generation variant (pCN1). In the TAG-reporter cells, pCN12 and pCN14 main-
tained their performance advantage over most first-generation variants, achieving a
mean editing efficiency of 19 % and 21 %, suggesting that the wedge and PI domain
mutations obtained by these variants result in a general relaxation of the second
nucleotide in the PAM.

In contrast, pCN15, which had the second highest mean total editing efficiency of
22 % in TAG-reporter cells, demonstrated considerably lower editing efficiency in
TGG- and TTG-reporter cells ( 13 % and 9 % , respectively). Similarly, pCN1
achieved a 25 % mean total editing efficiency in TGG, and 8.8 % in TTG-reporter
cells. For pCN1 and pCN15, these patterns hint at a change in PAM recognition
rather than a relaxation at the second position. However, pCN1 still achieved 18
% editing efficiency in TGG-reporter cells. In the TGC-reporter cell lines, pCN24
and pCN27 demonstrated a mean activity of 8.0 ∗ 103 RLU and 1.1 ∗ 104 RLU,
respectively, as well as editing efficiencies up to 25 % for both variants. However,
for pCN27 the total editing efficiency was only measured for one of two samples,
increasing the uncertainty for that sample.

Although these results are based on limited biological and technical replication,
there is a strong correlation between the initial screening experiment (Fig. 3.5)
of second-generation variants and the comparison experiment (Fig. 3.6) showing
that combining the enrichment strategy and the approach D obtained variants with
improved efficiency in recognizing TTG and TAG as PAM sequences. In addition,
combining the enrichment strategy and approach B led to the discovery of two
variants (pCN24 and pCN27) with the ability to recognize TGC PAM sequences
with an efficiency comparable to variants recognizing TTG or TAG PAM sequences.
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Figure 3.6: Comparison between the best performing variants from the first-
generation and second-generation of evolution in the luciferase reporter assay: (a)
Luminescence output (b) Total editing efficiency. Bars represent mean ± standard
deviation (SD) from 2 technical replicates.
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3.5 Protein Engineering
A recent article crystallized the structure of the wild-type PsCas9 using cryo-electron
microscopy (cryo-EM) [51]. In the same article, Shen, et al. (2025), identified
two amino acids (S1223 and I1222) in the wedge domain of the PsCas9 enzyme
interacting with the PAM sequence. Shen, et al. (2025), then showed that the
S1223A and I1222A mutations conferred increased recognition of TAG in an in vitro
cleavage assay. Neither S1223A nor I1222A were present in any of the ePsCas9 PAM-
relaxed variants generated from the directed evolution system in this Master’s thesis.
Thus, I hypothesized that introducing these mutations into selected ePsCas9 PAM-
relaxed variants could confer additional PAM-relaxation. In Table 3.2, the mutations
introduced and which ePsCas9 variants the mutations were introduced into can be
seen. By analyzing the ePsCas9 protein structure in PyMOL, I further hypothesized
that only mutating S1223A could prove beneficial for relaxing the second PAM
nucleotide while keeping more of the interactions with the third PAM-nucleotide.
All mutations were introduced into the variants using site-directed mutagenesis (see
Method 2.2.2).

To determine whether the newly introduced mutations confered a beneficial effect
on relaxing the PAM sequence, the variants with either S1223A or S1223A together
with I1222A introduced (pCN30-pCN39) were evaluated alongside selected variants
without the new mutations, wild-type SpCas9 and wild-type ePsCas9 in the lu-
ciferase reporter assay. The PAM reporter cell lines used contained TGG, TTT,
TCG, TTG, TAG, TGT, TGC, and CTG. In Figure 3.7, the luminescence and edit-
ing efficiency of the luciferase reporter assay can be seen. This experiment included
one biological replicate and two technical replicates.

Due to low bioluminescence activity for the TTT-, TCG-, and TGT-reporter cell
lines, these were excluded in the amplicon sequencing submission. In this experi-
ment, a CTG-reporter cell line was additionally included, allowing for comparison
with the TTG-reporter cell line. In general, all variants obtained by site-mutagenesis
(pCN30-pCN39) indicate decreased or similar efficiency to the variants obtained
only from directed evolution (pCN1, pCN9, pCN12, pCN15, pCN24, and pCN27).
Therefore, it can be concluded that S1223A and I1222A did not confer any addi-
tional benefit for the best performing ePsCas9 variants. One potential explanation
for the decreased activity is that the mutations may have disrupted critical contacts
with the PAM sequence, reducing the PAM-binding affinity. In addition, similar
activities could be seen for the CTG- and TTG-reporter cell lines, with a slight
increase for cytosine at the first PAM position.
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Figure 3.7: ePsCas9 variants with introduced S1223A or I1222A and S1223A mu-
tations in the luciferase reporter assay: (a) Luminescence output (b) Total editing
efficiency. Bars represent mean ± standard deviation (SD) from 2 technical repli-
cates.
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Table 3.2: ePsCas9 variants generated by introducing either S1223A or S1223A and
I1222A into selected variants obtained form the directed evolution system.

ePsCas9 variant S1223A S1223A & I1222A
pCN1 (TTG) pCN30 pCN34
pCN9 (TTG) pCN31 pCN35
pCN12 (TTG) pCN32 pCN36
pCN15 (TTG) pCN33 pCN37
pCN24 (TGC) - pCN38
pCN27 (TGC) - pCN39

3.6 PAM Assay Development
The PAM assay consists of an in vitro Cas9-mediated cleavage reaction using a
dsDNA substrate library with a protospacer sequence and 6-nt variable PAM se-
quences. Amplicon sequencing of both cleaved substrates (cleavage sample) and un-
cleaved substrates (depletion sample) enables characterization of recognized PAM
sequences by their presence, in the cleavage sample, and their absence in the deple-
tion sample. For more details about the PAM assay see Method 2.4.

Initially, a substrate library containing a protospacer of the EMX1a sequence from
the EMX1 gene was used in the cleavage assay together with purified ePsCas9
protein. However, the frequency of the first 4-nt PAM sequences in the cleavage
sample had a similar distribution to the untreated substrate library (see Fig. A.2).
Although, a small increase for GG at the second position and third PAM position
can be observed.

To investigate the cause of the observed similarity in PAM distribution between
the cleavage sample and the untreated library, cleaved substrates were aligned to
an uncleaved substrate reference using Smith-Waterman alignment [52]. Prior to
aligning the reads from the cleaved substrate, the extender sequence was trimmed
off (Fig. 2.7). Figure 3.8 shows a subsample of 100 000 reads aligned to the refer-
ence sequence. The data were normalized using maximum absolute scaling, where
the read count at each cleavage position was divided by the maximum read count
observed across all cleavage positions. Note that the cleavage position in Figure 3.8
is assumed to be the same as where the extender is ligated, which in reality could
be affected by the end processing, such as during blunt-ending. The bar in Figure
3.8 indicates the cleavage position and the sequence shown on the x-axis is the 22-nt
spacer followed by the variable PAM sequence.

The alignment indicated that the substrates were unexpectedly cleaved at -13 from
the PAM position (circled in red in Fig. 3.8a). As ePsCas9 usually confers a dsDNA
break at -6 or -9 from the PAM position, it was hypothesized that the consecutive
guanines at the end of the EMX1a spacer (see Fig 3.8a) could be recognized as
an alternative PAM sequence by the Cas9 enzyme. Thus, potentially moving the
cleavage site further upstream.
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Figure 3.8: Cleavage position of a subsample of 100 000 reads from three different
cleaved samples in the PAM assay. The reads from the cleaved samples are aligned to
their respective uncleaved substrate library sequence. The substrate libraries consist of
(a) the EMX1a protospacer sequence followed by six randomized nucleotides, (b) the
PCSK9 protospacer sequence followed by six randomized nucleotides, and (c) the PCSK9
protospacer sequence followed by a determined TGG(TTT) sequence.

3.6.1 Investigating the EMX1a Spacer Sequence
To investigate whether the EMX1a spacer sequence was potentially cleaved indepen-
dently of adjacent PAM, a fluorescence-based cleavage assay was designed (see Fig.
A.3). Two pairs of reverse complementary oligonucleotides, each 5’-labeled with ei-
ther ATTO647 or FAM, were designed containing the EMX1a sequence followed by
TGG or CCC at the PAM position. These oligonucleotides were annealed to form
double-stranded substrates, used in cleavage reactions, denatured, and resolved on
TBE-Urea gels.

As expected, the fluorophore-bound substrates containing TGG at the position of
the PAM were efficiently cleaved by both SpCas9 and ePsCas9, while the control
reactions without Cas9 remained uncleaved (see Fig. A.4). Surprisingly, ePsCas9
generated a faint band at the expected size for the cleaved ATTO647-labeled upper
strand of the CCC-PAM substrate, while SpCas9 showed no detectable cleavage.
This indicates that a substrate with the EMX1a protospacer sequence could be
cleaved, at least for ePsCas9, despite not containing a canonical NGG PAM se-
quence, but potentially using the GGG-motif within the spacer. No obvious band
could be seen for the FAM-bound bottom strand of the CCC containing substrate,
but it was reasoned that this might be due to the much lower sensitivity of the FAM
fluorophore compared to ATTO647 fluorophore.

This suggests that the EMX1a sequence is not ideal for a PAM discovery assay,
new substrate libraries carrying a protospacer of either the PCSK9 sequence or the
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EMX1b sequence followed by a 6-nt degenerative sequence, as well as two substrates
containing a determined TGG were used in the PAM assay. Both spacer sequences
lacked consecutive guanines in the last three nucleotides. Figure 3.8b-c shows the
PCSK9 spacer sequence upstream of the 6-nt PAM, displayed as either (b) a random
sequence or (c) the determined TGG(TTT) sequence. The cleavage reactions us-
ing the PCSK9 protospacer sequence (Fig. 3.8b-c) were processed bioinformatically
using the methodology previously described. The cleavage position in Figure 3.8c
occurs at -9 and -6 nt from the PAM. While Figure 3.8b shows the same cleavage
positions at -9 and -6 nt, it also displays additional cleavage sites flanking the ex-
pected positions. Interestingly, there is no noticeable cleavage at -13 for PCSK9 as
was the case for EMX1a, further supporting the hypothesis that the GGG-motif in
the spacer sequence adjacent to the PAM might impact the PAM recognition and
potentially the cleavage position.

3.6.2 Interpreting PAM Preference
In Figures 3.9-3.10, heatmaps of the PAM log2 fold change where the first two PAM
nucleotides adjacent to the spacer sequence are plotted against the third and fourth
PAM nucleotides. Cleaved (extender-ligated) reads below 137 nt or above 150 nt
were excluded (Fig. A.5a for EMX1b). To extract the 6-nt PAM sequences, a motif
search was performed to locate a known 22-nt sequence positioned downstream
of the PAM, and the 6 nucleotides immediately upstream of this sequence were
extracted as the PAM. Each unique occurence of the 6-nt PAM was then counted
and normalized by dividing each unique 6-nt combination by the total number of
6-nt PAM sequences to calculate the frequency. To calculate the frequency of the
first 4-nt PAM, the frequency of all 6-nt PAM sequences that had the same first
4-nt were added. The 4-nt PAM frequency for the untreated substrate library was
calculated in the same way and the log2 fold change was calculated by performing a
log2 transformation of the 4-nt PAM frequency of the cleavage experiment divided
by the 4-nt PAM frequency of the untreated substrate library.

Since SpCas9 and ePsCas9 recognize the canonical NGG-PAM, the heatmap was
plotted to display all combinations of the first four nucleotides in the PAM (Fig.
3.10-3.9). As expected, the PAM log2 fold change for SpCas9 (Fig. 3.10) and
ePsCas9 (Fig. 3.9) on the EMX1b and the PCSK9 substrate library both have a
high log2 fold change for NGG. There is additionally, a vertical and a horizontal
line for GGNN and NNGG indicating that some PAM recognition is conferred by
two consecutive guanines in the vicinity of the second and third position. A similar
pattern of consecutive recognized guanines can be seen in HT-PAMDA [47]. It is
possible that this effect could be enhanced by the in vitro setting of the assay and the
low ratio of NGGNNN-substrate. Looking at the log2 fold change, it appears as if
NNGGNN-substrate is generally cleaved at a higher ratio than GGNNNN-substrate.

Furthermore, a weak PAM recognition of NAG is also observed for both ePsCas9 and
SpCas9 (Fig. 3.9-3.10), as well as an increase in NNAGNN-substrate. This is likely
the same "consecutive-recognized-nt" phenomenon that is seen for two consecutive
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guanines. In addition to NAG, for SpCas9 (Fig. 3.10) there also seems to be a
weak recognition for NGA, NCG, and NTG with vertical lines at NNGA, NNCG,
NNTG likely due to the secondary consecutive-recognized-nt. ePsCas9 seems to be
more restrictive where a weaker recognition can be seen at NTG and NCG with
corresponding consecutive-recognized-nt at NNTG and NNCG.

To increase throughput, the PAM assay was performed using ePsCas9 and SpCas9
from mammalian cell lysate rather than purified protein. Both PCSK9 and EMX1b
substrate libraries were tested (Fig. A.6-A.7), yielding comparable results to purified
protein (Fig. 3.9-3.10). Table 3.3 shows experimental conditions: number of raw
reads, number of filtered reads, library type, and Cas9 source (cell lysate/purified
protein). In experiments using Cas9 from cell lysate a decrease in the number of
good reads after filtering can been seen (Tab. 3.3). This is likely due to endogenous
nucleases or exonucleases in the cell lysate that cleave or degrade the substrate
library non-specifically. Since any cleavage event results in loss of the biotin label,
cleaved substrates remain in the supernatant during streptavidin bead purification
and are excluded from sequencing, thereby reducing the total number of filtered
reads regardless of whether cleavage was Cas9-mediated.

Table 3.3: The number of total reads obtained from the amplicon sequencing and the
number of filtered reads (the reads from which the PAMs are extracted from) for ePsCas9
tested in the PAM cleavage assay.

Purified/lysate Substrate
library

Filtered
reads (k)

Total
reads (k)

% filtered
reads

Purified EMX1b 955 1440 66
Purified PCSK9 392 568 69
Cell lysate EMX1b 510 1500 34
Cell lysate PCSK9 828 1600 52

Depletion samples using purified ePsCas9 and SpCas9 proteins with the EMX1b
library (Fig. A.8) produced results consistent with those observed in the cleavage
samples. Similarly, depletion samples using ePsCas9 and SpCas9 from cell lysate
with the PCSK9 library (Fig. A.9) yielded comparable results to the cleavage ex-
periments. However, two experimental conditions failed: depletion samples using
purified ePsCas9 and SpCas9 proteins with the PCSK9 library, and depletion sam-
ples using ePsCas9 and SpCas9 from cell lysate with the EMX1b library. Due to
time constraints, these experiments could not be repeated.

38



3. Results and Discussion

(a)

(b)

Figure 3.9: The PAM Log2 Fold Change from the cleavage samples using purified
ePsCas9 protein (a) PCSK9 substrate library (b) EMX1b substrate library. The first
and second PAM nucleotides are plotted on the y-axis, and the third and fourth PAM
nucleotides are plotted on the x-axis.
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(a)

(b)

Figure 3.10: The PAM Log2 Fold Change from the cleavage samples using purified
SpCas9 protein (a) PCSK9 substrate library (b) EMX1b substrate library. The first
and second PAM nucleotides are plotted on the y-axis, and the third and fourth
PAM nucleotides are plotted on the x-axis.

40



3. Results and Discussion

3.7 PAM Landscape of a New Cas9 Enzyme
To further evaluate the capability of the PAM assay, an AZ propriatary Cas9 en-
zyme suspected of recognizing a 6-nt PAM sequence was tested using Cas9 protein
expressed in cell lysate. The PAM log2 fold change from the cleavage samples us-
ing the EMX1b-substrate library and PCSK9-substrate library (see Fig. 3.11-3.14)
was extracted as previously described and calculated by log2 transforming the 6 nt
PAM experiment frequency by the 6 nt PAM untreated substrate library. In Figures
3.11-3.14 a 3-nt x 3-nt heatmap of the PAM log2 fold change, where the y-axis is
the three first nucleotides adjacent to the spacer sequence and the x-axis the last
three nucleotides.

In Figures 3.11 and 3.12 from the cleavage samples, the highest log2 fold change can
be observed at NNNGAA with a lower log2 fold change for NNNGRV, where R is
A or G and V is A, C, or G. There also seems to be a pattern of possible secondary
consecutive-recognized-nt as there is an increase in the log2 fold change of the x-axis
at NNGRVN and NGRVNN. The same pattern can be seen for depletion samples
in Figures 3.13 and 3.14. However, the depletion samples (Fig. 3.13-3.14) exhibited
lower absolute ranges in log2 fold change compared to cleavage samples, indicating
reduced sensitivity. Consequently, these samples provide less comprehensive infor-
mation about the full spectrum of PAM recognition and instead primarily highlight
the most efficiently recognized PAM sequences, which appear to be NNNGAA.
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Figure 3.11: The PAM Log2 fold change from the cleavage assay for a new AZ propri-
etary Cas9 enzyme expressed in cell lysate and the EMX1b substrate library. The first,
second, and third PAM nucleotides are plotted on the y-axis, and the fourth, fifth, and
sixth PAM nucleotides are plotted on the x-axis.
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Figure 3.12: The PAM Log2 fold change from the cleavage assay for a new AZ propri-
etary Cas9 enzyme expressed in cell lysate and the PCSK9 substrate library. The first,
second, and third PAM nucleotides are plotted on the y-axis, and the fourth, fifth, and
sixth PAM nucleotides are plotted on the x-axis.
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Figure 3.13: The PAM Log2 fold change from the depletion sample for a new AZ
proprietary Cas9 enzyme expressed in cell lysate and the EMX1b substrate library. The
first, second, and third PAM nucleotides are plotted on the y-axis, and the fourth, fifth,
and sixth PAM nucleotides are plotted on the x-axis.
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Figure 3.14: The PAM Log2 fold change from the depletion sample for a new AZ
proprietary Cas9 enzyme expressed in cell lysate and the PCSK9 substrate library. The
first, second, and third PAM nucleotides are plotted on the y-axis, and the fourth, fifth,
and sixth PAM nucleotides are plotted on the x-axis.

45



3. Results and Discussion

3.8 PAM Recognition of ePsCas9 Variants
After identifying a lead set of efficient ePsCas9 PAM-relaxed variants from the lu-
ciferase assay, the PAM assay was applied to determine the entire PAM recognition.
Four lead ePsCas9 PAM-relaxed variants were choosen: pCN1, pCN12, pCN15, and
pCN27. ePsCas9 variant pCN1 and pCN15 were indicated to mostly recognize TRG,
where R is A or G, pCN12 was indicated to be able to recognize TDG, where D
is A, T, or G, and pCN27 was indicated to be able to recognize TGS, where S is
either G or C. The experiments used cell lysate from Cas9-expressing cells and the
EMX1b-substrate library. All Cas9 variants were expressed as Cas9 protein in cell
lysate using the EMX1b-substrate library.

The PAM log2 fold change for the cleavage assay for ePsCas9 variants pCN1, pCN12,
pCN15, pCN27, and ePsCas9 control using the EMX1b substrate library can be seen
in Figures 3.15-3.19, where (a) the y-axis is first and second PAM position and the
x-axis is the third and fourth PAM position, and where (b) the y-axis is second and
third PAM position and the x-axis is the fourth and fifth PAM position. The PAM
log2 fold change for heatmap (b) in Figures 3.15-3.19 was calculated as previously
described but the PAM frequency of the experiment and PAM frequency of the
untreated substrate library were calculated by summing 6 nt PAM frequency from
position 2-5 instead of position 1-4 adjacent to the spacer sequence. In addition,
the ePsCas9 variant pCN1 was also tested using the PCSK9 substrate library and
the PAM log2 fold change for the cleavage assay can be seen in Figure 3.20. The
ePsCas9 control reaction can be seen in Figure 3.19.

As described earlier, only the reads above or equal to 137 nt and below or equal to
150 nt are used to extract the PAM sequence if the downstream 22 nt sequence is an
exact match, referred to as filtered reads. In Table 3.4, the true read count (k), the
total read count, the percentage of true read count compared to the total read count,
Cas9 used, substrate library used, and the cleavage time (min) for each experiment.
The percentage filtered reads seem to be generally higher for a cleavage reaction time
of 8 min compared to 32 min. The PAM log2 fold change for the cleavage assays
in Figures 3.15-3.19 were therefore plotted for a cleavage reaction time of 8 min.
Furthermore, the percentage of filtered reads for pCN1 and the ePsCas9 control
reaction were higher for PCSK9-experiment compared to the EMX1b-experiment.
This could indicate that the cleavage reaction was less efficient during the EMX1b
experiment than for the PCSK9 experiment, potentially due to a variation in cell
lysate quality. More importantly, there is a clear correlation between number of
filtered reads and the sensitivity of the assay. This would explain, for example,
why the ePsCas9 variant pCN1 is indicated to confer recognition to NTG in Figure
3.20 while this is less noticeable in Figure 3.15. However, since the interest for the
ePsCas9 variants is to determine the main PAM recognition, the filtered reads from
the EMX1b experiment should be enough to indicate such recognition as long as
the ePsCas9 control is good.

Although, the sensitivity is lower for the EMX1b-experiment, since the number of
filtered reads and the percentage filtered reads are comparable across the experi-
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Table 3.4: The number of total reads obtain from the amplicon sequencing and the
number of filtered reads (the reads from which the PAMs are extracted from) for selected
ePsCas9 variants tested in the PAM cleavage assay. Additionally, the substrate library
and the cleavage reaction time for each experiment are indicated.

Cas9 Substrate Cleavage time Filtered
reads (k) Total reads (k) % filtered

reads
pCN1 EMX1b 8 min 250 1000 25
pCN1 EMX1b 32 min 199 950 21
pCN12 EMX1b 8 min 266 830 32
pCN12 EMX1b 32 min 230 930 25
pCN15 EMX1b 8 min 270 750 36
pCN15 EMX1b 32 min 290 980 29
pCN27 EMX1b 8 min 275 944 29
pCN27 EMX1b 32 min 254 1000 25
ePsCas9 EMX1b 8 min 312 959 33
ePsCas9 EMX1b 32 min 250 1100 23
pCN1 PCSK9 30 min 790 1940 40
ePsCas9 PCSK9 30 min 800 1600 50

ment, the sensitivity should be comparable between variants in the same experi-
ment. Therefore, it is reasonable to assume that pCN12 (Fig. 3.16) has more of a
NDG recognition, than pCN1 and pCN15 (Fig. 3.15 and 3.17) that seems to confer
recognition to NRG.

There is no obvious pattern in Figure 3.18a and surprisingly there is no increase in
the PAM log2 fold change for NGC. However, in Figure 3.18b there is an increase
in the PAM log2 fold change for both NNGCNN and for NNNGCN, which could
be due to the previously observed secondary consecutive-recognized-nt phenomena.
Although, high activity was seen for TGC in the luciferase reporter assay, there is
no knowledge if there is any recognition to TGA, as no such cell line currently exists.
Additionally, in the luciferase reporter assay a weaker recognition for TAG could also
be observed. If pCN27 recognizes a broader spectrum of PAMs, then a higher true
read depth would be needed compared to the ePsCas9 control and the other ePsCas9
variants. Therefore, another experiment with a higher true read depth should be
performed before the exact PAM-recognition of pCN27 can be determined.

The depletion samples for all ePsCas9 variants, including the control, failed for
EMX1b and due to time constraints this experiment could not be repeated. However,
in Figure 3.21 the depletion sample for pCN1 and wild-type ePsCas9 can be seen.
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(a)

(b)

Figure 3.15: The PAM Log2 Fold Change from the cleavage samples for ePsCas9
variant pCN1 expressed in cell lysate and the EMX1b substrate library. (a) The first
and second PAM nucleotide is plotted against the third and forth PAM nucleotide.
(b) The second and third PAM nucleotide is plotted against the forth and fifth PAM
nucleotide.
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(a)

(b)

Figure 3.16: The PAM Log2 Fold Change from the cleavage samples for ePsCas9
variant pCN15 expressed in cell lysate and the EMX1b substrate library. (a) The
first and second PAM nucleotide is plotted against the third and forth PAM nu-
cleotide. (b) The second and third PAM nucleotide is plotted against the forth and
fifth PAM nucleotide.
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(a)

(b)

Figure 3.17: The PAM Log2 Fold Change from the cleavage samples for ePsCas9
variant pCN12 expressed in cell lysate and the EMX1b substrate library. (a) The
first and second PAM nucleotide is plotted against the third and forth PAM nu-
cleotide. (b) The second and third PAM nucleotide is plotted against the forth and
fifth PAM nucleotide.
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(a)

(b)

Figure 3.18: The PAM Log2 Fold Change from the cleavage samples for ePsCas9
variant pCN27 expressed in cell lysate and the EMX1b substrate library. (a) The
first and second PAM nucleotide is plotted against the third and forth PAM nu-
cleotide. (b) The second and third PAM nucleotide is plotted against the forth and
fifth PAM nucleotide.
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(a)

(b)

Figure 3.19: The PAM Log2 Fold Change from the cleavage samples for ePsCas9
expressed in cell lysate and the EMX1b substrate library. (a) The first and second
PAM nucleotide is plotted against the third and forth PAM nucleotide. (b) The
second and third PAM nucleotide is plotted against the forth and fifth PAM nu-
cleotide.
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(a)

(b)

Figure 3.20: The PAM Log2 Fold Change from the cleavage samples for ePsCas9
variant pCN1 expressed in cell lysate and the PCSK9 substrate library. (a) The first
and second PAM nucleotide is plotted against the third and forth PAM nucleotide.
(b) The second and third PAM nucleotide is plotted against the forth and fifth PAM
nucleotide.
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(a)

(b)

Figure 3.21: (a) The PAM Log2 Fold Change from the depletion samples for
ePsCas9 variant pCN1 expressed in cell lysate and the PCSK9 substrate library.
(b) The PAM Log2 Fold Change from the depletion samples for wild-type ePsCas9
expressed in cell lysate and the PCSK9 substrate library. The first and second PAM
nucleotide is plotted against the third and forth PAM nucleotide.
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3.9 Comparing ePsCas9 PAM-relaxed Variants with
SpCas9 PAM-relaxed Variants

To further evaluate the efficiency of the four lead ePsCas9 variants (pCN1, pCN12,
pCN15, and pCN27), twelve genomic loci encompassing four distinct PAM sequences
(NAG, NGG, NTG, and NGC) were selected as target sequences. These variants
were compared with three established SpCas9 PAM-relaxed variants (SpRY, SpG,
and xCas9), wild-type SpCas9 and ePsCas9, with untransfected HEK293T cells
serving as negative control [48, 27]. SpRY, which recognizes NRN PAMs (with re-
duced activity on NYN sequences), provides an appropriate benchmark for assessing
ePsCas9 variant efficiency on NAG and NTG PAMs. Furthermore, SpG recognizes
NGN PAMs, and xCas9 NGN, GAA, and GAT PAMs, providing a benchmark for
the ePsCas9 variants, which recognizes NGC PAM sequences. This experiment was
carried out with two biological replicates, each of which contained three technical
replicates. All Cas9 constructs (Fig. 2.4) were delivered as plasmid DNA together
with sgRNA, and amplicon sequencing data were analyzed using the AZ internal
software RIMA4. The total editing efficiency (%) for each Cas9 at the different
target sequences is shown in Figure 3.22.

The results of the total editing efficiency (Fig. 3.22) revealed differences both in
activity between the Cas9 variants and between Cas9 orthologs. At the canoni-
cal NGG-PAM sites, SpCas9 (wild-type and variants) demostrated a higher activity
than ePsCas9 (wild-type and variants). The difference in activity is likely attributed
to distinct spacer preferences between the two Cas9 orthologs, as SpCas9 and eP-
sCas9 have evolved in different bacterial species. Previous studies have documented
that Cas9 orthologs, in addition to their PAM requirement may display variation
in their preference for specific nucleotide sequences within the protospacer sequence
[53].

Notably, at NGG-PAM sites, both SpCas9 PAM-relaxed variants and ePsCas9 PAM-
relaxed variants generally exhibited lower activity compared to their respective wild-
type enzymes. For SpCas9, this reduction in editing activity has previously been
documented for SpRY and SpG, and the similar observation for ePsCas9 indicates
that this phenomenon may extend to ePsCas9 [48]. The structural basis for this
activity reduction at NGG-sites likely involves less optimal interaction with the
PAM sequence and mutated amino acids of the Cas9 variants.

However, at non-canonical PAM sites (NAG, NTG, and NGC), a substantial increase
in editing activity was observed for the Cas9 variants compared to their wild-type
counterparts. At NAG sites, ePsCas9 variants pCN12 and pCN15 achieve mean total
editing efficiencies of 42% and 44%, respectively, performing equally well or better
than SpRY at two of three loci. Notably, the second-generation variants pCN12
and pCN15 also exhibit higher editing efficiency than the first-generation variant
pCN1 at NAG-sites (Fig. 3.22). Notably, this differs from the luciferase reporter
assay results (Fig. 3.6), where pCN1, pCN12, and pCN15 demonstrated comparative
activity on TAG PAM. This contradiction could result from limited statistical power
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during the screening. In addition, differences in chromatin structures at different
genomic loci can also influence editing efficiency [54, 55].

At the NGC-PAM sites, SpG consistently reached the highest total editing efficiency
at all three target sequences with a mean total editing efficiency of approximately
15-40%, followed by SpRY (mean: 5-20%), and pCN27 (mean: 0-10%), while no
other variants exhibit detectable activity. This indicates that although the engi-
neering of pCN27 improved NGC-PAM recognition compared to wild-type ePsCas9,
its activity at NGC sites could be further enhanced. Interestingly, xCas9 did not ex-
hibit detectable editing efficiencies despite its increased recognition for NGN-PAMs.
However, xCas9 has been reported to confer poor tolerance to cytosine at the third
PAM position, which explained the low activity at the NGC-PAM sites[27].

The editing efficiencies were lowest at the FANCF and MECP2 NTG-PAM sites
compared to all other target sites. At FANCF, SpRY demonstrated the highest ac-
tivity with 5% mean total editing efficiency, followed by pCN12 at 2%. The enhanced
PAM-relaxation at the second PAM nucleotide position for pCN12 was indicated in
the PAM assay, which showed higher log2 fold change values for NTG sequences
compared to the other ePsCas9 lead variants. These findings are further supported
by the results in Figure 3.22. However, the EMX1 NTG-PAM site demonstrated
an editing efficiency of approximately 30 % for SpRY, with detectable activities ob-
served across all SpCas9 variants but not for any ePsCas9 variants. The increased
activity at the EMX1 NTG-PAM site compared to the other NTG-PAM sites is
likely attributed to spacer preferences.
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Figure 3.22: Total editing efficiency (%) of SpCas9 variants and ePsCas9 variants on
twelve genomic loci. For each genomic loci, the gene and PAM sequence at that target
sequence is shown. The PAM sequence that each Cas9 variant recognizes is shown in the
parenthesis (right).
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4
Conclusion

In this master’s thesis, a directed evolution system was employed to generate eP-
sCas9 variants with altered PAM recognition capabilities. Multiple approaches for
library generation and selection strategies were systematically explored. Selected
variants were subsequently screened using a luciferase reporter system, which iden-
tified four lead candidates. The PAM preferences of these lead ePsCas9 variants
were characterized through a novel PAM determination assay. Finally, comparative
analysis against established SpCas9 PAM-relaxed variants revealed that pCN12 and
pCN15 exhibit equal or higher activity at two of three target sequences contain-
ing NAG-PAM sequences. Additionally, pCN27 (selected in TGC) demonstrated
enhanced activity on NGC-PAM sequences compared to wild-type ePsCas9.

The novel PAM assay developed in this work provides an additional tool for evalu-
ating the PAM preferences of Cas9 enzymes. This assay was successfully employed
to determine the relaxed PAM preferences (NRG or NDG) for pCN1, pCN12, and
pCN15. Furthermore, the assay was applied to characterize a novel proprietary As-
traZeneca Cas9 enzyme suspected of recognizing a 6-nt long PAM sequence, which
was determined to be NNNGAA.

However, both the PAM assay results and comparative analysis with SpCas9 variants
demonstrate that the evolved ePsCas9 variants retain a more stringent PAM recog-
nition profile than SpCas9 PAM-relaxed variants, thus limiting their targeting range
to fewer genomic sequences. Notably, increased PAM flexibility in Cas9 variants has
been associated with elevated off-target effects in genome editing applications [48,
56]. Consequently, a moderately PAM-relaxed Cas9 variant may exhibit reduced
off-target activity. Given that ePsCas9 is already recognized as a high-fidelity Cas9
enzyme due to its enhanced sequence specificity, these novel variants could repre-
sent a safer alternative for genome editing applications by balancing the expanded
targeting capabilities with maintained precision.

The novel ePsCas9 variants expand the CRISPR-Cas9 genome editing toolbox by
enabling increased targeting capability at sequences harboring NAG or NGC PAM
sequences. Previous studies have demonstrated that SpRY and SpG can be suc-
cessfully fused to deaminases to function as efficient base editors [48]. Given their
comparable activity at NAG-PAM sites, pCN12 and pCN15 show strong potential
as base editor platforms. Prime editing applications should also be explored for
pCN12 and pCN15, wherein ePsCas9 would be fused to a reverse transcriptase with
the Cas9 enzyme mutated into a nickase variant.
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Future research should therefore aim to characterize the off-target effects of these
ePsCas9 variants. Additionally, increased activity was observed for variants (e.g.,
pCN12 and pCN15) in which the non-PAM-interacting coding sequence was muta-
genized. This approach could be applied to enhance the activity of pCN27, which
exhibits NGC recognition but currently demonstrates lower activity than SpG. Fur-
thermore, this mutagenesis strategy could potentially improve the activity of pCN12
at NTG-PAM sequences.
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A
Supplementary Figures

Figure A.1: PAM Log2 Fold Change from cleavage assay for ePsCas9 using purified
protein and a substrate library containing the EMX1a protospacer sequence followed by
a 6 nt degenerative sequence. The first and second PAM nucleotides are plotted on the
y-axis, and the third and fourth PAM nucleotides are plotted on the x-axis.

I



A. Supplementary Figures

(a)

(b)

Figure A.2: The frequency of the first 4 nt downstream of the EMX1a protospacer
sequence in (a) the cleavage experiment using purified ePsCas9 enzyme and (b) the
untreated substrate library. The first and second PAM nucleotides are plotted on
the y-axis, and the third and fourth PAM nucleotides are plotted on the x-axis.
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A. Supplementary Figures

Figure A.3: Principle of cleavage assay with fluorophore-tagged substrate with a deter-
mined PAM sequence of either TGG or CCC. The dsDNA substrate, fluorophore-tagged
at either 5’ end, is incubated with the Cas9 RNP, during which substrates containing a
recognized PAM sequence are cleaved. The cleaved substrate is then denatured and run
on a 15 % UREA gel.

Figure A.4: Fluorescent detection of Cas9-mediated dsDNA cleavage products. Dena-
tured cleavage products of dsDNA substrates labeled with ATTO647 or FAM on opposite
5’ ends were separated on a 15 % UREA gel. Fluorescence imaging was performed indepen-
dently in the ATTO647 and FAM channels to visualize strand-specific cleavage products.
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A. Supplementary Figures

(a)

(b)

(c)

Figure A.5: Read length of the cleavage assay using the EMX1b substrate library
and (a) purified ePsCas9 protein and (b) cell lysate containing ePsCas9 protein. (c)
Read length of the untreated EMX1b substrate library.
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A. Supplementary Figures

(a)

(b)

Figure A.6: The PAM Log2 Fold Change from the cleavage samples for ePsCas9
expressed in cell lysate and (a) The PCSK9 or (b) the EMX1b substrate library.
The first and second PAM nucleotides are plotted on the y-axis, and the third and
fourth PAM nucleotides are plotted on the x-axis.
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A. Supplementary Figures

(a)

(b)

Figure A.7: The PAM Log2 Fold Change from the cleavage samples for SpCasp
expressed in cell lysate and (a) The PCSK9 or (b) the EMX1b substrate library.
The first and second PAM nucleotides are plotted on the y-axis, and the third and
fourth PAM nucleotides are plotted on the x-axis.
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A. Supplementary Figures

(a)

(b)

Figure A.8: The PAM Log2 Fold Change from the depletion samples for (a) purified
SpCas9 protein and (b) purified ePsCas9 protein and the EMX1b substrate library.
The first and second PAM nucleotides are plotted on the y-axis, and the third and
fourth PAM nucleotides are plotted on the x-axis.
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A. Supplementary Figures

(a)

(b)

Figure A.9: The PAM Log2 Fold Change from the depletion samples for (a) SpCas9
expressed in cell lysate and (b) ePsCas9 expressed in cell lysate and the PCSK9
substrate library. The first and second PAM nucleotides are plotted on the y-axis,
and the third and fourth PAM nucleotides are plotted on the x-axis.
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B
Primers and Oligonucleotide

Sequences

In this section the primers, oligonucleotides, and spacer sequences used in this
project are listed. "INDEX-" indicates the annealing sequence of indexing amplifica-
tion performed by the NGS facility at AstraZeneca. "XXXX" indicates the location
of the 4-nucleotide barcode.
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B. Primers and Oligonucleotide Sequences

Table B.1: Primer names and explanations of primers.

Primers Sequences or Explanations

CN9 Forward primer annealing outside the
start of the WED and PI domain

CN10 Reverse primer annealing at the end
of the WED and PI domain

CN9G CN9 with overhangs that contain BsaI recognition sites
CN10G CN10 with overhangs that contain BsaI recognition sites

CN11 Reverse primer annealing outside the
start of the WED and PI domain

CN13 Forward primer annealing outside the
end of the WED and PI domain

CN38 Forward primer annealing at the
start of the ePsCas9 coding sequence

CN39 Reverse primer annealing outside the
start of the WED and PI domain

CN12G CN38 with overhangs that contain BsaI recognition sites
CN11G CN39 with overhangs that contain BsaI recognition sites

CN14G Reverse primer annealing at the start of the
ePsCas9 coding sequence with BsaI recognition sites.

CN30 Forward primer annealing at the start
of the ePsCas9 coding sequence.

CN31 Reverse primer annealing at the
end of the ePsCas9 coding sequence.

CN40 Reverse primer annealing at the start
of the ePsCas9 coding sequence

CN33 Forward primer annealing at the end
of the ePsCas9 coding sequence.

CN35 Forward primer introducing a silent
mutation to remove BsaI recognition site.

CN36 Reverse primer containing a 15-nucleotide
overlap with CN35 and the silent mutation.

CN45 Forward primer for introducing S1223A
CN47 Reverse primer for introducing S1223A
CN46 Forward primer for introducing I1222A and S1223A.
CN48 Reverse primer for introducing I1222A and S1223A.

Table B.2: Primers and sequences used for amplicon sequencing in the luciferase
assay.

Primers Sequences or Explanations
Fwd-reporter INDEX-XXXXGAGGAGCAGGATGATGGCAC
Rev-reporter INDEX-XXXXGTTGAGAAACTATTGCTTCCT

X



B. Primers and Oligonucleotide Sequences

Table B.3: Primers and sequences used in the PAM assay.

Primers or
oligonucleotides Sequences

oCN006-EMX1b-6N

AAAGCCTGGCCAGGGAGTGGCCAGAG
TCCAGCTTGGGCCCACGCAGGGGCCT

GGCCAGCAGCAAGCAGCACTCTGCCCT
CGTGGGTTTGTGGTNNNNNNTTCTTC

TTCTGCTCGGACTCAGCGATGTCC

oCN007-EMX1b-TGG

AAAGCCTGGCCAGGGAGTGGCCAGA
GTCCAGCTTGGGCCCACGCAGGGGC
CTGGCCAGCAGCAAGCAGCACTCTGC

CCTCGTGGGTTTGTGGTGGGCCATTCT
TCTTCTGCTCGGACTCAGCGATGTCC

oCN008-PCSK9-6N

AAAGCCTGGCCAGGGAGTGGCCAGAG
TCCAGCTTGGGCCCACGCAGGGGCCTG
GCCAGCAGCAAGCAGCACTCTGCCCTC
GTGGGTTTGTGGTNNNNNNAGAGCA
TCCCGTGGAACCTGGACGATGTCCA

oCN009-PCSK9-TGG

AAAGCCTGGCCAGGGAGTGGCCAGAG
TCCAGCTTGGGCCCACGCAGGGGCCTG
GCCAGCAGCAAGCAGCACTCTGCCCTC
GTGGGTTTGTGGTGGGCCAAGAGCA
TCCCGTGGAACCTGGACGATGTCCA

oOK001-EMX1a-6N

AAAGCCTGGCCAGGGAGTGGCCA
GAGTCCAGCTTGGGCCCACGCAG

GGGCCTGGCCAGCAGCAAGCAGCACT
CTGCCCTCGTGGGTTTGTGGTNNNNNN

CCCTAGTCATTGGAGGTGACATCGATGTCC
pCN002-EMX1b-biotin /52-Bio/GGACATCGCTGAGTCCGAGCA
pCN003-PCSK9-biotin /52-Bio/TGGACATCGTCCAGGTTCCACG
pCN001-EMX1a-biotin /52-Bio/GGACATCGATGTCACCTCCAATGAC

oZA080 CAATCGGGCTGGACATCGGAACTAACTCACT
oZA081 GTGAGTTAGTTCCGATGTCCAGCCCGATTGC
nZA101 INDEX-XXXXCAATCGGGCTGGACATCGGAAC
nZA111 INDEX-XXXXAAAGCCTGGCCAGGGAGTGG
nCN002 INDEX-XXXXGGACATCGCTGAGTCCGAGCA
nCN003 INDEX-XXXXTGGACATCGTCCAGGTTCCACG

oCN002-sense
CCC-PAM

/56-FAMN/AGTCGATGTCACCTCCAATG
ACTAGGGCCCCCCAC

oCN003-antisense
CCC-PAM

/5ATTO647/GTGGGGGGCCCTAGTCATT
GGAGGTGACATCGACT

oCN004-sense
TGG-PAM

/56-FAMN/AGTCGATGTCACCTCCAATG
ACTAGGGTGGCCCAC

oCN005-antisense
TGG-PAM

/5ATTO647/GTGGGCCACCCTAGTCA
TTGGAGGTGACATCGACT
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B. Primers and Oligonucleotide Sequences

Table B.4: Primers and sequences used in the benchmarking experiment.

Gene and
PAM

Forward
primer

Reverse
primer

MECP2-NTG
INDEX-XXXX

GCCTCTTGGTTG
TAATATGCAGGCG

INDEX-XXXX
CATCAGAGAGCATT
GATCACAGATCACC

EMX1-NTG
INDEX-XXXX

CCTGGGACCAC
TTGGCCTTCTC

INDEX-XXXX
AGCTGGATGCCC

GTGTCATTAAGAG

FANCF-NTG
INDEX-XXXX

GGGACTCAGTTC
CAACCCAAATGC

INDEX-XXXX
GGCATCCACAAA
TCACCTGGAGAG

EMX1-NAG
INDEX-XXXX

GGCACCACTGTAG
TTTAGTGATCCC

INDEX-XXXX
ACCCTTGACCC
CCTCCACCAG

FANCF-NAG
INDEX-XXXX

CTCTCCAGGTGA
TTTGTGGATGCC

INDEX-XXXX
GGAGGACTCTC

TGATGAAGACCCA

DYRK1A-NAG
INDEX-XXXX

CAAATAATGAGGG
TTACAGTTGCCCTC

INDEX-XXXX
AACATCACTGAGT
ATACACTGCACGC

SHANK3-NGC
INDEX-XXXX

CGCCGACCCT
TCCAGCAGAA

INDEX-XXXX
GTGACGCCC

AGCTCCACGA

FANCF-NGC
INDEX-XXXX

CCACCTCCTG
CAGACGCTCC

INDEX-XXXX
GGTGCAGCAA
CTCTTTCCCGG

UBE3A-NGC
INDEX-XXXX

GGGATAAGTGGTT
TTCGACAATCCAGG

INDEX-XXXX
GGGAAGTGGACAC
AAATCACAATGAAG

EMX1-NGG
INDEX-XXXX

CAGAACCGGAGGA
CAAAGTACAAACG

INDEX-XXXX
GCAGCAAGCA
GCACTCTGCC

DYRK1A-NGG
INDEX-XXXX

CCCATTGCAACT
TCCAGTCCTGC

INDEX-XXXX
CGCTAGACGGTA
GAGCCTACTGC

UBE3A-NGG
INDEX-XXXX

GGGAAATCCAGT
GAGAAGACAGCAG

INDEX-XXXX
CTGCCCCTCTTT

CACTAGCTTCATGG
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B. Primers and Oligonucleotide Sequences

Table B.5: sgRNA spacer sequences used in the benchmarking experiment for
SpCas9 and ePsCas9.

sgRNA spacer Sequences
MECP2-NTG-SpCas9 GATACTGAGTTTTTAACAAA
EMX1-NTG-SpCas9 GGGATCACTAAACTACAGTG
FANCF-NTG-SpCas9 GTGCAAACGTTGACCCCAGT
EMX1-NAG-SpCas9 GGATGCCCGTGTCATTAAGA
FANCF-NAG-SpCas9 GCAGGAGGTGGGGAAGGCCG

DYRK1A-NAG-SpCas9 GGTTTGCAGCCTAAGAGCAG
SHANK3-NGC-SpCas9 GGACCATGAGATAGAAGGCG
FANCF-NGC-SpCas9 GAGACACTCCAAGAGAGCCT
UBE3A-NGC-SpCas9 GCCCATCCCTGAGTCCAGCG
EMX1-NGG-SpCas9 GAGTCCGAGCAGAAGAAGAA

DYRK1A-NGG-SpCas9 GTTGCCCTCATTATTCAGCA
UBE3A-NGG-SpCas9 GTACAGTTAGTACTCAGCAG
MECP2-NTG-ePsCas9 CAGATACTGAGTTTTTAACAAA
EMX1-NTG-ePsCas9 TGGGGATCACTAAACTACAGTG
FANCF-NTG-ePsCas9 TAGTGCAAACGTTGACCCCAGT
EMX1-NAG-ePsCas9 CTGGATGCCCGTGTCATTAAGA
FANCF-NAG-ePsCas9 CTGCAGGAGGTGGGGAAGGCCG

DYRK1A-NAG-ePsCas9 CAGGTTTGCAGCCTAAGAGCAG
SHANK3-NGC-ePsCas9 GAGGACCATGAGATAGAAGGCG
FANCF-NGC-ePsCas9 AGGAGACACTCCAAGAGAGCCT
UBE3A-NGC-ePsCas9 GAGCCCATCCCTGAGTCCAGCG
EMX1-NGG-ePsCas9 CTGAGTCCGAGCAGAAGAAGAA

DYRK1A-NGG-ePsCas9 CAGTTGCCCTCATTATTCAGCA
UBE3A-NGG-ePsCas9 GTGTACAGTTAGTACTCAGCAG
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C
Experimental protocols

C.1 Electroporation protocol
Prior to electroporation pre-warm SOC and agar plates at 37oC and place electro-
poration cuvettes (1mm) and labelled microcetrifuge tubes on ice.

1. Thaw 50 µL electrocompetent BW25141 (DE3) E. coli containing desired se-
lection plasmids.

2. Add 1 µL of plasmid DNA/plasmid library and transfer the cell/DNA to a
labelled microcentrifuge tube.

3. Electroporate the cuvette at 2.0 kV. Time constant should be 4-5 ms.
4. Immediately add 950 µL of SOC medium and transfer to labelled microcen-

trifuge tube.
5. Shake vigooursly (250 rpm) at 37oC for 1 hour.
6. Streak the 1 mL transformation on agar plates containing arabinose and chlo-

ramphenicol.
7. Incubate plates overnight at 37oC.

C.2 Preparation of lysis buffer (1X)
The following reagents were used to prepare 10 mL of lysis buffer.

Table C.1: Reagents and volumes for preparing 10 mL of lysis buffer 1X.

Lysis buffer (1X) Volume
Hepes pH 7.5 200 µL
KCl 1000 µL
MgCl2 50 µL
Glycerol 500 µL
SIGMAFAST Protease Inhibitor Cocktail tablet 1 tablet
DTT 10 µL
Triton X-100 10 µL
Nuclease-free water up to 10 mL
Total 10 mL
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C. Experimental protocols

C.3 Preparation of agar plates
Dissolve 37 g/L LB Agar (Thermfisher scientific, cat. #22700025) in Mille-Q water
and autoclave the contents. Add chloramphenicol (Sigma-Aldrich, cat. #c0378),
carbinicillin (Sigma-Aldrich, cat. #C3416) or L-arabinose (Sigma-Aldrich, cat.
#A3256-25G) to a final concentration of 25 µg/mL, 100 µg/mL, and 100 mg/mL,
respectively. Then mix and pour into the desired plate. Store prepared agar plates
at -20oC.

C.4 Preparation of TB medium
Reagents in table C.2 were added together and autoclaved to produce 1 L of TB
medium. The TB medium can be stored at 4oC.

Table C.2: Terrific Broth (TB) medium composition.

Component Amount or volume
Tryptone 12 g
Yeast extract 24 g
Glycerol 4 mL
KH2PO4 2.3 g
K2HPO4 12.54 g
Milli-Q H2O up to 1 L
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