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Summary

The RNA-guided CRISPR/Cas9 nuclease is a revolutionary gene-editing tool which dramatically
increased the extent to which genetic editing is possible, bringing unprecedented levels of
precision and cost efficiency. CRISPR/Cas9 allows for gene editing and expression control and
has applications in plant and animal biotechnology, climate and in advancing innovative medical
therapies. To address the limitations related to Cas9 specificity and to improve the precision in
gene editing, many techniques rely on developing large numbers of Cas9 or guide RNA (gRNA)
mutant variants in vitro and testing their capabilities. However, probing a large number of
variants can often be challenging due to limited throughput, low precision, cost or other
underlying factors. Here, we identify the main high-throughput (HT) in vitro DNA-Cas9 binding
assays and thoroughly evaluate and compare their capabilities, advantages and limitations.
Generally, HITS-FLIP and versions derived from it were found to be versatile and more
accessible methods that can perform high-throughput assays without overlooking precision, but
we suggest each method to be taken under account depending on the experimental setup, as
there is no fit-for-all solution.
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Introduction
Recent advancements in genetic engineering have paved the way for a new era in studying and
editing genomes and biological systems as we know them today. Among the multitude of new
tools in the “toolbox” of genetic engineering, CRISPR (clustered regularly interspaced short
palindromic repeats) and Cas9 (CRISPR-associated protein 9) have dramatically increased the
extent to which genetic editing is possible, bringing this area to unprecedented levels of
precision and cost efficiency.

The fields in which CRISPR can be applied vary greatly: from agriculture and plant biology, all
the way to investigating gene function or gene-editing approaches in conditions such as cancer,
cardiovascular and neurodegenerative diseases (Serajian et al, 2021; Zhu et al, 2020; Luthra et
al, 2021; Li et al 2021; Chen et al, 2019; Platt et al, 2014). These reasons, alongside its great
potential for implementation in other industries, are perhaps why it is estimated that the size of
the global CRISPR market is projected to exceed 30 billion U.S. dollars by 2033 (Mikulic, 2024).

Cas9 is an RNA-guided Endonuclease Able to Cut Double-Stranded DNA
Many different types of CRISPR/Cas systems have varying functionalities in manipulating
genetic information. However, this paper focuses on CRISPR/Cas9, as it is the most widely
used CRISPR system.

CRISPR-Cas9, also called “genetic scissors”, is an RNA-guided endonuclease that can correct
genetic variants by cutting double-stranded DNA. This feature allows for gene editing and gene
expression control (Asmamaw et al, 2021; Anders et al, 2014). The system contains the Cas9
protein which requires a single guide RNA (sgRNA) or guide RNA (gRNA), which consists of two
parts: the CRISPR RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA). The crRNA is
usually 18-20 base pairs long and identifies and pairs with the target DNA sequence, whereas
tracrRNA is an extended sequence with loops that acts as a binding scaffold for the Cas9
nuclease. (Nishimasu et al, 2014; Asmamaw et al, 2021; Anders et al, 2014).

The Cas9 protein consists of several domains with two main functionalities: recognition of target
DNA (REC lobe) and cleavage (NUC lobe) (Figure 1). Firstly, the REC1 and REC2 (REC lobe)
domains are responsible for attaching the gRNA which will recognize and bind the target DNA
sequence. Secondly, the HNH and RuvC (NUC lobe) domains are used to cut each DNA strand,
whilst the PAM interacting (PI) domain (NUC lobe) is responsible for PAM recognition, which is
discussed later in this paper (Shao et al, 2016; Asmamaw et al, 2021; Nishimasu et al, 2014).

4



CRISPR Cas9 Recognizes and Cleaves Target DNA
The CRISPR/Cas9 genome editing mechanism can be divided into three fundamental steps:
recognition, cleavage, and repair (Shao et al, 2016). As confirmed by Yang et al (2018) via
FRET, the endonuclease spontaneously undergoes three major conformational changes upon
transitioning between each of the aforementioned steps.

Figure 1 CRISPR/Cas9 target recognition and cleavage mechanism Image from Jiang & Doudna (2017)
Step-wise activation of Cas9 by binding gRNA (or sgRNA) scaffold is followed by PAM sequence recognition by PI
domain (yellow). Successful recognition of Cas9 variant-dependent PAM sequence (red) initiates interrogation of
upstream DNA sequence (green) for gRNA (purple) complementarity. The emergence of a stable DNA-gRNA hybrid
triggers a double-strand break 3 nucleotides upstream of PAM. DNA cleavage is performed by HNH (green; round)
and RuvC (blue; round) domains.

As a first step, the PI domain recognizes the PAM sequence within the DNA via a weak
interaction with the major groove. PAM recognition is not required for Cas9-DNA binding, yet it is
a pivotal step for the later activation of the endonuclease activity (Zhang et al, 2017; Anders et
al, 2014) (Figure 1). The PAM sequence is a short, conserved DNA sequence (ranging from 2 to
5 base pairs) downstream of the cut site, with its length and PAM sequence nucleotides varying
depending on the bacterial species (Ceasar et al, 2016). The most commonly used Cas9 variant
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is the one obtained from Streptococcus pyogenes (spCas9) and can recognize the PAM
sequence as 5'-NGG-3' (where N can be any nucleotide).

Secondly, if the Cas9 identifies a target site with the appropriate PAM, it triggers local DNA
unwinding followed by the formation of a gRNA-DNA heteroduplex (R-loop) (Asmamaw et al,
2021; Nishimasu et al, 2014, Anders et al, 2014). Moreover, Cas9 investigates gRNA-target
DNA complementary via base pairing to the DNA target sequence (Figure 1) upstream of PAM
in the gene of interest (Shao et al, 2016). In the absence of the gRNA, the Cas9 protein remains
in its inactive form and will not bind DNA neither via PI nor by DNA-gRNA binding (Ceasar et al,
2016; Asmamaw et al, 2021).

Lastly, a stable gRNA-DNA heteroduplex (R-loop) initiates Cas9 nuclease activity (O’Geen et al,
2014; Zhang et al, 2017; Yang et al, 2018) and cleavage (Figure 1). Interactions of the stable
R-loop with the Cas9 cause the endonuclease to alter its conformation from the open state to an
intermediate state. The HNH and RuvC domains will migrate closer to the DNA and induce
double-stranded breaks (DSBs) at a site canonically located 3 base pairs upstream of the
protospacer adjacent motif. A catalytically dead (dCas9) version with mutations in HNH and
RuvC presumes the loss of endonuclease function and the capacity to cut the two DNA strands
(Ceasar et al, 2016; Gasiunas et al, 2012; Cai et al, 2023; Yang et al, 2018).

Overcoming Limitations of CRISPR/Cas9
The powerful Cas9 editing tool has been extensively used in plant and animal biotechnology, as
well as in advancing novel medical therapies. More precisely, the applications of this system
have extended to areas such as gene expression regulation, chromatin and epigenetic editing,
imaging and genome mapping (Adli, 2018; Yu et al, 2019; Li et al, 2023; Zhu et al, 2020; Luthra
et al, 2021; Li et al 2021; Chen et al, 2019; Platt et al, 2014).

Nevertheless, the system is not without limitations. For instance, WT Cas9 is unable to edit
areas of the genome that are PAM-free or that contain PAM sequences located farther than 5-20
nucleotides away from the target (Zhao et al, 2017). Moreover, another drawback is the
erroneous off-target activity assignable to gRNA-target DNA mismatches. While in some cases
the protein activity can severely decrease (by up to 96% in 2-base pairs mismatches) (Anderson
et al, 2015), it can also cause off-target binding or cleavage via non-canonical base pairing,
base skipping, or distortions in either the DNA backbone or the protein REC lobe (Fu et al,
2013; Pacesa et al, 2022).

These limitations are major setbacks for Cas9 utilization, such as in vivo therapies (Atkins et al,
2021; Höijer et al, 2022, Lopes & Prasad, 2024) where off-target activity can lead to toxicity and
can even cause transmissible structural variants in offspring (Höijer et al, 2022).

Thus, it is imperative to investigate the Cas9/gRNA-DNA binding affinity in vitro to gain more
mechanistic insight. This would mean studying how gRNA affects binding and function,
investigating the change in conformations and developing Cas9 mutants with improved activity
or tailored for each application. Other reasons for preferring in vitro probing are the cleaner
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high-resolution measurement due to less confounding factors (i.e.transcription factors or DNA
binding molecules), no cell fitness effects, control over Cas9 variant, spacer and Cas9 inhibitors,
and unveiling rare binding sites by increasing enzyme concentration (Orenstein & Shamir, 2017;
Tsai et al, 2017). Many strategies identified in the literature rely on screening custom/mutant
Cas9 and selecting the most preferred variants.

However, Cas9/gRNA-DNA binding screening techniques often improve screening precision or
throughput at the expense of the other because to obtain a larger number of sample data, the
methodologies often exhibit lower complexity of the aspect being measured or decreased
number of data points for a single molecule. This leaves a gap in contemporary research
regarding critical evaluation of in vitro Cas9/gRNA-DNA binding screening that can offer both
precise and high-throughput data.

This thesis aims to answer the following research questions: What are the main in vitro
protein-DNA binding techniques that can be utilized in High-Throughput Cas9/gRNA-DNA
binding assays? What are the factors contributing to their underlying differences? Where
possible, to what extent is the precision of Cas9 screening exchanged for higher data
throughput?

Main
Several in vitro techniques have been developed to study Cas9/gRNA-DNA binding, with some
of them offering more insight into DNA-protein binding force, equilibrium association constant
(Ka), equilibrium dissociation constant (Kd), or other relevant parameters. All of the techniques
evaluated in this thesis are merely Cas9/gRNA-DNA techniques measuring different binding
parameters and can all be utilized to study the effect of gRNA, target DNA or Cas9 variants on
binding.

Moreover, whilst some techniques study the Cas9 activity including DNA cleavage, this paper
will focus on DNA binding. For a detailed view on the advantages and disadvantages of each
technique, consult the Discussion section (Table 1).

Cas9/gRNA-DNA Binding Affinity Assays
EMSA
EMSA-based assays deploy a more classical approach, by incubating catalytically deactivated
Cas9-gRNA (dCas9) to a randomly generated library of target-DNA sequences, followed by
observing the migration of the bound versus unbound target DNA fragments in an
electrophoresis gel (Figure 2). The ribonucleoprotein complexes (RNP) comprising of Cas9
bound to a gRNA are then isolated from the gel and the DNA, gRNA and Cas9 variant can be
separated and analyzed (Anders et al, 2014). To test the effect of gRNA on binding affinity,
EMSA can be performed using the same Cas9 variant and target DNA with a library of different
gRNA molecules.
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Figure 2 EMSA overview Illustration created using Biorender.com
Target DNA sequences (either identical or randomized) are incubated with Cas9 with various gRNAs. The mixture is
purified and a mobility shift assay is performed via gel electrophoresis. (A) DNA does not bind the Cas9-gRNA
combination (RNP) tested for; (B) DNA binds with low affinity the RNP combination it is tested for; (C) DNA binds with
high affinity (or lower Kd) the RNP combination it is tested for.

Improved versions can assess strand-by-strand Cas9/gRNA-DNA Kd (Richardson et al, 2016) or
can be coupled with high-throughput (HT) sequencing to i) train in silico biophysical models that
predict the position-specific energy contribution of each nucleotide to binding (e.g. SELEX-seq
and SelexGLM; Zhang et al, 2017) or ii) characterize consensus motif sequence (MEM and Perl
scripts in Bind-n-Seq; Zykovich et al, 2009). Although widely used for transcription factors so far,
the HT-Selex variant of this technique functions by multiplexed sequencing of all nucleotide
sequences that bind to the protein of interest (i.e. dCas9). During the enrichment steps (removal
of low-affinity sequences and amplification of the remaining fragments), the multiplexed
sequencing is repeated several times, offering a relatively wide view of all sequences that can
be bound by one protein.

The outcomes of EMSA-derived techniques (see Discussion) can be used to identify which
DNA-RNP combinations bind with higher affinities by assuming that the most abundant RNP
combinations have the highest binding stability and binding force.
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ChIP-seq
Chromatin Immunoprecipitation followed by high-throughput sequencing is one of the most used
methods to assess dCas9/gRNA-DNA binding preference on either fractions or whole genomes
(Duan et al, 2014; O’Geen et al, 2014). This method is derived from the study of transcription
factors and relies on immobilizing and mapping the dCas9 after it is bound to its DNA target,
usually followed by tagging the dCas9 with an antibody. Needless to say, the technique offers a
quantitative assessment on which RNP-DNA combination yields the highest amount of bound
complex. Furthermore, some techniques deploy Cas9 target sequence identification via NGS
(Lopes & Prasad, 2024; Savic et al, 2015; Duan et al, 2014; O’Geen et al, 2014).

Although techniques including cleavage analysis on top of the Cas9/gRNA-DNA binding assay
(Extru-seq Kwon et al, 2023; Digenome-seq Kim et al, 2015; DIG-seq Kim et al, 2018;
nDigenome-seq Kim et al, 2020; SITE-seq Cameron et al, 2017; CIRCLE-seq Tsai et al, 2017;
CHANGE-seq Lazzarotto et al, 2020; Lopes & Prasad, 2024) are not the subject of this paper,
Extru-seq, CHANGE-seq, and DIG-seq benefit from higher clinical validation rates in using
chromatin. Out of the aforementioned, Extru-seq mimics cell-based strategies with outmost
fidelity by incubating the Cas9 RNP with live cells, followed by rapid RNP-DNA isolation via
extrusion of the mix through a filtering membrane, ensuring measurements in cell-like chromatin
and epigenetic landscape (Kwon et al, 2023).

HITS-FLIP
The technique described by Boyle et al (2017) allows for very high-throughput quantitative
measurement of dCas9 association and dissociation by fluorescence tracking. The system
functions by immobilizing a large pool of mutated versions of a well-characterized 20 bp DNA
sequence and visualizing in real-time the binding and unbinding of fluorescently-labeled
dCas9-gRNA complexes to the fluorescently-labeled DNA targets. Ka and Kd are calculated
from the observed on-rate and off-rate of the fluorescently labeled dCas9 RNP to the DNA
sequences (Figure 3A). During association (incubation of RNP and DNA pool for 12h) and
dissociation (washing the flow cell with dCas9-free buffer), images were collected to track the on
and off rates (Figure 3B). The sequences are flanked by adapters, allowing for mass parallel
sequencing, sequence spacial mapping and biochemical profiling of the DNA pool using a GAIIx
instrument (Figure 3C).

Another method designed by Nutiu et al (2011) functions on a similar principle but uses a
step-wise concentration gradient. After creating randomized k-mers, sequencing, and spatial
mapping of sequences within the pool, the fluorescently tagged Cas9 or dCas9 is introduced in
well with DNA at different concentrations (Figure 3D). This allows measuring Ka and Kd and
differentiation of high versus low-affinity binding motifs (following the hypothesis that
low-concentration Cas9 RNP will bind high-affinity motifs first). The assay is relatively easy to
use, as it does not consist of many intermediate steps.

Another similar, albeit fluorescence-free, version of this method deploys filtering of the
dCas9-bound DNA using a nitrocellulose filter (Boyle et al, 2020). After RNP-DNA incubation
and mix filtration, the unbound DNA will pass through the filter and will be collected for
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sequencing and quantification (Figure 3E). The DNA sequences are collected at different time
points and barcoded with different timepoint primers, allowing for quantitative results of the
highest binding preferences among all RNP combinations to all DNA sequences using the
sequencer. This allows for measuring fraction bound (ffinal) and the observed rate constant
(kobs). Boyle et al (2020) also include the flanking DNA sequences in data analysis, studying not
only the impact of gRNA and target DNA on binding but also the relevance of the genomic
context. The sequences surrounding the 5’ and 3’ ends of the target DNA and PAM sequence,
respectively, are divided into 3-mers and their nucleic acid composition is correlated with the
observed impact they have on the Cas9 association rate for the same gRNA (Figure 3F).

Figure 3 Biochemical profiling strategies Images from Boyle et al (2017) (A&B), Buenrostro et al (2014) (C), Nutiu
et al (2011) (D), (Boyle et al, 2020) (E&F)

(A) Experimental design of the HT biochemical profiling procedure. The Cy3 label (orange dye; green in the
figure) is added to the gRNA before being loaded into the dCas9 for RNP formation. The Cas9 will associate
and then dissociate from the Alexa Fluor 647-labeled DNA (red).

(B) Tracking association and dissociation of dCas9 RNP (green) from the DNA pool (red) in the HT flow cell.
Images were taken at time intervals during the 12h incubation of the DNA with the dCas9 RNP
(“Association”), followed by washing of the flow cell with dCas9-free buffer (“Dissociation”). Images taken at
532-nm excitation; 16x magnification.

(C) Example of GAIIx instrument principle of usage and capability to track single nucleotide polymorphisms
(SNP). The example in the figure shows the binding profiling of fluorescently tagged MS2 coat protein SNP
variants (red, yellow, blue, and green circles). MS2 is bound at increasing concentrations to the RNA,
followed by a washing step to determine dissociation constants (Buenrostro et al, 2014).
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(D) Nutiu et al (2011) HITS-FLIP overview. After random k-mers sequencing, (optional washing step) the dsDNA
are rebuilt and the fluorescently-tagged protein is added in different concentrations to the flow cell, allowing
measurement of high vs low-affinity binding motifs.

(E) The key principle in HITS-FLIP by Boyle et al (2020): unbound DNA undergoes vacuum-filtration through the
nitrocellulose filter whilst RNP-bound DNA is trapped. The free DNA is collected at various time intervals and
a fraction of it is sequenced

(F) HITS-FLIP Boyle et al (2020): The region flanking the target DNA is divided into 3-mers and their nucleic
acid composition is correlated with the measured Cas9-DNA association rates for the same gRNA.

DNA Beacon (FRET)
DNA Beacon strategies usually entail the activation of a fluorescent signal upon DNA-Cas9
binding. As seen in Figure 4, the steps of this method comprise of i) gRNA-bound Cas9 (or
dCas9) binds to the target DNA and initiates R-loop formation; ii) denaturing separates the
dsDNA strands that are labeled with a Fluorophore and a Quencher, respectively. The Beacons
fluorescence intensity baseline is low because of the proximity between the fluorescence tag
and the quencher. iii) when Cas9 binding is complete the recorded fluorescence intensity
reaches maximal values (due to separation from quencher) (Figure 4). Target DNA sequences
are short, consisting of the protospacer, PAM region, and a short flanking region downstream of
the PAM region (≈15 bp) (Mekler et al, 2020; Mekler et al, 2019; Mekler et al, 2017).

Moreover, the DNA Beacons follow one of the models illustrated in Figure 4: Beacon 1 contains
a disrupted non-complementary strand which will dissociate upon Cas9 binding to the
complementary strand, whilst the 2nd Beacon model consists of continuous oligonucleotide
sequence on the non-complementary strand which will only bend upon Cas9 association
(Mekler et al, 2019; Mekler et al, 2017). Despite the discrepancies, the binding kinetics do not
differ significantly between these two models (Mekler et al, 2016).

DNA Beacon strategy is used to investigate the binding affinity and Kd of distinct
Cas9/gRNA-DNA during the binding of different DNA samples, namely fully double-stranded,
partially single-stranded, or “bubbled model substrates” (Mekler et al, 2016).
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Figure 4 Cas9-DNA binding signaling via DNA Beacon assay Image from Mekler et al (2019)
Strands of DNA Beacon (target DNA) are labeled with a fluorophore (F) and a quencher (Q), respectively. Upon Cas9
association and R-loop formation, F and Q will separate and the registered fluorescence will increase, compared to
the baseline level which is low due to Q and F proximity. The non-complementary strand can be continuous or
discontinuous which will cause the bending or complete dissociation of the non-complementary strand upon Cas9
binding.

Additional Binding Assays
Other promising techniques were evaluated for this study, although not included due to various
limitations. However, out of the binding assays that can be deemed promiscuous, this thesis
mentions below some biomechanical assays that quantify the binding force between the DNA
and gRNA-Cas. These can be used to measure the force required to unbind different gRNA
from the target DNA, offering a biophysical approach to assessing the RNP-DNA binding affinity.

Optical Tweezers

A variant of a single-molecule high-resolution assay of gRNA-dCas9 binding to DNA is the
Optical Tweezer technique. Briefly, this allows manipulation of biomolecules with high precision,
whilst measuring the force needed for separation of interacting molecules and their length
variation as a function of the force applied. In this context, a high-power laser beam can be used
to trap a bead connected to the target DNA sequence, while the binding dCas-gRNA complex is
immobilized to a surface or by another beam. The laser is then uni-directionally moved to stretch
the complex until the gRNA-dCas9-DNA breaks. This technique can be coupled with
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single-molecule FRET (smFRET) for higher result validation or measurement of local stretching
within the complex (Choudhary et al, 2019) or with imaging techniques for localizing bound
proteins with sub-base-pair precision (Choudhary et al, 2019; Killian et al, 2018). Multiple laser
traps can be used for a multiplexed assay (Noom et al, 2007). Despite being able to measure
displacements up to Ångstrom spatial resolution and microsecond temporal resolution, and the
force required to unbind dCas9/gRNA from target DNA at the piconewton level (Capitanio &
Pavone; 2013), the assay does not offer a high-throughput variant that can measure more than
just several gRNA-Cas9-DNA complexes at once.

Magnetic Tweezers

Magnetic Tweezers deploy a strategy similar to that of Optical Tweezers, the only difference
being that the method of applying strain force to the gRNA-Cas9-DNA complex is via the
DNA-bound bead which is metallic and attracted to a low-intensity magnet instead of being
trapped in a laser beam. Despite being relatively low throughput compared to the biochemical
assays in Table 1, variants still manage to obtain several hundred reads per experiment run
(Feiz et al, 2024; Liang et al, 2021; De Vlaminck et al, 2011; Berghuis et al, 2016). Similar to
Optical Tweezers, this category of single-molecule assays can measure high-resolution
biomechanical aspects of DNA-protein binding, such as force required to unbind dCas9/gRNA
from target DNA at the piconewton level, dissociation time, protein folding, protein displacement
up to nanometer spatial resolution upon straining and submillisecond temporal resolution in
displacement tracking.

Atomic Force Microscopy

Protein-DNA Atomic Force Microscopy (AFM) studies interactions by topographical imaging of
target DNA with a low throughput. AFM uses a cantilever to scan with high-resolution the
surface of biomolecules and can detect the dCas9-gRNA complexes bound to DNA. Using AFM
to analyze a single protein-DNA binding reaction can reveal the specificity and affinity of protein
binding, protein-induced DNA bending, stoichiometry of protein binding, changes in DNA
structure and can form 3D images of the protein-DNA complex (Balderston et al, 2021; Mohan
Bangalore & Tessmer, 2018; Josephs et al, 2015).

Surface Plasmon Resonance & Biolayer Interferometry

Surface Plasmon Resonance (SPR) is a highly-sensitive method to monitor real-time molecule
binding. SPR measures the change in the refractive index at a Au/glass protein-coated surface
that occurs upon substrate binding. In the context of this thesis, the dCas9 with different gRNAs
can be immobilized on the surface and the target DNA could be flowed over the surface, as
performed similarly in other protein-substrate experiments. SPR allows for measurement of
association and dissociation rate, modeling of interaction kinetics and equilibrium binding
analysis (Stahelin, 2013; Blay et al, 2020). In a CRISPR-Cas9 detection tool used by Zheng et
al (2022), gRNA efficiency was measured with high precision using target DNA concentration as
low as 1.3 fM and offered more sensitive binding affinity quantification than qPCR.

Immobilization can occur on microarrays in order to ensure higher throughput, but the technique
is still not available in HT options comparable to the techniques in Table 1. Moreover, SPR also
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entails other major disadvantages. For instance, SPR cannot discriminate between specific and
non-specific binding, orientation of binding protein or DNA substrate, is very sensitive to any
condition affecting the refractive index (including small movement, dCas9/gRNA complex
unfolding), is highly sensitive to temperature and requires precise gear and methodology for
calibration (Blay et al, 2020; Stahelin, 2013).

Another method similar to SPR is Biolayer Interferometry (BLI). This technique measures the
phase change alteration between the layer of immobilized protein and target-DNA-bound
immobilized protein. This technique is easier to use but less sensitive than SPR, also offers a
medium-throughput assay of binding affinity, but is more suitable for small molecules
(Overackeret al, 2021; Blay et al, 2020). However, medium-throughout CRISPR experiments
suggest that BLI can be also be used in dCas9 assays to investigate PAM identification and
crRNA efficiency (Müller-Esparza et al, 2020).

Other Binding Assays

Other techniques were not included in this evaluation due to either lack of extensive peer-review
- DNA–Protein Binding Force Chip (BiFo-Chip; Severin & Gaub, 2012; Severin et al, 2011),
parallelization of HT binding force screening (HT, but measures the rupture of the weakest
binding DNA-RNP and compares it to other DNA complexes with a well-defined rupture values
of other DNA duplexes; it does not measure binding preference and offers low-precision binding
force quantification; Limmer et al, 2014) or rely on DNA distortion (Henneman et al, 2018).

Discussion & Comparison
Albeit their ability to study the gRNA-Cas9-DNA binding affinity, the assays presented in this
paper are characterized by a great degree of diversity in terms of design, measurement,
strengths and limitations (see Table 1 for comparative evaluation and the section below for
additional features; all comparative evaluations for each technique are based on the
information, results and limitations presented in the corresponding articles).

Evaluation of Cas9-DNA Binding Screening Assays

HT Cas9
binding
screening
method (in

vitro)

Description Measurement Advantages Disadvantages

EMSA Gel migration comparison Cas9-DNA bound vs
unbound DNA

Cas9/gRNA-DNA binding
sites

EMSA: cost-effective,
accessible

Can be used to study small
molecule interference on
gRNA-DNA bond

Preserves DNA-RNP complex
structure

Usually not very high
throughput

No data on Cas9 preference
to bind high-affinity
sequences compared to the
pool of all viable sequences
for binding
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(applicable to the following
EMSA)

Allows analysis of multiple
gRNA simultaneously

(applicable to the following
EMSA)

No epigenetic validation

(applicable to the following
EMSA)

Variants include a sequencing step of bound
nucleic acids

Can measure
strand-by-strandCas9/gRN
A-DNA Kd (Richardson et
al, 2016)

SELEX-seq; Bind-n-Seq -
sequencing of bound
nucleic acids

Measures position-specific
energy contribution of each
nucleotide in gRNA to DNA
binding

HT-Selex counts
sequences that can bind 1
protein being studied (i.e.
Cas9)

HT Selex: high-throughput
data

Allows analysis of multiple
gRNA simultaneously

Mass sequencing can be
expensive

HT-Selex design does not
allow for all possible
sequences to go through the
enrichment step because
only a fraction is selected for
enrichment whilst the rest is
sequenced => lower data
precision for some target
sequences

ChIP Immobilize the Cas9 after binding target DNA,
followed by tagging the Cas9 with an antibody

Binding protein locus Higher data validation:
chromatin usage instead of
purified DNA

Allows analysis of multiple
gRNA simultaneously

Limited by the availability of
suitable ChIP-seq grade
antibodies: solved by
CETCh-seq

Cannot distinguish between
direct and indirect DNA
binding

Labor-intensive
Low data validation in
high-throughput variants

Numerous variants include a sequencing step
(NGS) (CETCh-seq; Lopes & Prasad, 2024; Savic
et al, 2015; Duan et al, 2014; O’Geen et al, 2014)

Sequence bound to gRNA
(quantitative and
qualitative)

Can be HT Usually low precision
Usually throughput is lower
than in other techniques

Variants include cleavage assays (Extru-seq,
Digenome-seq, DIG-seq, nDigenome-seq,
SITE-seq, CIRCLE-seq, CHANGE-seq, Extru-seq,
DIG-seq,, SITE-seq, CIRCLE-seq, CHANGE-seq)

Extru-seq: binding+digestion assays; similar to
ChiP

Sequence bound to
gRNA-DNA & cleavage
activity

Extru-seq:Highest clinical
validation. Cells are incubated
with active Cas9 and chromatin
is extruded and incubated with
Cas9 RNP

Extru-seq:includes DNA
cleaving step by Cas9

HITS-FLIP HITS-FLIP Boyle et al (2017) - visual tracking of
association and dissociation of tagged dCas9 to
tagged DNA gRNA pool

gRNA-DNA Ka & Kd;
off-target vs on-target
on-rate

binding seq via NGS

High-Throughput ( ≈150000 )
and precise

Visual tracking of binding and
unbinding of as little as 1
single-nucleotide polymorphism
gRNA mutant to dCas9

Fluorescent tags have a risk
of photobleaching due to
length of experiments

HITS-FLIP Nutiu et al (2011) - sequencing of
random k-mer pool followed by fluorescent-based

Cas9/gRNA-DNA Ka & Kd;
tracking of binding to

Very High-Throughput ( ≈100
mil measurement//run)

Moderate precision due to:
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binding measurement by increasing DNA-binding
protein concentration

random k-mers
Could measure multiple gRNAs
simultaneously (to the same
dsDNA)

Allows for experiment re-run
without re-sequencing or
resynthesizing dsDNA pool

Lower cost per protein for
multiplexed sequential assay
(up to 8 proteins)

No intermediate steps (reduces
bias)

Fluorescence is subject to
photobleaching, presumably
by 35% median between
measurements (can be
corrected for, but is
inefficient)

Fluorescence intensity
influenced by tile position on
sequencer flow cell (can be
corrected)

HITS-FLIP Boyle et al (2020) - HT off and
on-target assay by quantifying unbound DNA that
is filtered through a nitrocellulose filter

ffinal & Kobs (estimates)

off and on-target assay
(binding preference)

High-Throughput (≈103
off-targets/RNP/experiment)

Not affected by photobleaching

Allows analysis of multiple
gRNA simultaneously

Inclusion of genomic context
outside of target sequence in
the off-target assay

Ease-of-use compared to
fluorescence HITS-FLIP

Has a high detection
threshold => might miss out
some results

Moderate precision- only a
fraction of unbound DNA is
sequenced

Does not differentiate
between productive and
unproductive bound states

Caveat: Cannot differentiate
the RNPs that dissociate
rapidly from high-affinity sites

DNA Beacon Quenching-based signaling of Cas9 binding to
short target DNA

Kd of only effector Cas9 at
R-loop formation stage

Can measure Cas9-gRNA
assembly

Allows parallel assays of
different gRNAs to the same
Cas9 or of different Cas9 to the
same gRNA

Can use fully double-stranded,
partially single-stranded, or
bubbled model DNA substrates

Sensitive: Baseline and maximal
fluorescence values differ up to
x50; can detect very low affinity
binding targets

Does not alter Cas9 structure
with addittional tags, allowing
more precise measurement of
engineered Cas9 activity

By design, it measures affinity of
only functional Cas9-gRNA that
reach R-loop formation step.
Suitable for investigating
PAM-specificities even in
non-complementary spacer
(Mekler et al, 2020)

Low Throughput (compared
to other methods in this
paper)

Time-dependent: binding
events detected only if they
occur within a few hours (not
specified)

False positive if DNA
concentration is too high and
DNA-RNP affinity is too
strong

No proven clinical validation,
despite claims (Mekler et al,
2020; Mekler et al, 2019)

Table 1 Comparative Description of Cas-DNA Binding Screening Assays (Detailed overview)
The table comprises a general description of the Cas9-DNA binding affinity assays identified in the literature, the type
of data recorded, advantages and disadvantages (columns). Supplementary features and contextualization in the
Discussion section.
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EMSA
A limitation of all the EMSA-based assays is the lack of qualitative data about the Cas9-DNA
binding energy or a comparison between the preference of Cas9 to bind certain sequences over
other viable ones. Furthermore, EMSA-based assays utilize purified DNA and not genomic DNA
with other co-factors, offering both advantages (emphasis on the binding mechanism can be
used better to train biophysical models) and disadvantages (lower binding mechanism validation
due to lack of, for example, epigenetic elements involved, indirect DNA binding or not taking into
account co-factors interfering with binding).

A limitation of HT-Selex stems from its design, mainly since during each step, only part of the
bound fragments are sequenced, whilst only the remaining fractions will be used for the
enrichment cycles. More specifically, the alteration of the data accuracy (by removing bound
sequences from the pool during enrichment cycles) is exchanged for higher data throughput
(Jolma et al, 2010; Orenstein & Shamir, 2016).

A strong point of this technique is the low number of sample preparation steps between the
binding and the mobility assay that would alter the DNA-protein complex. This allows for a high
degree of 3D structure conservation. For this reason, EMSA has been widely used in
investigating the interference of small molecules in Cas9 binding. (Wang et al, 2022; Chen et al,
2022; Lu et al, 2021).

ChIP-seq
Among the major advantages is the increased validation due to utilizing chromatin instead of
purified gDNA, which leads to more realistic testing conditions and significant breakthroughs in
the effect of the chromatin state (open/closed) on the Cas9 binding (Wu et al, 2014).

To avoid a major limitation of this technique, the restricted availability of ChIP-seq grade
antibodies (e.g. antibodies that tag custom variants of Cas9), CETCh-seq makes use of adding
a Flag epitope to the Cas9. In this manner, only one generic anti-Flag antibody is required,
making it possible to screen the position of virtually any protein, including mutated Cas9 on the
DNA, without the need for custom antibodies or Cas9 overexpression (Lopes & Prasad, 2024;
Savic et al, 2015). An automated version, iDeal ChIP-Seq Kit for Transcription Factors, has
been shown to significantly reduce hands-on time and experiment duration to test dCas9
off-target binding. However, the read distributions by Campenhout et al (2018) show lower
throughput and result fidelity, compared to the non-automated methodology.

HITS-FLIP
A major advantage of the methods described by Boyle et al (2017) is the high resolution, which
allows visual tracking of the association/dissociation of as little as 1 dCas9-DNA complex of
interest (Figure 2C). This allows for comparative DNA binding assays among many mutated
versions of the gRNA, including SNPs (Figure 2C). Another advantage not discussed by Boyle
et al (2017) but considered in this paper is the barcode sequence which allows for tracking of
the target DNA, with potential in custom experiments in which one would need to use identical

17



target DNA sequences. This feature can be used either for testing the same target DNA in
different epigenetic states or for testing dCas9 variants with the same gRNA.

Possible Caveat in Calculating Kd in Protein-DNA Binding Assays
Lastly, a caveat identified in most techniques presented in this paper is the calculation of Kd
(Jarmoskaite et al, 2020). The equilibrium state infers that the system should not vary in time.
Determining equilibrium dissociation constant (Kd) implies that there should be no difference in
the amount of bound complex over time at the same concentration, opening the discussion on
the precision of the measurements which can vary greatly, as seen in Gillmore et al (2021).
Vulnerabilities can appear due to the controls used to measure Kd (Jarmoskaite et al, 2020),
which are not followed over longer periods. In this regard, the most affected techniques are the
ones based on fluorescence, EMSA, or ChIP (which do not allow long-term tracking due to
photobleaching, reagent toxicity, or inefficiency). Other techniques that exploit biophysical
approaches for studying the binding of molecules, rather than biochemical techniques, such as
isothermal titration calorimetry (ITC) and surface plasmon resonance (SPR) may have an upper
hand.

Improvement of gRNA Design
The design of gRNA is a critical factor that can impact genome editing when using CRISPR
systems. Studies suggest that small changes in gRNAs targeting the same loci can also make
an impact on their efficiency, underlining the importance of in silico predictions (Lopes & Prasad,
2024; Shalem et al, 2014; Wang et al, 2014; Doench et al, 2016). Besides the fact that
increased GC content increases gRNA efficacy, according to Lopes & Prasad (2024), modifying
its length can also have an impact on Cas9 specificity. Adding two guanine nucleotides to the 5’
end, truncating the sgRNA (Cho et al, 2013; Fu et al, 2014), chemical modifications to the gRNA
(Ryan et al, 2018) or incorporation of modified nucleic acids can also increase gRNA/Cas9
specificity in vitro (Cromwell et al, 2018).

Conclusion
Selecting a high-throughput DNA binding affinity assay is a crucial step when designing in vitro
(d)Cas9/gRNA-DNA experiments due to the need to test the efficacy of gRNA, target DNA or
(d)Cas9 variant. Here, we critically evaluate DNA binding assays that can be used for
Cas9/gRNA-DNA, with focus on their underlying differences and in what manner is HT
exchanged for lower precision or vice versa. Although HITS-FLIP is a technique that offers both
high precision and relatively high throughput when compared to the other techniques presented
in this thesis, an ideal methodology or assessment paradigm is still unclear. However, as each
method comprises of advantages and disadvantages, we recommend deploying complementary
methods to increase the validation of the affinity computation and to cover a larger set of
measurements for each Cas9/gRNA-DNA combination.
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Lastly, monitoring the relevant literature in HT proteomics is indispensable in the current and
future gene editing landscape and future research into real-time, HT, high-resolution binding
assays is neccessary to unlock the full potential of gene editing.
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Afterword
In the course of this academic bachelor's thesis, AI tools were utilized with caution to enhance
the literature research (ChatGPT, Perplexity.ai, consensus.app, elicit.com) and to offer
contextual synonyms (ChatGPT).
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