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Preface

Through centuries the greatest minds on Earth have tried to answer the 
question “What is life?”. The lack of consensus on what constitutes life illus-
trates how complex it really is. A physicist might describe all living things 
as thermodynamic systems that are able to decrease their internal entropy. 
This definition possesses the simplistic beauty so common in physics, yet 
is much too incomplete. In biology, a science that most readily deals with 
life in all its forms, the definition is much broader and rather descriptive. 
According to biologists, all living things are able organize their internal en-
vironments (homeostasis), convert chemicals and energy into cellular com-
ponents at a rate higher than the decomposition of these components (me-
tabolism), adapt to their environments (evolution), produce new individual 
organisms (reproduction), respond to stimuli and grow. It is quite fascinat-
ing that this definition describes the essence of all life forms, from simple 
single-celled bacteria to us humans. No matter how complex we might be, 
the processes that go on in our bodies on the smallest scale are the same as 
in every other organism – a fact that is both fascinating and humbling. 

We do not understand life yet and I am not sure we ever will. In trying 
to do so, however, we as humans have shown incredible cooperation and 
creativity. The use of chemical and physical techniques has advanced our 
knowledge of living systems so rapidly that a century ago no one could have 
imagined that one day we could peer into what lies beyond the physical lim-
itations of what we can observe. The advent of single-molecule techniques 
has done just that. Is it not amazing that we are able to look at and ma-
nipulate tiny molecules far beyond the diffraction limit, investigate their 
properties to build our understanding of the very mechanisms that drive 
the processes required for life to exist? We might not fully understand life, 
but we are getting closer with every protein discovered and analysed, every 
molecular mechanism described.  

While the 20th century is often regarded as the century of physics, some 
regard 21st century to be the century of biology. Indeed, the rapid develop-
ment of technology towards the end of the 20th century has enabled us to 
answer the complex questions in our quest to understand life and equipped 
us with tools to dig deeper.  The invention of magnetic resonance imaging 
has helped us to better understand how our brain works, super resolution 
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microscopy allowed us to see what the cells look like in great detail, the ad-
vent of DNA sequencing has led to the rise of the field of genetics, helping us 
understand how genes govern life. The latter has been recently revolution-
ized by the discovery of Cas9, a single protein that can edit DNA and is so 
much simpler than any other gene editing tool previously developed. We can 
now manipulate the very instructions for all living things that are written 
in the DNA. Without fully understanding life and the said instructions, this 
brings us into a dangerous new world. The least we can do to make sure gene 
editing does not go horribly wrong is to understand the underlying mecha-
nisms of this wonderful tool, Cas9. It is my hope that this thesis will add to 
our understanding of these mechanisms, even if by an infinitesimal amount.

Viktorija Globytė
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Chapter 1

  1
1.1. The macromolecules of life

In order to grow a tree, we do not plant a microscopic tree in the ground, 
but rather a seed. Therefore, the seed must contain the instructions nec-
essary to make the tree. This observation, although simple and ancient is 
nothing short of genius. The simple rules of heredity were established as 
early as the 19th century. However, up until the 1940s it was thought that 
those rules were written into proteins. In 1944 Oswald Avery and his col-
leagues published their work showing that the “transforming principle” that 
caused non-pathogenic bacteria to transform into a different, pathogenic 
strain was the deoxyribonucleic acid or DNA [1]. In 1952, the Hershey-Chase 
experiments furthered this notion and in 1953 the revolutionary structure 
of the double helix was published by Francis Crick and James Watson [2, 3]. 
In 1957, Francis Crick laid out the central dogma, essentially stating that 
information goes from DNA to RNA to protein, and the world of molecular 
biology was changed forever (Figure 1.1.).

Figure 1.1. The central dogma of molecular biology.

1.1.1. Deoxyribonucleic aciD (Dna)
DNA is a biological molecule composed of two helical chains that coil 

around each other forming a double helix (Figure 1.2. a). It consists of four 
nucleotides that in turn consist of a sugar deoxyribose, a phosphate group 
and one of four nucleobases: adenine (A), thymine (T), guanine (G) and cy-
tosine (C). The bases are grouped into those containing two-carbon nitro-
gen rings (purines) and one-carbon nitrogen ring (pyrimidines). Adenine 
and guanine are purines while thymine and cytosine are pyrimidines. The 
nucleotides join together forming covalent bonds between the sugar and 
phosphate groups forming what is known as the sugar-phosphate backbone 
(Figure 1.2. b) The bases themselves pair together (A pairs with T and G pairs 
with C) through hydrogen bonding and thus form a double helix. It is those 
four bases that encode the instructions for all life on Earth. DNA is a stable 
molecule and therefore the information stored in it is passed from genera-
tion to generation.

DNA RNA Protein
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Figure 1.2. Structure of the nucleic acids. a) Schematic illustration of the DNA double helix and the 
four nucleobases. b) schematic illustration of the chemical structure of the DNA double helix. c) sche-
matic illustration of the single-stranded RNA and the four nucleobases

1.1.2. ribonucleic aciD (rna)
RNA, or ribonucleic acid, is another form of nucleic acid (Figure 1.2. c). 

Unlike DNA, its nucleotides have a ribose group instead of the deoxyribose 
and instead of a thymine base it possesses uracil. RNA is transcribed from 
DNA by an enzyme RNA polymerase and is a messenger (mRNA) molecule 
that carries the instructions, encoded in the DNA, to the machinery that 
makes the proteins. Non-coding RNA molecules take part in gene silencing 
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through a process known as RNA interference and also are part of a prokar-
yotic immune response [4, 5]. RNA is a short-lived molecule, however, it per-
forms more tasks than the information storage performed by DNA.

1.1.3. ProTein

The final molecule in the central dogma is the protein. Proteins are large 
biomolecules which consist of amino acids. There are total 20 naturally oc-
curring amino acids and they are encoded in the DNA. The amino acids are 
joined into a long chain and are bonded together by peptide bonds. Proteins 
take many different shapes and sizes and perform a variety of functions 
such as DNA replication[6], transporting molecules within cells [7], taking 
part in the cells’ immune response [5, 8] and many others. Proteins are the 
workhorses of the cell and are by far the most versatile biomolecules. This 
thesis deals with the way a protein, assembled with RNA molecules, finds 
and interacts with DNA molecules, encompassing all three elements of the 
central dogma.

1.1.4. small non-coDing rna
A revolutionary discovery of small noncoding RNAs opened up a new 

perspective of RNA regulation of gene expression [4]. For example, microR-
NA (miRNA) molecules play a role in translation inhibition and subsequent 

Guide

Target

Guide
+

Target

RNA

RNA ssDNA dsDNA

Figure 1.3. Schematic of different RNA guides and the nucleic acids they can target.
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degradation of messenger RNA molecules in eukaryotes. Small interfering 
RNA (siRNA) molecules have a similar length to miRNA, but their full com-
plementarity with their targets leads to direct cleavage of the messenger 
RNA (mRNA). Both miRNA and siRNA associate with proteins belonging to 
the Argonaute family. These small RNA molecules guide eukaryotic Argo-
naute to the target site, where recognition occurs via Watson-Crick base pair-
ing between guide and target (Figure 1.3.) (Table 1). In prokaryotes, small 
regulatory RNA and DNA molecules not only can regulate gene expression 
but also can act as a defense mechanism against invading phage genomes 
and plasmids (Table 1). For example, some prokaryotic Argonaute proteins 
associate with DNA guides to find and destroy complementary DNA target 
sequences [8].

Another famous example is the CRISPR (clustered regularly interspaced 
short palindromic repeats) adaptive prokaryotic immune system where CRIS-
PR-associated (Cas) proteins assemble with guide RNAs to find and destroy 
invaders by cleaving DNA or RNA target sites complementary to the guide. 
CRISPR immunity consists of multiple stages. Ensuing an infection by mobile 
genetic elements, short fragments of the invader’s DNA are integrated into 
the CRISPR locus in the host genome as short spacers[5, 9]. This first stage 
of CRISPR immunity is known as the adaptation stage. During this stage, a 
genetic memory is created that is later used to destroy the invader upon 
reinfection [5]. In the second stage of immunity, transcription of the CRISPR 
locus and further maturation of the transcript produces short CRISPR RNAs 

RNA DNA
DNA

(co-tRANscRip-
tioNAl)

eAgo/
PIWI

Gene silencing by miRNA 
[11, 12] and piRNA [13, 14]

RNA interference by siRNA 
[4]

Heterochromatin forma-
tion by small RNA[15]

Genome rearrangement 
by scnRNA[16]

pAGO DNA interference by diRNA[17]

CRISPR Cas13a

Gene silencing by 
crRNA of Type 

VI [18, 19] Cascasde/
Cas9/Cpf1

DNA interfer-
ence by crRNA 
of Type I [5, 10, 
20], II [21, 22], 

and V  [23]

Other 
systems

Hfq Gene regulation 
by sRNA[24, 25]

tARget
pRoteiN

Table 1.1 Small regulatory RNA systems
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(crRNAs) [10]. These crRNAs associate with Cas proteins and destroy the 
returning invader upon recognition of the target sequence in the third stage, 
known as the interference stage.

1.2. single-molecule Techniques

An invaluable tool to study DNA, RNA and protein is the single-mole-
cule techniques. These techniques allow one to investigate the properties 
of individual molecules, as opposed to ensemble measurements where only 
an average of those properties can be measured. The first single-molecule 
measurements have been performed as early as the 1970s on ion channels, 
however, it was not until the 1990s until the field of single-molecule spec-
troscopy really took off [26]. There are two main types of single-molecule 
techniques: force-based techniques and fluorescence-based techniques. Al-
though the work described in this thesis has been performed using the lat-
ter, the former has been just as important in establishing the current status 
quo of the knowledge in the field of CRISPR proteins and their molecular 
mechanisms.

1.2.1. magneTic Tweezers

Magnetic tweezers, a form of force spectroscopy, make use of magnets 
and a magnetic bead that is attached to a molecule of interest (Figure 1.4. a) 
[27]. By trapping the bead in the magnetic field, researchers can manipulate 
the molecule in question, and the force and torque exerted on the molecule 
can be obtained by measuring the height of the magnetic bead. Magnetic 
tweezers assays used in studies described in this thesis make use of super-
coiling long DNA molecules. DNA molecules are bound to magnetic beads 
and immobilized on the surface of the flow cells. When the magnets are 
turned, torsional stress is applied to the DNA molecule. At low forces, DNA 
supercoils forming plectonemes, which decreases the extension of the DNA 
molecule in a symmetric fashion for both positive and negative supercoil-
ing. In such a setting, the position of the bead is very sensitive to even the 
slightest changes of the length of the DNA molecule that occur by unzipping 
a portion of the DNA.

1.2.1. ToTal inTernal reflecTion fluorescence microscoPy (Tir-
fm)

In TIRFM, only a shallow depth (∼100 nm) below the slide surface is illu-
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minated [28]. This is achieved by directing the excitation beam at an angle 
where it undergoes total internal reflection at the interface between the glass 
slide and solvent in the flow cell (Figure 1.4 b, c). This is perfect for low-light 
imaging, including single-molecule detection [29]. In studies discussed in 
this thesis, TIRFM was used in fluorescence, Förster resonance energy trans-
fer (FRET) (as in the experiments I performed myself), and DNA curtains as-
says [30-32]. FRET techniques offer nanometer resolution through resonance 
energy transfer and allow one to observe processes otherwise impossible 
because of the physical diffraction limit. DNA curtains involve anchoring a 
long fluorescently labeled DNA molecule and then stretching it by a laminar 
flow. DNA curtains can be used to observe long-distance movement that 
cannot be tracked using techniques such as single-molecule FRET (smFRET). 
This technique is limited by the physical diffraction limit, and processes that 
occur on length scales smaller than ∼250 nm cannot be observed

Figure 1.4. Single-molecule techniques. a) Schematic illustration of a conventional magnetic tweezer 
setup. b) Schematic illustration of a prism-type TIRF setup b) Schematic illustration of an objec-
tive-type TIRF setup
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1.3. Thesis ouTline

 This thesis describes work done usig single-molecule fluorescence and 
FRET techniques, which focused on the target search and recognition on 
Streptococcus pyogenes Cas9. 

Chapter 2 (Pages 13-35): "Single-molecule view on RNA-guided target 
search mechanisms"

In chapter 2 we present a review, which focuses on single-molecule ad-
vances in studying the target search and recognition mechanisms of Argo-
naute and CRISPR systems. Different stages of target search and recognition 
are described: initial weak interactions, such as PAM search and seed recog-
nition, 1-dimensional and 3-dimensional diffusion, protein conformational 
changes and kinetic proofreading. 

Chapter 3 (Pages 37-67): "Cas9 searches for a prospacer adjacent motif 
using lateral diffusion"

In chapter 3 we present a single-molecule FRET study on Cas9 PAM and 
target search. We show that Cas9 exhibits two distinct binding modes when 
interacting with a PAM sequence, characterized by two distinct dwelltimes. 
The second, longer dwelltime was found to increase when the number of 
PAM sequences increased, suggesting a synergystic effect. Furthermore, we 
directly demonstrate that Cas9 can laterally diffuse between the PAM se-
quences without dissocition and that this diffusion can lead to on-target 
binding. We also demonstrate that Cas9 is able to laterally diffuse between 
to adjacent target sites, showing that the protein uses a mixture of three-di-
mensional and short-range one-dimensional diffusion during its target 
search. Finally, we show that despite the fact that lateral diffusion between 
PAM sites can lead to finding the target, it delays on-target binding, acting 
as a decoy binding site. 

Chapter 4 (Pages 69-91): "Single-molecule FRET methods to study the 
Cas9 endonuclease."

In chapter 4 we describe single-molecule FRET techniques to investigate 
the Cas9 protein. The techniques described are based on the immobilization 
of either the target DNA or the protein. We discuss different types of meas-
urements, namely long videos and snapshots, and demonstrate the types 
of data that can be acquired using each type of measurement. Finally, we 
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discuss aspects of image processing and data analysis. 

Chapter 5 (Pages 93-107) "Small RNA molecules inhibit the activity of 
SpCas9 in vitro"

In chapter 5 we present a biochemical and single-molecule study which 
demonstrates that small RNA molecules can efficiently inhibit the DNA 
cleavage by Cas9 in vitro. We show that Cas9 stably assembles with a sgRNA 
molecule that is hybridized with an inhibitor molecule. In addition, we show 
that this inhibitor molecule can be removed from the ribonucleoprotein 
complex if it is situated at the end region of the guide. Finally, our findings 
demonstrate that, despite the ihibitor dissociating from the protein, Cas9 
remains inactive and cannot interact with target DNA molecules.

Chapter 6 (Pages 109-121): "Overview of different Cas9 variants and con-
cluding remarks"

In this final chapter an overview of different Cas9 orthologs and their 
PAM recognition mechanisms together with considerations of what individ-
ual mechanisms could mean for target search are discussed. In addition, an 
overview of SpCas9 mutants with altered PAM specificities is provided.
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2
Single-molecule view on 

RNA-guided target search 
mechanisms

Most everyday processes in life involve a necessity for an entity to locate 
its target. On a cellular level, many proteins have to find their target to 
perform their function. From gene-expression regulation to DNA repair 
to host defence, numerous nucleic acid–interacting proteins use distinct 
target search mechanisms. Several proteins achieve that with the help of 
short RNA strands known as guides. This focus on single-molecule advances 
studying the target search and recognition mechanism of Argonaute and 
CRISPR (clustered regularly interspaced short palindromic repeats) systems. 
Different steps involved in search and recognition will be discussed, from the 
initial complex prearrangement into the target-search competent state to the 
final proofreading steps. This chapter focuses on target search mechanisms 
that range from weak interactions, to one- and three-dimensional diffusion, 
to conformational proofreading.

This article has been published as Globyte:, V., S.H. Kim, and C. Joo, Single-Molecule View 
of Small RNA-Guided Target Search and Recognition. Annu Rev Biophys, 2018. 47: p. 569-
593.
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2.1. inTroDucTion

Target search is intrinsically a complex process that involves weak in-
teractions and protein conformational changes. Proteins searching for their 
target have to diffuse through cytosol in three-dimensional (3D) fashion be-
fore encountering a DNA/RNA molecule that they weakly associate with, 
checking for a target site. Such weak interaction can lead to either quick 
dissociation or lateral diffusion by sliding or hopping, the latter of which 
in theory would speed up the target search process. However, there exists 
a limit beyond which lateral diffusion along the nucleic acid strand would 
slow down the search process and the protein dissociates. Dissociation again 
can lead to 3D diffusion or, in some systems, jumping, where the protein can 
move to another target site that is physically in close proximity but far in 
sequence, owing to the supercoiling or coiled conformation of the nucleic 
acid. In addition, fast target search, involving mainly weak interactions, and 
specific target recognition, being mostly stable interactions, require a con-
formational change in the protein [13-16]. This chapter aims to give a com-
prehensive overview of how these different search modes and mechanisms 
are combined in the target search and recognition of Argonaute and CRISPR/
Cas proteins at the single-molecule level.

2.2. argonauTe

Argonaute proteins (see Box 2.1 "Argonaute structure") are highly con-
served in all forms of life. Eukaryotic Argonaute proteins play a central role 
in gene expression through processes referred to as RNA interference, where-
as prokaryotic Argonautes participate in host defense via DNA interference 
[18, 19]. In animals, Argonaute proteins loaded with miRNA as guides bind 
to the 3’ UTR of mRNA and prevent the production of proteins via several 
pathways that usually involve destabilization of mRNAs, and they require 
partial complementarity between guiding miRNA and target mRNA [21, 22]. 
Some Argonaute proteins [e.g., human Argonaute 2 (hAGO2)] are able to de-
grade mRNA without recruiting additional factors [25]. This endonucleolytic 
activity is mediated by siRNAs and requires full complementarity between 
the target and the guide.

2.2.1. seeD recogniTion

Biochemical and bioinformatics studies showed that human Argonaute 
proteins divide their guide molecules into five distinct domains: 5’ anchor 
(first nucleotide), seed region (nucleotides 2–8), central region (nucleotides 
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9–12), the 3’supplementary region (nucleotides 13–16), and the 3’ tail (nu-
cleotides 17–22) [26-29]. The seed region plays the key role in target search. 
Structures of humanAGO2 have shown that the seed nucleotides 2–6 in the 
guide are preordered in an A-form helix and exposed to the solvent [30](Fig-
ure 2.1 b). Such preordering helps Argonaute overcome the entropic cost of 
target base pairing. A single-molecule fluorescence study on mouse AGO2 
has shown that Argonaute increases the rate with which RNA binds to its 
target to levels limited by diffusion, compared to naked guides binding their 
targets alone, confirming that preordering facilitates seed recognition [31].

The crystal structure of hAGO2 bound to a guide and target proposed a 
stepwise mechanism for target binding: Pairing of nucleotides 2–5 with the 
target promotes a conformational change exposing nucleotides 2–8 and 13–
16 for target base pairing [32]. An smFRET study of hAGO2 has shown that 
the first three nucleotides in the seed are the most important in determining 
the binding rate (Figure 2.1 c). The number of consecutive complementary 
nucleotides does not affect binding rate at all as long as there are no mis-
matches in the seed. However, the stability of binding is determined by the 
degree of seed complementarity[33]. By varying the number of consecutive 
complementary nucleotides between guide and target, Chandradoss et al. 
[33] have shown that binding to the first six nucleotides has a small effect 
on the dwell time of hAGO2 on the target RNA. Increasing complementarity 
past seven consecutive nucleotides has a drastic effect with binding events 
lasting throughout the whole measurement (∼300 s) (Figure 2.1 d). There-
fore, hAGO2 uses the first seed nucleotides that are exposed to the solvent 
to probe potential target sites, and the rest of the seed further stabilizes 
binding, confirming the stepwise model proposed by previous biochemical 
and bioinformatics studies. 

Box 2.1. ARgoNAute stRuctuRe

Argonaute proteins have a bilobed architecture with four domains: MID 
(middle), PIWI (P-element induced wimpy testis), PAZ (PIWI/Argonaute/
Zwille), and N-terminal domains (Figure 2.1 a). These domains are 
highly conserved between eukaryotic and prokaryotic proteins. The 
MID domain interacts with the 5’ phosphate of the guide [3, 4]. The 
PIWI domain contains an RNase H-like active site and catalyzes the 
slicing activity [6-8]. The PAZ domain binds the 3’ end of the guide. 
This interaction protects the guide from being degraded, especially in 
eukaryotic Argonautes [9, 10]. The N-terminal domain is important for 
target cleavage and the dissociation of the cleavage products [11, 12].  
This section describes target search mechanisms in animal Argonaute 
proteins, in particular human and mouse Argonaute.
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Figure 2.1. Target search mechanism of eukaryotic Argonaute. a) Crystal structure of human 
Argonaute with guide RNA [32]. b) Argonaute exposes the first three nucleotides of the seed to the 
solvent [33]. c) Schematic of single-molecule hAGO2 FRET assay [33]. d) Representative time traces 
showing hAGO2 binding to the target with different seed-target complementarity [33]. e) Binding rate 
of mouse and human Argonaute proteins with dinucleotide mismatched guide RNAs [31, 34]. f ) Sche-
matic of hAGO2 tandem target FRET assay [33]. N1 and N2 represent the number of complementary 
nucleotides at the first and second binding sites, respectively. g) Representative time trace showing 
hAGO2 transitioning between two FRET states [33].

Other single-molecule fluorescence studies have also shown that seed re-
gion is important in achieving fast target search. A study on mouse AGO2 
explored the effects of dinucleotide mismatches along the seed region [31]. 
It was shown that the lack of guide and target complementarity within the 
first six seed nucleotides decreases the binding rate dramatically. A similar 
result was obtained by an smFRET study on hAGO2 that explored the ef-
fect of dinucleotide mismatches along the full guide [34]. In particular, both 
studies have found that mismatches in the middle and 3’ end of the seed 
reduced binding rate more than mismatches on the 5’ end of the seed (Fig-
ure 2.1 e). These findings are in contrast with Chandradoss et al. [33], who 
showed that the first three nucleotides in the seed are the most important. 
This disparity might arise from the fact that, in the two studies described 
above, the remainder of the guide was fully complementary to the target and 
could possibly compensate for the mismatches at the beginning of the seed. 
Despite different findings, all three studies show that the seed region of the 
guide RNA is crucial for binding rate and stability.

2.2.2. laTeral Diffusion

Argonaute proteins have to find their target in a large pool of cellular 
RNAs. Furthermore, miRNA target sites are often found in the 3’ UTR of 
mRNA, which can be several kilobases long. It is possible that Argonaute tar-
get search is facilitated by lateral diffusion as was first hinted by biochem-
ical studies [26]. To test this hypothesis, Chandradoss et al. [33] designed a 
tandem target assay where two identical target sites were separated by 22 
nucleotides on a single RNA strand (Figure 2.1 f). Binding to one side would 
yield a high FRET value, and binding to the second target site would show 
low FRET. Using a target of six-nucleotide complementarity with the guide, it 
was observed that over 70% of binding events showed rapid FRET changes, 
suggesting that Argonaute is shuttling between the target sites (Figure 2.1 
g). It still remains to be determined whether the observed FRET changes are 
due to sliding (the protein contains constant contact with the RNA), hopping 
(multiple association and dissociation events are correlated along the con-
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tour of the target RNA), or jumping (the protein can jump to another binding 
site that is physically close but far in sequence).

2.2.3. conformaTional change

Full pairing of Argonaute guide and target requires a protein conforma-
tional change. Eukaryotic and archaeal Argonautes introduce a kink in their 
guide by an alpha helix, termed helix 7, which would have to shift to accom-
modate pairing between nucleotides 6 and 7[30]. Indeed, pairing of the first 
five nucleotides relieves helix 7 and allows further nucleotide pairing [32, 
35]. However, for further basepairing, the central cleft, where guide and tar-
get molecules are accommodated, has to widen, as narrowing of the central 
cleft restricts pairing past guide nucleotide 8. The conformational changes 
after the turn of the helix 7 may not be important for silencing activity, but 
the movement of the PAZ domain and opening of the channel between PAZ 
and N-terminal domains are necessary to accommodate full guide-target 
base pairing for RNA slicing.

2.2.4. cooPeraTiviTy

The possibility that neighboring target sites can act cooperatively to re-
tain the AGO-RNA complex on the target RNA has been previously hinted 
at by biochemical studies, but the mechanism was not clear [36-38]. A pos-
sible explanation is provided by the observation of lateral diffusion. The 
smFRET study using tandem target assay shows a drastic difference between 
the dwell times on a single target and tandem target with residence times on 
the tandem target constructs being nearly 10 times higher than those on a 
single target. This result confirmed that the neighboring target sites act syn-
ergistically to retain AGO-miRNA on the target strand. Remaining bound to 
the target RNA for longer could decrease the energetic cost that comes with 
protein having to change conformation upon associating and dissociating 
with the target multiple times. In addition, increased dwell time gives more 
time to recruit other proteins necessary for degradation of mRNA.

2.3. crisPr aDaPTive immuniTy

Bacteria and archaea use the RNA-mediated adaptive CRISPR/Cas im-
mune system to defend against invading bacteriophages and plasmids [39, 
40]. Different organisms have evolved distinct CRISPR systems. These sys-
tems are grouped into two main classes that are subdivided into six main 
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types [41, 42]. The signature of Class 1 CRISPR systems (types I and III) is 
the use of a multi-subunit protein complex for target recognition and deg-
radation, whereas Class 2 systems (types II, V, and VI) use a single protein 
for this task. This section of the chapter focuses on the two best understood 
systems: type I [CRISPR/Cascade (CRISPR-associated complex for antiviral 
defense)] and type II [CRISPR/Cas9].

2.3.1. cascaDe ProTein comPlex

A majority of CRISPR systems found in nature belong to the type I CRISPR 
family. These types of CRISPR systems use a multi-subunit protein complex, 
Cascade, for the recognition of invading foreign DNA[43]. Cascade alone is 
unable to degrade target DNA and instead relies on the recruitment of a 
Cas3 endonuclease [44, 45]. Cascade complexes play a role not only in inter-
ference but also in a process called priming during which CRISPR memory is 
rapidly updated to fight escape mutants [46].

2.3.1.1. Structural arrangements enable target search.

Escherichia coli Cascade consists of 11 Cas proteins (one copy of Cse1, 
two copies of Cse2, six copies of Cas7, one copy of Cas5, and one copy of 
Cas6) and adopts a sea horse–like structure [47, 48] (Figure 2.2 a,b). Its cr-
RNA has a less intricate architecture than that of Cas9, consisting only of a 
3’ stem loop and a protospacer region. Similar to Cas9, crRNA in Cascade is 
pre-ordered in a pseudo A-form helical configuration. The spacer sequence 
is divided into segments by the flipping out of every sixth nucleotide. The 
nucleotides within the first two segments are crucial to target binding and 
are defined as the seed [49]. Mismatches in the other segments are much 
better tolerated and can still lead to successful interference.

2.3.1.2. PAM search

Cascade recognizes a PAM (Protospacer adjacent motif) sequence on the 
5’ end of the target, on the non-target strand. Cascade PAM recognition is 
promiscuous with at least five interfering PAM sequences identified for E. 
coli Cascade [44, 51, 52]. The PAM is recognized by Cse1 in double-stranded 
form, from the minor-groove site. Such mode of the minor-groove recogni-
tion indicates that mutated PAMs can be tolerated as long as target sequence 
is optimal [53]. This is supported by a DNA curtain study where Cascade was 
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able to bind a fully matching protospacer that was lacking a PAM but with a 
much reduced binding rate [54] (Figure 2.2 c).

2.3.1.3. Directional R-loop formation

Upon binding a PAM site, Cascade interrogates the target DNA and forms 
an RNA-DNA R-loop in a directional fashion as shown by magnetic twee-
zers experiments [55]. Point mutations in the seed region required higher 
negative supercoiling for R-loop formation than PAM-distal mutations. This 

Figure 2.2. Target search of Cascade protein complex. a) Crystal structure of type I-E Escherichia 
coli Cascade with guide RNA [47]. b) Schematic of Cascade [47]. c) Histogram showing binding 
probability to cognate target and a protospacer lacking a PAM at different Cascade concentrations in 
DNA curtains experiments [54]. d) R-loop formation trajectory for protospacer with a point mutation 
at position 18 and mean supercoiling changes associated with full and intermediate R-loop formation 
[55]. e) Schematic of protospacer mutations for smFRET assay and dwell times for each construct [57]. 
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agrees with the CHAMP (chip-hybridized association-mapping platform) as-
say, where it was found that the farther the point mutations are from the 
PAM, the more tolerated they are [56]. In addition, in magnetic tweezers 
experiments, Cascade stalling at mutations was observed, which needed ap-
propriate supercoiling (approximately fourfold higher for mutations close 
to PAM compared to wild type) to overcome the intermediate state for full 
R-loop formation (Figure 2.2 d). Reversible binding events were also observed 
with DNA curtains, suggesting Cascade might make multiple attempts be-
fore it stably engages with the protospacer.

2.3.1.4. Non-directional binding

Despite magnetic tweezers assays suggesting only directional formation 
of R-loop, an smFRET study has shown that Cascade is able to bind DNA 
in a sequence specific but non-directional manner [57]. Targets with a cog-
nate PAM and fully complementary DNA sequence exhibited two types of 
binding events—long events characterized by an initial high FRET that soon 
transitioned to a low FRET state, and short-lived events exhibiting low- or 
mid- FRET state, corresponding to partially unwound DNA. Targets with a 
mutated seed region showed only the second type of events (Figure 2.2. e). 
This is in contrast to Cas9, where seed mutations completely abolish target 
binding. It was confirmed in vivo that the constructs that exhibited nonca-
nonical binding modes triggered the priming response, which allows CRISPR 
memory to be rapidly updated.

2.3.1.5. Cas3 recruitment

Cascade does not degrade the target itself but rather recruits the Cas3 
nuclease [45]. In the magnetic tweezers experiments, it was shown that 
R-loop locking is required for the recruitment of Cas3, regardless of any 
mutations in the protospacer. However, mutations of the PAM significantly 
affected Cas3 cleavage, even if the R-loop was fully formed and was in its 
locked state, implying a dual signaling mechanism upon target recognition. 
Consistent with these findings, DNA curtains assay has shown that Cascade 
bound to a target flanked by a PAM could readily recruit Cas3 nuclease for 
DNA degradation. However, at PAM-lacking sites, Cascade could not directly 
recruit Cas3. Finally, the CHAMP assay also suggested that Cas3 is recruited 
in a DNA sequence–dependent manner.
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2.3.2. cas9 enDonuclease

Since the year 2012, the type II Streptococcus pyogenes Cas9 (SpyCas9) 
protein has been at the center of attention for genome engineering purpos-
es, owing to its simplicity and programmability [58, 59]. This protein is a 
large endonuclease, consisting of 1,368 amino acids and multiple domains 
(Figure 2.3 a). SpyCas9 recognizes a 3-nucleotide PAM (protospacer adja-
cent motif ) adjunct to the 3’ end of the 20-nucleotide target sequence and 
cleaves the target three basepairs downstream from the PAM (see box 2.2 
"PAM recognition"). Unlike most other CRISPR systems, SpyCas9 needs two 
RNA molecules, namely crRNA and trans-activating RNA (tracrRNA), to find 
and destroy the target [17, 60]. For genome editing purposes, the two RNA 
molecules can be fused into one single-guide RNA that maintains full func-
tionality of the effector complex [61, 62]. Binding to RNA is crucial for Cas9 
targeting, as it enables structural rearrangements necessary to accommo-
date a DNA target and contains the guide sequence, which is complementary 
to the target (see box 2.3 "Cas9 preorganization and structural rearrange-
ment for target search")

2.3.2.1. PAM search

PAM recognition is the first step in Cas9 target search and is an intrin-
sically complex protein-DNA interaction. Binding to the canonical PAM trig-
gers local melting of the DNA at the PAM-adjacent nucleation site [20]. This 
is followed by the directional formation of RNA-DNA hybrid and the dis-
placement of the nontarget strand (R-loop formation) [55, 63, 64]. Single 
nucleotide mutations in the PAM are able to slow down or abolish binding 
and R-loop formation, as shown by magnetic tweezers DNA-supercoiling as-
says [64]. In these experiments, performed with Streptococcus thermophilus 
Cas9 (StCas9), DNA was negatively supercoiled to assist R-loop formation 
(Figure 2.3 d,e). When PAM was mutated four nucleotides away from the 
seed, R-loop formation was still observed but at a much lower rate (Figure 
2.3 f). PAM mutations in the positions closer to the seed slowed down R-loop 
formations even more. Therefore, mutations in the PAM alter R-loop forma-
tion by kinetic instability, which renders Cas9 unable to recognize the target 
and start R-loop formation. 

DNA curtain experiments (Figure 2.3. j) showed that PAM recognition in-
volves intrinsically weak interactions [5]. While Cas9 remains stably bound 
to a bona fide target site, only short-lived interactions are observed with 
off-targets. The off-target binding distribution correlates with the PAM dis-
tribution on the lambda DNA, consistent with other studies, showing that 
Cas9 samples PAM sites before it finds and stably associates with its target 
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site. The short-lived interactions are characterized by a double-exponential 
decay, indicating that Cas9 has at least two distinct modes when searching 
for PAM (Figure 2.3 k). 

An insight into different binding modes is provided by smFRET experi-
ments that can probe local interactions around PAM sites [65] (Figure 2.3 h). 
If there are neither PAM nor target sites present on the DNA, Cas9 binding is 
random and short lived (<0.5 s). However, if there is at least a single PAM site 
present, Cas9 exhibits two distinct types of behavior: short transient binding 
to a PAM site (<0.5 s) and more stable binding (∼2 s). This implies that, upon 
binding a PAM site, Cas9 can either dissociate quickly upon failing to form 
an RNA-DNA duplex or diffuse locally around the PAM, looking for adjacent 
PAM sites and trying to form an R-loop there. Therefore, Cas9 might use a 
combination of short-lived 3D diffusion and long-lived 1D diffusion for PAM 
search. In vivo, Cas9 has been found to spend approximately a subsecond 
on PAM sites [66, 67].

However, some Cas9 molecules stay stably bound for longer than 5 s, 
despite the fact that there is no target present, indirectly suggesting that 
Cas9 may be searching for adjacent PAM sites flanked by a cognate target 
sequence, potentially using lateral diffusion. Biochemical data have revealed 
another layer of complexity, showing that Cas9 is able to bind DNA sub-
strates with no target, but multiple PAM sites in electrophoretic mobility 
shift assays [5]. This peculiar observation may be explained by local diffu-

Box 2.2 pAM RecogNitioN

CRISPR systems target specific sequences using Watson-Crick base 
pairing between guide RNA and target DNA to recognize and cleave 
the target [1]. In addition to the target sequence complementary to the 
guide RNA, specific Cas proteins involved in DNA interference recognize 
a PAM (protospacer adjacent motif) sequence as the first step of target 
search [17]. Although different in sequence and placement between 
different CRISPR systems, a PAM sequence is always present adjacent 
to the target site. The main role of PAM is to act as an indicator for 
self–nonself discrimination: The spacer sequences integrated in the 
host genome are identical to those in the invading DNA; hence the 
host could recognize and cleave its own DNA, which would be fatal to 
the cell [24]. In contrast, the protospacer sequences in the invader’s 
genome are always flanked by a PAM sequence, which is not integrated 
in the CRISPR locus. Therefore, upon recognizing the PAM sequence 
as the first step prior to recognizing the target via Watson-Crick base 
pairing, the host ensures that the invader is destroyed and the integrity 
of its own genome remains protected.
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sion on the target strand that creates a synergistic effect between neighbor-
ing PAM sites.

2.3.2.2. Seed recognition

The next step after recognizing the correct PAM is the recognition of a 
seed sequence on the target DNA. This sequence is the first 8–12 nucleotides 
downstream from the PAM. Recognition of the seed via Watson-Crick base-
pairing between guide RNA and target DNA is crucial for stable binding. A 
magnetic tweezers study investigated the effect of protospacer truncations 
on the stability of the RNA-DNA R-loop using StCas9[64]. For 1– or 5–base-
pair (bp) truncations from the PAM-distal end, R-loop stability was slightly 
reduced. R-loops were detected for truncations up to 7 bp with little change 
in the association rate but were not detected for 9-bp truncations (Figure 2.3 
g). R-loops of 11 bp or shorter were not formed, revealing directional R-loop 
formation.

Additional evidence for the directionality of R-loop formation by Cas9 
has been shown by an smFRET study [68]. Here, immobilized DNA is labeled 
with a donor dye at the PAM-distal end and RNA is labeled at the 5’ end with 
an acceptor dye. Upon full complementarity, a high FRET state was observed. 
However, it was also possible to capture an intermediate FRET state that cor-
responds to only PAM-proximal base pairing before a high FRET state was 
reached. These findings show substeps in guide-target pairing and confirm 
the directionality of R-loop formation between RNA and DNA.

Another smFRET study has explored the effects that both PAM-proximal 
and PAM-distal mismatches have on Cas9 protospacer binding [69] (Figure 
2.3 h). Even 2-bp PAM proximal mismatches are able to severely decrease 
binding, and 4-bp PAM-proximal mismatches decrease binding to the levels 
of fully mismatched targets. In contrast, PAM-distal mismatches are much 
better tolerated, with up to 12 mismatches showing the binding stability 
as the cognate target (Figure 2.3 i). Together, these results underscore the 

Figure 2.3. Cas9 target search and recognition. a) Crystal structure of SpyCas9 with single-guide 
RNA and target DNA b) SpyCas9 preorders the first 10 guide nucleotides in a helical configuration 
and exposes nucleotides 19–20 to the solvent. c) Schematic of Cas9 multiple-PAM assay [65] d) Sche-
matic of magnetic tweezers assay [64] e) Time trajectory of the DNA length. Cas9 binds at negative 
supercoiling, thus increasing DNA length and dissociates at positive supercoiling also increasing DNA 
length [64] f ) Mean reaction times for R-loop formation and dissociation as a function of torque for 
WT protospacer and a PAM (G4C) mutant [64] g) Mean reaction times for R-loop formation and 
dissociation as a function of torque for different protospacer truncations [64] h) Protospacer mutation 
scheme for smFRET assay [69] i) Dwell times for DNA targets with different lengths and positions of 
mutations [69] j) Schematic of DNA curtains assay [5] k) Survival probabilities for off-target binding 
events are represented by a double-exponential decay [70]
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importance of the seed region, which in this study has been shown to be 
eight nucleotides. This shows that early mismatched regions are able to stop 
R-loop formation and abolish binding regardless of the sequence down-
stream of the mismatched region.

2.3.2.3. Final stages of target recognition

Initial target search of Cas9 is a complex process involving multiple bind-
ing modes. Although finding the seed is enough for stable binding, Cas9 
cleavage requires more stringent Watson-Crick base pairing. If a target is 
extensive enough for stable binding but not extensive enough for cleav-
age, Cas9 undergoes dynamic conformational changes. Single-molecule and 
bulk FRET experiments where the two nuclease domains, HNH and RuvC, 
were labeled have shown that the movement of the HNH domain from the 
PAM-distal end to the cleavage site is possible only when the complementa-

Box 2.3. cAs9 ReoRgANizAtioN AND stRuctuRAl ReARRANgeMeNt foR tARget seARch

Apo-Cas9

Apo-Cas9 has a bilobed architecture with one lobe (nuclease lobe) 
containing the HNH, RuvC, and C-terminal domains and the other 
(recognition lobe) containing a large helical domain [2]. Apo-Cas9 
is able to bind DNA; however, it displays no sequence specificity, 
as shown by DNA curtain assays [5]. The nonspecific DNA binding 
showed strikingly long lifetimes. However, in the presence of heparin 
or guide RNA as competitors, Apo-Cas9 quickly dissociates from the 
DNA strand.

Structural Arrangement for PAM and Seed Recognition

TracrRNA activates the Cas9-RNA complex. An important rearrangement 
upon binding crRNA and tracrRNA occurs in the C-terminal domain, 
also known as the PAM-interacting domain, which then forms a groove 
that can accommodate the PAM sequence in its DNA duplex form. 
Binding to guide RNA therefore enables Cas9 to look for PAM sites in 
a sequence-specific manner [20]. Similar to Argonaute (Ago) systems, 
the first 10 nucleotides in the seed region of the crRNA are preordered 
in an A-form helix, with the first nucleotides exposed to the solvent for 
initial DNA interrogation (Figure 3b). In addition, a kink is introduced 
into the guide RNA by an insertion of an amino acid (Tyr) between 
nucleotides 15 and 16, which is relieved upon target binding [2, 23].
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rity between guide RNA and target DNA is no less than 18 nucleotides [70, 
71]. Four PAM-distal mismatches are enough to stop Cas9 from reaching the 
final conformation state, leaving Cas9 transitioning between the initial and 
intermediate states.

2.4. inTegraTeD view on TargeT search anD recogni-
Tion

Protein target search is a complicated process involving different search 
modes comprising weak interactions and protein conformational changes. 
Despite the difference in function, target search mechanisms of proteins 
from different families like Argonaute and CRISPR share a lot of similarities. 
To begin with, these proteins recognize a short nucleic acid sequence as an 
initial recognition step: Argonaute recognizes the first 3 nucleotides of the 
seed while CRISPR/Cas proteins recognize a PAM sequence [5, 33, 50, 54] 
(Figure 2.4; Table 2.1). Furthermore, all described proteins use a mixture 
of 3D and 1D diffusion to efficiently locate their targets [5, 33, 54, 65, 72]. 
Strikingly, all proteins can laterally diffuse approximately 10 bp in length. 
Another similarity is that Argonaute and Cas9 proteins do not require full 
target complementarity for stable base pairing, but instead, binding is stabi-
lized by the pairing of the first 7–12 nucleotides, depending on the protein 
[33, 69] (Figure 2.4). In all described systems, the competent state requires 
more extensive base pairing, with Argonaute and CRISPR proteins requiring 
the full length and near full length of the guide respectively [34, 68, 70, 73]. 
In addition, Argonaute and CRISPR proteins undergo conformational chang-
es during different stages of target recognition [35, 57, 70, 74-76] (Figure 
2.4). All in all, despite subtle differences, these different protein families 
make use of the same core principles to find their targets in a fast and effi-
cient manner.

2.4.1. moDes of TargeT search

Target search is an essential part of the functioning of many different 
proteins. Despite differences in function, any target search and recognition 
should be both rapid and specific. The optimum way to achieve this is to use 
a combination of 3D diffusion and 1D diffusion while minimizing time spent 
on off-targets. See Table 2.1. for a summary. Human AGO2 of the Argonaute 
protein family achieves this by exposing only the first few nucleotides of the 
seed region and using them to probe potential target sequences. An smFRET 
study has shown that exposing the first three nucleotides facilitates target 
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search by lateral diffusion in which the hAGO2-miRNA does not dissociate 
from the RNA strand even if a fully matching target is not found but diffus-
es laterally to a neighboring target site [33]. Adjacent target sites also act 
synergistically to keep the protein from dissociating, thereby increasing the 
probability of finding a cognate target nearby.

Motif foR 
iNitiAl Rec-

ogNitioN 

RequiRe-
MeNts foR 

stABle BiND-
iNg

RequiRe-
MeNts  foR 
coMpeteNt 

stAte

coNfoRMAtioN-
Al chANge upoN 

(…)

fAcil-
iAteD 

tARget 
seARch

AG
O First 3 nt of 

seed[31, 33]
Seed pairing (7 

nt)[33]

Full length guide 
pairing (~22nt) 

[34, 73]

Seed recognition[35]
Full-length guide 

recognition[74, 76]

Lateral 
diffusion 

(>10 nt)[33]

C
as

9 PAM (3 nt)[5, 
78]

PAM[5, 64, 69];
Seed pairing (8 
nt)[69] (13 nt)

[64]

PAM[68];
Near-full length 

guide pairing  
(18-20 nt) [68]

Seed recognition[70]
Full-length guide 
recognition[70]

Lateral 
diffusion 

(>10 nt)[65] 

C
as

dc
ad

e

PAM (3 nt)[54]
Near full-length 

guide pairing 
(28-32nt)[55, 64]

PAM[54, 55, 64]
Near full-length 
guide (28-32 nt)

[55, 64]

Near-full length guide 
recognition[57], [75]

Lateral 
diffusion 
(>100 bp)

[72] 

Table 2.1. Summary of Argonaute and CRISPR target search systems
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Similar to Argonaute, Cas9 uses a mixture of 3D and lateral diffusion to 
find its target. First, the protein weakly associates with a PAM site, interro-
gating the adjacent sequence for complementarity, as shown in DNA curtain 
experiments [5]. An smFRET study has additionally shown that Cas9 has two 
binding modes, one being a specific PAM and guide-target-mediated interac-
tion and another, termed sampling mode, being a search mode that does not 
involve RNA-DNA base pairing and is likely protein sampling the DNA for a 
PAM site—with one of the ways possibly being lateral diffusion [69]. Another 
smFRET study has shown that Cas9 is able to transition without dissociation 
between adjacent PAMs or PAMs with partial target sites [65]. The CRISPR 
type I Cascade protein complex has been shown to use 3D diffusion to find 
its target [54]. Recently, it has also been shown that the Cascade protein 
complex from a thermophilic organism (Thermobifida fusca) also uses 1D 
diffusion during its target search [72].

2.4.2. mechanism of kineTic ProofreaDing

Initial weak interactions with the subseed region in the case of Argonaute 
and with PAM in the case of CRISPR proteins aid in fast dismissal of off-tar-
get sites. When the initial target recognition step is successful, further proof-
reading occurs via intricate protein conformational changes. 

In the case of human Argonaute, the first conformational change the pro-
tein undergoes under binding to a cognate target is the release of the kink 
between guide nucleotides 6 and 7, which allows for further guide-target 
base pairing [32, 35]. This kink is released by rotating the alpha helix 7 by 
4A° and is possible only if guide nucleotides 2–5 are fully complementary to 
the target. Such conformational rearrangement allows for full seed basepair-
ing and sharply increases affinity (human AGO2 residence times on its tar-
get). Seed basepairing, however, is not enough to trigger the catalytic activity 
of this protein. Binding to the seed widens the channel between the PAZ and 
N-terminus domains, which in turn allows for the disordered supplemental 
region of the guide RNA (nucleotides 13–16) to adopt an A-helical confor-
mation [32]. Such preordering would decrease the entropic cost of target 
pairing even further. Base pairing in the mid-region has also been shown to 
be crucial for target cleavage, as shown by biochemical and single-molecule 
studies [34]. 

Despite full complementarity, Argonaute is unable to cleave some targets 
[34]. A possible explanation could be that certain sequences are unable to 
trigger the final conformational change in the middle region that would po-
sition the catalytic residues next to the cleavage site. It is also suggested that 
off-target site rejection is assisted by the interactions with the 3’ end of the 
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guide and the PAZ domain of the protein. Single-molecule FRET studies have 
shown that modifications at this end of the guide slow down the protein dis-
sociation from the target, which could lead to potential cleavage of off-target 
sites [74]. Further single-molecule and structural studies will reveal the full 
conformational proofreading mechanism of hAGO2 even further and answer 
lingering questions such as why some sequences cannot be cleaved despite 
full complementarity. 

The Cas9 protein also undergoes extensive conformational changes 
throughout its target search. The major conformational change occurs upon 
binding guide RNA, which enables Cas9 to search for PAM in a sequence-spe-
cific manner [20]. Upon binding to the correct PAM, Cas9 bends the DNA so 
that the duplex could be unzipped and interrogated. The first 10 nucleotides 
of the seed are preordered in an A-helical configuration, thus prepaying the 
entropic cost for target basepairing [23]. As in the case with Argonaute, 
binding to the seed is enough to stabilize the Cas9-RNA-DNA complex [69]. 
However, biochemical data have shown that cleavage for such targets is very 

Argonaute CRISPR

Cascade Cas9

1. Protein in a target 
search conformation

2. Initial motif recognition

3. Stable basepairing

4. Competent 
    state

Seed pairing and recruitment of 
other proteins for RNA degradation

Full target-guide pairing and RNA 
cleavage by Argonaute

Cas3 recruitment Target cleavage by Cas9

PAM 
recognition

PAM 
recognition

Figure 2.4. Graphic summary of the target search mechanisms of Argonaute, Cascade and Cas9 
proteins
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inefficient. Further structural and single-molecule studies have revealed that 
Cas9 undergoes another conformational change as the complementarity be-
tween guide and target increases [63, 70]. Initially, the HNH domain that 
cleaves the target strand is positioned at the PAM-distal end, far from the 
cleavage site. However, when a full target has been found, the HNH domain 
moves to the cleavage site, thus achieving a catalytically active conforma-
tion. Single-molecule and bulk FRET experiments showed that at least 18 of 
20 nucleotides between the target and guide have to be complementary for 
Cas9 to achieve target cleavage [70, 71]. As the number of mismatches is 
increased, the HNH domain is unable to pass through an intermediate con-
formation and cleave the target strand. The nontarget strand is cleaved by 
the RuvC domain, which is initially already positioned close to the cleavage 
site. However, without the movement of HNH domain, the nontarget strand 
also cannot be cleaved, indicating a signaling mechanism between the two 
domains as the final checkpoint before target cleavage. 

The Cascade protein complex does not have a prominent conformational 
proofreading mechanism for binding. This could be a potential explanation 
why it can bind targets without a PAM or with significant mismatches in the 
seed. However, binding to a fully complementary target “locks” Cascade and 
stabilizes the R-loop [55, 64]. It has been shown that this locking and the 
presence of a correct PAM sequence is required to recruit the Cas3 nuclease 
for target degradation [54, 55]. Binding to partial targets instead triggers a 
priming response, where CRISPR memory is rapidly updated to fight escape 
mutants [57]. In this response, it is likely that the Cas1-Cas2 protein com-
plex, which is responsible for the spacer integration in the CRISPR locus, is 
necessary to recruit Cas3 [54, 56].
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3
Cas9 searches for a 

prospacer adjacent motif 
using lateral diffusion

The Streptococcus pyogenes CRISPR/Cas9 nuclease (SpyCas9) has been 
widely applied in genetic engineering. Despite its importance in genome 
editing, aspects of the precise molecular mechanism of Cas9 activity 
remain ambiguous. In particular, because of the lack of a method with high 
spatio-temporal resolution, transient interactions between Cas9 and DNA 
could not be reliably investigated. It therefore remains controversial how 
Cas9 searches for protospacer adjacent motif (PAM) sequences. We have 
developed single-molecule Förster resonance energy transfer (smFRET) 
assays to monitor transient interactions of Cas9 and DNA in real time. 
Our study shows that Cas9 interacts with the PAM sequence weakly, yet 
probing neighboring sequences via facilitated diffusion. This dynamic mode 
of interactions leads to translocation of Cas9 to another PAM nearby and 
consequently an on-target sequence. We propose a model in which lateral 
diffusion competes with 3-dimensional diffusion and thus is involved in 
PAM finding and consequently on-target binding. Our results imply that 
the neighboring sequences can be very important when choosing a target in 
genetic engineering applications.

This chapter has been published as: Globyte, V., et al., CRISPR/Cas9 searches for a 
protospacer adjacent motif by lateral diffusion. EMBO J, 2019. 38(4).
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3.1. inTroDucTion

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-Cas 
systems are adaptive prokaryotic immune systems that provide bacteria 
and archaea with a defense mechanism against invading foreign genetic 
elements [1-6]. Upon infection, fragments of the invader’s DNA are incor-
porated into the CRISPR locus in the host genome [7-10]. Those fragments 
are then transcribed into short CRISPR RNAs (crRNAs) which assemble with 
CRISPR-associated (Cas) proteins in order to recognize and destroy the in-
vader when it returns [11]. The most famous of the discovered CRISPR sys-
tems is the type II system where the DNA of the invader is recognized and 
destroyed by the Cas9 protein which assembles with two RNA molecules, 
namely crRNA and trans-activating crRNA (tracrRNA) [4, 5, 10, 12-14]. The 
most widely researched Cas9 ortholog, Streptococcus pyogenes Cas9, recog-
nizes a 20-nt target which is flanked by a PAM (protospacer adjacent motif) 
sequence on the 3’ end of the target [12, 13]. The PAM sequence for SpCas9 
is 5'-NGG-3'. CRISPR-Cas9 system has gained enormous attention due to its 
use in genome editing owing to its simplicity and programmability [15-18]. 
In order to edit a gene, Cas9 first has to find a small 23-nt sequence in a 
genome containing kilo-bases or mega-bases of DNA, in a crowded cellular 
environment. This process has been demonstrated to be slow, with a single 
Cas9 protein requiring 6 hours to locate a single target in a bacterial cell [19] 
. This example shows that efficient targeting of specific genes requires an 
advanced knowledge of Cas9 target search mechanism.

A recent single-molecule study using “DNA curtains” has shown that 
Cas9 uses only 3-dimensional diffusion to locate its target [20]. Due to dif-
fraction limit (~100 nm) of the DNA curtain technique, it remains unknown 
whether the model of exclusive 3-dimensional target search is valid for the 
length scale of nucleotides. Other single-molecule studies have shown that 
RNA-guided proteins such as Argonaute or CRISPR type I Cascade protein 
complex use facilitated 1-dimensional diffusion during their target search 
[21, 22] Using single-molecule FRET (Foerster Resonance Energy Transfer), 
we investigate the target search mechanism of SpCas9 and demonstrate that 
it uses 1-D diffusion along the DNA strand during its target search.

3.2. resulTs
3.2.1. single-molecule observaTion of cas9 Pam search

To visualize Cas9 target search process on a nanometer scale, we used 
single-molecule Förster resonance energy transfer (smFRET) technique. Bioti-
nylated Cas9 (Figure S3.1a) was immobilized on a PEG-coated quartz surface 
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for long-term observation (Figure 3.1a) [21]. Biotinylation was shown not to 
affect Cas9 catalytic activity (Figure S3.1 b). The Cas9 protein was pre-incu-
bated with dye-labeled crRNA and tracrRNA for 20 minutes before surface 
immobilization. Free-floating molecules, such as any unattached RNA or 
Cas9 molecules, were washed away, and remaining immobilized Cas9:RNA 
complexes could be directly imaged using total internal reflection micros-
copy (Figure 3.1a). Synthetic DNA and crRNA substrates were labeled with 
Cy3 and Cy5 dyes, respectively, such that the FRET efficiency between them 
would report on the position where Cas9 localizes on the DNA. Addition of 
Cy3-labeled DNA substrates did not affect the immobilization of Cas9:RNA 
complexes (Figure 3.1a). When excited with a green laser, binding events ap-
pear as spots on the CCD image (Cy3 signal on the left side and Cy5 signal on 
the right side) (Figure 3.1b, c). In fluorescence time traces binding events are 
characterized by increase in fluorescence intensity due to either direct ex-
citation of donor or energy transfer from donor to acceptor (Figure 3.1 b, c). 

The initial step in Cas9 target search is finding and recognizing a PAM 
sequence. It has been shown that, without encountering a cognate PAM, Cas9 
cannot start R-loop formation, despite the full complementarity between the 
guide RNA and the target [23]. Therefore, in order to elucidate the mecha-
nism by which Cas9 finds and recognizes PAM alone, we first investigated 
how the protein interacts with DNA strands containing only PAM sequences 
when no target sequence is present. In particular, multiple binding sites in 
close proximity have been shown to cause a synergistic effect in another 
RNA-guided target search system [24]. This effect emerges when the inter-
action between a searcher and a target is characterized by more than simple 
one-step binding and dissociation [21, 25]. Such a synergistic effect, if ob-
served, would be an indication that Cas9 uses an additional mechanism to 
3D diffusion when searching for PAM sequences.

To investigate how Cas9 interacts with multiple PAM sites and whether 
such synergistic effect exists in the CRISPR-Cas9 system, we designed DNA 
constructs containing 0, 1, 2, 3, 4 and 5 equidistant PAM sites (Figure 3.2a). 
DNA was labeled with a Cy3 dye at position -8 with respect to the first gua-
nine on the first PAM site on the 5’ end of the target DNA strand (Figure 
3.2 a). crRNA was labeled with a Cy5 dye outside the guide region such that 
Cas9:RNA complex binding to the first PAM site would yield a high-FRET val-
ue (Figure 3.2 a, b). Binding to other PAM sequences would increase distance 
between dyes and therefore were expected to yield lower and distinct FRET 
values for each site, thus allowing to distinguish which PAM site was bound 
(Figure 3.2 b).

Negative control construct containing no PAM sites showed a very low 
number of binding events with random FRET values (Figure 3.2c, Figure 
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S3.2a). Binding to DNA containing a single PAM yielded a narrow FRET dis-
tribution centered at 0.84 (Figure 3.2 c). Binding events showing different 
FRET states appeared when the number of PAM sites increased (Figure 3.2b). 
FRET histogram of all binding events for the construct containing 2 PAM 
sites shifted to a lower FRET value of 0.75 (Figure 3.2 c). Lower FRET states 
appeared for DNA constructs containing 3 and 4 PAMs with FRET histo-
grams broadening significantly and the peaks of the histograms shifting to 
0.73 and 0.69 respectively.  (Figure 3.2 c). Finally, a histogram of all binding 
events for the construct containing 5 PAM sites was broad and centered at 
0.53 – an average of all FRET values yielded by specific binding to any of the 
five PAM sites on the DNA strand (Figure 3.2 c). Furthermore, multiple bind-
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ing events showing FRET efficiencies corresponding to different PAMs could 
be observed in a single FRET trace showing that a single Cas9 can bind and 
dissociate from different PAM sites, as expected (Figure 3.2b). 

In addition to broadening of the FRET histograms, the dwelltime was ob-
served to increase with increasing number of PAM sequences (Figure 3.2 d). 
Experiments on DNA constructs without any PAM or target sequences only 
showed short-lived binding (Δτ

1
), with a dwelltime of 0.59±0.06 s (Figure 

3.2 d, e). Short binding events were also observed with PAM-containing DNA 
constructs ranging between 0.25±0.02 s to 0.37±0.04 s – similar for all con-
structs, regardless of the number of PAM sequences (Figure 3.2 d, Figure S3.2 
b). Interestingly, a second type of longer binding events was observed for the 
constructs containing PAM sites as opposed to the negative control (Figure 
3.2 b, d, e, Figure S3.2 b). It is further noted that the second dwelltime (Δτ

2
) 

increased with increasing number of adjacent PAM sites from 2.85±0.52 s 
for the construct with a single PAM to 4.91±0.78 s for the construct with 5 
PAM sites (Figure 3.2 d). In addition to Δτ

2
, the average dwelltime (Δτ

av
) also 

was found to increase with increasing number of PAM sites from 1.18±0.21 s 
for a single PAM to 4.53±0.70 s for the construct containing 5 PAM sequenc-
es (Figure 3.2 f). Further analysis showed no correlation between FRET val-
ues and dwelltimes, suggesting that it is not the position of a PAM site, but 
rather the number of PAM sites in close proximity that caused this increase 
(Figure S3.2 a).

The observation that even for a single PAM the binding time is character-
ized by a double exponential distribution suggests that Cas9 uses another 
mechanism in addition to 3-D diffusion during its target search, as process-
es following exclusively 3-D diffusion follow one-step dissociation kinetics 
[26]. Furthermore, the increase of τ

2
 implies that, due to the presence of 

multiple PAM sites in close proximity, Cas9 experiences a synergistic effect 
which causes it to stay bound to DNA for longer. We therefore hypothesize 
that upon encountering a PAM, Cas9 can follow two pathways. First, Cas9 
can dissociate from DNA in a 3-dimensional fashion upon failing to form an 
RNA-DNA R-loop (corresponding to τ

1
).  Secondly, Cas9 can locally diffuse 

in a 1-dimenional fashion probing adjacent PAM sites (corresponding to τ
2
). 

To further investigate whether the observed increase in τ
2
 could indeed 

be the result of 1-dimensional diffusion between the PAM, DNA sequences 
where the PAM sites were placed further apart (4 nucleotides) were designed 
(Figure S3.2 c). In this case, the separation between the two furthermost 
PAM sites is 24 nucleotides. Dwelltime analysis revealed that the dwelltime 
distribution for each construct was again characterized by a double-expo-
nential decay. Further analysis has shown that values of τ

1
 were similar for 

all constructs, ranging between 0.20±0.02 s and 0.55±0.10 s (Figure S3.2 d). 



42

Chapter 3

  3

These values also are similar to those observed in the case of 2 nucleotide 
separation between PAM sites (Figure 3.2 d), further supporting the hypothe-
sis that τ

1
 results from weak interactions with a single PAM site, followed by 

dissociation from the DNA strand. In addition, an almost identical increase 
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in τ
2
 was observed as in the case of 2 nucleotide separation (Figure S3.2 

d). The values were found to increase from 2.72±0.44 s for a single PAM to 
4.89±0.70 s for 5 PAMs (Figure S3.2 d). Average dwelltime analysis also re-
vealed an increase in Δτ

av
: from 1.22±0.27 s for a single PAM to 2.52±0.37 s 

for the construct containing 5 PAMs (Figure 3.2 f). The increased separation 
between the PAMs results in a slower rise in Δτ

av
 which further suggests 

that this increase is due to 1-dimensional diffusion, as increased distance 
between binding sites lowers the probability of finding a target by diffusing 
laterally along the DNA. 

The increased separation between the PAM sites results in the greater 
separation of FRET efficiency values corresponding to binding to each in-
dividual PAM site. As a result, a type of binding event showing FRET fluc-
tuations was observed in the case of 4-nucleotide separation between the 
PAMs (Figure 3.2 g). Furthermore, upon further analysis it was found that the 
percentage of binding events that show fluctuations and are longer  than τ

1
 

increases with increasing number of neighboring PAM sites from 1.36±0.44% 
to 3.47±1.21 % (Figure 3.2 h). This data directly shows that Cas9 laterally 
diffuses between PAM sites, thus providing an explanation for the observed 
increase in τ

2
 and Δτ

av
. The overall low occurrence of such events can be 

explained by the nature of these interactions. Cas9-PAM interactions are 
intrinsically weak and 3-dimensional dissociation dominates, leading to a 

Figure 3.2. PAM search mechanism. a)DNA and crRNA sequences used for multiple PAM exper-
iments with indicated labeling positions. Di-nucleotide GG PAMs are shown in boxes. b) Example 
time traces when DNA containing 3 PAM sequences is added (top) and when DNA containing a 
single PAM is added showing both short and long binding events (bottom). c) FRET histograms of all 
binding events for each construct. Y axis represents total number of counts, divided by the number of 
immobilized molecules in the field of view. d) Bar plot of all dwelltime values for all constructs showing 
short binding events for all DNA and long events only for the constructs containing PAM sequences. 
The times shown are mean values of dwelltimes obtained during four different experiments on four 
different days. Error bars represent standard error of the mean. e) Example dwelltime histograms from 
negative control and a construct containing a single PAM. Negative control dwelltime distribution 
is characterized by a single exponential decay (top) and dwelltime distribution for PAM-containing 
DNA is fitted by a double-exponential decay (blue line) (bottom). Equation for the double exponential 
decay fit: y=A1e-t/τ1 + A2e-t/τ2; ΔA1= 796.4  ΔA2= 28.3. Red line shows what a single-exponential decay 
fit for such distribution would be. Errors represent standard error of the mean. Dwelltime distributions 
for remaining DNA constructs are shown in Supplementary Fig 3.2c. f ) Scatter plot showing the 
average dwelltime (Δτav) values for the cases of 2 (d2) and 4 (d4) nucleotide separation between the 
PAM sites. The values are averages of four measurements over four different days for each case. Error 
bars represent the standard error of the mean. The average dwelltime was obtained using the equation 
τav=(A1Δτ1

2+A2τ22)/(A₁Δτ₁+A2Δτ2) g) Example trace showing direct FRET transitions for a 5-PAM 
containing DNA construct with separation between PAM sites being 4 nucleotides.  h) Histogram 
showing the percentage of events that are longer than τ1 showing FRET fluctuations for multiple PAM 
constructs with PAM separation of 4 nucleotides. The values are averages of four measurements over 
four different days. The error bars represent standard error of the mean.
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large population of short-lived binding events characterized by a single FRET 
efficiency value.

a b

c
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  33.2.2. 1-Dimensional Diffusion useD for Pam anD TargeT search

The observation that Cas9 stays bound to a DNA strand for longer when 
multiple neighboring PAM sequences are present and that the incidence of 
events showing FRET fluctuations increases with increasing number of PAM 
sequences suggested that this effect could be caused by lateral diffusion 
between the PAM sites [26]. To investigate the possibility that Cas9 is able to 
scan PAM sequences in a 1-D fashion and to explore whether such probing 
could lead to binding to a neighboring target site, we designed DNA con-
structs containing a partial target of 9 nucleotides and an increasing number 
of PAM sites adjacent to it: 1xPAM, 3xPAM, 5xPAM, 7xPAM and 9xPAM (Fig-
ure 3.3 a). DNA was labeled at position +13 on the target strand and crRNA 
at position +10 relative to the first complementary nucleotide, such that 
high FRET efficiency would only be observed upon productive binding to the 
partial target site (Figure 3.3 a). Partial complementarity was chosen in order 
to allow for observation of multiple binding events [23, 27].

Binding to DNA containing a single PAM next to the partial target resulted 
in single-step events showing a stable expected high FRET efficiency of 0.96 
(Figure 3.3 b, c). However, increasing number of adjacent PAM sites next to 
the target displayed an increasing percentage of binding events that either 
start at a lower FRET state before transitioning to the productive binding 
FRET state or show fluctuations between a clearly defined high FRET state 
and various lower FRET states (Figure 3.3 c, d). In particular, the percentage 
of events that show either fluctuations or 2-step binding (“dynamic events”) 
shows a 6-fold increase from 2.03 ± 1.61% for the 1xPAM construct to 13.9 
± 2.51% for the 9xPAM construct (Figure 3.3 d). Furthermore, the time Cas9 
spends in an initial low FRET state before transitioning to high FRET state 
(Δτ

t
), which indicates on-target binding, was found to increase with increas-

ing number of PAM sequences adjacent to the target (Figure 3.3 e). Together 
with the observation of the increasing dwelltime when the number of neigh-
boring PAM sites increases in Figure 3.2 d, these results further suggest that 
Cas9 not only uses 3-D diffusion alone during target search, but can also 
find a target site by laterally probing neighboring PAM sites. Therefore, upon 
failing to form a stable R-loop Cas9 does not necessarily dissociate from the 

experiments on five different days. Error bars represent standard error of the mean. The percentage of 
events showing dynamic binding behavior was calculated by dividing the number of binding events that 
showed such behavior by the total number of binding events.  e) A scatter plot showing the time Cas9 
spends in a lower FRET state before transitioning to a high-FRET state. The dwelltimes increase with 
the number of PAMs adjacent to the target. Such dwelltime could not be determined for a construct 
containing a single PAM. The values were obtained from five experiments on five different days. Error 
bars represent standard error of the mean.
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DNA strand but can go back to scanning the PAM sequences in a 1-dimen-
sional fashion.
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3.2.3. mechanism of laTeral Diffusion

The observations of increasing τ
2
 with increasing number of neighbor-

ing PAM sequences together with the observed transitions from lower FRET 
state to high FRET state when a partial target was present suggest that lat-
eral diffusion may indeed be involved in Cas9 target search. In order to 
investigate this mechanism more systematically, we designed tandem target 
DNA constructs, where identical partial targets were placed at different dis-
tances: 6, 9, 12, and 23bp (Figure 3.4 a). In this assay, binding to one target 
(H) would yield a high FRET value and binding to the second target (L) would 
correspond to a lower value (Figure 3.4 a). We used a partial match (3 nt) 
between crRNA and DNA target to investigate how the presence of a second 
target site influences Cas9 binding dynamics and whether it can laterally dif-
fuse between the two target sites. Control experiments with a single target 
at each distance showed no fluctuations in FRET efficiency (Supplementary 
Figure 3.3 a).

In the tandem target assay, Cas9 was directly observed to switch between 
two FRET states in a single binding event for each target separation (Figure 
3.4 b). The observed two FRET peaks in histograms from transition events 
agree with the values from single target controls (Figure 3.4 b, Figure S3.3 a), 
confirming that the fluctuations are arising due to Cas9 shuttling between 
two target sites. The probability of translocating to a neighboring target be-
fore dissociation that arose due to 1-D diffusion was highest at ~0.35 when 
the distance between protospacers was 6 bp (Figure 3.4 d). At 9-bp and 12-bp 
separation the probability dropped to ~0.19 and ~0.13, respectively. At 23-

Figure 3.4 Mechanism of lateral diffusion. a) DNA sequences used in tandem target experiments. 
Complementary sequences to crRNA are marked in pink boxes and PAMs are marked in green boxes. 
Distances between the protospacers are indicated above the sequences. An illustration of Cas9 bind-
ing to each target site resulting in either high FRET (target H) or low FRET (target L) is shown on 
the right. b) Example fluorescence traces showing Cas9 transitioning between H and L targets with 
increasing target distances (right). FRET histograms constructed from events that show fluctuations 
showing two FRET peaks corresponding to binding to either target. High FRET peak stays the same 
in each histogram, but lower FRET peak moves to lower FRET values as the distance between targets 
increases. c) A histogram showing all dwelltimes from single-target controls and tandem-target exper-
iments. τ1 is similar for single-target control and tandem target experiments. τ2 only appears in tandem 
target experiments and is over 20-fold higher than τ1 or τst. The values represent the mean dwelltimes 
that were obtained by fitting dwelltime distributions by either single or double exponential decay func-
tion from five measurements. Error bars represent standard error of the mean. d) A scatter plot showing 
the probability of Cas9 transitioning between targets before dissociation. The values are averages from 
five measurements and error bars represent standard error of the mean. The transition probability (p = T 
/ (T+D)) was calculated by summing up all the number of FRET transitions (T) and dividing T by the 
sum of T and the total number of dissociation events (D).
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bp distance, the probability dropped to ~0.07 – a 5-fold decrease compared 
to 6-bp separation. 

The measured dwelltimes for a single target at each distance from the 
dye (Figure 3.4 c, Figure S3.3 b) followed a single-exponential decay with 
dwelltimes (τ

st)
 lower than 1 s which is in agreement with literature [27]. In 

contrast, the dwelltime distribution for tandem target constructs was char-
acterized by a double exponential decay (Figure 3.4 c, Figure S3.4 a). The 
dwelltimes for target binding were obtained by measuring the binding times 
of events that have a FRET value, corresponding to on-target binding, which 
allowed any non-specific or PAM-only interactions to be excluded from anal-
ysis. Short binding events with a similar dwelltime as single target controls 
were observed with all constructs regardless of the distance between proto-
spacers (τ

1
). However, a second type of events observed had strikingly long 

dwelltimes (τ
2
) of 20-30 s (Figure 3.4 c). The presence of such binding events 

with more than a 20-fold increase in dwelltime compared to a single-target 
suggests that Cas9 is experiencing a strong synergistic effect when two tar-
gets are neighboring each other.

3.2.4. Pam mulTiPliciTy Delays on-TargeT binDing

While the results indicate that lateral diffusion is involved in PAM and 
consequently target search, it remains unclear whether the presence of mul-
tiple PAM sites next to a target would promote on-target binding or act as 
a decoy binding site, thus delaying target recognition. To investigate the 
effects PAM multiplicity has on the on-target binding, we designed 3 tandem 
target constructs. A single PAM was always adjacent to the first target, while 
the second target had 1, 3 and 5 neighboring PAMs (Figure 3.5 a). As in the 
previous tandem target experiments (target separation 12 bp), binding to the 
first target resulted in a high FRET state (~0.86) and binding to the second 
target resulted in a lower FRET state (~0.5) (Figure 3.4 b). Complementarity 
between crRNA and DNA was chosen to be 9 nucleotides for greater binding 
stability. Analysis of individual binding events revealed that for the sym-
metric case where both target sites are flanked by a single PAM, the binding 
events that begin at either target are equally distributed: 52.9% ± 3.4% begin 
at the first target site and 47.1% ± 3.4% begin at the second target site (Figure 
3.5 b). When the number of PAM sites adjacent to the second target site was 
increased to 3 and consequently 5 PAMs, the distribution of events changed 
as in both cases more than 60% of events now started at the first target site 
having a single PAM (Figure 3.5 b). These results suggest that having multi-
ple PAM sites adjacent to the target can deter the protein from binding the 
target site.
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Figure 3.5 PAM multiplicity delays on-target binding. a) DNA and crRNA sequence used for ex-
periments with tandem target-multiple PAM constructs. DNA sequence is shown for the symmetric 
construct with each target having only one adjacent PAM and schematic representation is shown for 
multiple-PAM adjacent to the second target containing constructs. b) Histogram showing the percent-
age of binding events starting at either target. The values are averages of five measurements over three 
different days. Error bars represent standard error of the mean.  c) DNA and crRNA sequence used 
for experiments with a full target and multiple PAMs. DNA sequence is shown for the single-target 
single-PAM construct and schematic representation is shown for multiple-PAM containing constructs. 
d) An example trace showing the addition of Cy3-labeled DNA target and the first binding event. Δτon 
is indicated. e) Scatter plot showing the on-target binding rate (kon-target) for each construct. Binding rate 
decreases moderately with increasing number of adjacent PAMs. The values are averages of four meas-
urements over three days. Error bars represent standard error of the mean. kon-target was calculated 
using the equation kon-target=1/ (CxΔτon) where C is the molarity of DNA target in the channel.
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To further investigate this effect, we designed constructs with full com-
plementarity (20 nt) between DNA and crRNA and an increasing number 
of neighboring PAM sites: x1, x3, x5, x7 and x9 (Figure 3.5 c). Flow experi-
ments were performed and for each construct, the binding rate to the target 
(kon-target) was obtained by measuring the time between the addition of 
DNA to the flow chamber and the first high FRET binding event (Figure 3.5 
d). The binding rate values were found to decrease moderately with increas-
ing number of PAM sites (Figure 3.5 e). Once a high FRET state was achieved 
indicating on-target binding, no further FRET fluctuations were observed. 
This indicates that although multiple PAM sites cause the binding rate to the 
target to go down, they cannot compete with target binding once the target 
has been recognized. When all events, such as zero- or low-FRET peaks were 
included in the analysis, the binding (kon-total) rate was found to remain 
constant for all constructs (Figure S3.4 b). Together with the results showing 
that a target with a single neighboring PAM is preferred in tandem target ex-
periments, this data hints that while PAM multiplicity does not affect overall 
binding behavior, it delays on-target binding with PAM clusters acting as 
decoy binding sites for Cas9.

3.3. Discussion

As a means of prokaryotic defense against invading foreign genetic el-
ements, Cas9 has to be able to find its target in a crowded cellular envi-
ronment, among kilo-bases of DNA. The target search becomes even more 
complicated when Cas9 is applied in eukaryotic cells as a genome engineer-
ing tool [15, 18]. In such situations where a protein needs to sample a myr-
iad of sequences before finding a cognate target, facilitated diffusion has 
been shown to speed up target search as opposed to 3-dimensional diffu-
sion alone [26, 28-33]. We propose that, once Cas9 finds a PAM sequence by 
3-D collisions, it is able to diffuse laterally on a DNA strand. By competing 
with the dissociation process, this lateral diffusion mode intervenes in PAM 
finding and consequently target recognition. We determined that lateral dif-
fusion of Cas9 primarily occurs in a local manner of ~20 basepairs, when 
searching for both, the PAM and partial complementarity between DNA and 
crRNA. This explains the disagreement with previous studies which suggest-
ed lateral diffusion does not occur in Cas9 target search, since such distanc-
es could not be investigated due to the diffraction limit of other microscopy 
techniques [20]. 

We speculate that a limiting factor for Cas9 diffusion may not only be 
distance, but also the need to open the DNA duplex which is energetically 
unfavorable if a protein without a helicase domain were to laterally diffuse 
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long distances. Structural data showed that Cas9 interacts with PAM sites 
directly, without opening up the double-stranded structure or the involve-
ment of DNA-RNA interactions [34]. Thereby, the lateral diffusion for PAM 
search would be more effective than for PAM and partial complementarity. 
This speculation is supported by our observation that multiple neighboring 
PAM sites provide a binding site for Cas9 and allow Cas9 to interrogate an 
adjacent target site. This observation is in contrast to rapid dissociation 
from a PAM when an adjacent target is not present [27]. In addition, we show 
evidence of Cas9 laterally diffusing between individual PAM sites, further 
supporting the hypothesis that lateral diffusion is used for PAM search. Our 
data also provides explanation as to why PAM-rich DNA stretches can be 
efficiently bound in vivo even if no target is present nearby[35]. Our work is 
also in agreement with DNA curtains studies, which show that Cas9 localizes 
on PAM-rich regions on λ-DNA[20].

Based on our findings we propose a model in which PAM sequences drive 
lateral diffusion as the protein directly interacts with them, as shown by 
structural studies (Figure 3.6) [34]. If upon binding to a PAM site a match-
ing target is not found, Cas9 can dissociate or diffuse locally on the DNA 
strand until another PAM site is found. If a matching DNA sequences flanks 
the PAM, Cas9 checks for complementarity and if it is not sufficient for sta-

3-Dimensional target search

No PAM PAM PAM+partial target Full target binding

1-Dimensional target search

Figure 3.6 Model for Cas9 target search. Upon binding to DNA without PAM, Cas9 rapidly dissoci-
ates. Upon binding to a PAM Cas9 can dissociate or diffuse locally until another PAM site is found. If 
a matching DNA sequences flanks the PAM, Cas9 checks for complementarity and if it is not sufficient 
for stable binding, it can dissociate or diffuse laterally until another PAM is found. Such a process re-
peats until a target with a high enough degree of complementarity (9-12nt) is found and Cas9 cannot 
further dissociate.
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ble binding, it can dissociate or again, diffuse laterally until another PAM is 
found, as shown by our tandem target assays. Such a process repeats until 
a target with a sufficiently high degree of complementarity (>12nt) is found 
and Cas9 cannot further dissociate. Therefore, we expand the knowledge of 
Cas9 target search mechanism by showing that it is a combination of 3-di-
mensional and 1-dimensional diffusion along the DNA strand and that the 
PAM sequences are not only important as the first step of target recognition 
but also drive target search.

In order to increase efficiency in genome editing, an in-depth knowledge 
of how Cas9 finds its target is crucial. Therefore, our results will be impor-
tant when choosing target sites during genome editing. Neighboring PAM 
sites close to a desired target will cause the protein to stay bound to the 
PAM cluster for longer, thereby delaying on-target binding in a case where 
Cas9 expression levels are high and therefore the likelihood of finding a tar-
get by 3-D collisions is high, thus greatly decreasing total search time [19]. 
If Cas9 expression levels are low, it is likely that by keeping Cas9 bound to 
a neighboring region for longer, PAM-rich sites could increase the chance 
of a Cas9 molecule finding the target faster via 1-D diffusion. If no target 
is present next to a PAM-rich DNA site, such PAM clusters could be used as 
decoy binding sites by phages in order to prevent Cas9 binding to a cognate 
target during Cas9 DNA interference. In addition to importance in genetic 
engineering, our results suggest that the strong interaction and lateral dif-
fusion between PAM sites could be important in bacterial defense against 
phages. Cas9 has been shown to be important in recognizing the PAM dur-
ing the CRISPR adaptation step, together with Cas1-Cas2-Csn2 complex [36]. 
Therefore, PAM density in the invader’s genome could potentially play a role 
in selecting which targets will be integrated in the CRISPR locus. Further in 
vivo studies will provide an answer to whether PAM clusters are beneficial 
for the invader, by acting as decoys and delaying target recognition, or for 
the host, by increasing the efficiency of functional spacer selection during 
CRISPR adaptation.
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3.4. maTerials anD meThoDs
3.4.1. recombinanT sPcas9 PurificaTion

The pET plasmid encoding (6x)His-tagged Cas9 was transformed into 
BL21 (DE3), Rosetta. Transformed bacterial cells were moved to a 400ml of 
fresh LB medium containing 50ug/ml kanamycin. Incubate the culture with 
shaking (200rpm) at 18°C for 24 hours. Optical density was monitored and 
Cas9 protein expression was induced (A550=0.6) by using 0.5mM IPTG at 
18C for 24hours. After the cells were harvested by centrifugation (5000xg) 
for 10minutes (at 4°C), bacterial cells were resuspended with lysis buffer [20 
mM Tris–HCl (pH 8.0), 400mM NaCl, 10mM b-mercaptoethanol, 1% Triton 
X-100, 50mg aprotinin, 50mg antipain, 50mg bestatin, 1mM PMSF (phenyl-
methylsulfonyl fluoride)] (Sigma-Aldrich) and sonicated on ice. The lysate 
was centrifuged at 6000 rcf for 10min(4°C) and supernatant solution was 
mixed with 2ml of Ni-NTA slurry (Qiagen) at 4°C for 1 and half hour. The 
lysate/Ni-NTA mixture was loaded onto a column (Biorad) with capped bot-
tom outlet. Loaded sample was washed multiple times with pre-made wash 
buffer [20 mM Tris–HCl (pH 8.0), 400mM NaCl, 10mM b-mercaptoethanol] 
and (6x)His-tagged SpCas9 was eluted with Elution Buffer [20 mM Tris–HCl 
(pH 8.0), 400mM NaCl, 10mM b-mercaptoethanol, 200mM Imidazole] (Fig-
ure EV1a). Finally, buffer containing eluted SpCas9 protein was changed to 
storage buffer [10mM HEPES-KOH (pH 7.5), 250mM KCl, 1mM MgCl2, 0.1mM 
EDTA, 7mM b-mercaptoethanol and 20% glycerol] by using centrifugal filter 
(Amicon Ultra 100K). The purified SpCas9 protein was frozen with liquid 
nitrogen and stored at -80°C. 

3.4.2. bioTinylaTion of The recombinanT sPcas9 
The process of linking biotin to the recombinant protein was carried out 

in-vitro and proceeded during the process of protein purification. After load-
ing the SpCas9 over-expressed bacterial lysate and Ni-NTA mixture onto a 
column (Biorad), mixed sample was washed multiple times with wash buffer 
[20 mM Tris–HCl (pH 8.0), 400mM NaCl]. Then we added 10-fold molar ex-
cess of maleimide-biotin (Sigma-Aldrich) to SpCas9 solution and incubate 
for overnight at 4°C (mix gently with rotator). To get rid of unbound ma-
leimide-biotin chemicals, mixed sample was washed sufficiently with wash 
buffer [20 mM Tris–HCl (pH 8.0), 400mM NaCl]. Finally, biotinylated SpCas9 
protein was eluted with elution Buffer [20 mM Tris–HCl (pH 8.0), 400mM 
NaCl, 200mM Imidazole], then the protein concentration was measured by 
spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific). Eluted Sp-
Cas9 protein was further purified with size exclusion chromatography. The 
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biotinylation degree of the wild-type SpCas9 protein was calculated with 
commercial kit (Pierce) and it reached about 100% for two Cysteine sites 
(Cys80/Cys574). Biotinylated SpCas9 protein was stored in storage buffer 
[10mM HEPES-KOH (pH 7.5), 250mM KCl, 1mM MgCl2, 0.1mM EDTA, 7mM 
b-mercaptoethanol and 20% glycerol] and purified protein was frozen in liq-
uid nitrogen and store at -80°C. 

3.4.3. PreParaTion of The single-guiDe rna  
We used In-vitro RNA transcription (DNA template, T7 RNA polymer-

ase (NEB) 5ul, 10x Buffer 10ul, rNTP mix (2.5mM each), MgCl2 10mM, DTT 
1mM, H2O up to 100ul, RNAse inhibitor (NEB) 0.5ul, Total 100ul reaction) to 
generate single-guide RNAs. DNA template contains X20 target protospac-
er sequence which is complementary to the RNA strand. After RNA tran-
scription, DNA template was removed by DNase (NEB) treatment. Then pure 
single-guide RNA was purified and concentration was measured by spectro-
photometer (Nanodrop 2000, Thermo Fisher Scientific).

3.4.4.in-viTro Dna cleavage assay wiTh wilD-TyPe anD bioTinylaT-
eD sPcas9 

In-vitro cleavage experiments were performed with sgRNA and SpCas9 
proteins purified at high purity (Figure EV2). DNA containing the target site 
was prepared by PCR, and higher molar concentration of the SpCas9 protein 
and biotinylated SpCas9 was treated at the same molarity. The sgRNA was 
added at a molar ratio three times greater than the protein (final molar ratio, 
DNA: protein: sgRNA = 1:3 :9) with a complementary sequence to the target 
site. Target DNA, SpCas9 protein and sgRNA were mixed and incubated at 
37°C for 1hour. The cleaved DNA product was separated on the 1.5% agarose 
gel and cleavage ratio was calculated by ImageJ software. 

3.4.5. labeling of nucleic aciDs

Nucleic acids were labeled using NHS-ester chemistry. DNA and RNA 
strands with a C6 amine modification on a Thymine or Uracil base were 
ordered synthetic from companies Ella biotech and IBA Lifesciences respec-
tively. 1 mM DNA or RNA samples were mixed with ~20 mM dye (GE health-
care) and labeling buffer (Sodium bicarbonate, 8.4 mg/ml) in a volume ratio 
1:1:5 and incubated for 6 hours at room temperature with gentle mixing in 
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the dark. Full labeling procedure can be found in [37].

3.4.6. single-molecule Two-color freT
Single-molecule fluorescence measurements were performed with a 

prism-type total internal reflection fluorescence microscope. 0.1mg/ml 
Streptavidin was added to a polyethylene glycol-coated quarts surface and 
incubated for 2 minutes before being washed with T50 (10 mM Tris-HCl (pH 
8.0), 50 mM NaCl). Biotinylated Cas9 was pre-incubated with Cy5-labeled 
crRNA and tracrRNA (ratio 1:2:4) at 37 degrees for 20 minutes in NEB buffer 
3 (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 1 mM DTT) and then add-
ed to the chamber containing Streptavidin. After 2 minute incubation un-
bound Cas9 and RNA molecules were washed away with an imaging buffer 
(50mM HEPES-NaOH [pH7.5], 10mM NaCl, 2mM MgCl2, 1% glucose (Dextrose 
monohydrate), 1mM Trolox (2.5mg/10ml), 1mg/ml glucose oxydase [Sigma], 
170ug/ml catalase [Merck]). 8 nM Cy3 labeled DNA substrate in imaging buff-
er was added to the channel. A reference video of immobilized  Cy5-labeled 
Cas9:RNA complexes were made. Following the reference video, Cy3-labeled 
DNA molecules were excited using a 532 nm diode laser. Fluorescence sig-
nals of Cy3 and Cy5 were collected through a 60× water immersion objec-
tive (UplanSApo, Olympus) with an inverted microscope (IX73, Olympus). 
The 532 nm laser scattering was blocked out by a 532 nm long pass filter 
(LPD01-532RU-25, Semrock). The Cy3 and Cy5 signals were separated with 
a dichroic mirror (635 dcxr, Chroma) and imaged using an EM-CCD camera 
(iXon Ultra, DU-897U-CS0-#BV, Andor Technology). RNA and DNA sequences 
used can be found in Appendix Tables S1 and S2.

3.4.7. DaTa acquisiTion anD analysis

Using a custom-made program written in Visual C++ (Microsoft), a series 
of CCD images of time resolution 0.1s was recorded. The time traces were 
extracted from the CCD image series using IDL (ITT Visual Information Solu-
tion) employing an algorithm that looked for fluorescence spots with a de-
fined Gaussian profile and with signals above the average of the background 
signals. Colocalization between Cy3 and Cy5 signals was carried out with a 
custom-made mapping algorithm written in IDL. The extracted time traces 
were processed using Matlab (MathWorks) and Origin (Origin Lab).
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3.5. suPPlemenTary informaTion
3.5.1. suPPlemenTary figures

a

b

Figure S3.1. Biotinylation and activity test of the SpCas9 protein. a) SDS-PAGE data of the bi-
otinylated SpCas9 protein. b) In-vitro cleavage assay for activity validation of the biotinylated Sp-
Cas9. Target DNA strand was cleaved by equivalent molar ratio of the SpCas9 and biotinylated Sp-
Cas9. Cleaved fragments sizes are 520bp and 325bp respectively. Primers used: CCR5 forward primer 
5’-GAGGTGAGAGGATTGCTTGAGCCC-3’,  CCR5 reverse primer 5’-ATTGTCAGGAG-
GATGATGAAGAAG-3’.
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Figure S3.2. Evidence of synergistic effect and lateral diffusion between PAMs a) A scatter plot 
showing FRET vs dwelltime for each construct containing 0, 1, 2, 3, 4, 5 PAMs. No correlation between 
FRET values and dwelltimes is observed for either construct b) Dwelltime distributions for constructs 
containing 2, 3, 4 and 5 neighboring PAMs. Blue line shows a double-exponential decay fit and red line 
shows what a single-exponential decay fit would look like for these dwelltime distributions. Equation 
of the double-exponential decay fit: y=A1e-t/τ1 + A2e-t/τ2.  c) DNA sequences used in the multiple PAM 
experiments where the PAM separation is 4 nucleotides. d) Bar plot of all dwelltime values for all con-
structs (d4). The times shown are mean values of dwelltimes obtained during four different experiments 
on four different days. Error bars represent standard error of the mean.
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Figure S3.3. Single-target control experiments a) DNA sequences used in single-target control ex-
periments, complementary sequence is marked in pink box and PAMs are marked in green box. Cor-
responding FRET histograms and example FRET traces are shown below each DNA sequence. b) 
Dwelltime distributions for each DNA construct fitted with a single-exponential decay function.
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Figure S3.4. Tandem target dwelltime and single target binding rate a) Dwelltime histributions for 
tandem-target construct for each target separation, fitted with a double-exponential decay function. 
Equation of the fit: y=A1e-t/τ1 + A2e-t/τ2. A values for each tandem target construct: d6 - A1= 640.3, A2= 
8.0; d9 - A1 = 654.7, A2= 8.8; d12 - A1= 144.6, A2= 6.4; d23 – A1= 635.3 A2= 5.6.Average dwelltime for 
each construct: d6 - τav=12.3 s ; d9 - τav=6.9 s ; d12 - τav=10.7 s ; d23 - τav=7.6 s . Average dwelltimes 
were calculated using equation τav=(A1Δτ1

2+A2τ22)/(A₁Δτ₁+A2Δτ2)
Scatter plot showing the total binding rate (kon) for each single-target, multiple PAM construct. Bind-
ing rate stays constant with increasing number of adjacent PAMs. The values are averages of four meas-
urements over three days. Error bars represent standard error of the mean. kon was calculated using the 
equation kon =1/ (CxΔτon) where C is the molarity of DNA target in the channel.
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3.5.2. suPPlemenTary Tables

sgRNA (bulk 
cleavage)

5’GGU GAC AUC AAU UAU UAU ACA UGU UUU AGA GCU AGA AAU 
AGC AAG UUA AAA UAA GGC UAG UCC GUU AUC AAC UUG AAA 
AAG UGG CAC CGA GUC GGU GCU UUU U 3’

tracrRNA (smFRET)

5’GGA ACC AUU CAA AAC AGC AUA GCA AGU UAA AAU AAG GCU 
AGU CCG UUA UCA ACU UGA AAA AGU GGC ACC GAG UCG GUG 
CUU UUU UU 3’

crRNA_+0 mPAM 
(smFRET)

5’GGU UUU UUU UUU UUU UUU UUU UGU UUU AGA GCU AUG CUG 
UUU UG 3’

crRNA_+9 
mPAM+target 
sm(FRET)

5’GGU UUU UUU UUU AAU UAU ACA UGU UUU AGA GCU AUG CUG 
UUU UG 3’

crRNA+3 tandem 
target (smFRET)

5’GGU UUU UUU UUU UUU UUU UCA UGU UUU AGA GCU AUG CUG 
UUU UG 3’

crRNA_+20 
mPAM+target flow 
(smFRET)

5’GGU GAC AUC AAU UAU UAU ACA UGU UUU AGA GCU AUG CUG 
UUU UG 3’

Table S3.1. RNA sequences. Red underlined nucleotide shows labeling position
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mPAMx0 non-
target strand

5’ CAG AAT AGT AAT CTA ACA GTG TCA AGT ATA ATC TAT AAC ATC 
ATA ACT ATA CTA TAC ATA TAT ATA TAT ATC TAT ACA TAT ATC 
ATA CTA GCA TCG TT 3’

mPAMx0 target 
strand

5’ AAC GAT GCT AGT ATG ATA TAT GTA TAG ATA TAT ATA TAT ATG 
TAT AGT ATA GTT ATG ATG TTA TAG ATT ATA CTT GAC ACT GTT 
AGAT TAC TAT TCT G 3’

mPAMx1 non-
target 

5’ CAG AAT AGT AAT CTA ACA GTG TCA AGT ATA ATC TAT AAC ATC 
ATA ACT ATA CTA TAC ATA TAT ATA TAT ATC TAT ACA TGG ATC 
ATA CTA GCA TCG TT 3’

mPAMx1  target

5’ AAC GAT GCT AGT ATG ATC CAT GTA TAG ATA TAT ATA TAT ATG 
TAT AGT ATA GTT ATG ATG TTA TAG ATT ATA CTT GAC ACT GTT 
AGA TTA CTA TTC TG 3’

mPAMx2 non 
target

5’ CAG AAT AGT AAT CTA ACA GTG TCA AGT ATA ATC TAT AAC ATC 
ATA ACT ATA CTA TAC ATA TAT ATA TAT ATC TAT GGA TGG ATC 
ATA CTA GCA TCG TT 3’

mPAMx2 target

5’ AAC GAT GCT AGT ATG ATC CAT CCA TAG ATA TAT ATA TAT ATG 
TAT AGT ATA GTT ATG ATG TTA TAG ATT ATA CTT GAC ACT GTT 
AGA TTA CTA TTC TG 3’

mPAMx3 non-
target

5’ CAG AAT AGT AAT CTA ACA GTG TCA AGT ATA ATC TAT AAC ATC 
ATA ACT ATA CTA TAC ATA TAT ATA TAT ATG GAT GGA TGG TAC 
ATA CTA GCA TCG TT 3’

mPAMx3 target

5’ AAC GAT GCT AGT ATG TAC CAT CCA TCC ATA TAT ATA TAT AGT 
ATA GTA TAG TTA TGA TGT TAT AGA TTA TAC TTG ACA CTG TTA 
GAT TAC TAT TCT G 3’

mPAMx4 non-
target

5’ CAG AAT AGT AAT CTA ACA GTG TCA AGT ATA ATC TAT AAC ATC 
ATA ACT ATA CTA TAC ATA TAT ATA TGG ATG GAT GGA TGG TAC 
ATA CTA GCA TCG TT 3’

mPAMx4 target

5’ AAC GAT GCT AGT ATG TAC CAT CCA TCC ATC CAT ATA TAT ATG 
TAT AGT ATA GTT ATG ATG TTA TAG ATT ATA CTT GAC ACT GTT 
AGA TTA CTA TTC TG 3’

mPAMx5 non-
target

5’ CAG AAT AGT AAT CTA ACA GTG TCA AGT ATA ATC TAT AAC ATC 
ATA ACT ATA CTA TAC ATA TAT GGA TGG ATG GAT GGA TGG TAC 
ATA CTA GCA TCG TT 3’

mPAMx5 target

5’ AAC GAT GCT AGT ATG TAC CAT CCA TCC ATC CAT CCA TAT ATG 
TAT AGT ATA GTT ATG ATG TTA TAG ATT ATA CTT GAC ACT GTT 
AGA TTA CTA TTC TG 3’

1xPAM+9 Non-
target

5’ GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGATTATACAT TGG 
ACAGTAGATAGTAATATAGA TCATAACATATTACATACAGACATGTTA 3’

1xPAM+9 target

’5 TAACATGTCTGTATGTAATATGTTATGAT CTATA TTACTATCTACTGTCC A 
ATGTATAATCTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC ’3

3xPAM+9 Non-
target

5’ GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGATTATACAT TGG 
ACGGTAGGTAGTA ATATAGATCATAACATATTACATAC AGACATGTTA 3’

3xPAM+9 
Target

’5 TAACATGTCTGTATGTAATATGTT ATGATC TATATT ACTACCTACCGT CCA 
ATGTATAATCTATCT ACTG TATAGTTATGA TGTTATAGATTATACTTGAC ’3

5xPAM+9 Non-
target

5’ GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGATTATACAT TGG 
ACGGTAGGTAGGAA GGTAGATCATAACATATTACATACAGACATGTTA 3’

5xPAM+9 
Target

5’ TAACATGTCTGTATGTAATATGTTATGATC TACCTTCCTACCTACCGT CCA 
ATGTATAATCTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC ’3
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7xPAM+9 Non-
target

5’GTCAAGTATAATCTATAACATCATAACTATACAGTAGATAG ATTATACATTGG 
ACGGTAGGTAGGA AGGTAGGTCGGAACATATTACATACAGACATGTTA 3’

7xPAM+9 
Target

5‘ TAACATGTCTGTATGTAATATGTTCCGACC TACCTTCCTACCTACCGTCCA 
ATGTATAAT CTATCTACTGTATAGTTATGATGTTA TAGATTATACTTGAC 3‘

9xPAM+9 Non-
target

5’GTCAAGTATAATCTATAACA TCATAACTATACAGTAGATAG ATTATACATTGG 
ACGGTAGGTAGGA AGGTAGGTCGGAAGGTAGGACATACAGACATGTTA 3’

9xPAM+9 target

5‘TAACATGTCTG TATGTCCTACCTTCCGA CCTACCTTCCTACCTACCGTCCA  
ATGTATAAT CTATCTACTGTATAG TTATGATGTTATAGATTATACTTGAC 3‘

Tandem target 
d_23 non-target

5’ GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGATTATACAT TGG 
ACAGTAGATAGATTATACAT TGG TAACATATTACATACAGACATGTT 3’

Tandem target 
d_23  target

5‘ AACATGTCTGTATGTAATATGTTA CCA ATGTATAATCTATCTACTGT CCA 
ATGTATAATCTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC ’3

Tandem target 
d_12  non-
target

5’ GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGATTATACAT TGG 
ATTATACAT TGG TAACATATTACATACAGACATGTTA 3’

Tandem target 
d_12 target

5’ TAACATGTCTGTATGTAATATGTTA CCA ATGTATAAT CCA 
ATGTATAATCTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC 3’

Tandem target 
d_9 non-target

5’GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGATTATACAT TGG 
ATACAT TGG TAACATATTACATACAGACATGTTA 3’

Tandem target 
d_9  target

5’TAACATGTCTGTATGTAATATGTTA CCA ATGTAT CCA 
ATGTATAATCTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC 3’

Tandem target 
d_3 non-target

5’GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGATTATACAT TGG 
CAT TGG TAACATATTACATACAGACATGTTA 3’

Tandem target 
d_3 target

5’TAACATGTCTGTATGTAATATGTTA CCA ATG CCA 
ATGTATAATCTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC 3’

Single target 
d_23 non-target

5’ GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGTAATATAGA TCA 
ACAGTAGATAGATTATACAT TGG TAACATATTACATACAGACATGTTA 3’

Single target 
d_23 target

5‘ TAACATGTCTGTATGTAATATGTTA CCA ATGTATAATCTATCTACTGT TGA 
TCTATATTACTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC 3‘

Single target 
d_12 non-target

5’ GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGTAATATAGA TCA 
ATTATACAT TGG TAACATATTACATACAGACATGTTA 3’

Single target 
d_12 target

5‘ TAACATGTCTGTATGTAATATGTTA CCA ATGTATAAT TGA 
TCTATATTACTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC 3‘

Single target 
d_9 non-target

5’ GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGTAATATAGA TCA 
ATACAT TGG TAACATATTACATACAGACATGTTA 3’

Single target 
d_9 target

5‘ TAACATGTCTGTATGTAATATGTTA CCA ATG TATTGA 
TCTATATTACTATCTACTGTATAGTTATGATGTTATAGATTATACTTGAC 3‘
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Single target 
d_6 non-target

5’ GTCAAGTATAATCTATAACATCATAACTATACAGTAGATAGTAATATAGATCA 
CAT TGG TAACATATTACATACAGACATGTTA 3’

Single target 
d_6 target

5‘ TAACATGTCTGTATGTAATATGTTA CCA ATG 
TGATCTATATTACTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC 3‘

Tandem target 
d_12 PAMx3 
Non-target

5’ GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGATTATACAT TGG 
ATTATACAT TGG TAGGATGGTACATACAGACATGTTA 3’

Tandem target 
d_12 PAMx3 
target

5‘ TAACATGTCTGTATGTACCATCCTA CCA ATGTATAAT CCA 
ATGTATAATCTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC 3‘

Tandem target 
d_12 PAMx5 
Non-target

5’ GTCAAGTATAATCTATAACATCATAACTAT ACAGTAGATAGATTATACAT TGG 
ATTATACAT TGG TAGGATGGTAGGTAGGGACATGTTA 3’

Tandem target 
d_12 PAMx5 
target

5‘ TAACATGTCCCTACCTACCATCCTA CCA ATGTATAAT CCA 
ATGTATAATCTATCTACTGT ATAGTTATGATGTTATAGATTATACTTGAC 3‘

1xPAM+ 20 
Non-target

5’ GTCAAGTATAATCTATAACATCATAACTAT TGACATCAATTATTATACAT TGG 
ACAGTAGATAGTAATATAGATCAT AACATATTACATACAGACATGTTA 3’

1xPAM+ 20 
target

5‘ TAACATGTCTGTATGTAATATGT TATGATCTATATTACTATCTACTGT CCA 
ATGTATAATAATTGATGTCA ATAGTTATGATGTTATAGATTATACTTGAC 3‘

3xPAM+ 20 
Non-target

5’ GTCAAGTATAATCTATAACATCATAACTAT TGACATCAATTATTATACAT TGG 
ACGGTAGGTAGTAATATAGATC ATAACATATTACATACAGACATGTTA 3’

3xPAM+ 20 
target

5‘ TAACATGTCTGTATGTAATATGTTATG ATCTATATTACTACCTACCGT CCA 
ATGTATAATAATTGATGTCA ATAGTTATGATGTTATAGATTATACTTGAC 3‘

5xPAM+ 20 
Non-target

5’ GTCAAGTATAATCTATAACATCATAACTAT TGACATCAATTATTATACAT TGG 
ACGGTAGGTAGGAAGGTAGAT CATAACATATTACATACAGACATGTTA 3

5xPAM+ 20 
target

5‘ TAACATGTCTGTATGTAATATGTTATGATCTACCTTC CTACCTACCGT CCA 
ATGTATAATAATTGATGTCA ATAGTTATGATGTTATAGATTATACTTGAC 3‘

7xPAM+ 20Non-
target

5’ GTCAAGTATAATCTATAACATCATAACTAT TGACATCAATTATTATACAT TGG 
ACGGTAGGTAGGAAGGTAGGTCGGAA CATATTACATACAGACATGTTA 3’

7xPAM+ 20 
target

5‘ TAACATGTCTGTATGTAATATGTTCCGACCTAC CTTCCTACCTACCGT CCA 
ATGTATAATAATTGATGTCA ATAGTTATGATGTTATAGATTATACTTGAC 3‘

9xPAM+ 20 
Non-target

5’ GTCAAGTATAATCTATAACATCATAACTAT TGACATCAATTATTATACAT TGG 
ACGGTAGGTAGGAAGGTAGGTCGGA AGGTAGGACATACAGACATGTTA 3’

9xPAM+ 20 
target

5‘ TAACATGTCTGTATGTCCTACCTTCCGAC CTACCTTCCTACCTACCGT CCA 
ATGTATAATAATTGATGTCA ATAGTTATGATGTTATAGATTATACTTGAC 3‘

mPAMx2 d4 
target

5‘ AACGATGCTA GTATGATCCATGTCCAGATATATATATATATGTATAGT 
ATAGTTATGATGTTATAGATTATACTTGA CACTGTTAGATTACTATTCTG 3‘

mPAMx2 d4 
Non-target

5’ CAGAATAGTAATCTAACAGTGTCA AGTATAATCTATAACATCATAACTAT 
ACTATACATATATATATATATCTGGACATGGATCATAC TAGCATCGTT 3’

mPAMx3 d4 
target

5‘ AACGATGCTA GTATGTACCATGTCCAGATCCATATATATATGTATAGT 
ATAGTTATGATGTTATAGATTATA CTTGACACTGTTAGATTACTATTCTG 3‘



64

Chapter 3

  3

mPAMx3 d4 
Non-target

5’ CAGAATAGTAATCTAACAGTGTCAAGTAT AATCTATAACATCATAACTAT 
ACTATACATATATATATGGATCTGGACATGGTACATAC TAGCATCGTT 3’

mPAMx4 d4 
target

5‘ AACGATGCTA GTATGTACCATGTCCAGATCCATATCCATATGTATAGT 
ATAGTTATGATGTTATAGATT ATACTTGACACTGTTAGATTACTATTCTG 3‘

mPAMx4 d4 
Non-target

5’ CAGAATAGTAATCTAACAGTG TCAAGTATAATCTATAACATCATAACTAT 
ACTATACATATGGATATGGATCTGGACATGGTACATAC TAGCATCGTT 3’

mPAMx5 d4 
target

5‘ AACGATGCTA GTATGTACCATGTCCAGATCCATATCCATATCCATAGT 
ATAGTTATGATGTTAT AGATTATACTTGACACTGTTAGATTACTATTCTG 3‘

mPAMx5 d4 
Non-target

5’ CAGAATAGTAATCTAACAGTGTCAAGTATAATCTATAACAT CATAACTAT 
ACTATGGATATGGATATGGATCTGGACATGGTACATAC TAGCATCGTT 3’

Table S3.2. DNA sequences used in single-molecule experiments. Sequences in green represent 
PAMs (GG and CC). Sequences in Pink show regions complementary to guide RNA. Red underlined 
nucleotide indicates the nucleotide with C6 amine modification for dyelabeling.



65

Cas9 searChers for a protospaCer adjaCent motif using lateral diffusion

  3

references

1. Barrangou, R., et al., CRISPR provides acquired resistance against viruses in 
prokaryotes. Science, 2007. 315(5819): p. 1709-12.

2. Marraffini, L.A., CRISPR-Cas immunity in prokaryotes. Nature, 2015. 526(7571): 
p. 55-61.

3. Makarova, K.S., et al., A putative RNA-interference-based immune system in 
prokaryotes: computational analysis of the predicted enzymatic machinery, 
functional analogies with eukaryotic RNAi, and hypothetical mechanisms of 
action. Biol Direct, 2006. 1: p. 7.

4. Makarova, K.S., et al., An updated evolutionary classification of CRISPR-Cas 
systems. Nat Rev Microbiol, 2015. 13(11): p. 722-36.

5. Mohanraju, P., et al., Diverse evolutionary roots and mechanistic variations of the 
CRISPR-Cas systems. Science, 2016. 353(6299): p. aad5147.

6. Wiedenheft, B., S.H. Sternberg, and J.A. Doudna, RNA-guided genetic silencing 
systems in bacteria and archaea. Nature, 2012. 482(7385): p. 331-8.

7. Amitai, G. and R. Sorek, CRISPR-Cas adaptation: insights into the mechanism of 
action. Nat Rev Microbiol, 2016. 14(2): p. 67-76.

8. Bolotin, A., et al., Clustered regularly interspaced short palindrome repeats 
(CRISPRs) have spacers of extrachromosomal origin. Microbiology, 2005. 151(Pt 
8): p. 2551-61.

9. Mojica, F.J., et al., Intervening sequences of regularly spaced prokaryotic repeats 
derive from foreign genetic elements. J Mol Evol, 2005. 60(2): p. 174-82.

10. van der Oost, J., et al., Unravelling the structural and mechanistic basis of 
CRISPR-Cas systems. Nat Rev Microbiol, 2014. 12(7): p. 479-92.

11. Brouns, S.J., et al., Small CRISPR RNAs guide antiviral defense in prokaryotes. 
Science, 2008. 321(5891): p. 960-4.

12. Jinek, M., et al., A programmable dual-RNA-guided DNA endonuclease in 
adaptive bacterial immunity. Science, 2012. 337(6096): p. 816-21.

13. Gasiunas, G., et al., Cas9-crRNA ribonucleoprotein complex mediates specific 
DNA cleavage for adaptive immunity in bacteria. Proc Natl Acad Sci U S A, 2012. 
109(39): p. E2579-86.

14. Deltcheva, E., et al., CRISPR RNA maturation by trans-encoded small RNA and 
host factor RNase III. Nature, 2011. 471(7340): p. 602-7.

15. Hsu, P.D., E.S. Lander, and F. Zhang, Development and applications of CRISPR-
Cas9 for genome engineering. Cell, 2014. 157(6): p. 1262-78.

16. Jiang, W., et al., RNA-guided editing of bacterial genomes using CRISPR-Cas 
systems. Nat Biotechnol, 2013. 31(3): p. 233-9.

17. Barrangou, R. and J.A. Doudna, Applications of CRISPR technologies in research 
and beyond. Nat Biotechnol, 2016. 34(9): p. 933-941.

18. Cong, L., et al., Multiplex genome engineering using CRISPR/Cas systems. 
Science, 2013. 339(6121): p. 819-23.

19. Jones, D.L., et al., Kinetics of dCas9 target search in Escherichia coli. Science, 
2017. 357(6358): p. 1420-1424.

20. Sternberg, S.H., et al., DNA interrogation by the CRISPR RNA-guided 
endonuclease Cas9. Nature, 2014. 507(7490): p. 62-7.



66

Chapter 3

  3

21. Chandradoss, S.D., et al., Surface passivation for single-molecule protein studies. 
J Vis Exp, 2014(86).

22. Brown, M.W., et al., Assembly and translocation of a CRISPR-Cas primed 
acquisition complex. bioRxiv, 2017.

23. Szczelkun, M.D., et al., Direct observation of R-loop formation by single RNA-
guided Cas9 and Cascade effector complexes. Proc Natl Acad Sci U S A, 2014. 
111(27): p. 9798-803.

24. Chandradoss, S.D., et al., A Dynamic Search Process Underlies MicroRNA 
Targeting. Cell, 2015. 162(1): p. 96-107.

25. Grimson, A., et al., MicroRNA targeting specificity in mammals: determinants 
beyond seed pairing. Mol Cell, 2007. 27(1): p. 91-105.

26. Berg, O.G., R.B. Winter, and P.H. von Hippel, Diffusion-driven mechanisms of 
protein translocation on nucleic acids. 1. Models and theory. Biochemistry, 1981. 
20(24): p. 6929-48.

27. Singh, D., et al., Real-time observation of DNA recognition and rejection by the 
RNA-guided endonuclease Cas9. Nat Commun, 2016. 7: p. 12778.

28. Halford, S.E. and J.F. Marko, How do site-specific DNA-binding proteins find their 
targets? Nucleic Acids Res, 2004. 32(10): p. 3040-52.

29. Riggs, A.D., S. Bourgeois, and M. Cohn, The lac repressor-operator interaction. 3. 
Kinetic studies. J Mol Biol, 1970. 53(3): p. 401-17.

30. Hammar, P., et al., The lac repressor displays facilitated diffusion in living cells. 
Science, 2012. 336(6088): p. 1595-8.

31. Leith, J.S., et al., Sequence-dependent sliding kinetics of p53. Proc Natl Acad Sci U 
S A, 2012. 109(41): p. 16552-7.

32. Gorman, J., et al., Single-molecule imaging reveals target-search mechanisms 
during DNA mismatch repair. Proc Natl Acad Sci U S A, 2012. 109(45): p. E3074-
83.

33. Ragunathan, K., C. Liu, and T. Ha, RecA filament sliding on DNA facilitates 
homology search. Elife, 2012. 1: p. e00067.

34. Anders, C., et al., Structural basis of PAM-dependent target DNA recognition by 
the Cas9 endonuclease. Nature, 2014. 513(7519): p. 569-73.

35. O'Geen, H., et al., A genome-wide analysis of Cas9 binding specificity using ChIP-
seq and targeted sequence capture. Nucleic Acids Res, 2015. 43(6): p. 3389-404.

36. Heler, R., et al., Cas9 specifies functional viral targets during CRISPR-Cas 
adaptation. Nature, 2015. 519(7542): p. 199-202.

37. Joo, C. and T. Ha, Labeling DNA (or RNA) for single-molecule FRET. Cold Spring 
Harb Protoc, 2012. 2012(9): p. 1005-8.



67

Cas9 searChers for a protospaCer adjaCent motif using lateral diffusion

  3





69

4
Single-molecule FRET 

methods to study the Cas9 
endonuclease

This chapter has been published as: Globyte, V. and C. Joo, Single-molecule FRET studies of 
Cas9 endonuclease. Methods Enzymol, 2019. 616: p. 313-335.

Since its discovery, the CRISPR-Cas9 system has been in the center of attention 
for its promising applications in genome editing. However, in order to apply 
this system successfully in genetic engineering, all aspects of its molecular 
mechanism have to be well understood. One of the best ways to investigate 
the intricacies of the molecular mechanism is single-molecule studies as they 
allow real-time observation of the kinetic processes and provide high spatio-
temporal resolution. This chapter describes single-molecule fluorescence 
resonance energy transfer experiments carried out to investigate the Cas9 
protein from Streptococcus Pyogenes, providing information on the effects 
of target truncation, Cas9-induced double-stranded DNA dynamics and 
target search.
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4.1. inTroDucTion
4.1.1. crisPr bacTerial aDaPTive immune sysTem

Similar to eukaryotes, prokaryotes are under constant attack by mobile 
genetic elements, such as bacteriophages and plasmids. Through millions 
of years of evolution, prokaryotes have evolved distinct strategies to defend 
against invaders. One of these defense mechanisms is the CRISPR (Clustered 
Regularly Interspace Short Palindromic Repeats) adaptive immune system 
[1, 2]. Processes involved in CRISPR immunity can be grouped into three 
stages (Figure 4.1 a). In the first stage, known as the adaptation stage, short 
pieces of the invading DNA are integrated into the CRISPR locus in the bac-
terial genome, thus forming a genetic memory of the infection [1, 3]. In the 
second stage, the CRISPR locus is transcribed into precursor CRISPR RNA 
(crRNA) and the transcript is then processed to make short mature crRNA 
molecules [4]. In the final stage, known as the interference stage, crRNAs 
assemble with CRISPR-associated (Cas) proteins and guide them to destroy 
the invader when it returns. 

Based on how DNA interference is performed in the final stage, CRISPR 
systems are grouped into two classes (Figure 4.1 b)[5, 6]. The main feature 
of Class 1 systems is a multi-subunit protein complex which assembles with 
crRNA and performs target recognition and/or degradation. This class is 
further subdivided into three types: type I, type III and type IV. In Class 2 
systems, comprising type 2, type V and type VI systems, a single protein 
assembles with guide RNA to find and destroy invaders.

4.1.2. cas9 enDonuclease

The most famous of the CRISPR systems is the type II CRISPR system and 
its signature protein Cas9 [7, 8]. This system gained widespread attention 
due to its simplicity and ease-of-use in gene-editing applications [9-11]. The 
Cas9 protein is a dual-RNA-guided endonuclease (Figure 4.1 c). Cas9 consists 
of two lobes (REC lobe and Nuclease lobe) and undergoes large conforma-
tional changes upon binding the duplex trans-activating RNA (tracrRNA) and 
crRNA [12]. The two RNA molecules can be fused into a single-guide RNA 
[13]. While Cas9 extensively interacts with tracrRNA which has an intricate 
architecture, the main role of crRNA is to guide the protein to its 20-nucleo-
tide long target in the invader‘s genome. The first step of target recognition 
is recognizing a short 3 nucleotide motif called Protospacer Adjacent Motif 
(PAM) which is 5‘-NGG-3‘ for Streptococcus Pyogenes Cas9 and is located 
on the non-target strand [14]. Recognizing the PAM melts the DNA duplex 
and assists the R-loop formation between crRNA and DNA [15, 16]. Finally, 
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both the target and non-target strand are cleaved by the HNH and RuvC do-
mains respectively [17]. This chapter describes single-molecule FRET studies 
of interactions between Cas9 and its DNA targets, focusing on the detailed 
descriptions on how to design and carry out experiments to answer different 
research questions concerning Cas9. The examples described in this chapter 
are assessing the effects of target truncations, Cas9-induced DNA duplex 
dynamics and Cas9 target search.

4.2. Tirf-baseD single-molecule freT
4.2.1. single-molecule freT

FRET (Forster Resonance Energy Transfer) is a non-radiative energy trans-
fer between two fluorescent molecules (Figure 4.2b). If the emission spec-
trum of the donor fluorophore overlaps with the excitation spectrum of 
the acceptor fluorophore, once excited, the donor can then non-radiatively 
transfer its energy to the acceptor molecule through dipole-dipole coupling. 
The efficiency of the energy transfer is inversely proportional to the dis-
tance to the sixth power and thus can be used as a molecular ruler to de-
termine the distance between two fluorescent dyes. Single-molecule FRET 
(smFRET) is an excellent technique to study biological processes in great 
detail as it offers great spatiotemporal resolution [18]. Biomolecules such 
as nucleic acids or proteins can be labelled by two or more fluorescent dyes 
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and the interactions between them can be monitored. Information that can 
be obtained through smFRET measurements includes, but is not limited to, 
affinity between two molecules, binding frequency (binding rate), binding 
location, protein inter-domain movements and many more.

4.2.2. ToTal inTernal reflecTion fluorescence microscoPy

One of microscopy techniques used for smFRET is Total Internal Reflec-
tion Fluorescence (TIRF) Microscopy [19]. When the laser beam hits the sam-
ple chamber at a critical angle, it is totally internally reflected at the interface 
between the microscope slide and the microfluidic chamber. This gives rise 
to an evanescent field, which penetrates into the sample chamber. This tech-
nique is ideal because it has low background noise as only ~100 nm of the 
sample is illuminated by the evanescent field and it allows for parallel ob-
servation of several hundreds of molecules [20]. Two main types of TIRF mi-
croscopes exist – prism- and objective-type TIRF. The experiments described 
in this chapter rely on prism-type TIRF microscope, however, objective-type 
TIRF can also be used.

Schematic of a prism-type microscope is shown in Figure 4.2 a. The TIRF 
microscope is built around a commercial inverted microscope (Olympus). 
A quartz slide containing the sample is placed on the microscope stage. A 
drop of immersion oil is placed on the slide for index matching and a quartz 
prism (Eksma Optics) is placed on top. A laser beam hits the side of the 
prism and is directed to the quartz slide such that the beam hits the sample 
at the critical angle and is totally internally reflected. Evanescent electro-
magnetic field excites fluorescent molecules on the surface and the emitted 
fluorescence is collected by the objective lens. The imaging field of view is 
adjusted with a slit. The light beam is then collimated again and separated 
by dichroic mirrors (cut-off wavelength 630nm). Finally, the separated light 
beam is directed onto and recorded with an electron-multiplied charge cou-
pled device (EMCCD) camera (Andor iXon Ultra 897).

4.2.3. microscoPe sliDe assembly

For single-molecule measurements, biotinylated DNA or protein are im-
mobilized on the inner surface of a quartz microscope slide (Figure 4.2a). 
The slide is assembled by sandwiching double-sided scotch tape between a 
quartz slide and a coverslip (Figure 4.2c). Prior to assembly, holes are drilled 
in the quartz slide that act as inlet and outlet of the flow chamber. After 
drilling, slides are cleaned and coated with poly-ethylene glycol (Lysan) to 
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avoid non-specific adsorption of proteins and nucleic acids to the slide. A 
detailed description of the PEGylation procedure can be found in [21]. For 
immobilization, a small amount (1-2%) of biotin-PEG is mixed in the PEG 
solution prior to PEGylation. Prior to experiments, a second round of PEGyl-
ation (at least 20 minutes) is performed to further improve the quality of 
the slide surface. If the protein used is very sticky, the flow chambers can be 
incubated with 5% Tween 20 (Sigma) for 10 minutes after slide assembly to 
decrease non-specific adsorption.

4.3. PreParaTion for single-molecule exPerimenTs
4.3.1. fluorescenT labeling of nucleic aciDs

Single-molecule FRET measurements require the addition of a FRET dye 
pair to the molecules studied. In the experiments described in this chapter, it 
is the nucleic acids that are fluorescently labelled [22]. Organic Cyanine dyes 
Cy3 and Cy5 (GE healthcare) are chosen for best signal-to-noise ratio. The 
separation between dyes must be such that energy transfer can occur (~2-10 
nm or ~1-20 basepairs). For NHS-ester labelling, DNA and RNA strands with 
a C6 amine modification on a Thymine or Uracil base can be purchased com-
mercially from companies such as IBA Life Sciences and IDT (Integrated DNA 
Technologies). The labelling procedure is performed as follows:
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curve of FRET efficiency as a function of distance c) Schematic of a quartz slide used in single-molecule 
FRET experiments
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1. DNA or RNA samples are diluted to 1 mM using milliQ. 

2. The sample is then mixed with ~20 mM dye and labelling buff-
er (Sodium bicarbonate, 8.4 mg/ml) in a volume ratio 1:1:5. 

3. The labelling reaction is then incubated for 6 hours with gen-
tle mixing in the dark.

4. Labelling is followed by ethanol precipitation. 

5. The pellet is then carefully washed with 70% cold ethanol in 
order to remove free dye. 

6. The pellet is dried and dissolved in a desired volume of a cho-
sen solvent. 

7. The UV-visible absorbance of nucleic acids (260 nm) and dyes 
(550 nm for Cy3 and 650 nm for Cy5) is then measured using 
a spectrometer (Nanodrop 2000). Concentration (molarity) is 
then calculated using Beer-Lambert law 

Here, c is the concentration, A is the absorbance, ε is the extinction coeffi-
cient and l is the path length. Labelling efficiency is obtained by dividing the 
calculated dye concentration by the sample concentration and is typically 
above 90%. If there is too much free dye, ethanol precipitation can be re-
peated. If labelling efficiency is not high enough, a second round of labelling 
reaction can be done following ethanol precipitation.

4.3.2. cas9 bioTinylaTion

In protein immobilization assays, biotinylated variant of recombinant Sp-
Cas9 is used. The process of linking biotin to the recombinant protein is car-
ried out in-vitro during protein purification [23]. The procedure is as follows:

1. After loading the SpCas9 over-expressed bacterial lysate and 
Ni-NTA mixture onto a column (Biorad), mixed sample is 
washed multiple times with wash buffer. 

2. A 10 fold molar excess of maleimide-biotin (Sigma-Aldrich) is 
added to SpCas9 solution and incubated overnight at 4°C (mix 
gently with rotator). 
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3. To get rid of unbound maleimide-biotin chemicals, mixed 
sample is washed sufficiently with wash buffer. 

4. Biotinylated SpCas9 protein is eluted with elution buffer.

5. The protein concentration is measured using a spectropho-
tometer (Nanodrop 2000, Thermo Fisher Scientific). 

6. Eluted SpCas9 protein is further purified with size exclusion 
chromatography.

7. Biotinylated SpCas9 protein is stored in storage buffer and pu-
rified protein is snap-frozen in liquid nitrogen for long-term 
storage at -80°C.

4.3.3. buffers anD reagenTs

•	 Wash buffer
• 20 mM Tris-HCL (pH 8.0)
• 40 mM NaCl

•	 Elution buffer

• 20 mM Tris-HCl (pH 8.0)

• 400 mM NaCl

• 200 mM Imidazole

•	 Storage buffer
• 10 mM HEPES-KOH (pH 7.5)
• 250 mM KCl
• 1 mM MgCl2

• mM EDTA
• 7 mM b-mercaptoethanol
• 20 % glycerol

4.4. Dna-immobilizaTion baseD assays

In the experiments described in this section, assays based on the immo-
bilization of DNA are used. The experiments explore the effects of target 
truncations on Cas9-DNA interactions and the Cas9-induced DNA duplex 
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dynamics. In the first case, dyes are placed on both DNA and crRNA to report 
binding.  These experiments were carried out by making short snapshots of 
the molecules on the surface, which give ensemble FRET information over a 
long period of time. In the second case, dual-labelled DNA is used with la-
belling positions chosen at a distance in the most sensitive FRET range. The 
type of data obtained is real-time fluorescence traces, which can be further 
analyzed to obtain FRET histograms. This analysis in turn offers the insight 
into the processes after Cas9 binds DNA. Description of data analysis is 
provided in section 4.6. DNA immobilization procedure described in this 
section can be extended to other DNA- or RNA- binding proteins.

4.4.1. exPerimenTal ProceDure

DNA immobilization:

1. To immobilize DNA, 20 µl 0.1 mg/ml streptavidin (Ther-
moFisher scientific) is added to the flow chambers and incu-
bated for 2 min. 

2. The chambers are then washed with 40 µl T50. 

3. Following streptavidin incubation, 25 µl of 100 pM biotinylat-
ed fluorescently labelled DNA is injected to the flow slide and 
incubated for 2 min. 

4. The chamber is then washed with 30 µl imaging buffer, which 
contains oxygen scavenger  (glucose oxidase, Sigma-Aldrich) 
and triplet state quencher (trolox, Sigma-Aldrich).

The experiments described in this section assume the flow chamber ca-
pacity to be 10-15 µl. If the chamber is bigger, the volumes of reagents added 
need to be rescaled. The microscope slide is then placed on the TIRF micro-
scope and the camera settings are adjusted for maximum signal-to-noise 
ratio. Typically, 300-600 fluorescent spots are observed per field of view. If 
the molecule density is too low, the DNA addition step can be repeated. If 
the molecule density is too high, it is best to choose a new channel and use 
a lower DNA concentration.

Preparation and addition of Cas9:RNA mix:

1. Following DNA immobilization, Cas9, crRNA and tracrRNA are 
mixed in imaging buffer such that final concentrations are 4 
nM, 8 nM and 16 nM respectively if fluorescently labelled crR-
NA is used. If neither Cas9 nor any of the RNA molecules are 
labelled, the concentrations can be higher, as long as the ratio 
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between Cas9:crRNA:tracrRNA is 1:2:4. 

2. The mix is then incubated at 37C for 10 minutes and added to 
the flow slide. 

3. The interactions between DNA and Cas9 are then monitored 
by either taking long videos with a typical exposure time of 
100ms or by taking short ~10 frame snapshots. 

The first type of measurement yields fluorescence time traces in which 
dynamic short-lived interactions can be further investigated (Figure 4.3 f). 
Such measurements, however, are subject to photobleaching, therefore it is 
important to adjust the laser power such that at least half of the molecules 
immobilized on the surface do not photobleach until the end of the measure-
ment. The second type of measurement yields ensemble FRET histograms of 
single molecules which can be used to observe heterogeneous populations 
in the sample that cannot be observed in bulk measurements (Figure 4.3 
d). This type of measurement can also be used to track the binding of the 
protein or other changes over long periods of time by taking snapshots at 
specific time intervals as this type of measurement is much less sensitive to 
photobleaching  (Figure 6.3 c).

4.4.1.1. Buffers and reagents

•	 T50

• 10 mM Tris-HCl (pH 8.0)

• 50 mM NaCl

•	 Cas9 imaging buffer

• 50mM HEPES-NaOH (pH7.5)

• 200mM NaCl

• 10mM MgCl2

• 0.8% glucose (Dextrose monohydrate)

• 1mM Trolox (2.5mg/10ml)

• 100x gloxy (glucose oxidase, (Sigma-Aldrich)) is added just 
before imaging (final 10x)
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4.4.2. assessing The effecTs of TargeT TruncaTions

The Cas9 protein is known to be very effective in rejecting off-targets 
[24, 25]. The directionality of R-loop formation implies that mutations at the 
beginning of the target sequence are less tolerated by the protein and that 
there exists a minimal guide-target basepairing length requirement for sta-
ble binding [15, 26]. In this section, sm-FRET experiments investigating the 
effects target truncations have on DNA-Cas9 binding are described.

4.4.2.1. DNA and crRNA design

To observe what effects target truncations have on Cas9:DNA binding, we 
designed 6 DNA constructs with the following number of nucleotides match-
ing the crRNA: PAM+20 (full target), PAM+13, PAM+9, PAM+6, PAM+3, PAM+0 
(fully mismatched target) (Figure 4.3 b). The target region (23 nucleotides) 
is flanked by a 15-nucleotide random sequence on each side. The non-target 
strand is biotinylated and has a 24-nucleotide poly-Thymine overhang. The 
target strand is labelled  with Cy5 at position +13 with respect to the PAM. 
crRNA is chosen to match the full target sequence and labelled with Cy3 at 
position +10 with respect to the first complementary nucleotide, such that a 
basepairing between crRNA and target DNA would yield a high FRET value. 
The high FRET value is an indication of Cas9 on-target binding as binding 
elsewhere on the DNA would give rise to lower FRET values.

4.4.2.2. Effects of target truncations

Snapshot experiments conducted over 30 minutes reveal that Cas9 bind-
ing stability increases with increasing number of complementary nucleotides 
between crRNA and target DNA (Figure 4.3 c). The most drastic effect can be 
seen when the basepairing between guide and target exceeds 9 nucleotides. 
It can also be noted that for more extensive basepairing (13nt and full tar-
get), most binding events occur in the first 10 minutes after Cas9 has been 
introduced to the chamber. In addition, the FRET histogram 30 minutes after 
Cas9 introduction to the channel shows that while PAM+13 and full target 
constructs show expected high-FRET values for on-target binding, binding 
to DNA with less extensive guide-target pairing shows random FRET values, 
revealing that Cas9 does not efficiently bind truncated targets (Figure 4.3 d).
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4.4.3. moniToring cas9-inDceD Dna DuPlex Dynamics

Upon PAM recognition, Cas9 is known to bend the DNA in order to assist 
the R-loop formation between guide RNA and target DNA [14]. In addition, 
Cas9 undergoes several conformational changes as the degree of basepair-
ing between the guide and the target increases as it gears up for DNA cleav-
age [27, 28]. This section describes experiments carried out to monitor what 
changes Cas9 binding induces to the otherwise stable dsDNA.

4.4.3.1. DNA design

In this assay, DNA and crRNA sequences are chosen the same as the full 
target sequence in section 4.2. However, this time dual-labelled DNA is used 
– non-target strand is labelled with Cy3 and target strand is labelled with 
Cy5 (Figure 4.3 e). The labelling positions are chosen on nucleotide 20 and 
nucleotide 6 (14 basepair separation) – in the most sensitive FRET range in 
order to allow for observation of any small changes in the inter-dye distance. 
The crRNA used is unlabeled.

4.4.3.2. Real-time observation of Cas9-induced DNA duplex dynamics

An example FRET time-trace is shown in Figure 4.3 f. Initially, DNA is in 
its neutral state. At time t=10s, Cas9 is introduced in the channel. At time 
t=48s Cas9 binding to the immobilized DNA induces an increase in FRET 
efficiency. This could be due to either bending or twisting of the DNA which 
brings dyes closer together with a possible contribution from a phenome-
non known as PIFE. The observed drop in FRET efficiency to a value of 0.47 
corresponds to the unzipping of dsDNA and R-loop formation. The FRET his-
tograms from multiple traces show that initial FRET value from DNA alone 
is 0.54 and after Cas9 binding the two observed states have a higher (0.71) 
and lower (0.47) FRET values corresponding to initial bending or twisting of 
DNA and unzipping the DNA respectively. The observed dynamics indicate 
that Cas9 binding significantly alters the state of the DNA target and that 
upon binding Cas9 is not stationary, but rather undergoes multiple dynamic 
conformational changes which induce the alterations in the FRET efficiency 
between dyes on the dsDNA. 
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4.5. cas9 immobilizaTion baseD assays

Another way to investigate protein-nucleic acid interactions is based 
on immobilizing the protein on the microscope slide surface. This can be 
achieved by the use of tags and antibodies (MBP-, SUMO-, His-tag, etc.) or by 
biotinylating the protein. In this section, experiments based on biotin-Cas9 
immobilization are described (Figure 4.4 a). Immobilizing the protein is ad-
vantageous when weak interactions are investigated, since any free-float-
ing labelled molecules, such as unbound RNA, are washed away during the 
immobilization step and therefore non-specific interactions are minimized. 
While the procedure described in this section is specific to SpCas9, protein 
immobilization is widely applicable to many different systems. Immobiliz-
ing the protein is also advantageous when two or more proteins can bind 
one substrate and give rise to unwanted effects. This section describes in 
detail the design of DNA and RNA used in experiments investigating Cas9-
PAM interactions and Cas9 target search. Data obtained from both types of 
experiments are presented and discussed. Data analysis is described in more 
detail in section 4.6.

4.5.1. exPerimenTal ProceDure

For Cas9 immobilization, biotinylated SpCas9 variant is used. The proce-
dure is as follows:

1. Flow chambers on a microscope slide are incubated with 
streptavidin as in section 4.4.1. 

2. Meanwhile, a Cas9-RNA mix is prepared and pre-incubated: 
Cy5-labelled crRNA and tracrRNA (final concentration 4 nM 
and 8 nM respectively) are mixed in NEB buffer 3 and incubat-
ed at room temperature for 10 minutes.

3. SpCas9 is added to the mix (final concentration 2 nM). 

4. The mix is pre-incubated at 37C for 20 minutes. 

5. After pre-incubation, 25 µl Cas9-RNA is injected into a flow 
chamber and incubated for 2 min. 

6. Following incubation, the channel is washed with 30 µl imag-
ing buffer as in section 4.4.1.

7. The slide is mounted on the microscope and camera settings 
are adjusted for maximum signal-to-noise ratio.

Typically, this yields 500-700 molecules on the surface. The density is 
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higher than in DNA immobilization scheme since not all crRNA-loaded Cas9 
will be active. If the density of molecules is too low, more Cas9-RNA mix can 
be added to the channel. If the density of molecules on the surface is too 
high, it is best to dilute the remaining pre-incubated Cas9-RNA mix with 1x 
NEB buffer and add it to a new channel.

After Cas9 has been successfully immobilized, 30 µl of 8nM DNA in imag-
ing buffer are injected to the flow chamber and videos are recorded. In Cas9 
immobilization assays, a low-salt imaging buffer is used.

4.5.1.1. Buffers

•	 NEB buffer 3 1x 

• 100 mM NaCl

• 50 mM Tris-HCl

• 10 mM MgCl2

• 1mM DTT

•	 Low salt imaging buffer

•  50mM HEPES-NaOH [pH7.5]

• 10mM NaCl

• 2mM MgCl2

• 1% glucose (Dextrose monohydrate)

• 1mM Trolox (2.5mg/10ml)

• Gloxy is added before imaging (final 10x)

4.5.2. cas9-Pam inTeracTions

PAM recognition is the first step in Cas9 target search [14, 29]. Binding 
to the guide RNA induces a conformational change in Cas9 after which a 
PAM-binding pocket is formed in the C-terminal domain of the protein [12]. 
PAM-recognition is independent of the guide sequence and is therefore a 
direct interaction between Cas9 and DNA, in which RNA only acts as an en-
abler by inducing Cas9 conformational change, priming the protein for PAM 
recognition. Magnetic tweezers and other smFRET studies have shown that 
without a cognate PAM Cas9 is unable to bind the target [15, 24]. This was 
explained by structural studies, which showed that PAM binding induces 
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a 30 degree bend of DNA and locally melts it to ease DNA unwinding [14]. 
DNA curtains studies have shown that aside from a target site, Cas9 tran-
siently localizes on PAM-rich sites [25]. Furthermore, it has been shown in 
bulk that multiple-PAM containing DNA constructs act as good competitors 
for bona-fide targets [25]. This section describes experiments performed to 
investigate the Cas9 PAM-search process in detail.

4.5.2.1. DNA and crRNA design

As mentioned previously, the guide or target sequence is not important 
for PAM binding. Therefore, in order to minimize non-specific interactions, 
a poly-U guide sequence was chosen (Figure 4.4 b). Six DNA sequences with 
the number of PAM sites increasing from 0 to 5 were designed. The sequence 
containing no PAM sites is a random 100 baspair long dsDNA construct. The 
sequences of the non-target strand, which contains the PAM, are as follows: 
(1) 5‘-...NN GG NN..-3‘ (2) 5‘-...NN GG NN GG NN.. -3‘ (3) 5‘-...NN GG NN GG NN 
GG NN..-3‘ (4) 5‘-...NN GG NN GG NN GG NN GG NN..-3‘ (5) 5‘-...NN GG NN GG 
NN GG NN GG NN GG NN..-3‘ (Figure 4.4 b). The constructs are 100bp long 
in total and NN can be any sequence except GG or CC. crRNA is labelled with 
Cy5 on the position -5 relative to the first nucleotide of the guide sequence 
and DNA is labelled with Cy3 at position -8 relative to the first PAM on the 
3‘ end of the PAM sequence.

4.5.2.2. PAM search

The chosen positions of the dyes in these experiments allow one to ob-
serve binding to an individual PAM separately, as binding to different PAM 
sites yields distinct FRET values. While binding to a random DNA sequence 
does not show any distinct FRET values and its dwelltime is characterized by 
a single-exponential decay distribution, binding to a PAM site shows a dis-
tinct peak which broadens and shifts to lower values as the number of acces-
sible PAMs increases (Figure 4.4 c). In addition, the binding time distribution 
follows a double-exponential decay, meaning there are at least two distinct 
types of interactions occurring. The increase in the longer dwelltime with 
increasing number of PAM sites suggest the presence of multiple PAM sites 
in close proximity causes a synergistic effect (Figure 4.4 c). Further analysis 
of FRET and dwelltime values show no correlation between the two, meaning 
that the observed effects are not due to the position of the PAM site, but 
rather an intrinsic property of the system.
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4.5.3. TargeT search

Unlike PAM search, which is the direct interaction between Cas9 and DNA, 
target recognition is guided by an RNA molecule (crRNA or the complemen-
tary segment of the sgRNA)[30]. The guide-target basepairing requirement 
leads to more stable interactions compared to those between the protein 
and the PAM. Some other RNA guided proteins, including a Cascade complex 
from type I CRISPR system, have been reported to use lateral diffusion to 
speed up target search [31, 32]. This section describes a tandem target assay 
to investigate the mechanics of target search and lateral diffusion in the 
SpyCas9 system.

4.5.3.1. DNA and crRNA design

Tandem target DNA constructs have two identical partial targets sepa-
rated by a certain number of basepairs. In the experiments described in this 
section, the two targets were separated by 23, 12, 9 and 6 basepairs – 4 
constructs in total (Figure 4.4 d). The Cy3 dye on the DNA was placed on the 
target strand, on the 13th nucleotide with respect to the first PAM so as to 
avoid possible effects a dye between the two targets could have on Cas9-tar-
get interactions (Figure 4.4 d). Having a dye on the first target also allows 
changing the distance between the two binding sites while keeping the dye 
position constant. The crRNA was designed such that only the first 3 nu-
cleotides are complementary to the target and the rest of the sequence was 
chosen to be poly-U to minimize the possibility of non-specific interactions. 
Binding between crRNA and full target DNA is very stable, therefore comple-
mentarity of only 3nt was chosen to allow for observation of multiple events 
and binding dynamics. The dye was placed on the 10th nucleotide with re-
spect to the first complementary nucleotide. Such dye placement means that 
binding to the first target will yield a high-FRET value and binding to a sec-
ond target will yield a low-FRET value. The low-FRET value decreases as the 
distance between the two target sites is increased.

4.5.3.2. Direct observation of lateral diffusion

Recorded time traces revealed a type of dynamic events where the FRET 
value shifts continuously between two discrete values (Figure 4.4 e). Fur-
ther examination revealed that the two FRET values are the expected values 
from binding to each of the two identical target sites (Figure 4.4 f). This 
observation is indicative of Cas9 diffusing laterally between the two target 
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sites. Analysis of translocation frequency revealed that transition probabil-
ity decreases with increasing distance between target sites, from ~0.4 for 6 
basepair distance to ~0.07 for 23 basepair distance (Figure 4.4 g). Further-
more, dwelltime distribution is characterized by a double-exponential decay 
(Figure 4.4 h), with the longer dwelltime being an order of magnitude longer 
than what is expected in the case of 3nt complementarity between crRNA 
and DNA target, indicating that two target sites in close proximity cause a 
strong synergistic effect [23].

4.6. DaTa analysis

Single-molecule FRET experiments can give insight into various intricate 
processes involving molecules of interest. This information is extracted 
through careful data analysis. Most data analysis involves the processing of 
raw data to obtain files that can then be analyzed further to answer various 
research questions. This section describes the general data analysis princi-
ples used in the experiments described in this chapter, from video process-
ing using IDL, to FRET and dwelltime analysis using MatLAB algorithms and 
OriginPro 9.0 graphing software.

4.6.1. viDeo Processing

The videos recorded by the EMCCD are processed in IDL using a custom 
written script to extract fluorescence intensities of molecules on the surface. 
Fluorescence from a single molecule is imaged as a point spread function on 
a CCD.  The IDL algorithm finds intensity peaks in the recorded videos and 
extracts the fluorescence intensity from each molecule over the duration of 
the video. Extracted time traces are analyzed using a custom written MatLAB 
script.

4.6.2. freT efficiency anD DwellTime analysis

FRET efficiency is calculated by the ratio of the acceptor intensity to the 
total intensity:

Here the γ factor accounts for the difference in intrinsic brightness of the 



87

Single-molecule FReT meThodS  FoR STudying The caS9 endonucleaSe

  4

donor and acceptor molecules. The value for Cy3-Cy5 pair is approximately 
1.

To extract FRET and dwelltime values, each individual binding event is se-
lected manually, selecting the start and end of the event. Such manual anal-
ysis allows for greater flexibility, as any desired part of the event, such as 
the first few seconds or a FRET state of interest, can be selected. The values 
obtained by MatLAB analysis are written into files that can be analyzed using 
OriginPro or other graphing software. The files produced by MatLAB analysis 
from the experiments described in this chapter were plotted and analyzed 
further using OriginPro 9.0. Regardless of the software used, general guide-
lines for fitting histograms apply. For example, when dwelltime histograms 
are plotted and fitted using in-built algorithms, it is important to select a 
binning size which captures the decay, yet does not override the details. For 
example, for distributions where the majority of binding events are shorter 
than 1s, choosing the bin size larger than 1s runs the risk of losing impor-
tant details, such as possible dual-exponential decay. If most binding events 
are several seconds long, choosing a smaller bin size will not give any extra 
information, but rather make the fitting more difficult and less reliable. One 
should also be critical about the values the fitting algorithm gives for dwell-
time. For example, plotting and fitting should be repeated if the obtained 
value for dwelltime is shorter than the camera exposure time. When fitting 
FRET histograms, a large data set allows for a smaller bin size. However, if 
the data set is small, caution is needed as choosing a larger bin size can of-
ten hide smaller FRET peaks if multiple peaks are present in the histogram. 
FRET histograms are fit with standard Gaussian functions which are in-built 
in most graphing softwares. The FRET histograms shown in this chapter 
have been fit with a standard Gaussian function and plotted between FRET 
efficiency values between -0.1 and 1.1 with a bin size of 0.05.

A MatLAB script is also used to obtain FRET values from short snapshot 
videos in batch. Fluorescence intensity values of each molecule in the field 
of view  are extracted from all videos per time point using IDL and numerical 
FRET values are then obtained using a MatLAB script. The FRET distributions 
are then plotted and fitted using OriginPro 9.0. However, unlike during indi-
vidual-event-based analysis, the y-axis now is not counts, but the number of 
molecules by default.

Finally, translocation frequency analysis in tandem target experiments 
is performed by manually counting translocation events, considering each 
transition as a separate binding event and then dividing the obtained value 
by the total number of binding events (Figure 4.4 e).

The data analysis performed manually is time-consuming and labor-inten-
sive, however, it allows for greater flexibility and accuracy, especially when 
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weak interactions are investigated. The data analysis can also be automated 
(when all events in time traces are selected automatically) or semi-automat-
ed (when one decides which parts of the time traces should be automati-
cally analyzed). Which type of analysis will yield the best results depends 
on many factors, such as the type of data being analyzed, the quality of the 
data, previously obtained results, and therefore each case should be consid-
ered individually.

6.7. concluDing remarks

Single-molecule FRET is a powerful tool to study the interactions between 
biomolecules, such as RNA-guided proteins and their targets. This chapter 
provides detailed descriptions of smFRET studies of the CRISPR-Cas9 sys-
tem, with research questions ranging from effects of target truncations to 
target search. To address each of the research questions, DNA and RNA 
are carefully designed. Each process is thus controlled separately and mea-
sured using either DNA immobilization assay or protein immobilization as-
say. The wealth of information obtains during the experiments described in 
this chapter provides an insight into the molecular mechanism of the func-
tion of SpCas9. The assays and techniques described in this chapter can be 
used to address different aspects of the SpyCas9 molecular mechanism. The 
principle of these experiments can easily be applied to study other RNA- or 
DNA-guided proteins.
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5
Small RNA molecules 
inhibit the activity of 

SpCas9 in vitro
The Cas9 endonuclease from Streptococcus pyogenes (SpCas9) has been widely 
applied in genome editing. Despite the ease of application, the delivery of 
Cas9 to cells for therapeutics remains problematic. Most delivery methods 
include a plasmid-based approach where Cas9 and sgRNA are encoded 
in the same vector, delivery of mRNA for Cas9 translation together with 
a separate sgRNA and the introduction of an assembled ribonucleoprotein 
complex. Of the three strategies, the first two are easier to deliver, however 
they suffer from the lack of control over Cas9 activity and expression and 
are more susceptible to cellular factors that can decrease the activity of 
Cas9. Here we report that small RNA and DNA molecules efficiently inhibit 
the catalytic activity of Cas9 in vitro when hybridized with the guide RNA. 
We use single-molecule fluorescence to determine that Cas9 efficiently loads 
the duplex but is then stuck in an inactive conformation which prevents it 
from interacting with the target even after the inhibitor molecule is removed.

This chapter is in preparation for publication as V. Globyte, M. Bengtson, J. van der Torre, 
C. Dekker, C. Joo, "Small RNA molecules inhibit the activity of Cas9 in vitro"
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5.1. inTroDucTion

Clustered regularly interspaced short palindromic repeat (CRISPR) sys-
tems and their associated (Cas) proteins are adaptive prokaryotic immune 
systems that provide bacteria and archaea with adaptive immunity against 
invading viruses and plasmids [1-5]. The type II-A CRISPR/Cas9 system from 
Streptococcus pyogenes is a well characterized RNA-guided DNA endonucle-
ase that has been extensively repurposed for genome engineering due to its 
simplicity and programmability[6-9]. However, efficient delivery of Cas9 to 
cells and tissue remains problematic. Most delivery methods rely on one of 
the three following approaches: delivery of the DNA encoding Cas9 and sgR-
NA using a viral vector, delivery of sgRNA and mRNA for translating Cas9 
and assembling the ribonucleoprotein (RNP) complex in vivo, and electropo-
rating the assembled RNPs into cells [10-15]. While the third strategy offers 
the greatest control of the assembly of functional Cas9:RNA complexes and 
their concentration, it is limited to ex vivo applications. The other two main 
strategies can be applied in situ, however, they do not offer precise control 
over the expression of Cas9 and the assembly of functional RNPs. Further-
more, cellular components might interfere with either the RNA transcrip-
tion, the translation of the protein or RNA loading into Cas9. In particular, 
Cas9 has been demonstrated to be an efficient strategy for the treatment of 
HIV when applied in combination with RNA interference[16]. In such cas-
es, if Cas9 is to be applied with a different RNA-guided protein targeting a 
similar gene, we postulate that the RNA sequences may undergo transient 
interactions via Watson-Crick basepairing and may in turn affect the activity 
of Cas9 if the RNP is expressed and assembled in vivo. Here we demonstrate 
that small RNA molecules can completely abolish the target cleavage of Cas9 
in vitro and use single-molecule fluorescence microscopy in order to deter-
mine the mechanism of inhibition.  

5.2. resulTs

5.2.1. small rna inhibiT Dna cleavage by cas9
In order to determine if small RNAs have an effect on Cas9 function, we 

designed inhibitor RNA molecules complementary to either the PAM prox-
imal or PAM distal regions of the guide RNA (Figure 5.1 a). The guide RNA 
was pre-incubated with increasing concentrations of the inhibitor RNAs. In 
order to determine if Cas9 is functional, we performed cleavage assays in 
the absence and presence of small RNA inhibitors. A control experiment 
without an inhibitor showed that Cas9 efficiently cleaves the target (Figure 
5.1 b). However, the addition of the inhibitor at increasing ratios of 1:1; 1:2; 
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1:5; 1:10 (to guide RNA) showed decreasing cleavage of target DNA (Fig-
ure 5.1 b). Inhibitor 1 was found to progressively inhibit cleavage as the 
ratio of inhibitor to guide RNA was increased. Inhibitors 2 and 3 completely 
abolished cleavage even at the lowest ratios (Figure 5.1 b). In order to test 
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whether the inhibitors can stably bind to the guide RNA, we performed an 
electrophoretic mobility shift assay (EMSA). The shift assay demonstrated 
that the inhibitors were stably hybridized to the guide RNA and shifted up 
in the gel, which suggested that the hybrid might be loaded by Cas9 (Figure 
5.1 c, Figure S5.1 a, b).  

5.2.2. single-molecule fluorescence reveals The mechanism of 
inhibiTion

In order to further elucidate the mechanism by which the small RNA mol-
ecules inhibit the catalytic activity of Cas9, we developed a single-molecule 
fluorescence assay in which the Cas9 protein, pre-incubated with the sgRNA 
and the Cy5-labeled inhibitor, is immobilized on the surface of the micro-
scope slide (Figure 5.2 a). After directly exciting the Cy5 fluorophores, we 
observe 1229 +/- 100 molecules per field of view on average for inhibitor 1, 
1289+/- 84  for inhibitor 2 and  1247 +/- 71 for inhibitor 3, indicating that 
Cas9 efficiently loads the guide-inhibitor hybrid (Figure 5.2 b). A control ex-
periment where Cas9 was pre-incubated only with the inhibitor, but without 
sgRNA showed only around 100 molecules per field of view on average for 
each inhibitor (Figure 5.2b), indicating that the observed high density of the 
molecules in the previous cases are indeed Cas9:sgRNA:inhibitor complexes. 
In order to monitor the interactions between the complexes immobilized 
on the surface and a DNA target, a Cy3-labelled target DNA was added and 
the interactions were monitored for 60 minutes by taking short snapshots 
over multiple fields of view every 10 minutes. Snapshot experiments were 
chosen in order to minimize the photobleaching of the fluorophores. The 
molecules were simultaneously excited by a 532 nm and a 633 nm laser in 
order to monitor the behaviour Cy3-labeled target and Cy-5 labeled Cas9:s-
gRNA:inhibitor complexes independently. A control, where no target has 
been added, showed that the inhibitor remained stably bound over the im-
aging time (Figure 5.2c, Figure S5.2 a, b) with the number of molecules on 
the surface decreasing on average by 15 +/-5 percent due to photobleaching. 
Interestingly, we observed similar levels of loss of Cy5 fluorescence in the 
microfluidic chamber where the target DNA was added, indicating that the 
presence of the target did not affect the Cas9:RNA:inhibitor complex (Figure 
5.2c, Figure S5.2a, b). Incidently, we observed very few molecules appearing 
in the Cy3 channel, which indicated that the Cas9:sgRNA:inhibitor complex-
es did not bind the target. No transient interactions were observed, which 
suggested that Cas9 did not interact with neither target nor PAM sequences 
when loaded with the guide:inhibitor duplex. A control, where no inhibitor 
was hybridized to the guide RNA, showed fast and efficient binding (Figure 
5.2d), demonstrating that the Cas9 protein is active. This indicates that the 
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Figure 5.2. Single-molecule fluorescence reveals the mechanism of inhibition a) schematic represen-
tation of the single-molecule assay. b) a histogram showing the average number of molecules per field 
of view. The molecules were counted as fluorescent spots in the Cy5 channel. The average was taken 
over 15 snapshots over different fields of view. The error bars represent standard deviation.  The data is 
the average of three independent experiments taken over three different days. c) a scatter plot showing 
the number of molecules on the surface over 60 minutes for inhibitor 1. The molecules were counted 
as fluorescent spots in the Cy5 channel for Inhibitor and in the Cy3 channel for target. The number 
of molecules was normalized by the number of molecules on the surface at time= 0. The average was 
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small RNA molecules inhibit the catalytic activity of Cas9 by preventing it 
from interacting with the target DNA.

To test whether the inhibitor molecule could be removed from the pro-
tein, we designed a DNA strand which is complementary to inhibitors 1 and 
3 and may trigger the release of the inhibitor from the complex by compet-
ing with the basepairing between the inhibitor and the sgRNA (Figure 5.2 
e). Time-lapse images over 60 minutes in the microfluidic chamber, where 
the trigger and the target were added together, showed a very rapid loss of 
Cy5 fluorescence, where the number of fluorescent molecules decreased by 
50% over the first 10 minutes with the number of molecules on the surface 
decreasing more slowly over the next 50 minutes with 30% of the Cy5-labe-
led molecules remaining after 60 minutes. This was observed in the case of 
inhibitor 1, but not inhibitor 3 (Figure 5.2 f). The behavior of the complexes 
with inhibitor 3 when the trigger was present in the channel was observed to 
be identical to the control when neither trigger nor target was added to the 
channel (Figure 5.2 f, Figure S5.2 b). As the extent of basepairing between 
Inhibitor 1 and guide is 4nt shorter than in the case of Inhibitor 3, we set out 
to determine, whether it is the extent of basepairing between sgRNA and the 
inhibitor RNA or the position of the latter with respect to the guide, which 
gives rise to the loss of fluorescence. We designed two inhibitor molecules, 
Inhibitor 4 which has a 2nt longer basepaired region than Inhibitor 1, and 
inhibitor 5 which has a 2nt shorter basepaired region than Inhibitor 3 (Figure 
S5.2c). After performing the same experiments with the trigger molecules, 
we observed loss of fluorescence in the case of Inhibitor 4, identical to that 
of Inhibitor 1 (Figure S.2d). Inhibitor 5 did not show any loss of florescence, 
similar to Inhibitor 3. This shows that the trigger is only able to induce the 
release of an inhibitor only when it is situated at the end of the guide RNA, 
suggesting that the protein holds onto the inhibitor more strongly when 
it is hybridized to the seed region of the guide. This may explain why the 
cleavage inhibition is less efficient in the case of Inhibitor 1 (Figure 5.1 b). 
Interestingly, despite the loss of Cy5 fluorescence indicating the release of 

taken over 15 snapshots over different fields of view per time point. The error bars represent standard 
deviation.  The data is the average of three independent experiments taken over three different days. d) 
a scatter plot showing the binding of DNA target to Cas9:sgRNA complexes on the microscope slide. 
Cy3-labeled DNA was imaged. The average was taken over 15 snapshots over different fields of view. 
The error bars represent standard deviation.  The data is the average of three independent experiments 
taken over three different days. e) a schematic representation of the assay with the addition of the trigger 
molecule f ) a scatter plot showing the number of molecules on the surface after the addition of the trig-
ger molecule in combination with the target. the number of molecules was normalized by the number 
of molecules on the surface at time= 0. The average was taken over 15 snapshots over different fields of 
view. Inhibitor molecules were counted as fluorescent spots in the Cy5 channel and target molecules 
as fluorescent spots in the Cy3 channel. The error bars represent standard deviation.  The data is the 
average of three independent experiments taken over three different days.



99

Small RNa iNhibit the  fuNctioN of  SpcaS9

  5

inhibitor 1, a correlating appearance of molecules in the Cy3 channel was 
not observed. This suggests, that despite the inhibitor leaving the protein, 
the protein remains locked in an inactive conformation, unable to further 
interact with the target.

In order to further confirm that Cas9 strongly binds the sgRNA:inhibitor 
duplex we have attempted to perform an electrophoretic mobility shift as-
say. However, with no Cas9-bound DNA present, Cas9:RNA ribonucleopro-
tein complexes did not enter the gel. In addition, we have performed atomic 
force microscopy (AFM) imaging of the assembled RNPs in order to observe 
whether the inhibitor induces a substantial conformational change (data not 
shown). Unfortunately, we could not see any clear differences between the 
RNPs with and without inhibitor or any clear structural features as Cas9 is 
a small and globular protein. Therefore, in order to observe any structural 
intermediates, a technique such as cryo electron microscopy or X-ray crys-
tallography should be used. Currently, we are performing in vivo plasmid 
loss assays to see whether the inhibition also takes place in living cells. Fur-
thermore, an in vitro experiment with purified miRNA from HEK297T cells 
which could inhibit cleavage is under consideration, as a mimic of an in vivo 
condition.

5.3. Discussion

Despite the enormous interest in Cas9 and its potential in therapeutics, 
regulating its activity remains challenging in areas where precise control of 
the process is required. Moreover, if Cas9 is to be applied in combination 
with another RNA-guided protein, programmed to target a similar sequence, 
the interactions between the RNA may potentially give rise to unexpected 
and unwanted effects. In addition, it has been demonstrated that guide RNA 
molecules that form hairpin structures at the PAM-distal region can increase 
the specificity of Cas9 by making it energetically unfavourable for it to pair 
with off-target sites, which decreases the overall activity of Cas9 [17]. We 
show that Cas9 cleavage of the target DNA can be efficiently inhibited by 
small RNA molecules which are hybridized to the sgRNA and loaded into 
Cas9. Using single-molecule fluorescence, we have demonstrated that the 
sgRNA:inhibitor hybrids are efficiently loaded into Cas9 and remain stable 
over at least 60 minutes. This suggests that the negatively charged groove 
between the REC and the Nuclease lobes of Cas9 can accommodate an RNA 
duplex without the necessity for structural rearrangements upon PAM rec-
ognition, which are necessary to accommodate the target DNA [18]. Further-
more, we did not observe interactions with the target even though a control 
experiment with bare RNA showed efficient target binding, which demon-
strates that small RNA inhibits the function of Cas9 by preventing it from in-
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teracting with the target. A trigger molecule complementary to the inhibitor 
was observed to be able to trigger the release of the inhibitor from the RNP. 
Surprisingly, no target binding was observed even after the inhibitor mole-
cule has been removed, which further implies that the loading of inhibitor:s-
gRNA hybrid causes Cas9 to adopt an inactive conformation which it cannot 
change even when the inhibitor is no longer present. Interestingly, we did 
not observe the loss of fluorescence indicative of the inhibitor dissociating 
from the complex with inhibitor 3, which suggests that the protein interacts 
with it more strongly when it is placed in the seed region as the electropho-
retic mobility shift assays showed that all sgRNA molecules hybridize to the 
inhibitors equally efficiently. In addition, a recent study demonstrated that 
riboregulated toehold-gated gRNA can be used to control Cas9 function by 
the addition of a trigger molecule which unfolds the toehold-gated gRNA 
[19]. Our work suggests that this is only possible before Cas9 is loaded with 
a hybridized or folded RNA molecule. Therefore, our findings demonstrate 
that delivery of DNA or sgRNA and mRNA for translating Cas9 and assem-
bling the RNP complexes in vivo may be susceptible to unwanted effects 
such as possible inhibition by endogenous RNA molecules. However, further 
research will be necessary to elucidate the extent of this inhibition in vivo. 
Nevertheless, electroporating assembled RNP complexes into cells may be 
the strategy that will suffer the least from unexpected effects.      

5.4. maTerials anD meThoDs

5.4.1. sgrna ProDucTion

To make the sgRNA, we first PCR amplified a dsDNA template, which 
contains the target sequence from a DNA plasmid (pgRNA-bacteria plasmid 
from Addgen), using a primer that contains a T7 promoter. The following 
thermal cycling conditions were used to generate the PCR template: 98°C for 
3 minutes; 98°C for 10 seconds; 65°C for 20 seconds; 72°C for 15 seconds; go 
to step 2 for 29 cycles and 72°C for 8 minutes. The PCR template was verified 
using gel electrophoresis (1,5% agarose, 1X TBE buffer, 120V for 90 minutes) 
and subsequently purified using the WizardSV Gel and PCR Clean-Up System 
(Promega) according to the manufacturer’s instructions. A single gRNA was 
then transcribed from the PCR template using the RiboMaxTM Large Scale 
RNA Production Systems kit (Promega) according to the manufacturer’s in-
structions. Following transcription, RNA products were purified using the 
RNeasy MinElute Cleanup Kit (Qiagen) according to the manufacturer’s in-
structions. RNA quality was verified using gel electrophoresis (Mini-Protean 
TBE-Urea Precast Gels (Bio-Rad), 200V for 30 minutes). Gels were visualized 



101

Small RNa iNhibit the  fuNctioN of  SpcaS9

  5

under UV light in a Biorad ChemiDOCT MP imaging system. 

5.4.2. cleavage assays

For cleavage assays, sgRNA was prepared by heating up to 95°C for 10 
minutes and slowly cooling down (1°C every 4 minutes until a final temper-
ature of 4°C). Cas9 was pre-incubated with sgRNA in a 1X Cas9 Nuclease Re-
action Buffer (New England Biolabs) in a molar ratio of 1:10 for 30 minutes 
at 25°C. Thereafter, target DNA was added in a molar ratio of 1:10 to Cas9, 
effecting a total molar ratio of 100:10:1 of sgRNA:dCas9:DNA. An excess 
ratio was used to ensure complete cleavage. The complex was incubated for 
30 minutes at 37°C. Proteinase K was then used to digest Cas9 for 15 min-
utes at 37°C. Cleavage products were verified using gel electrophoresis (1,5% 
agarose, 1X TBE buffer, 120V for 90 minutes). Gels were visualized under UV 
light in a Biorad ChemiDOCT MP imaging system.     

5.4.3. elecTroPhoreTic mobiliTy shifT assay (emsa)
For EMSA, sgRNA was incubated with different concentrations of inhibi-

tor RNA (molar ratios of (1:1; 1:2; 1:5; 1:10) by heating up to 95°C for 10 min-
utes and slowly cooling down (1°C every 4 minutes until a final temperature 
of 4°C). the sgRNA-inhibitor hybrids were analyzed using gel electrophoresis 
(10% 1X TBE-Precast Gels (Invitrogen), 90V for 90 minutes). 

5.4.4. recombinanT sPcas9 PurificaTion

The pET plasmid encoding (6x)His-tagged Cas9 was transformed into 
BL21 (DE3), Rosetta. Transformed bacterial cells were moved to a 400ml of 
fresh LB medium containing 50ug/ml kanamycin. Incubate the culture with 
shaking (200rpm) at 18°C for 24 hours. Optical density was monitored and 
Cas9 protein expression was induced (A550=0.6) by using 0.5mM IPTG at 
18C for 24hours. After the cells were harvested by centrifugation (5000xg) 
for 10minutes (at 4°C), bacterial cells were resuspended with lysis buffer [20 
mM Tris–HCl (pH 8.0), 400mM NaCl, 10mM b-mercaptoethanol, 1% Triton 
X-100, 50mg aprotinin, 50mg antipain, 50mg bestatin, 1mM PMSF (phenyl-
methylsulfonyl fluoride)] (Sigma-Aldrich) and sonicated on ice. The lysate 
was centrifuged at 6000 rcf for 10min(4°C) and supernatant solution was 
mixed with 2ml of Ni-NTA slurry (Qiagen) at 4°C for 1 and half hour. The 
lysate/Ni-NTA mixture was loaded onto a column (Biorad) with capped bot-
tom outlet. Loaded sample was washed multiple times with pre-made wash 
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buffer [20 mM Tris–HCl (pH 8.0), 400mM NaCl, 10mM b-mercaptoethanol] 
and (6x)His-tagged SpCas9 was eluted with Elution Buffer [20 mM Tris–HCl 
(pH 8.0), 400mM NaCl, 10mM b-mercaptoethanol, 200mM Imidazole] . Final-
ly, buffer containing eluted SpCas9 protein was changed to storage buffer 
[10mM HEPES-KOH (pH 7.5), 250mM KCl, 1mM MgCl2, 0.1mM EDTA, 7mM 
b-mercaptoethanol and 20% glycerol] by using centrifugal filter (Amicon Ul-
tra 100K). The purified SpCas9 protein was frozen with liquid nitrogen and 
stored at -80°C.

 

5.4.5. bioTinylaTion of The recombinanT sPcas9
The process of linking biotin to the recombinant protein was carried out 

in-vitro and proceeded during the process of protein purification. After load-
ing the SpCas9 over-expressed bacterial lysate and Ni-NTA mixture onto a 
column (Biorad), mixed sample was washed multiple times with wash buffer 
[20 mM Tris–HCl (pH 8.0), 400mM NaCl]. Then we added 10-fold molar ex-
cess of maleimide-biotin (Sigma-Aldrich) to SpCas9 solution and incubate 
for overnight at 4°C (mix gently with rotator). To get rid of unbound ma-
leimide-biotin chemicals, mixed sample was washed sufficiently with wash 
buffer [20 mM Tris–HCl (pH 8.0), 400mM NaCl]. Finally, biotinylated SpCas9 
protein was eluted with elution Buffer [20 mM Tris–HCl (pH 8.0), 400mM 
NaCl, 200mM Imidazole], then the protein concentration was measured by 
spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific). Eluted Sp-
Cas9 protein was further purified with size exclusion chromatography. The 
biotinylation degree of the wild-type SpCas9 protein was calculated with 
commercial kit (Pierce) and it reached about 100% for two Cysteine sites 
(Cys80/Cys574). Biotinylated SpCas9 protein was stored in storage buffer 
[10mM HEPES-KOH (pH 7.5), 250mM KCl, 1mM MgCl2, 0.1mM EDTA, 7mM 
b-mercaptoethanol and 20% glycerol] and purified protein was frozen in liq-
uid nitrogen and store at -80°C. 

5.4.6. single-molecule Two-color fluorescence

Single-molecule fluorescence measurements were performed with a 
prism-type total internal reflection fluorescence microscope. 0.1mg/ml 
Streptavidin was added to a polyethylene glycol-coated quartz surface and 
incubated for 2 minutes before being washed with T50 (10 mM Tris-HCl 
(pH 8.0), 50 mM NaCl). Biotinylated Cas9 was pre-incubated with sgRNA and 
Cy5-labeled inhibitor RNA (ratio 1:2:10) at 37 degrees for 20 minutes in NEB 
buffer 3 (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 1 mM DTT) and then 
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added to the chamber containing Streptavidin. After 2 minutes of incuba-
tion unbound Cas9 and RNA molecules were washed away with an imaging 
buffer (50mM HEPES-NaOH [pH7.5], 150mM NaCl, 2mM MgCl2, 1% glucose 
(Dextrose monohydrate), 1mM Trolox (2.5mg/10ml), 1mg/ml glucose oxy-
dase [Sigma], 170ug/ml catalase [Merck]). 8 nM Cy3 labeled DNA substrate 
in imaging buffer was added to the channel. For the experiments with the 
trigger, 400nM of unlabeled trigger was added in addition to 8nM of Cy-3 
labeled DNA. Simultaneous laser excitation (532 nm and 633nm) was used. 
Following the addition of DNA, 15 snapshots of different fields of view con-
sisting of about 10 frames were collected every 10 minutes for a total of one 
hour. Fluorescence signals of Cy3 and Cy5 were collected through a 60× wa-
ter immersion objective (UplanSApo, Olympus) with an inverted microscope 
(IX73, Olympus). The 532 nm laser scattering was blocked out by a 532 nm 
long pass filter (LPD01-532RU-25, Semrock). The Cy3 and Cy5 signals were 
separated with a dichroic mirror (635 dcxr, Chroma) and imaged using an 
EM-CCD camera (iXon Ultra, DU-897U-CS0-#BV, Andor Technology). 

5.4.7. DaTa acquisiTion anD analysis

Using a custom-made program written in Visual C++ (Microsoft), a series 
of CCD images of time resolution 0.1s was recorded. The time traces were 
extracted from the CCD image series using IDL (ITT Visual Information Solu-
tion) employing an algorithm that looked for fluorescence spots with a de-
fined Gaussian profile and with signals above the average of the background 
signals. Colocalization between Cy3 and Cy5 signals was carried out with a 
custom-made mapping algorithm written in IDL. The extracted time traces 
were processed using Matlab (MathWorks) and Origin (Origin Lab).
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5.5. suPPlemenTary informaTion

5.5.1. suPPlemenTary figures
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Figure S5.1. Inhibitors efficiently hybridize with sgRNA a) Electrophoretic mobility shift assay re-
solved using 10% PAGE showing that inhibitor 2 efficiently hybridizes with sgRNA. b) Electrophoretic 
mobility shift assay resolved using 10% PAGE showing that inhibitor 3 efficiently hybridizes with 
sgRNA
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Figure S5.2. Behavior of Cas9:sgRNA:inhibitor complexes over 60 minutes. a) a scatter plot showing 
the number of molecules on the surface over time for inhibitor 2. b) a scatter plot showing the number 
of molecules on the surface for inhibitor 3. In both cases The number of molecules was normalized 
by the number of molecules on the surface at time= 0. The average was taken over 15 snapshots over 
different fields of view. The error bars represent standard deviation.  The data is the average of three 
independent experiments taken over three different days. c) Schematic showing Inhibitors 4 and 5 d) a 
scatter plot showing the number of molecules on the surface after the addition of the trigger molecule 
in combination with the target for Inhibitors 4 and 5. the number of molecules was normalized by the 
number of molecules on the surface at time= 0. The average was taken over 15 snapshots over different 
fields of view. Inhibitor molecules were counted as fluorescent spots in the Cy5 channel and target mol-
ecules as fluorescent spots in the Cy3 channel. The error bars represent standard deviation.  The data is 
the average of three independent experiments taken over three different days.
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5.5.2. suPPlemenTary Tables

Table S5.1. RNA sequences Used 

sgRNA 5‘GGCGCAUAAAGAUGAGACGC 
GUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCG 
UUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU 3‘

iNhiBitoR 
1

5‘ UUUAUGCGCCUAUGCGCCUGUUGCC 3‘-Cy5

iNhiBitoR 
2

5‘ GCGUCUCAUCUU 3‘- Cy5

iNhiBitoR 
3

5‘ ACGCACCAGUUCGCGUCUCAUCUU 3‘- Cy5

iNhiBitoR 
4

5‘ UUUAUGCGCCUGUUGCC 3‘- Cy5

iNhiBitoR 
5

5‘ ACGCACCAGUUCGCGUCUCAUC 3‘- Cy5

Table S5.2 DNA Sequences used

pcR 
teMplAte 

fWD

5‘ TAATACGACTCACTATAGGTACGGTTATCCACAGAATCAGTT 
TTAGAGCTAGAAATAGCAAGTTAAAATAAGG 3‘

pcR teM-
plAte ReV

5‘ AAAAAAAGCACCGACTCGGTGCCAC 3‘

NoN-tAR-
get stRAND

5’ CCAGCTGTCTGCACAGGAGAAATCCCTGCT 
GGCGCATAAAGATGAGACGC TGG AGTACAAACGCCAGCTGGC 
TGCACTTGGCGACAAGGTTACGTATCAG 3‘ 

tARget 
stRAND

5’ CTGATACGTAACCTTGTCGCCAAGTGCAGCCAGCTGGCGTT 
TGTACTCCAG CGTCTCATCTTTATGCGCC AGCAGGGATTTC 
TCCTGTGCAGACAGCTGG 3‘-Cy3

tRiggeR 1 5’ GCTCGCGGTGATAGGCGCATAAACGACTCCCATCCCGCCC 
AACCCGACTCCGCTCGCGGTGATAGGCGCATAAA 3‘

tRiggeR 3
5’ AAGATGAGACGCGAACTGGTGCGTCGACTCCCATCCCGCC 
CAACCCGACTCCAAGATGAGACGCGAACTGGTGCGT 3‘

Bold letters shor the target site, red letters indicate the PAM. Blue regions 
in the triggers indicate the complementary region to inhibitor
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The work described in this thesis focuses on the target search and rec-
ognition (or lack thereof) of the Cas9 protein from Streptococcus pyogenes. 
Due the enormous commercial interest in this protein, the Cas9 research 
is becoming its own field. Its applications in genome editing have be a sep-
arate topic from the start, however, the search for new Cas9 orthologs or 
engineering of Cas9 mutant proteins and characterizing them is diverging 
from the field of CRISPR biology. It is not surprising – as opposed to other 
CRISPR systems, the interest in Cas9 comes from its applicability in genome 
engineering. Therefore, the focus here lies on coming up with new Cas9 var-
iants that can complement or outperform SpCas9. The process typically in-
volves the identification of such proteins (or engineering of mutants), char-
acterization of their PAM and guide requirements and verification of activity 
in eukaryotic cells. However, little to no research is done on the molecular 
mechanism of these proteins – PAM and target search, target recognition, 
and any structural rearrangements or proofreading mechanisms remain a 
mystery. As these proteins will likely be applied in therapeutics in the fu-
ture, we face the dangers of using something we do not fully understand in 
situations where any mistake can be detrimental. Therefore, this final chap-
ter is a discussion of some of the work that has been done on developing or 
identifying new Cas9 proteins and the considerations concerning their PAM 
and/or target search based on their structural data. 

6
Overview of different Cas9 

variants and concluding 
remarks
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The work described in this thesis mostly focused on Cas9-target interac-
tions, with the target search being the main focus. For a biophysicist, the im-
portance of the knowledge of the target search processes is obvious – it can 
explain different levels of activity, help choose the best target sites or create 
models, which would predict the behavior of Cas9. Unfortunately, with the 
rapid growth of the Cas9 field the mechanistic studies have often stopped at 
solving the crystal structures of nucleic acid-bound Cas9 proteins. In their 
2015 publication describing the structure of Staphylococcus aureus Cas9,  
Nishimasu et al argue that „Additional crystal structures of Cas9 orthologs 
bound to nucleic acids are critical to understand the potential mechanis-
tic and structural conservations underlying RNA-guided DNA targeting by 
cas9“[1]. While structural data do reveal a wealth of information about the 
overall function of the protein, it fails to predict the accurate target search 
mechanism, as well as any mechanism of kinetic proofreading. While the tar-
get search mechanisms are remarkably similar in many nucleic acid guided 
proteins, the target search mechanism of Cas9 and other CRISPR proteins is 
complicated by the PAM requirement. Therefore, it is important to consider 
both - structural and single-molecule data to fully understand the under-
lying core principles of Cas9 PAM search. Thus, in the upcoming sections 
I will provide considerations between the structure of SpCas9 in relation 
to single-molecule observations described in this thesis and an overview of 
the PAM recognition mechanisms of different Cas9 variants as described in 
structural studies together with some of my speculations on implications 
for PAM search, based on our observations in single-molecule experiments.

6.1. consiDeraTions of sPcas9 sTrucTure in relaTion 
To single-molecule observaTions

In chapter 3 of this thesis we explored the target and PAM search mecha-
nisms of SpCas9. We have observed, that Cas9 has two distinct PAM binding 
modes, which are characterized by distinct dwelltimes of ~0.2s (τ

1
) and ~2.5s 

(τ
2
) [2]. In addition, it was found that while the first dwelltime stays the same 

regardless of how many PAM sequences are in succession, the second dwell-
time increases with increasing number of neighbouring PAM sites (Figure 
6.1 a). 

Cas9 structural studies show that the di-nucleotide 5‘-GG-3‘ PAM of Sp-
Cas9 is read out from the major groove side by base-specific hydrogen bond-
ing interactions with the Arg1333 and Arg1335 residues (Figure 6.1 c, d) [3].
The PAM-interacting domain interacts with the minor groove of the DNA 
duplex and orients the target strand for pairing with the guide RNA. The 
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Lys1107 residue interacts with the dC2 nucleotide (complementary to the 
dG2* in the PAM) (Figure 6.1 c). The residues downstream of Lys1107 inter-
act with the +1 phosphate of the target DNA on the target strand (the phos-
phate of the first nucleobase complementary to guide RNA). Interactions 
with the Lys1107-Ser1109 loop rotate the +1 phosphate which coincides 
with the distortion that allows the first nucleobase of the guide RNA to pair 
with the first nucleobase of the target DNA strand. As noted by Anders and 
colleagues, the interactions between the +1 phosphate and the loop are PAM 
dependent [3]. Therefore, it is most likely that the first measured dwelltime, 
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Figure 6.1. PAM search and recognition by SpCas9. a) bar plot showing the dwelltimes of Cas9 
binding to constructs with different number of adjacent PAMs [2] b) Scatter plot showing the average 
dwelltime (Δτav) values for the cases of 2 (d2) and 4 (d4) nucleotide separation between the PAM 
sites. [2] c) detailed view of the major groove. Sequence-specific hydrogen-bonding interactions with 
the PAM are indicated with dashed lines. [3] d) schematic of Cas9 interactions with the PAM duplex. 
Water molecules are represented by red circles [3]
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Δτ
1
, is governed by the interactions between the Arg1335 and Arg1333 with 

the GG nucleobases and the interaction between the +1 phosphate and the 
phosphate lock loop. As the first nucleotide after the PAM in our experi-
ments was not complementary to the guide RNA, no basepairing can occur 
after the distortion created by the phosphate-loop interactions, and, being 
energetically unfavourable, the DNA is quickly rejected by Cas9 as an off-tar-
get, corresponding to the short-lived interactions that have been observed.

In addition to the base-specific interactions between the arginine residues 
and the G nucleobases, the sugar-phosphate backbone of the non-target DNA 
strand makes numerous ionic and hydrogen-bond contacts with the protein 
(Figure 6.1 d).  Furthermore, Cas9 does not interact with the target strand 
complement of the 5‘-GG-3‘ PAM sequence. Considering this information, 
the longer dwelltime we have observed in our single-molecule experiments 
could potentially be explained as the combination of the base-specific and 
base-non-specific interactions and PAM-recognition intermediates, which 
were suggested in the structural studies [3]. The base-non-specific interac-
tions together with the lack of interactions between the Cas9 protein and the 
target strand suggest that after abortive binding where no target adjacent 
to the PAM is found, the non-specific interactions can be strong enough to 
keep the DNA weakly associated with the protein while it may locally dif-
fuse around the PAM in a 1-dimensional fashion. If another PAM is found, 
the base-specific interactions together with the phosphate lock loop and +1 
phosphate interactions take place again before an off-target is rejected and 
the DNA can be expelled, or another round of local diffusion governed by 
weak base-non-specific interactions takes places. As Cas9 is already interact-
ing with the DNA, it is possible that such interactions would be shorter than 
initial binding after the PAM was found by 3D diffusion. Such an iterative 
mechanism could also explain why we observe the dwelltime to go up with 
the increasing number of PAMs close to each other as the protein encoun-
ters more PAM „pit stops“ during the local 1-dimensional diffusion before 
it dissociates. It also provides a possible explanation why an increased dis-
tance between the PAMs does not affect Δτ

2
, but decreases Δτ

av 
(Figure 6.1 

b). If indeed Δτ
1 

corresponds to base-specific interactions, when the PAM 
has been found by 3-dimensional collisions, then regardless of the number 
of PAMs these interactions stay the same. The local diffusion governed by 
weak interactions with the DNA backbone is likely very fast, thus if Cas9 is 
to undergo local diffusion, the total dwelltime is likely governed by the num-
ber of PAMs rather than the distance. As the interactions are weak, however, 
increasing distance increases the chance that Cas9 dissociates before it finds 
another GG sequence for base-specific interactions and thus the short-lived, 
base-specific interactions governed by 3-dimensional diffusion start domi-
nating with increasing distance between the PAM sites, contributing to the 
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decrease in the average dwelltime. Of course, the above are speculations and 
extensive experimental work with multiple Cas9 mutants would be needed 
to confirm which protein-DNA interactions contribute to which observable 
behaviour. Nevertheless, it suggests that different binding modes could be 
governed by different types of interactions and help anticipate what could 
be expected from other Cas9 proteins, for which the crystal structure has 
been solved, which will be discussed in the following sections.

6.2. Pam sPecificiTy anD recogniTion of cas9 
oTrhologs

Despite its popularity, SpCas9 has several drawbacks which limit its use 
in eukaryotic cells, the main ones being the stringent PAM requirement and 
its size. Although the -GG- sequence is estimated to occur every 8 basepairs 
in the human genome [4], it limits the precision with which a cut site can be 
chosen. As for the size, SpCas9 consists of 1368 amino acids, which makes it 
difficult to deliver it to cells using strategies such as lentiviral or adenoviral 
delivery. As a result, a lot of effort has been put into discovering new Cas9 
orthologs which target different PAM sequences, are smaller, or both. In this 
section I will provide a brief overview of the Cas9 proteins from Staphylococ-
cus aureus (SaCas9), Francisella novicida (FnCas9), and Campilobacter jejuni 
(CjCas9), and their PAM recognition mechanisms and implications for PAM 
search.

6.2.1. sTaPhylococcus aureus cas9
The Cas9 protein from Staphylococcus aureus has been shown to function 

in eukaryotic cells and is smaller than SpCas9 consisting of only 1053 amino 
acids. Like SpCas9, SaCas9 belongs to the type II-A CRISPR family. It recog-
nizes a 5‘-NNGRRT-3‘ PAM (R represents a purine – A or G)[1, 5]. The PAM-in-
teracting (PI) domain of SaCas9 can be divided into a topoisomerase-homol-
ogy (TOPO) and C-terminal domains as in SpCas9 and has a similar core 
fold to that of SpCas9 [1]. As in SpCas9, SaCas9 recognizes the PAM from 
the major groove side. Furthermore, the third G in the 5‘-NNGRRT-3‘PAM 
is recognized by Arg1015 whereas in SpCas9 the third G is recognized by 
Arg1335 [3]. The distinct PAM specificities of the two proteins arise from 
different amino acid residues interacting with the PAM nucleotides: the 4th 
and 5th purine in the PAM form direct and water-mediated hydrogen bonds 
with Asn985 and Asn985/Asn986/Arg991 in SaCas9 (Figure 6.2 a, b). As in 
SpCas9, the phosphate backbone is recognized from the minor groove side 
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by base-non-specific interactions. Remarkably, the +1 phosphate in the tar-
get strand hydrogen bonds with Asp786 and Thr787 of SaCas9 which also 
results in the rotation of the +1 phosphate, which aids DNA unwinding (Fig-
ure 6.2 a). It is evident that distinct PAM specificities of SpCas9 and SaCas9 
come from different amino acid sequences in the PI domain, but the mode of 
PAM recognition is remarkably similar between the two proteins. Therefore, 
I would expect that PAM-search mechanism of SaCas9 is very similar to that 
of SpCas9, with a possibility that a PAM-specific interaction could be slightly 
stronger in SaCas9 due to the larger number of interactions with the amino 
acid residues and the PAM. However, since SaCas9 also weakly interacts with 
the phosphate backbone of the target strand complement of the PAM, it is 
likely that the lateral diffusion mode would be different to that of SpCas9 
as the non-specific interactions might be enough to keep the protein bound 
to DNA for longer, which would in turn allow for more local 1-dimensional 
diffusion before dissociation.

6.2.3. francisella noviciDa cas9
The Cas9 protein from Francisella novicida is one of the largest Cas9 ort-

hologs consisting of 1629 amino acid residues [6, 7], from the type II-B CRIS-
PR family. It consists of seven domains with the WED domain being most dis-

Figure 6.2. Interactions between SaCas9 and the PAM duplex. a) Schematic of Cas9 and PAM in-
teractions. water-mediated hydrogen bonding interactions are omitted. [1] b) recognition of the 5'-TT-
GAAT-3' PAM. PAM sequence is highlighted in purple. Water molecules are shown as red spheres and 
hydrogen bonds are shown as dashed lines [1]
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tinct compared to other Cas9 orthologs [8]. The PAM-interacting (PI) domain 
of FnCas9 has little sequence homology with SaCas9 and SpCas9, however, 
it adopts a similar core fold and recognizes a 5‘-NGG-3‘ PAM. A 5‘-NGA-3‘ 
is also permitted, however, protospacers with such a PAM are cleaved with 
a lower efficiency. Both SpCas9 and FnCas9 recognize the 5‘-NGG-3‘ PAM 
with a pair of Arginine residues – Arg1333/Arg1335 and Arg1585/Arg1556 
respectively (Figure 6.3 a, b, c). In SpCas9 the side chain of Arg1335 is an-
chored by a salt bridge with Glu1219, contributing to a specific recognition 
of the third G (Figure 6.3 b). However, in the case of FnCas9, the Arg1556 
side chain does not form such contacts with proximal residues, hence the 
recognition of the third A in the PAM. In addition, the residues from the 
WED domain interact with the dC(-2) nucleotide of the target strand and the 
phosphate backbone of the non-target strand (Figure 6.3 a). FnCas9 phos-
phate lock loop also interacts with the +1 phosphate of the target strand, 
indicating that DNA unwinding mechanism is conserved between different 
Cas9 orthologs (Figure 6.3 a). Since FnCas9 forms only a single hydrogen 
bond with the third G in the PAM and interacts with the phosphate backbone 
of both strands, it is likely that local 1-D diffusion during PAM search also 
takes place in this system. Overall, the base-specific PAM-interacting mode 
might be slightly weaker than that of SpCas9 due to the lack of interactions 
between the Arg1556 side chain and other proximal amino acid residues, 
which confer the specificity towards a second G in the PAM of SpCas9. Even 
though the PAM is recognized in a different manner, I expect that the overall 
PAM search mechanism will be quite similar to that SpCas9.

Figure 6.3. PAM recognition by FnCas9. a)Schematic of the interactions between FnCas9 and the 
PAM. Water-mediated hydrgen bonds are omitted [8] b) Comparison of the PAM-interacting do-
mains between b) SpCas9and c) FnCas9
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6.2.2. camPilobacTer jejuni cas9
CjCas9 is one of the smallest Cas9 orthologues, consisting of only 984 

amino acids, from the type II-C CRISPR family[9]. It recognizes a 7bp PAM 
sequence 5‘-NNNVRYM-3‘ (V is A/G/C; R is A/G; Y is T/C; M is A/C) and has 
a preference for T and C at positions 6 and 7 respectively. Furthermore, the 
crystal structure of CjCas9 has revealed that, unlike SpCas9, SaCas9 and Fn-
Cas9, it forms base-specific interactions with both the target and the non-tar-
get strand nucleotides in the PAM (Figure 6.4 a, b) [10]. Thr913 interacts with 
the V4*, Ser801 interacts with R5* and Ser915 interacts with Y6* on the 
non-target strand and Lys950 interacts with the complement of V4*, Ser951 
and Thr916 interact with the complement of Y6* and Arg866 interacts with 
the complement of M7* (Figure 6.4 a, b).  The phosphate backbone of both 
strands in the PAM also interacts with the protein in a base-non-specific 
manner (Figure 6.4 a). It is evident that CjCas9 has a very distinct PAM recog-
nition mode compared to the three previously described orthologs. Another 
type II-C Cas9, the NmeCas9, is also known to interact with both strands of 
the PAM as CjCas9, indicating that type II-C PAM recognition is mechanisti-
cally distinct from that of type  II-A and type II-B [11].  The promiscuity of 
the PAM together with the recognition of both DNA strands implies that PAM 
and subsequently target search of CjCas9 may be slower than that of Sa-
Cas9, SpCas9 and FnCas9. The extensive base-specific and base-independent 
interactions with the PAM suggest stronger binding to a PAM than in other 
orthologs. However, the non-stringent base requirement means that many 
more PAMs are permissible. The combination of the two effects might lead 
to CjCas9 taking a longer time to find its target as it would need to sample 
more PAM sites to which it associates more strongly than other Cas9 pro-
teins. CjCas9 has been shown to work in vivo in eukaryotic cells, however is 
less efficient than SpCas9[10, 12]. While this could be due to many reasons, a 
distinct PAM recognition mode and a probably different PAM search mecha-
nism are likely to play a role. Therefore, the CjCas9 target search mechanism 
should be more extensively studied using biophysical techniques before the 
protein is used in therapeutic applications.

6.3. engineereD sPcas9 varianTs

Different Cas9 orthologs require different guide RNAs. This, together 
with the difference in size makes it difficult to use Cas9 to target several 
genes at once. As a result, a lot of effort has gone into producing new Sp-
Cas9 variants with altered PAM specificities, either by directed evolution or 
structure-guided mutagenesis.
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One of the first attempts was to modify SpCas9 to recognize differ-

ent PAMs using bacterial selection-based directed evolution [13]. The ex-
periments yielded three mutants with altered PAM specificities – the VQR 
(D1135V/R1335Q/T1337R) mutant recognizing 5‘-NGAN-3‘ and 5‘-NGCG-3‘ 
PAMs, EQR (D1335E/ R1335Q/T1337R) mutant recognizing 5‘-NGAG-3‘ PAM 
and a quadruple mutant VRER (D1335V/G1218R/R1335E/T1337R) recog-
nizing 5‘-NGCG-3‘ PAM. All mutations are spatially oriented near the PAM. 
Structural studies revealed that the non-canonical PAMs are recognized by an 
induced fit mechanism [14]. Binding of the non-canonical PAMs is achieved 
by structural remodelling of the PAM. The amino acid substitutions induce 
and accommodate structural changes in the DNA and provide base-specif-
ic contacts with the PAM. However, the DNA distortion is energetically un-
favourable, contributing to lower cleavage efficiency[13]. Using this infor-
mation, an SpCas9 variant recognizing an NAAG PAM has been engineered, 
which also showed decreased cleavage activity [14]. As no other parts of the 
protein have been changed, it shows that sufficiently strong interactions 
with the PAM are needed for efficient DNA cleavage. Amino acid substitu-
tions may have affected not only PAM recognition but also PAM search, as 
a less efficient search mechanism would also contribute to the decrease in 
cleavage efficiency.

Another SpCas9 variant with an expanded PAM specificity has been 
evolved using phage-assisted continuous evolution [15]. A resulting protein 
named xCas9 bearing 7 mutations (A262T/R324L/S409I/E408K/E543D/

Figure 6.4. PAM recognition by CjCas9. a) schematic of the PAM recognition by CjCas9. Hydrogen 
bonds are depicted as dashed lines and water molecules as red spheres. [10]. b) Recognition of the 
5'-AGAAACG-3' PAM. Water molecules are shown as red spheres and hydrogen bonds as dashed 
lines [10].
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M694I/E1219V) recognizes 5‘-NG3-3‘ PAMs. Since the whole protein se-
quence has been subjected to evolution, however, it is possible that there 
are more mutations, which may change the protein behaviour in unexpected 
ways. Therefore, this protein, its target search, cleavage and proofreading 
mechanism should be extensively studied using biophysical techniques, be-
fore it can be safely applied in therapeutics. 

A single-nucleotide PAM is most desired as it allows for the greatest flex-
ibility in choosing a target site. Therefore, another SpCas9 variant recog-
nizing 5‘-NG-3‘ PAMs has been engineered using structure-guided rational 
engineering [16]. The base-specific interactions between the Arg1335 ant 
the third G in the PAM were removed and compensated by base-non-specific 
interactions. This yielded a protein with 7 mutations which recognizes a 
relaxed 5‘-NG-3‘ PAM. Its cleavage activity is lower than that of WT SpCas9, 
indicating again that a sufficiently strong interaction with the PAM is needed 
for efficient DNA cleavage. As most of these interactions are base-non-spe-
cific, it is possible that this protein will undergo more extensive lateral dif-
fusion than WT SpCas9. As we have shown that this diffusion between PAM 
sites contributes to delayed on-target binding, it is possible that this could 
be a factor in the decreased cleavage efficiency of Cas9-NG.

6.4. concluDing remarks

The huge commercial and societal interest in the Cas9 protein has pushed 
for the rapid development of this field in order to overcome the inherent 
limitations of this protein. The stringent PAM requirement is one of the lim-
itations of SpCas9 as it limits the number of target sites and the precise 
positioning of the cut site. Therefore, a lot of work has been done in trying 
to overcome this by exploring different Cas9 orthologs or engineering Sp-
Cas9 variants with different PAM specificities. Structural studies of Cas9 
orthologs show that even though the PAM-interacting domain in all of them 
has a similar core fold, the recognition mode is slightly different in SaCas9 
and FnCas9 compared to SpCas9 and very distinct in CjCas9, which recog-
nizes both DNA strands in the PAM. All these differences may contribute to a 
different PAM search mechanism which in turn can lead to different activity 
levels. 

SpCas9 variants with different PAM specificities also have different 
modes of PAM recognition compared to WT SpCas9 as in most of them, 
the lack of base-specific interactions has been compensated by introducing 
base-non-specific interactions between the protein and the DNA backbone. 
This is also likely to affect PAM search and contribute to the demonstrated 
lower cleavage efficiency. While PAM search may seem to be a minor fac-
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tor in determining the cleavage efficiency, a study on Cas9-Cas9 chimeras 
shows that the cleavage activity of a PAM-attenuated Cas9 is restored when 
it is fused with another Cas9 protein (cleavage-inactivated) which guides it to 
the target site thus effectively performing the PAM search and increasing the 
effective concentration of the PAM-attenuated Cas9 at the cut site [17]. This 
implies that inefficient PAM search indeed contributes to low activity lev-
els. Taken together, these studies show that the newly found or engineered 
Cas9 proteins should be studied in-depth in a systematic manner using bio-
physical tools to fully elucidate the target search, cleavage and proofreading 
mechanisms before such proteins can even be considered for therapeutic 
applications.
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The most commonly known relationship between the macromolecules of 
life – DNA, RNA and protein – is the central dogma which states that infor-
mation flows from DNA to RNA through transcription and from RNA to pro-
tein through translation. The discovery of non-coding RNAs has altered and 
expanded this picture by revealing many more functions of RNA as well as 
different ways nucleic acids and proteins interact. For example, tRNAs act as 
a link between mRNA and ribosomes in translation, ribosomal RNA together 
with proteins make up the main translation machinery, riboswitches enable 
mRNA to regulate its own activity, miRNA and siRNA regulate gene expres-
sion through RNA interference. A notable recent addition to this list is the 
adaptive prokaryotic CRSIPR immune system where RNA molecules guide 
proteins to destroy the invading viral DNA. The CRISPR systems were made 
famous by the discovery of the Cas9 endonuclease, a single RNA-guided pro-
tein, which can perform target search, recognition and cleavage without oth-
er proteins involved. This has made Cas9 the golden tool for gene editing, 
making the latter cheaper, faster and easier than it has ever been before.

The first steps in Cas9 activity are target search and recognition and thus 
are important for efficient cleavage activity. These processes can involve a 
myriad of different types of interactions between the protein, its guide RNA 
and target DNA and are best investigated using single-molecule techniques 
as they help overcome the ensemble averaging that occurs in bulk meas-
urements. Chapter 1 introduces the macromolecules of life, together with 
non-coding RNAs and single-molecule techniques, which are most common-
ly used in the fields of CRISPR and target search.

Despite the difference in composition and function, the same core prin-
ciples govern the target search and recognition mechanisms of RNA-guided 
proteins. For example, weak interactions help reject off-target sites quickly, 
a combination of 1-dimensional and 3-dimensional diffusion can speed up 
target search and structural rearrangements provide a good means for kinet-
ic proofreading. Chapter 2 therefore provides a detailed overview and com-
parison of the most studied RNA-guided target search systems – Argonaute 
and CRISPR families, with the focus being on eukaryotic Argonaute and Cas9 
proteins and the Cascade protein complex.
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An overview of the current state of the art sets us up for our own study 
of Cas9 target search. It is known that Cas9 cleaves a 20-nucleotide target se-
quence, which is flanked by a 3 nucleotide PAM sequence, but how does the 
protein find it? DNA-curtains studies have shown that Cas9 uses only 3-di-
mensional collisions to find its target, but are any different search modes 
hidden beyond the diffraction limit? In Chapter 3 we use single-molecule 
FRET to answer these questions. We show that Cas9 exhibits two modes of 
interaction with PAM sequences which are characterized by different dwell-
times, which differ by an order of magnitude. Furthermore, the longer dwell-
time increases with an increasing number of neighboring PAM sites, which 
is suggestive of lateral diffusion. Indeed, by placing the PAM sites further 
apart on the DNA strand we were able to directly capture evidence of Cas9 
laterally diffusing between PAM sequences and show that the occurrence of 
such events goes up with an increasing number of PAM sites. In addition, 
we directly show that Cas9 is able to slide between neighboring target sites. 
However, the probability to find the target by lateral diffusion decreases 
exponentially with increasing separation between the targets. Finally, we in-
vestigated if the lateral diffusion between PAM sites could act as a means to 
speed up target binding. By placing an increasing number of these sites close 
to a cognate target we have observed the opposite - a moderate decrease in 
binding rate with an increasing number of PAMs. This result was  corrobo-
rated by an asymmetrical tandem target experiment which showed that Cas9 
prefers to bind a target flanked by a single PAM site. 

Single-molecule FRET is a versatile technique and can be used to explore 
different properties of various systems. Chapter 4 describes single-molecule 
FRET methods to study the Cas9 nuclease. We describe methods based on 
two main immobilization schemes, namely target DNA immobilization and 
the immobilization of the Cas9 ribonucleoprotein (RNP) complex. In addition 
to the experiments, sample preparation steps such as slide cleaning, labeling 
of the nucleic acids and Cas9 biotinylation are described. Example data are 
provided for each immobilization scheme in addition to recommendations 
for when each scheme is more useful. For example, DNA immobilization is 
more useful to investigate how Cas9 binding perturbs the DNA duplex. Pro-
tein immobilization, on the other hand, is more useful to investigate weak 
interactions as all unbound RNA molecules are washed away before adding 
the target and DNA is less likely to stick to the slide surface non-specifically. 
In addition, we provide explanations of crRNA and DNA design for each type 
of experiment. Finally, a summary of image processing and data analysis is 
provided at the end of the chapter.

Aside from the fundamental research conducted on Cas9 which helps 
answer many questions about the protein activity and the type II CRISPR 
immune system as a whole, the main focus in the field of Cas9 is the applica-
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tions of Cas9 in genome engineering. So far, various factors have been found 
to affect Cas9 cleavage activity. To name a few, secondary structures of tar-
get DNA such as G-quadruplexes can greatly decrease Cas9 activity as well 
as mismatches between guide RNA and target DNA, and certain sequences 
have been found to be preferable by Cas9 than others. In Chapter 5 we 
demonstrate that Cas9 activity can be inhibited by small RNA molecules in 
vitro. Using biochemical assays, we show that sequences which are comple-
mentary to the seed sequence of the guide inhibit cleavage completely even 
at low excess ratios whereas sequences complementary to the end region of 
the guide inhibit cleavage progressively with increasing ratios of inhibitor 
to guide. Using single-molecule fluorescence we show that these hybrids are 
efficiently loaded by Cas9 and prevent interactions with the DNA target. 
Furthermore, we use a trigger molecule complementary to the inhibitor and 
demonstrate that the later can be released by the Cas9 RNP complex if it is 
hybridized to the end of the guide, but not the seed. Despite the inhibitor 
being released by Cas9, it remains unable to interact with target DNA which 
suggests that the protein is stuck in an inactive conformation. Such inhibi-
tion can be particularly important in therapeutic applications where miRNA 
can potentially basepair with the guide and inhibit cleavage, or transcrip-
tionally active genes can be targeted less efficiently. To further examine the 
extent of this observation, in vivo experiments are being conducted.

Due to its applications in gene editing, Cas9 research has diverged from 
CRISPR biology and has become its own field. A lot of effort has been di-
rected towards identifying new Cas9 variants or creating SpCas9 mutants 
which are able to target different PAM sequences. In this final Chapter 6 
an overview and comparison of the crystal structures and PAM-recognition 
modes of different Cas9 proteins are provided. Several Cas9 orthologs are 
described: Staphylococcus aureus Cas9 (SaCas9), Francisella novicida Cas9 
(FnCas9) and Campilobacter jejuni Cas9 (CjCas9). Aside from the PAM rec-
ognition, the implications of the mechanism to target search are discussed 
using the observations described in chapter 3 as an example. In addition, 
engineered Cas9 mutants such as xCas9 or Cas9-NG are discussed. Different 
mutation schemes and amino acid substitutions can slow down PAM search 
and recognition and thus decrease the overall activity of Cas9. Therefore, 
this chapter concludes that Cas9 orthologs and especially mutants should 
be studied in-depth using biophysical tools before being applied in thera-
peutics to avoid any unwanted effects that can arise from perturbed PAM 
search and recognition mechanisms.
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De meest bekende relatie tussen de macromoleculen van het leven – DNA, 
RNA en eiwit- is het centrale dogma welke zegt dat informatie wordt overge-
dragen van DNA naar RNA via transcriptie en van RNA naar eiwit door middel 
van translatie. De ontdekking van niet-coderend RNA heeft dit beeld veran-
derd en uitgebreid door te laten zien dat er veel meer functies zijn van RNA 
en veel meer manieren voor nucleïnezuren om met eiwitten interactie aan te 
gaan. Voorbeelden hiervan zijn tRNAs die een schakel vormen tussen mRNA 
en ribosomen tijdens translatie; ribosomaal RNA dat samen met eiwitten 
het hoofdbestanddeel uitmaakt van het translatie mechanisme; riboswitches 
die mRNA in staat stellen om eigen activiteit te reguleren; en miRNA en siR-
NA  die genexpressie reguleren door middel van RNA interferentie. Een op-
merkelijke recente toevoeging aan deze lijst is het adaptieve prokaryotische 
CRISPR immuunsysteem waar RNA moleculen eiwitten leiden naar binnen-
dringend viraal DNA om dit te vernietigen. De CRISPR systemen zijn bekend 
geraakt door de ontdekking van de Cas9 endonuclease, een enkel RNA-ge-
leid eiwit, welke in staat is om doelwitten te lokaliseren, te herkennen en te 
knippen zonder hulp van andere eiwitten. Dit heeft ertoe geleid dat Cas9 
als uitzonderlijk gereedschap wordt gezien voor genoombewerking, wat dit 
laatste goedkoper, sneller en makkelijker maakt dan ooit tevoren.

De eerste stappen in Cas9 activiteit zijn de lokalisatie en herkenning van 
het doelwit en zijn daarom belangrijk voor efficiënte knip-activiteit. Bij deze 
processen kan een groot aantal verschillende interacties tussen het eiwit, het  
gids-RNA en het doelwit-DNA plaatsvinden en deze kunnen het beste onder-
zocht worden door het gebruik van technieken die individuele moleculen 
bekijken, aangezien hierbij geen middeling plaatsvindt van de individuele 
signalen   zoals in -experimenten met massa’s moleculen . Hoofdstuk 1 in-
troduceert de macromoleculen van het leven, samen met niet-coderend RNA 
en enkel-molecuul technieken, welke het meest gebruikt zijn in de onderzo-
eksgebieden van CRISPR en doelwit-lokalisatie.

Ondanks het verschil in compositie en functie worden de doelwit-lokali-
satie- en herkenningsmechanismes van RNA-geleide eiwitten door dezelfde 
basisprincipes gestuurd.Zwakke interacties helpen bijvoorbeeld om  foutieve 
doelwitten snel te kunnen verwerpen/afkeuren. Ook kan een combinatie van 
eendimensionale en driedimensionale diffusie doelwit-lokalisatie versnellen 
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en structurele herschikkingen kunnen een goede manier zijn voor kinetische 
proeflezing. Hoofdstuk 2 geeft een gedetailleerd overzicht en vergelijking 
van de meest bestudeerde RNA-geleide doelwit-lokalisatie systemen – Ar-
gonaute en CRISPR families, met de focus op eukaryotische Argonauten en 
Cas9 en Cascade eiwitcomplexen.

Een overzicht van recent onderzoek om onze eigen studie van Cas9 
doelwit-lokalisatie te bespreken. Het is bekend dat Cas9 een 20 nucleotide 
doelwit-sequentie knipt, die geflankeerd is door een 3-nucleotide lange PAM 
sequentie, maar hoe vindt het eiwit deze sequenties? DNA-gordijn studies 
hebben aangetoond dat Cas9 alleen driedimensionale botsingen gebruiken 
om zijn doelwit te vinden, maar zijn er nog andere zoekmethodes verborgen 
voorbij het diffractielimiet? In hoofdstuk 3 gebruiken wij enkel-molecuul 
FRET om deze vragen te beantwoorden. We laten zien dat Cas9 twee verschil-
lende manieren van interactie met PAM sequenties heeft, deze zijn gekarak-
teriseerd door verschillende bindingstijden welke een ordegrootte verschil-
len. Daarnaast neemt de langere bindingstijd toe bij een toenemend aantal 
naburige PAMs, wat laterale diffusie suggereert. Door de PAM sequenties 
verder van elkaar te plaatsen op het DNA zijn wij in staat om direct bewijs te 
leveren van laterale diffusie van Cas9 tussen PAM sequenties en laten we ook 
zien dat deze gebeurtenissen vaker voorkomen naarmate het aantal PAM 
sequenties toeneemt. Daarnaast laten wij ook direct zien dat Cas9 in staat 
is om tussen nabijgelegen doelwit-sequenties te schuiven. De kans om de 
doelwit-sequentie te vinden met laterale diffusie neemt echter exponentieel 
af met een toenemende afstand tussen de doelwit-sequenties. Tenslotte heb-
ben wij onderzocht of laterale diffusie tussen PAM sequenties ook gebruikt 
kan worden om de binding aan doelwit-sequenties te versnellen. Door het 
plaatsen van een toenemend aantal van deze PAM sequenties naast een doel-
wit  hebben wij het tegenovergestelde waargenomen – een gematigde afname 
in bindingssnelheid met een toenemend aantal PAM sequenties. Dit resultaat 
is gevalideerd met een asymmetrische tandem doelwit experiment welke liet 
zien dat Cas9 bij voorkeur bindt aan een doelwit met een enkele nabijgele-
gen PAM sequentie.

Enkel-molecuul FRET is een veelzijdige methode en kan gebruikt worden 
om verschillende eigenschappen van diverse systemen te bestuderen. 
Hoofdstuk 4 beschrijft enkel-molecuul FRET methodes om het Cas9 nu-
clease te bestuderen. We beschrijven methodes gebaseerd op twee manier-
en van immobilisatie, één waarbij het doelwit DNA wordt geïmmobiliseerd 
en één waarbij het Cas9-ribonucleinezuurcomplex wordt geïmmobiliseerd. 
Naast de experimenten, zijn ook de voorbereidende stappen voor de mon-
sters beschreven, zoals het schoonmaken van de slides, het labelen van de 
nucleïnezuren en het biotinyleren van Cas9. Experimentele voorbeelddata 
wordt gegeven voor elke immobilisatie methode  en daarbij worden aanbev-
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elingen gedaan voor situaties waarin deze methodes het meest geschikt zijn. 
DNA immobilisatie is bijvoorbeeld geschikter om te onderzoeken hoe Cas9 
binding de DNA duplex verstoort. Eiwit immobilisatie is daarentegen meer 
geschikt om zwakke interacties te bestuderen aangezien alle ongebonden 
RNA moleculen weggespoeld zijn voordat doelwitsequenties worden toe-
gevoegd en aangezien DNA minder snel aspecifiek op het glazen oppervlak 
blijft plakken. Daarnaast geven wij uitleg over het ontwerpen van crRNA en 
DNA voor elk experiment. Tenslotte wordt aan het einde van het hoofdstuk 
een samenvatting gegeven van beeldverwerking en de data analyse 

Naast het fundamentele onderzoek naar Cas9 wat helpt om de vele vra-
gen over eiwit activiteit en de type II CRISPR immuunsystemen als geheel, 
te beantwoorden, is de algemene focus in het onderzoeksgebied van Cas9 
de toepassing in genoombewerking. Tot nu toe zijn verschillende factor-
en gevonden die de knipactiviteit van Cas9 beïnvloeden. Om er een paar 
te noemen: secundaire structuren van doelwitsequenties van DNA zoals de 
G-quadruplex kunnen de activiteit van Cas9 significant verlagen, net zoals 
een foutieve basecombinaties tussen het begeleidend-RNA en doelwit-DNA, 
ook verkiestCas9 bepaalde sequenties boven die van anderen. In hoofdstuk 
5 late n wij zien dat Cas9 activiteit verhinderd kan worden door kleine RNA 
moleculen in vitro. Door het gebruik van biochemische assays laten we zien 
dat sequenties die complementair zijn aan de  kiem-sequentie van het gids-
RNA   de knipactiviteit compleet stoppen, zelfs bij hele lage overmaat ver-
houdingen terwijl sequenties die complementair zijn aan het einde van de 
gids-RNA de knipactiviteit juist progressief verhinderen met toenemende 
ratio’s van  concurrerend RNA tot   gids-RNA. Met behulp van enkel-molec-
uul fluorescentie laten we zien dat deze hybrides efficiënt geladen zijn door 
Cas9 en dat interacties worden voorkomen met het DNA-doelwit. Daarnaast 
gebruiken wij een molecuul dat complementair is aan het concurrerende 
RNA  “ en laten zien dat dit laatste wordt losgelaten door het Cas9 ribo-
nucleozuur-eiwit complex als het gehybridiseerd is aan het einde van het 
gids-RNA “, maar niet in het geval van hybridizatie aan de  kiem-sequentie. 
Ondanks dat de inhibitor is losgelaten door Cas9, is Cas9 niet in staat om in-
teractie aan te gaan met het doelwit-DNA, wat suggereert dat het eiwit blijft 
steken in een inactieve conformatie. Een zodanige verhindering van activiteit 
kan vooral belangrijk zijn in therapeutische toepassingen waar miRNA po-
tentieel baseparen kan vormen met hetgids-RNA en zo de knipactiviteit kan 
voorkomen, of genen die transcriptioneel gezien actief zijn kunnen op deze 
manier minder efficiënt worden verwerkt. Om te kijken in hoeverre deze 
observatie geldt, worden in vivo experimenten uitgevoerd.

Vanwege de toepassingen in genoombewerking is Cas9 onderzoek ge-
divergeerd van CRISPR biologie en is het nu een apart onderzoeksgebied 
geworden. Veel onderzoek wordt gedaan om nieuwe Cas9 varianten te vin-
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den of om SpCas9 mutanten te creëren die in staat zijn om verschillende 
PAM sequenties te als doelwit kunnen gebruiken. In dit laatste hoofdstuk 
6 wordt een overzicht en vergelijking gegeven van de kristalstructuren en 
de PAM-herkenningsmodi. Verschillende Cas9 orthologen worden hier bes-
chreven: Staphylococcus aureus (SaCas9), Francisella novicida Cas9 (FnCas9) 
en Campilobacter jejuni Cas9 (CjCas9). Naast herkenning van de PAM-se-
quentie worden ook de implicaties van het zoekmechanisme besproken met 
behulp van de observaties van hoofdstuk 3 als voorbeeld. Daarnaast worden 
genetische bewerkte Cas9 mutanten zoals xCas9 of Cas9-NG besproken. Ver-
schillende mutaties en aminozuursubstituties kunnen de zoektocht naar en 
herkenning van PAM-sequenties vertragen en daarmee de algehele activiteit 
van Cas9 verlagen. Daarom concludeert dit hoofdstuk dat Cas9 orthologen 
en vooral mutanten grondig bestudeerd dienen te worden met biofysische 
methodes voordat ze worden toegepast als therapeutische technieken om 
ongewenste effecten te voorkomen welke op kunnen treden door verstoorde 
PAM zoek- en herkenningsmechanismen.
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