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Abstract 
 

CRISPR-Cas (CRISPR-associated) systems are adaptive immune systems that have 

evolved in bacteria and archaea for protection against invading nucleic acids. They 

consist of a CRISPR array, where the genetic memory of the infection is stored and 

ultimately transcribed and processed into CRISPR RNAs (crRNAs), and of an operon 

of cas genes that encodes the Cas proteins. Their mechanism of action comprises 

three main phases: adaptation, crRNA biogenesis and interference, and results in the 

destruction of the invading nucleic acid. This thesis is focused on class 2 CRISPR-Cas 

systems that employ single RNA-guided nucleases in the interference phase. Dual-

RNA guided CRISPR-associated protein 9 (Cas9) of the type II CRISPR-Cas system 

from Streptococcus pyogenes has become the tool of choice for genome editing and 

modification applications in life sciences. However, off-target cleavage by Cas9 is one 

major issue that needs to be addressed for applications of the CRISPR-Cas9 

technology for therapeutic purposes. Therefore, understanding the features that 

govern Cas9 specificity is of great importance. 

In this thesis, seed sequence requirements of three Cas9 proteins from the class 2 

type II-A and one Cas12a protein from the class 2 type V-A CRISPR-Cas system have 

been investigated. Francisella novicida Cas12a requires eight base pairs between the 

crRNA and target DNA for efficient cleavage. Streptococcus thermophilus LMD-9 Cas9 

has a non-continuous seed sequence of nine nucleotides, whereas Streptococcus 

mutans Cas9 is sensitive to mismatches throughout the target DNA and may be a more 

specific alternative to S. pyogenes Cas9. We further provide an analysis of the 

influence of mismatches and show that they affect target binding and/or cleavage by 

S. pyogenes Cas9.  

Additionally, we demonstrate that the arginine residues from the bridge helix of 

S. pyogenes Cas9 are important for target DNA binding and cleavage. Furthermore, 

these residues comprise two groups that either increase or decrease Cas9 sensitivity 

to mismatches i.e. specificity. R63 and R66 reduce Cas9 specificity by stabilizing the 

R-loop in the presence of mismatches. We also show that Q768 mediates Cas9 

tolerance to a mismatch at target position 15 and removal of Q768 increases Cas9 

specificity in the PAM-distal part of the target. Combination of arginine mutations and 
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Q768A increased overall the sensitivity to mismatches. The results of this thesis 

elucidate how Cas9 senses PAM-adjacent mismatches and provide a basis to develop 

strategies for Cas9 variants with enhanced specificity. 
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Zusammenfassung 
 

CRISPR-Cas ist ein adaptives Immunsystem, dass Bakterien und Archaeen vor 

eindringenden Nukleinsäuren schützt. Es besteht aus einem sogenannten CRISPR-

Array, der als genetisches Gedächtnis vorangegangene Infektionen speichert und 

einem cas Lokus, welcher für die Abwehr essentielle Proteine codiert. Die Abwehr läuft 

in den folgenden drei Phasen ab, Adaptation, Produktion der CRISPR RNS (crRNS) 

und Interferenz, und resultiert am Ende in der Zerstörung der eingedrungenen 

Nukleinsäure. Diese Arbeit fokussiert sich auf die der Klasse 2 zugehörigen CRISPR 

Systeme, welche sich durch eine einzige durch RNS programmierte Nuklease in der 

Interferenz-Phase auszeichnen. 

Das CRISPR-assoziierte Protein 9 (Cas9) des Typ II CRISPR-Cas Systems aus 

Streptococcus pyogenes ist heutzutage das Mittel der Wahl für Gentherapie und 

Genom-Modifikationen. Allerdings gibt es nach wie vor Probleme mit der 

Ungenauigkeit dieses Systems, welche für eben genannte Ansätze behoben werden 

müssen. Aus diesem Grund ist es besonders wichtig zu verstehen, in welcher Weise 

die Spezifität von Cas9 beeinflusst wird. 

In dieser Arbeit wurden die Voraussetzungen für eine spezifische Erkennung der 

Zielsequenz durch drei verschiedene Cas9 Proteine des Typs II-A und ein Cas12a 

Protein des Typs V-A CRISPR-Cas Systems untersucht. Cas12a aus Francisella 

novicida benötigt eine Übereinstimmung von acht Basenpaaren zwischen der crRNS 

und der DNS um diese effizient zu spalten. Cas9 aus Streptococcus thermophilus 

LMD-9 benötigt eine nichtdurchgängige Übereinstimmung von neun Basenpaaren, 

während Cas9 von Streptococcus mutans hochsensibel gegenüber Fehlpaarungen 

über die gesamte Länge der Zielsequenz ist und damit eine wahrscheinlich 

spezifischere Alternative zu Cas9 aus S. pyogenes darstellt. Es wurde außerdem 

analysiert, inwieweit Fehlpaarungen die DNA Bindung und Spaltung von S. pyogenes 

Cas9 beeinflussen.  

Weiterhin zeigen wir, dass Arginin Seitenketten der sogenannten „bridge“ Helix in 

Cas9 von S. pyogenes eine wichtige Rolle in der Bindung und Spaltung der DNS 

spielen. Diese Seitenketten können in zwei Gruppen unterteilt werden, welche die 

Spezifität von Cas9 entweder vergrößern oder verkleinern. Die Aminosäuren R63 und 
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R66 reduzieren die Spezifität von Cas9 indem sie den sogenannten R-loop in 

Anwesenheit einer Fehlpaarung stabilisieren. Wir zeigen außerdem, dass Q768 eine 

erhöhte Toleranz von Cas9 zu Fehlpaarungen an Position 15 der Zielsequenz 

vermittelt und dass das Entfernen dieser Aminosäure die Spezifität von Cas9 im 

Bereich der Zielsequenz, die am weitesten von der PAM entfernt ist, erhöht. Eine 

Kombination der Mutationen der oben genannten Arginin und Glutamin Seitenketten 

führt zur Erhöhung der Gesamtspezifität von Cas9. Die Ergebnisse dieser Arbeit 

tragen zum Verständnis bei, wie Cas9 Fehlpaarungen innerhalb der Zielsequenz 

detektiert und können dabei helfen weitere Strategien für eine verbesserte Spezifität 

von Cas9 zu entwickeln. 
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1. Introduction 
 

1.1 Horizontal gene transfer 
 

Horizontal gene transfer (HGT) is the transfer of genetic material among organisms 

that are not in a parent-offspring relationship. HGT can occur between prokaryotes, 

prokaryotes and eukaryotes, and between eukaryotes by different mechanisms (Soucy 

et al., 2015). The well-known mechanisms in prokaryotes are transformation, 

conjugation and transduction. Transformation includes uptake of the DNA from the 

environment by the recipient host and integration into the host genome through 

homologous recombination. It was reported for both bacteria and archaea (Chimileski 

et al., 2014; Johnston et al., 2014). Conjugation is the transfer of genetic material 

through the conjugation pilus between a donor and recipient bacteria. Transduction is 

a phage-mediated transfer of genetic material between two different bacterial cells. 

Namely, phages are able to incorporate not only their own DNA but also a piece of the 

host chromosome into their capsid. During subsequent infection, this segment of host 

DNA can be transferred into the genome of another bacterium by homologous 

recombination. Transduction can be generalized or specialized. During generalized 

transduction, uptake of the host DNA is random, meaning that any segment of the 

genetic material can be incorporated by the cell. In specialized transduction, a 

prophage genome is packaged together with small pieces of adjacent host DNA, due 

to imprecise excision of the prophage (Soucy et al., 2015). Two additional paths of 

HGT among prokaryotes are by gene transfer agents and cell fusion. Gene transfer 

agents are entities similar to phages that transfer small random pieces of the host 

genome between bacteria or archaea, but do not contain sufficient amount of genetic 

material to produce their own protein components (Lang et al., 2012; Soucy et al., 

2015). Cell fusion involves exchange of the DNA between two cells connected by cell 

membranes and it was detected in archaea (Naor and Gophna, 2013). 

HGT has an enormous impact on microbial evolution because it provides new genes 

that will undergo selection. These newly transferred genes usually have neutral or 

nearly neutral effects (Gogarten and Townsend, 2005) and are often expressed at low 

levels (Park and Zhang, 2012) to prevent doing any harm to the host. If the horizontally 
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acquired genes remain neutral, they will probably be lost. Alternatively, if they provide 

a benefit to the host, they will be retained in the genome (Soucy et al., 2015). Examples 

of beneficial genes acquired via HGT are virulence genes and antibiotic-resistance 

genes (Barlow, 2009; Kelly et al., 2009). For instance, the appearance of a highly 

virulent clone of Streptococcus pyogenes serotype M1 is due to a series of HGT events 

that included acquisition of prophages encoding virulence factors (Sumby et al., 2005). 

In addition, a study suggests that fluoroquinolone-resistant S. pyogenes isolates 

obtained this resistance by HGT with Streptococcus agalactiae (Pletz et al., 2006). 

 

1.2 Bacteria vs. phages – an eternal battle 
 

Bacteria are constantly exposed to mobile genetic elements, such as bacteriophages 

and plasmids. Bacteriophages (phages) are viruses that infect bacteria and are the 

most plentiful biological entities on Earth, outnumbering bacteria by 10-fold in a given 

environment (Wommack and Colwell, 2000). Phages can exhibit lytic or lysogenic life 

cycles (Figure 1). The first step in phage infection is the attachment of phage particles 

to bacterial cells via interaction with surface receptors and adsorption, after which 

phages inject their genetic material into the host. Two types of phages exist with regard 

to their mode of replication. Virulent phages, exemplified by the phage T4, replicate via 

the lytic cycle that includes production of new phage particles (virions) and their release 

from the infected bacteria. Temperate phages, like phage lambda, can enter the lytic 

or the lysogenic cycle. In the latter case, the viral genome is either integrated into the 

host chromosome as a prophage or exists independently in a plasmid-like state and 

replicates simultaneously with the host genome. A switch to the lytic cycle can occur 

upon stress conditions when the prophage produces new virions that exit the host cell, 

usually by its lysis (Dy et al., 2014a; Salmond and Fineran, 2015) (Figure 1). 

Phage infections can endanger entire bacterial populations. Therefore, bacteria and 

phages are continuously coevolving to ensure coexistence (Valen, 1974). 

Consequently, immune mechanisms that protect against phage infections evolved in 

bacteria. In parallel, different phage strategies to evade these mechanisms appeared. 

In analogy to the eukaryotic immunity, bacterial immune systems can be described as 

innate or adaptive. Innate immune systems are not specific for a particular invader and 
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will be discussed in the following paragraphs. Adaptive immune systems are able to 

store the memory of previous infections and protect from the subsequent infection with 

the same invader. The only prokaryotic adaptive immune systems known to date are 

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-Cas (CRISPR-

associated) systems (Figure 2, see also 1.3). 

 

 

Figure 1. Bacteriophage life cycle. After attachment to the receptor on the bacterial cell 

(adsorption) and injection of the genetic material, phages can enter either the lysogenic or lytic 

cycle. In the lysogenic cycle, phage DNA is incorporated into the bacterial chromosome as a 

prophage or exists independently in a plasmid-like form. Upon stress conditions, phages can 

switch to the lytic cycle, where phage proteins are produced and new virions assembled. 

Finally, virions leave the host cell, usually by its lysis. 
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1.2.1.  Preventing phage adsorption 
 

To infect bacteria, phages must recognize receptors, like membrane proteins, 

lipopolysaccharides, pili or flagella, on the surface of bacterial cells. To avoid phage 

attachment, bacterial receptor proteins mutate and consequently change their 

structure. Receptors can also be masked or blocked by bacterial proteins or other 

molecules that are normally present in bacteria to interfere with the recognition and 

adsorption (Destoumieux-Garzón et al., 2005; Dy et al., 2014a; van Houte et al., 2016; 

Labrie et al., 2010). In Pseudomonas aeruginosa, bacterial pili are glycosylated to hide 

potential binding sites for pilus-specific phages (Harvey et al., 2017). 

Phase variation is a reversible process by which bacteria adjust expression of their 

proteins according to environmental conditions through different molecular 

mechanisms (van der Woude, 2011). Using phase variation, bacteria can reduce the 

expression of phage receptors and thus limit their availability (van Houte et al., 2016; 

Labrie et al., 2010).  

In addition, extracellular polymers like alginate in Pseudomonas spp. and Azotobacter 

spp. (Sutherland, 1995), and hyaluronic acid in pathogenic streptococci (Hynes et al., 

1995) serve as a physical barrier that protects bacteria from environmental conditions 

and phage infection (Dy et al., 2014a; Labrie et al., 2010). However, phage enzymes 

like polysaccharide lyase or polysaccharide hydrolase can degrade these polymers 

enabling the phage to avoid defense (Labrie et al., 2010).  

 

1.2.2.  Bacteriophage exclusion system 
 

Bacteriophage exclusion (BREX) system is a phage defense system, which protects 

bacteria from both lytic and lysogenic phages. It is present in ~10% of all sequenced 

microbial genomes (Goldfarb et al., 2015). BREX system of Bacillus cereus encodes 

six proteins, namely a putative protease (BrxL), an alkaline phosphatase (PglZ), a 

putative RNA-binding protein (BrxA), a DNA methylase (PglX), an ATP-binding protein 

(BrxC) and a protein of unknown function (BrxB). The detailed mechanism of action 

remains to be unraveled, but it was shown that BREX prevents phage DNA replication 
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and does not affect phage adsorption. Interestingly, self vs. non-self discrimination is 

mediated by the methylation of adenines in short bacterial genomic sequences and 

seems to be essential for the defense. However, phage DNA is neither cleaved nor 

degraded by the BREX system, so it was excluded that BREX might be acting similar 

to restriction-modification systems (Goldfarb et al., 2015). 

 

1.2.3.  Restriction-modification systems 
 

Restriction-modification (R-M) systems are able to cleave foreign DNA after its entry 

into the bacterial cell, including phage DNA and plasmids. They consist of two 

components: a restriction endonuclease (REase) that recognizes specific sites in the 

foreign DNA and cleaves the DNA, and a methyltransferase (MTase) that methylates 

the same recognition sequences in the bacterial chromosome and therefore protects 

it from destruction. Methylation occurs at adenines and cytosines in the recognition 

sequence. However, the invading DNA is unmethylated and subsequently subject to 

recognition and cleavage by REase (Tock and Dryden, 2005). R-M systems are 

widespread among bacteria and classified into four major types, namely I-IV (Roberts 

et al., 2003). Type II R-M systems are the best characterized and known because of 

the wide use of their restriction endonucleases in molecular biology (Pingoud et al., 

2014).  

Recently, a defense system named DISARM (defense island system associated with 

restriction-modification) that possibly represents a new type of R-M system was 

described (Ofir et al., 2017). DISARM is widespread in defense islands (regions of 

microbial genomes containing numerous genes involved in immunity) of both bacteria 

and archaea, and comprises three core genes with putative helicase and nuclease 

domains (drmA, drmB and drmC), a methyltransferase-encoding gene (drmMI or 

drmMII) and an additional gene (drmD or drmE). DISARM was shown to cleave the 

phage DNA, while not affecting its adsorption. The DISARM-associated methylase 

modifies the host DNA which protects it from restriction, analogous to classic R-M 

systems (Ofir et al., 2017). However, the restriction endonuclease(s) of DISARM as 

well as the exact mechanism of action remain to be elucidated.  
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1.2.4.  Prokaryotic Argonaute proteins 
 

Argonaute (Ago) protein was initially discovered in plants (Bohmert et al., 1998; Kidner 

and Martienssen, 2004) and later identified as the central protein in the eukaryotic 

RNA-interference pathway (RNAi), where it binds RNA-guides and cleaves 

complementary target RNAs (Ketting, 2011). However, Argonaute proteins are present 

in all domains of life and two types of prokaryotic Argonautes (pAgo) were found: long 

and short pAgos. They belong to the PIWI (P element-induced wimpy testis) protein 

superfamily due to the presence of the PIWI domain (Cerutti et al., 2000), which 

contains the catalytic site for nucleic acid cleavage (Swarts et al., 2014a). Many ago 

genes were found in defense islands, leading to the hypothesis that pAgo constitutes 

a prokaryotic defense system (Makarova et al., 2009). This was confirmed for both 

bacterial and archaeal Agos. In general, pAgos use DNA or RNA guides to cleave 

either the target DNA or RNA. Most pAgo proteins characterized to date participate in 

DNA-guided DNA-interference. For example, Thermus thermophilius Ago (TtAgo) and 

Pyrococcus furiosus Ago bind DNA guides and cleave both single-stranded (ssDNA) 

and double-stranded DNA (dsDNA). TtAgo was shown to interfere with plasmid 

transformation (Swarts et al., 2014b, 2015). Rhodobacter sphaeroides Ago also 

degrades plasmid DNA, but in contrast uses RNA-guides (Olovnikov et al., 2013). 

Interestingly, Methanocaldococcus jannaschii Ago (MjAgo) was shown to possess dual 

DNA endonuclease activity: the canonical guide-dependent and the non-canonical 

guide-independent activity, which presumably serves to generate DNA-guides to be 

used for subsequent rounds of cleavage. Furthermore, host genomic DNA is protected 

from MjAgo degradation by the presence of chromatin (Willkomm et al., 2017; Zander 

et al., 2017). More studies are required to obtain a better picture of pAgo diversity and 

mechanisms of action. 

 

1.2.5.  Abortive infection 
 

Abortive infection (Abi) is the last line of bacterial defense, which acts when other 

protection mechanisms fail. Infected bacterial cells die to prevent the phage from 

replication and spreading, and thus protect the rest of the population. Abi systems are 
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present in numerous bacterial species and especially in Gram-positive bacteria such 

as Lactococcus lactis (Chopin et al., 2005; Labrie et al., 2010). Abi proteins are usually 

dormant and activated upon phage infection. They inhibit crucial metabolic processes 

in the cell and by that cause programmed cell death (Dy et al., 2014a). In addition, 

some toxin-antitoxin systems were shown to cause abortive phage infection, e.g. 

ToxIN (Blower et al., 2009; Fineran et al., 2009) and AbiE (Dy et al., 2014b).   

 

1.2.6.  Additional defense systems 
 

A recent study used a bioinformatics approach to identify new prokaryotic defense 

systems (Doron et al., 2018). Nine anti-phage systems and one anti-plasmid system 

that are widespread in prokaryotes were shown to be active and protect the bacteria 

against foreign genetic elements. Interestingly, one of the identified systems, Thoeris, 

comprises a gene with a TIR (Toll-Interleukin Receptor) domain that is involved in 

immune signaling in mammals, plants and invertebrates (Nimma et al., 2017). The 

authors therefore suggested that TIR domains might have originated from prokaryotic 

defense systems (Doron et al., 2018). In addition to the verified systems, this study 

identified many more putative defense systems that still await experimental 

confirmation. These findings highlight the remarkable diversity of prokaryotic defense 

systems and suggest that more may be discovered.   

 

1.3 CRISPR-Cas systems 
 

1.3.1.  Discovery of the CRISPR-Cas systems  
 

The first experimental study describing the function of CRISPR-Cas systems was 

published 11 years ago (Barrangou et al., 2007). However, the history of these systems 

starts in 1987, when Ishino and colleagues analyzed the sequence of the iap gene of 

E. coli. In the flanking region of this gene they noticed an “unusual structure” of five 29 

nt long highly homologous direct repeats separated with sequences of 32 nt (Ishino et 
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al., 1987). Similar sequences were later observed in other microorganisms (Groenen 

et al., 1993; Hoe et al., 1999; Mojica et al., 1995) and according to their distinctive 

organization named CRISPR (Jansen et al., 2002). The same study where the 

abbreviation CRISPR was proposed also found the first group of cas genes that were 

located in the vicinity of the CRISPR array. The predicted functions of the Cas proteins 

(putative helicases, nucleases, DNA binding proteins) made the authors suggest that 

the CRISPR-Cas system is involved in DNA repair or recombination (Jansen et al., 

2002).  

The origin of sequences located between the repeats was uncovered independently 

by three groups, which all showed that the so-called spacers are highly homologous to 

sequences found in bacteriophages and conjugative plasmids (Bolotin, 2005; Mojica 

et al., 2005; Pourcel et al., 2005). Therefore, it was proposed that CRISPR constitutes 

a prokaryotic defense system that functions via an RNAi-like mechanism (Bolotin, 

2005; Makarova et al., 2006; Mojica et al., 2005). First experimental evidence proving 

this hypothesis showed that upon phage infection, Streptococcus thermophilus 

acquired new spacers that derived from the phage genome (Barrangou et al., 2007). 

Furthermore, the spacer content directly influenced resistance to the phage and cas 

genes were shown to be involved in the immunity (Barrangou et al., 2007). Soon after, 

it was demonstrated in E. coli that CRISPR arrays are transcribed and subsequently 

processed, and the resulting small CRISPR RNAs (crRNAs) serve as guides for the 

destruction of the virus (Brouns et al., 2008). Another study showed that CRISPR 

prevents conjugation and plasmid transformation in Staphylococcus epidermidis and 

this system targeted DNA, rather than mRNA (Marraffini and Sontheimer, 2008). The 

first classification divided the CRISPR-Cas systems into eight subtypes and reported 

41 new cas gene families (Haft et al., 2005), but due to the increasing amount of 

discoveries and diversity of the CRISPR-Cas systems, the classification has since 

changed several times (see 1.3.3.).  

These initial discoveries paved the way for the considerable amount of knowledge we 

currently possess on the CRISPR-Cas systems and provided a basis for revolutionary 

discoveries that greatly influenced molecular biology. 
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1.3.2.  General mechanism of CRISPR-Cas systems 
 

CRISPR-Cas systems consist of 1) a CRISPR array that contains identical repeat 

sequences interspersed with invader-derived spacer sequences, and 2) a cas locus 

that encodes Cas proteins necessary for all stages of the defense. Upstream of the 

CRISPR array at the 5ʹ of the first repeat is the so-called leader sequence, an AT-rich 

region that contains the promoter for expression of the CRISPR array (Jansen et al., 

2002; Pougach et al., 2010; Pul et al., 2010). A general mechanism of defense which 

can be applied to all CRISPR-Cas systems consists of three phases: adaptation, 

crRNA biogenesis, and interference (Hille et al., 2018) (Figure 2). During adaptation, 

fragments of foreign DNA are incorporated into the CRISPR array as new spacers that 

represent a memorized infection by a specific invader (Amitai and Sorek, 2016; 

Jackson et al., 2017; McGinn and Marraffini, 2018; Sternberg et al., 2016). In the next 

phase, the CRISPR array is transcribed as a precursor CRISPR RNA (pre-crRNA) 

consisting of repeats separated by spacers. pre-crRNA is processed by Cas proteins 

or host endoribonucleases into mature, active crRNAs, which comprise one repeat-

spacer unit. CRISPR-Cas systems can target foreign DNA, RNA or both. In 

DNA-targeting types I, II and V, foreign DNA is detected by the recognition of a specific 

short sequence, called protospacer adjacent motif or PAM. The PAM is not present in 

the CRISPR array, therefore it enables self versus non-self DNA discrimination 

(Deveau et al., 2008; Mojica et al., 2005). During interference, crRNA in complex with 

single or multiple Cas protein(s) base pairs with the protospacer sequence (sequence 

in the foreign DNA or RNA complementary to the crRNA spacer), after which the Cas 

endonuclease cleaves the foreign nucleic acid, leading to its destruction (Hille and 

Charpentier, 2016; Hille et al., 2018; Mohanraju et al., 2016; Wright et al., 2016). 

 



18 
 

 

Figure 2. General mechanism of the CRISPR-Cas systems. Defense against foreign nucleic 

acids is accomplished through three phases: adaptation, crRNA biogenesis and interference. 

During adaptation, a small portion of the invaders’ genetic material (pink) is incorporated into 

the CRISPR array as a new spacer, which stores memory to this specific invader. The CRISPR 

array is transcribed into the pre-crRNA, consisting of repeats (black) and spacers (shades of 

red/pink), and subsequently processed into mature, active crRNAs containing a full or a part 

of the spacer and part of the repeat. In interference, the crRNA bound to a single Cas protein 

or a complex of Cas proteins base pairs to the foreign nucleic acid, leading to cleavage by a 

Cas endonuclease and triggering destruction of the invader. 

 

1.3.3.  Classification of the CRISPR-Cas systems 
 

CRISPR-Cas systems are widespread and very diverse. They are found in 

approximately 87% of archaeal and 50% of bacterial sequenced genomes (Jackson et 

al., 2017). Taking into account the variety and fast evolution of CRISPR-Cas systems, 

several criteria were employed to classify them, including identification and 

phylogenetic analysis of signature cas genes, sequence and organization of CRISPR 

repeats as well as architecture of the CRISPR-Cas loci (Makarova et al., 2011, 2015; 

Shmakov et al., 2017). CRISPR-Cas systems comprise two classes that are further 

divided into six types and many subtypes (Makarova et al., 2015; Shmakov et al., 



19 
 

2015a, 2017). Class 1 systems use multisubunit protein complexes for interference, 

whereas in class 2 systems only one protein participates in this step of the defense. 

Class 1 comprises types I, III and IV, and represents around 90% of all identified 

CRISPR systems (Makarova et al., 2015). The type I CRISPR-Cas system is the most 

prevalent, it is targeting DNA and is characterized by the signature protein Cas3, a 

nuclease/helicase. Type III systems target both DNA and RNA (Elmore et al., 2016; 

Estrella et al., 2016; Kazlauskiene et al., 2016), and are characterized by the signature 

gene cas10, coding for a multidomain protein with DNase activity (Cocozaki et al., 

2012; Osawa et al., 2013; Shao et al., 2013; Zhu and Ye, 2012). Type IV systems 

contain the signature gene csf1 and their mechanism of action is not yet characterized 

(Makarova et al., 2015). 

Class 2 systems represent around 10% of all identified CRISPR-Cas systems and 

include types II, V and VI (Makarova et al., 2015). They are almost exclusively present 

in bacteria (Shmakov et al., 2015a), but type II systems were also discovered in 

archaea (Burstein et al., 2016). Types II and V are DNA-targeting systems 

characterized by the presence of signature genes cas9 (Gasiunas et al., 2012; Jinek 

et al., 2012) or cas12 (Fonfara et al., 2016; Shmakov et al., 2015a; Zetsche et al., 

2015), respectively, which encode RNA-guided DNA endonucleases. Type VI is an 

RNA-guided RNA-targeting system with the signature nuclease Cas13 (Abudayyeh et 

al., 2016; Shmakov et al., 2015a).  

 

1.3.4.  Adaptation 
 

Adaptation is the essential step in generating modifiable and heritable immunity, where 

parts of the foreign nucleic acid are recognized and incorporated into the CRISPR array 

as new spacers that represent memory of infections by a specific invader (Figure 2). 

CRISPR adaptation proceeds in three steps: selection and processing of the adequate 

protospacer, recognition of the CRISPR array and integration of the protospacer as a 

spacer sequence into the CRISPR array (Amitai and Sorek, 2016; Jackson et al., 2017; 

Sternberg et al., 2016)). Cas1 and Cas2 proteins, present in most CRISPR-Cas 

systems (Makarova et al., 2011, 2015), form a complex that is necessary for all steps 

of adaptation and integrates the new spacer into the CRISPR array (Nuñez et al., 2014, 
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2015a, 2015b). In addition to Cas1 and Cas2, some CRISPR types require accessory 

proteins for adaptation, such as Csn2 and Cas4 (Ka et al., 2018; Kieper et al., 2018; 

Lee et al., 2018a; Shiimori et al., 2018). 

 

1.3.5.  CRISPR RNA biogenesis 
 

During crRNA biogenesis, the CRISPR array is transcribed into a pre-crRNA consisting 

of many repeat-spacer units, and subsequently processed into mature crRNAs, 

consisting of one full or part of the spacer and a part of the repeat flanking the spacer 

at either one or both sides (Figure 2). The composition and length of mature crRNAs 

varies between different types, and processing is mediated either by a specific Cas 

endoribonuclease, a host endoribonuclease or by a Cas effector protein (Charpentier 

et al., 2015; Chen and Doudna, 2017). In class 1 type I and III CRISPR-Cas systems, 

pre-crRNA processing is catalyzed by the family of Cas6 endoribonucleases (Brouns 

et al., 2008; Carte et al., 2008), with the exception of the type I-C and III-B (III-Bv) 

variant. In type I-C, Cas5c is involved (Garside et al., 2012; Nam et al., 2012), whereas 

in type III-Bv, the endoribonuclease RNase E mediates processing of the pre-crRNA 

(Behler et al., 2018). 

Processing in class 2 type II systems requires trans-activating crRNA (tracrRNA), Cas9 

and the host endoribonuclease RNase III. tracrRNA is a small non-coding RNA 

encoded near the cas operon and contains a sequence complementary to the repeat. 

During crRNA biogenesis, tracrRNA base pairs with each repeat of the pre-crRNA, 

forming a repeat:antirepeat duplex, which is bound by Cas9. This RNA duplex is 

cleaved by RNase III, leading to an intermediate form that is further processed on the 

5ʹ by an unknown nuclease (Deltcheva et al., 2011). The mature tracrRNA:crRNA 

duplex consists of ~75 nt tracrRNA and 39-42 nt crRNA including the 20 nt spacer 

(Deltcheva et al., 2011) and remains bound to Cas9 to take part in interference (Jinek 

et al., 2012). Type II-C systems of Neisseria meningitidis and Campylobacter jejuni 

were shown to contain promoters within each repeat at which the transcription of 

crRNA is initiated (Dugar et al., 2013; Zhang et al., 2013). Consequently, the 5ʹ of the 

crRNA can be directly transcribed. The 3ʹ end formation still requires RNase III and 
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tracrRNA, but processing is not necessary for functional interference (Zhang et al., 

2013). 

Class 2 type V-B and V-E systems also encode tracrRNA, which suggests that mature 

crRNA is produced by a mechanism analogous to type II systems. Type V-C does not 

contain tracrRNA (Shmakov et al., 2015a) and further investigation is required to clarify 

the processing mechanism. 

In types V-A and VI, neither tracrRNA nor Cas6/Cas5c homologs were identified. Here, 

pre-crRNA processing is catalyzed by the effector proteins Cas12a or Cas13, 

respectively, which possess a dual-nuclease activity for both processing and 

interference (East-Seletsky et al., 2016; Fonfara et al., 2016; Smargon et al., 2017). 

The type V-A effector protein Cas12a (formerly called Cpf1) recognizes the hairpin 

structure in the repeats and cleaves the pre-crRNA upstream of the hairpin, producing 

a 19 nt repeat fragment and a 50 nt repeat-spacer intermediate. The intermediate form 

is further processed by a nonspecific mechanism to generate mature crRNAs in vivo 

(Fonfara et al., 2016). The RNA cleavage is sequence- and structure-specific, and 

metal ion-independent (Fonfara et al., 2016; Swarts et al., 2017), similar to cleavage 

by Cas6 enzymes (Brouns et al., 2008; Carte et al., 2008). The type VI effector protein 

Cas13 also processes pre-crRNA by cleaving the repeats upstream of the hairpin. 

Processing by Cas13a depends on the hairpin sequence and structure, and also does 

not require metal ions (East-Seletsky et al., 2016). Interestingly, processing by Cas13b 

results in two mature crRNA forms, both containing a 30 nt spacer but with varying 

length of the repeats, namely either 36 or 88 nt (Smargon et al., 2017). Cas13d also 

processes its pre-crRNA, but the processing is metal ion dependent (Yan et al., 2018). 

 

1.3.6.  Interference 
 

During interference, a complex of crRNA with multiple Cas proteins (class 1) or a single 

Cas protein (class 2) targets the invading nucleic acid. Briefly, the ribonucleoprotein 

(RNP) complex binds the invader, after which the crRNA base pairs with the 

protospacer, and if there is sufficient complementarity a Cas endonuclease cleaves 

the foreign nucleic acid, leading to its destruction (Figure 2) (Hille and Charpentier, 

2016; Hille et al., 2018; Wright et al., 2016).  
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1.3.6.1 Class 1 interference 

 

Type I CRISPR-Cas systems target DNA. Interference is accomplished by the action 

of two components: the RNP complex Cascade recognizes the target DNA, while the 

Cas3 nuclease cleaves the target. The type I system is currently divided into seven 

subtypes which differ in cas gene content and Cascade composition (Makarova et al., 

2017). The best studied is type I-E, where Cascade assumes a seahorse-like shape 

and is composed of five Cas proteins in different stoichiometry, namely (Cas8e)1, 

(Cas11)2, (Cas5)1, (Cas7)6, (Cas6e)1, and a 61 nt crRNA (Brouns et al., 2008; Jore et 

al., 2011). The potential target is identified by recognition of the PAM on the target 

strand of the foreign DNA by the large Cascade subunit (Cas8e). This leads to melting 

of the dsDNA and base pairing of the crRNA with the target strand, accompanied by 

the displacement of the non-target strand and directional formation of an R-loop 

structure (Rutkauskas et al., 2015; Szczelkun et al., 2014). For efficient target DNA 

binding, crRNA needs to fully base pair with target nucleotides 1-5 and 7-8, which 

constitute the so-called seed sequence (Semenova et al., 2011). R-loop formation until 

the PAM-distal end of the target causes conformational changes in the small subunits 

(Cas11), which locks the R-loop and authorizes DNA cleavage (Rutkauskas et al., 

2015). These conformational changes also cause reorganization of the large subunit, 

which in turn recruits Cas3. Cas3 is a HD domain nuclease-helicase that binds and 

nicks the non-target strand, after which it uses its helicase activity to translocate and 

unwind the DNA, and degrades the non-target strand (Gong et al., 2014; Huo et al., 

2014; Mulepati and Bailey, 2013; Westra et al., 2012). The target strand then becomes 

available for cleavage/degradation by either ssDNA nucleases or by additional Cas3 

molecules, which enables foreign DNA destruction (Mulepati and Bailey, 2013; 

Redding et al., 2015; Sinkunas et al., 2013).  

Type III CRISPR-Cas systems interfere with both RNA and DNA in a 

transcription-dependent manner (Elmore et al., 2016; Estrella et al., 2016; 

Kazlauskiene et al., 2016), and are divided into 4 subtypes, namely III A-D (Makarova 

et al., 2015). Type III-A and D systems employ the Csm, while types III-B and C employ 

the Cmr effector complex for interference. During transcription of the viral genetic 

material, crRNA in the Csm or Cmr complex base pairs with the viral messenger RNA 

(mRNA) and Csm3 or Cmr4 endoribonucleases cleave the mRNA at multiple sites in 
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6 nt intervals, which activates degradation of the ssDNA in the transcription bubble by 

Cas10 endonuclease. Cas10 contains an N-terminal HD domain involved in ssDNA 

cleavage and two Palm domains that produce cyclic oligoadenylates in response to 

target RNA binding by the Csm complex. These molecules serve as a signal to activate 

the non-specific single-stranded RNA degradation by the Csm6 ribonuclease 

(Kazlauskiene et al., 2017; Niewoehner et al., 2017). Recently, an identified family of 

ring nucleases was shown to degrade the cyclic oligoadenylates, serving as on off-

switch for the system (Athukoralage et al., 2018). 

Interestingly, type III systems do not use PAM sequences for self vs. non-self 

discrimination, but instead employ a mechanism involving the 5ʹ handle of the crRNA. 

Because the 5ʹ handle originates from the repeat, base pairing of the handle with the 

3ʹ sequence adjacent to the spacer prevents cleavage and protects the host 

chromosome from self-destruction (Estrella et al., 2016; Kazlauskiene et al., 2016; Liu 

et al., 2017c).  

 

1.3.6.2 Type V interference 

 

Type V CRISPR-Cas systems are divided into six different subtypes, V-A to V-E, and 

an uncharacterized subtype V-U. Types V-A to V-E are characterized by the presence 

of effector proteins Cas12a (Cpf1), Cas12b (C2c1), Cas12c (C2c3), Cas12d (CasY) 

and Cas12e (CasX), respectively (Koonin et al., 2017; Shmakov et al., 2015b). 

Whereas little information exists about Cas12c, Cas12d and Cas12e, Cas12a and 

Cas12b were described. Cas12a of the type V-A is an RNA-guided DNA endonuclease 

(Fonfara et al., 2016; Zetsche et al., 2015). After PAM recognition and sufficient base 

pairing between the crRNA and target DNA, Cas12a cleaves both DNA strands, 

resulting in staggered double-stranded breaks with 5 nt overhangs distal to the PAM 

(Fonfara et al., 2016; Zetsche et al., 2015) (Figure 3). Similar to the other class 2 

effectors, Cas12a has a bilobed structure composed of a recognition (REC) and a 

nuclease (NUC) lobe with the crRNA:DNA heteroduplex positioned in-between (Dong 

et al., 2016; Gao et al., 2016; Stella et al., 2017; Swarts et al., 2017; Yamano et al., 

2016). Cas12a from different bacterial species recognize similar, T-rich PAM 

sequences on both DNA strands (Fonfara et al., 2016; Gao et al., 2016; Stella et al., 
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2017; Swarts et al., 2017; Yamano et al., 2016; Zetsche et al., 2015). Acidaminococcus 

species Cas12a uses one-dimensional diffusion to find the PAM on the target DNA. 

The PAM is necessary for DNA unwinding in the process of R-loop formation, but it is 

not needed for cleavage (Jeon et al., 2018). Mismatches in eight PAM-proximal 

nucleotides and around the cleavage site reduce Cas12a cleavage activity in vitro (see 
4.1.1.), however, Cas12a seems to be more sensitive to mismatches in vivo requiring 

an 18 nt seed sequence (Kim et al., 2016a, 2016b; Kleinstiver et al., 2016a). Cleavage 

of both DNA strands occurs in a single catalytic site of the RuvC domain and the non-

target strand is cleaved first (Fonfara et al., 2016; Jeon et al., 2018; Swarts et al., 

2017). 

Cas12b of type V-B is tracrRNA-dependent RNA-guided DNA endonuclease (Liu et 

al., 2016; Shmakov et al., 2015b; Yang et al., 2016). Similar to Cas12a, cleavage by 

Cas12b results in double-stranded breaks with 7 nt overhangs distal to the PAM. 

Cas12b of Alicyclobacillus acidoterrestris (AacCas12b) recognizes 5ʹ-TTN-3ʹ PAMs 

(Shmakov et al., 2015b; Yang et al., 2016). In addition, even though Cas12a and 

Cas12b exhibit little sequence homology, comparison of their overall structures 

revealed similarities. AacCas12b also displays a bilobed architecture. However, unlike 

Cas12a, Cas12b does not possess a PAM-recognition domain (Liu et al., 2016; Yang 

et al., 2016). Instead, the PAM is recognized via sequence-specific interactions of 

amino acids in the oligonucleotide-binding domain and Helical-I domain with both DNA 

strands. Interestingly, mismatches between the crRNA and DNA throughout the spacer 

length highly reduce cleavage activity of AacCas12b in vitro, with an 18 nt PAM-

adjacent seed sequence (Liu et al., 2016). In contrast, Cas12b from Bacillus 

thermoamylovorans was reported to have a seed sequence of only five PAM-adjacent 

nucleotides (Jain et al., 2018). The target DNA strand is cleaved by the RuvC domain 

and since the non-target strand is positioned in the same catalytic pocket, it is very 

likely that the RuvC domain also cleaves the non-target strand (Yang et al., 2016). 

It was recently shown that Cas12a and Cas12b proteins from different bacterial species 

also possess non-specific ssDNA cleavage after being activated by binding to the 

target DNA (either ssDNA or dsDNA) (Chen et al., 2018), similar to Cas13 (see below).  

 



25 
 

1.3.6.3 Type VI interference 

 

Type VI CRISPR-Cas systems target single-stranded RNA and comprise four 

subtypes, namely VI-A to VI-D (O’Connell, 2018). Interference is achieved by base 

pairing of the crRNA with the foreign ssRNA and cleavage by Cas13 (Abudayyeh et 

al., 2016; Smargon et al., 2017). Interestingly, after binding to the target RNA, Cas13 

can also cleave collateral RNAs with no sequence complementarity to the crRNA 

(Figure 3). This inhibits bacterial growth and suggests coupling of the CRISPR 

immunity and induction of dormancy or abortive infection in type VI CRISPR-Cas 

systems (Abudayyeh et al., 2016; East-Seletsky et al., 2016; Smargon et al., 2017). 

Cas13 contains two higher eukaryotes and prokaryotes nucleotide-binding (HEPN) 

domains that are involved in target RNA cleavage (Abudayyeh et al., 2016; Liu et al., 

2017b; Shmakov et al., 2015a), but not in pre-crRNA processing (East-Seletsky et al., 

2016; Liu et al., 2017b). In addition, a so-called protospacer flanking site (PFS), which 

can be on one or either ends of the protospacer, was shown to affect the cleavage 

efficiency of some Cas13 enzymes (Abudayyeh et al., 2016; Smargon et al., 2017). 

Base pairing of the 3′ flanking region of the protospacer with the repeat sequence of 

the guide RNA prevents cleavage by type VI-A Cas13 and is the basis for self vs. non-

self discrimination in this system (Meeske and Marraffini, 2018). 
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Figure 3. Class 2 interference mechanisms. In the type II CRISPR-Cas systems, Cas9 (light 

blue) in complex with the dual-RNA (tracrRNA:crRNA duplex) recognizes the PAM sequence 

(orange) on the foreign DNA (dark purple), after which the crRNA (repeat is denoted in black, 

spacer in light pink) probes for complementarity with the target DNA. In the case of sufficient 

complementarity, an R-loop is formed and Cas9 endonuclease domains HNH and RuvC 

cleave the target and non-target DNA strands, leading to a double-strand, blunt DNA break. 

Cas12a (green) of type V-A systems, in complex with the crRNA, recognizes the PAM (orange) 

on the foreign DNA. After crRNA:target DNA base pairing and formation of the R-loop structure, 

RuvC domain of Cas12a cleaves both DNA strands, causing a staggered double-strand break. 

In the type VI-A system, crRNA base pairs with the foreign single stranded RNA (purple) and 

the effector protein Cas13a (grey) cleaves the foreign RNA. This is referred to as cis-cleavage. 

The presence of PFS is needed for efficient cleavage by some Cas13 orthologs. Once Cas13a 

is activated by binding to the crRNA it can also non-specifically cleave other single stranded 

RNAs (cyan), without the need for complementarity. This is called trans-cleavage. 

 

1.4 Type II CRISPR-Cas systems 
 

In type II interference, Cas9 guided by tracrRNA:crRNA (also called dual-RNA) 

recognizes and cleaves foreign DNA. Recognition is mediated by the PAM and 

complementarity between the crRNA and target DNA. If both requirements are met, 

the HNH and RuvC endonuclease domains of Cas9 cleave the target and non-target 

strand, respectively, resulting in a double-strand break and destruction of the foreign 

DNA (Jinek et al., 2012) (Figure 3). Type II CRISPR-Cas systems can be divided into 

three subtypes according to the operon architecture and Cas9 sequence, namely type 

II-A, II-B and II-C. Type II-A is associated with the Csn2 protein, type II-B with long 

Cas9 variants and Cas4, and type II-C with an operon consisting only of cas1, cas2 

and cas9 with shorter Cas9 orthologs. The amino acid composition and length of Cas9 

proteins is highly variable within each subtype and among the three subtypes, with the 

exception of the well conserved HNH and RuvC domains and the arginine-rich bridge 

helix (Chylinski et al., 2013). Additionally, each Cas9 protein recognizes its own 

specific PAM sequence, which can be the same as of another Cas9, but it is usually 

different. It was shown that Cas9 and dual-RNAs coevolved and that they can be 

interchanged only within closely related type II CRISPR-Cas systems to still be active 
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in interference, as long as the PAM is corresponding to the specific Cas9 protein 

(Fonfara et al., 2014).  

Cas9 enzymes were initially thought to cleave exclusively dsDNA in an RNA- and PAM-

dependent manner. However, it was demonstrated that some Cas9 orthologs possess 

additional, non-canonical cleavage activities. For instance, in addition to RNA- and 

PAM-dependent dsDNA cleavage, type II-C Cas9 orthologs also catalyze ssDNA 

cleavage that is RNA-guided but PAM-independent (Ma et al., 2015; Zhang et al., 

2015). Furthermore, type II-A and II-C Cas9 proteins from S. aureus, and C. jejuni and 

N. meningitidis, respectively, were recently shown to naturally cleave single-stranded 

RNA. The cleavage is guide RNA-dependent and sequence-specific, but the PAM is 

not necessary (Dugar et al., 2018; Rousseau et al., 2018; Strutt et al., 2018). C. jejuni 

Cas9 was shown to bind and cleave endogenous mRNAs (Dugar et al., 2018). In 

addition, the secondary structure of the target RNA seems to influence the cleavage 

since the exposed and unstructured regions are preferentially cleaved (Strutt et al., 

2018).  

It was proposed that type II CRISPR-Cas systems most likely evolved by random 

insertion of IscB-encoding (insertion sequences Cas9-like protein B) transposon next 

to a CRISPR array, after which the transposon lost its mobility and the functional 

connection between the two was established. Furthermore, the protein size increased 

and the adaptation module was acquired by recombination with class 1 CRISPR-Cas 

loci (Chylinski et al., 2014; Kapitonov et al., 2016; Shmakov et al., 2017).  

The first biochemical characterization of Cas9 drew attention to the potential use of 

this RNA-guided DNA-endonuclease for genome editing. Furthermore, it was shown 

that artificially fused tracrRNA and crRNA – so called single-guide RNA (sgRNA) – also 

guides cleavage by Cas9, which streamlined the system (Jinek et al., 2012). This 

enabled the use and development of RNA-programmable Cas9 for different genome 

editing and modification applications (Figure 5) (see 1.7). 

 

1.5  Anti-CRISPR systems 
 

The long coevolution of prokaryotes harboring CRISPR systems and phages targeted 

by these systems led to the emergence of the phage-encoded anti-CRISPR systems. 
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First anti-CRISPRs were discovered in phages infecting P. aeruginosa and they 

comprise anti-CRISPR loci encoding proteins, which inhibit type I-F CRISPR-Cas 

systems (Bondy-Denomy et al., 2012). Subsequently, additional anti-CRISPR proteins 

(Acr) inhibiting types I-C (Marino et al., 2018), I-D (He et al., 2018), I-E (Pawluk et al., 

2014), II-A (Hynes et al., 2017, 2018; Rauch et al., 2016), II-C (Harrington et al. 2017; 

Pawluk et al., 2016) and V-A (Marino et al., 2018; Watters et al., 2018) were found and 

more than 20 novel protein families with anti-CRISPR functions have now been 

identified. Acr protein families are very diverse and their only unifying feature is that 

they contain small proteins (Borges et al., 2017). The mechanisms of Acr proteins 

require further investigation, but studies show that they employ diverse strategies like 

inhibiting target recognition and binding, preventing recruitment of Cas nucleases or 

inhibiting target cleavage (Bondy-Denomy et al., 2015; Dong et al., 2017; Harrington 

et al.; Pawluk et al., 2016; Rauch et al., 2016; Shin et al., 2017; Wang et al., 2016; 

Yang and Patel, 2017). This emerging field of study is especially interesting not only 

for its evolutionary implications but also for its biotechnological potential, since anti-

CRISPR proteins that inhibit Cas9 could allow spatial, temporal and conditional control 

of genome engineering (see 1.7). 

 

1.6 RNA-guided DNA-endonuclease Cas9 
 

1.6.1.  Structure of S. pyogenes Cas9 
 

Structural information complements biochemical studies, and together they can 

provide insight into the molecular mechanisms of proteins. After initial biochemical 

characterizations (Gasiunas et al., 2012; Jinek et al., 2012), there was a need for 

elucidation of the Cas9 structure. Therefore, the crystal structures of apo-Cas9 (Jinek 

et al., 2014) and nucleic-acid-bound Cas9 complexes from S. pyogenes (Anders et al., 

2014; Jiang et al., 2015, 2016; Nishimasu et al., 2014) and other bacterial species 

(Hirano et al., 2016; Nishimasu et al., 2015; Yamada et al., 2017) were solved. All Cas9 

orthologs share common structural features, with small differences. This thesis is 

mainly focused on S. pyogenes Cas9, so the structure of this protein will be described 

in detail. S. pyogenes Cas9 is composed of two lobes, namely the recognition (REC) 
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lobe, involved in target recognition, and the nuclease (NUC) lobe, involved in target 

cleavage (Figure 4). The two lobes form a positively charged central channel where 

the RNA:DNA heteroduplex is positioned. The REC lobe is further divided into the 

REC1, REC2 and REC3 domains, and the arginine-rich bridge helix that connects the 

two Cas9 lobes. The NUC lobe contains the catalytic HNH and RuvC, sgRNA-

interacting Wedge (WED) and PAM-interacting (PI) domains. The PAM-interacting 

domain can be further divided into a Topoisomerase-homology (TOPO) domain and a 

C-terminal domain (Anders et al., 2014; Jiang et al., 2016; Nishimasu et al., 2014).  

 

Figure 4. Co-crystal structure of S. pyogenes Cas9 in complex with sgRNA and target 
DNA duplex (PDB:5f9r, adapted from (Jiang et al., 2016)). S. pyogenes Cas9 is composed 

of two lobes – REC and NUC. These lobes form a central channel where the sgRNA (red, the 

spacer portion of sgRNA in orange) and the target DNA (light blue) are positioned. The REC 

lobe (grey) comprises the REC1, REC2 and REC3 domains, and the bridge helix (green). The 

NUC lobe comprises the catalytic HNH (magenta) and RuvC (blue) domains, together with the 

PI domain (yellow).  

 

The REC lobe is mostly composed of α-helices and does not share structural similarity 

to any other known protein, suggesting that its function is specific for Cas9. The REC 
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and WED domains in Cas9 orthologs that belong to different type II subtypes are highly 

variable. In contrast, the arginine-rich bridge helix and the RuvC and HNH domains 

are highly conserved, reflecting their important functions (Chylinski et al., 2014). The 

bridge helix makes contacts to the phosphate backbone of the spacer region of the 

sgRNA, while the REC1-3 and WED domains recognize the duplex formed by the 

tracrRNA:crRNA moieties of the sgRNA. These latter domains are variable among 

Cas9 proteins, providing the basis for the orthogonality among subtype-specific Cas9 

and dual-RNAs (Fonfara et al., 2014).  

The RuvC domain contains the characteristic RNase H fold that is also found in other 

RuvC nucleases (Ariyoshi et al., 1994; Nishimasu et al., 2014). The HNH domain 

contains the ββα-motif, which is also present in HNH endonucleases (Chevalier and 

Stoddard, 2001). Mutation of the highly conserved D10 in the RuvC domain of S. 

pyogenes Cas9 prevents cleavage of the non-target DNA strand, while mutation of 

H840 in the HNH domain abrogates cleavage of the target strand (Gasiunas et al., 

2012; Jinek et al., 2012). Furthermore, both endonuclease domains require 

magnesium ions for target cleavage (Jinek et al., 2012). 

The PAM-interacting domain is responsible for PAM recognition and has a unique fold 

found only in the Cas9 protein family. The region recognizing the PAM is disordered in 

the apo-structure suggesting that Cas9 is inactive and not able to specifically recognize 

the PAM (Jinek et al., 2014). 

Analysis of the crystal structures confirmed the in silico predictions of the sgRNA 

secondary structure and together with mutational analysis helped in elucidating 

requirements for its functionality. The sgRNA contains the 20 nt spacer, together with 

the repeat:antirepeat duplex and three tracrRNA stem loops (Jiang et al., 2016; 

Nishimasu et al., 2014). The repeat:antirepeat duplex can be further divided into the 

upper stem, lower stem and the bulge in between. Sequence mutations of the 

repeat:antirepeat duplex that are not affecting the secondary structure are not 

substantially influencing cleavage by Cas9, with the exception of two consecutive 

mismatches in the lower stem. However, the disruption of the secondary structure and 

the sequence of the bulge lead to impairment of cleavage, suggesting that the bulge is 

highly important for functionality (Briner et al., 2014). Additionally, the first stem loop in 

the tracrRNA is also essential for cleavage. In contrast, the other two tracrRNA stem 
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loops and the linker region can tolerate many mutations and only their complete 

removal abolishes cleavage (Briner et al., 2014; Nishimasu et al., 2014).  

 

1.6.2.  Target search and PAM recognition 
 

Upon binding the sgRNA, Cas9 undergoes a substantial conformational 

rearrangement that represents the transition from the inactive apo-form to the active, 

RNA-bound form capable of target recognition. The first 10-13 nt of the sgRNA spacer 

are essential for this conformational activation (Jiang et al., 2015), which includes 

changes in the REC lobe and the PAM-recognition region that becomes structured. 

This enables Cas9 to bind the DNA and search for appropriate targets (Jiang et al., 

2015). Target search was shown to proceed by random three-dimensional collisions 

with the DNA (Knight et al., 2015; Shibata et al., 2017; Sternberg et al., 2014). Cas9 

finds a potential target by searching for a PAM on the foreign DNA. Associations of 

Cas9 with DNA segments without a PAM are short-lived (Sternberg et al., 2014). The 

presence of a PAM is necessary for both target binding and cleavage (Jinek et al., 

2012), as target sites fully complementary to the crRNA but without a PAM are not 

interrogated by Cas9-RNA (Jinek et al., 2012; Sternberg et al., 2014). A study of Cas9 

target search mechanism in E. coli showed that each PAM sequence is interrogated 

and it takes a single Cas9 molecule approximately 6 hours to find the correct target. 

However, when protein expression levels and the frequency of NGG PAM in the native 

system of S. pyogenes are taken into account, the time for target identification is 

proposed to be around 40 seconds (Jones et al., 2017). 

The 5ʹ-NGG-3ʹ PAM of  S. pyogenes Cas9 is recognized on the non-target DNA strand 

by two conserved residues from the PI domain, namely R1333 and R1335, which form 

base-specific hydrogen bonds with the GG dinucleotide of the PAM (Anders et al., 

2014). Successively the so-called phosphate lock loop (K1107-S1109) interacts with 

the phosphate of the first PAM-adjacent target strand nucleotide (+1 phosphate) and 

rotates it, causing a distortion in the target strand and promoting base pairing between 

the first nucleotide of the target DNA and crRNA (Anders et al., 2014; Mekler et al., 

2017). The strand separation initiates at the first PAM-adjacent nucleotide of the target, 

while the PAM sequence itself remains base-paired (Anders et al., 2014). In addition 
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to the interactions with the phosphate lock loop, strand separation is promoted by the 

affinity of Cas9 to the unpaired segments of the non-target strand near the PAM. 

Interestingly, the entry of the double-stranded DNA beyond a short distance from the 

PAM into the central protein channel is prevented by the recognition lobe, implying that 

conformational changes need to occur during formation of the RNA:DNA heteroduplex 

to accommodate it into the channel (Mekler et al., 2017). Furthermore, this mechanism 

is possibly contributing to the faster rejection of off-targets containing the correct PAM 

but with mismatches in the PAM-proximal bases, and, together with fast dissociation 

from non-PAM sites, accounts for more efficient screening of potential targets by Cas9. 

 

1.6.3.  Seed sequence and R-loop formation 
 

After PAM recognition and DNA melting, crRNA can probe for complementarity with 

the target strand. The two PAM-proximal nucleotides of the sgRNA are directly 

exposed to the solvent and serve as a nucleation site for heteroduplex formation (Jiang 

et al., 2015). Base pairing of the sgRNA spacer and target DNA protospacer leads to 

the displacement of the non-target DNA strand, forming an R-loop structure. The 

formation of the R-loop proceeds in one direction, from the PAM-proximal to the PAM-

distal end of the target (Sternberg et al., 2014; Szczelkun et al., 2014). Single-molecule 

studies have shown that at least 9-10 PAM-adjacent nucleotides need to be fully 

matched for stable R-loop formation in S. pyogenes Cas9 (Singh et al., 2016). This 

result is in agreement with a seed sequence requirement of 10-13 PAM-proximal base 

pairs for efficient cleavage by Cas9 (Jinek et al., 2012). Furthermore, the first ten 

nucleotides of the sgRNA spacer, which comprise the seed region, assume an A-form 

conformation that is thermodynamically favorable for heteroduplex formation (Jiang et 

al., 2015). Additionally, bending of the DNA after Cas9 binding causes a structural 

distortion important for R-loop stabilization (Jiang et al., 2016).   
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1.6.4.  Target cleavage 
 

After sufficient base pairing of the crRNA and target DNA (i.e. stable R-loop formation), 

the HNH and RuvC endonuclease domains of S. pyogenes Cas9 simultaneously 

cleave the target and non-target strand, respectively, resulting in a double-strand break 

in the foreign DNA. The cleavage occurs three base pairs upstream of the PAM and 

produces blunt ends (Garneau et al., 2010; Gasiunas et al., 2012; Jinek et al., 2012). 

Cas9 remains bound to the cleaved DNA products, suggesting that it is a 

single-turnover enzyme (Jones et al., 2017; Sternberg et al., 2014).  

Target binding and stable R-loop formation are a requirement for cleavage. Still, not 

every target which is bound by Cas9 is cleaved, suggesting that binding and cleavage 

are decoupled and that, in addition to PAM recognition and R-loop formation over the 

seed sequence, other mechanisms of target proofreading occur before the cleavage is 

authorized. Cas9 undergoes conformational changes during guide RNA:target DNA 

base pairing. A study indicates that base pairing near the 16th nucleotide of the target 

has stabilizing effects and promotes conformational changes which in turn activate 

Cas9 for cleavage of the target (Josephs et al., 2016). The crystal structures of Cas9 

ternary complexes show that the HNH domain resides away from the cleavage site, 

meaning that in order for the HNH domain to access the cleavage site, conformational 

changes in the protein need to occur (Nishimasu et al., 2014). The conformational state 

of the HNH domain allosterically controls cleavage by the RuvC domain, which enables 

simultaneous cleavage by both domains (Sternberg et al., 2015). The HNH domain 

switches between different conformational states before reaching the state activated 

for cleavage. These conformational transitions are dependent on RNA:DNA 

complementarity on the PAM-distal side of the target since mismatches prevent the 

change from the inactive intermediate state into the active state (Dagdas et al., 2017; 

Palermo et al., 2017). A study showed that the REC3 domain acts as sensor of 

RNA:DNA complementarity and it was hypothesized that it transmits the signal to the 

REC2 domain, which in turn either allows or restricts the conformational activation of 

the HNH domain (Chen et al., 2017). This hypothesis is supported by a recent study 

where it was demonstrated that the REC2 domain destabilizes the non-target strand 

in the cleavage-competent conformation of Cas9, thus inhibiting cleavage in the 

presence of PAM-distal mismatches (Sung et al., 2018). The precise way of 
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communication between the REC3 and HNH domains is still unknown. In summary, 

the conformational state of the HNH domain, specifically its transition into the active 

conformation, acts as a checkpoint between DNA binding and cleavage (Dagdas et al., 

2017; Palermo et al., 2017). These results further corroborate the observed sensitivity 

of Cas9 to increasing numbers of mismatches on the PAM-distal side of the target 

(Cencic et al., 2014).  

In addition to the complementarity, the presence of divalent cations is essential for the 

HNH domain docking into the active state (Dagdas et al., 2017; Zuo and Liu, 2017). 

After the HNH domain reaches the catalytically active state, this signal is transferred 

to the RuvC domain over the two α-helices connecting the HNH and RuvC                                                                                                                                                                                                                                                                                                                                    

domains, and concerted cleavage of both DNA strands occurs (Sternberg et al., 2015). 

Furthermore, molecular dynamics simulations indicated that the non-target strand 

needs to be positioned in the RuvC domain in order for the HNH domain to reach a 

catalytically active state (Palermo et al., 2017). 

 

1.7 Genome editing with CRISPR-Cas9 
 

CRISPR-Cas9 is a widely used technology, which has proven to be simple, powerful 

and versatile not only for editing and modification of genes, but also for many other 

different applications (Figure 4). The main advantage of CRISPR-Cas9 is that any 

sequence of interest can be modified by simply designing the sgRNA complementary 

to the target sequence as long as the latter is adjacent to a PAM. In the gene editing 

technologies used so far, like zinc finger nucleases (ZFNs) and transcription activator-

like effector nucleases (TALENs), the DNA binding domain that confers specificity is 

contained in the protein and has to be engineered and validated every time a new 

sequence is targeted (Gaj et al., 2013), causing difficulties in application. The basic 

principle of genome editing with Cas9 relies on its programmability with RNA and 

cleavage of the target sequence followed by repair of the generated double-strand 

break using host repair mechanisms. Non-homologous end joining repair (NHEJ) will 

result in small insertions or deletions (indels) at the cleavage site, while 

homology-directed repair (HDR) employs a DNA template to replace the targeted 

sequence via homologous recombination. The programmability and orthogonality of 
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the system allows multiplexing by using Cas9 proteins programmed with different 

sgRNAs to simultaneously edit many target sequences (Cong et al., 2013). In addition, 

nickase versions of Cas9 (nCas9), where one catalytic domain is inactive, with two 

sgRNAs that recognize offset target sites produce staggered 5ʹ DNA breaks, which 

stimulate both NHEJ and HDR (Mali et al., 2013). 

The catalytically inactive Cas9 (dCas9), which cannot cleave but retains its 

DNA-binding ability, is used for sequence-specific regulation of transcription. 

Transcription repression by CRISPRi (CRISPR interference) occurs when dCas9 binds 

in promoter regions or open reading frames and blocks the access of RNA polymerase 

or the binding of transcription factors. This impedes transcription initiation and/or 

elongation. The repression can be enhanced by fusing dCas9 to different 

transcriptional repression domains, such as KRAB (Krüppel associated box) or SID4X 

(four copies of the mSin3 interaction) domains. The same principle is used to activate 

or enhance transcription (CRISPRa) by fusing dCas9 to transcriptional activators, e.g. 

VP16, VP64 or the omega subunit of the RNA polymerase (Bikard and Marraffini, 2013; 

Dominguez et al., 2016; Pulecio et al., 2017). Additionally, fusion of dCas9 to 

fluorescent proteins enables visualization of the DNA and dynamic imaging of 

chromatin (Barrangou and Doudna, 2016; Knight et al., 2017; Ma et al., 2016). 

Alteration of epigenetic modifications such as methylation was also enabled by dCas9. 

For instance, roles of human enhancer elements were investigated with dCas9-histone 

demethylase (Kearns et al., 2015) and dCas9-histone acetyltransferase was used for 

transcriptional activation (Hilton et al., 2015; Kwon et al., 2017). Genome-wide 

CRISPR screens enable identification of essential genes, genes involved in tumor 

development and novel drug targets (Dominguez et al., 2016; Fellmann et al., 2016). 

CRISPR-based gene drives, a new genetic technology where one or a set of genes is 

favorably inherited, was developed to modify populations of e.g. fruit flies or 

mosquitoes. In mosquitoes, a Cas9 gene drive was used to insert genes that conferred 

resistance to the malaria-causing parasite (Esvelt et al., 2014; Komor et al., 2017). 

Furthermore, base editing enables single-base substitutions (without introducing 

DSBs) by dCas9 fused to cytidine deaminase or transfer RNA adenosine deaminase 

(Gaudelli et al., 2017; Hess et al., 2017; Komor et al., 2016, 2017; Nishida et al., 2016). 
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Figure 5. Genome editing with CRISPR-Cas9. The most common CRISPR-Cas9 genome 

editing technologies are summarized. Cas9 (light blue) bound to the specific sgRNA (light pink)  

causes double-stranded breaks in the target DNA sequence, which leads to insertions, 

deletions or gene replacements. To enable visualization of specific genomic loci, catalytically 

inactive Cas9 (dCas9, darker blue) was fused to fluorescent proteins such as green or red 

fluorescent protein (GFP and RFP, respectively). Fusion of dCas9 to transcriptional repressors 

or transcriptional activators allows regulation of expression of genes of interest. Finally, dCas9 

fused to a base editor mediates conversion of a single base pair without introducing double-

strand breaks in the target DNA.   

 

CRISPR-Cas9 was also developed to fight pathogenic bacteria and viruses. The 

former is exemplified by sequence-specific targeting of genes necessary for the 

viability of S. aureus (Bikard et al., 2014) and enterohemorragic E. coli (Citorik et al., 

2014). Human viruses such as HIV (Hou et al., 2015; Hu et al., 2014; Liao et al., 2015; 

Ye et al., 2014), herpes (Wang and Quake, 2014) and hepatitis B virus (Dong et al., 

2015; Kennedy et al., 2015; Ramanan et al., 2015) were also targeted by Cas9. 

Moreover, CRISPR-Cas9 was used for therapeutic approaches, to correct mutated 

genes that cause human disease. For instance, editing of genes causing cystic fibrosis, 

Duchenne muscular dystrophy and Fanconi anemia was reported, proving the great 

potential of this technology (Amoasii et al., 2018; Barrangou and Doudna, 2016; Khan 

et al., 2018). 

In addition to engineering and modulating of the DNA, Cas9 has also been employed 

to target RNA. RNA-targeting Cas9 (RCas9) can efficiently eliminate microsatellite 
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repeat expansion RNAs and reverse mRNA splicing defects (Batra et al., 2017), as 

well as be used to track RNA in living cells (Nelles et al., 2016), provided that a short 

oligonucleotide called the PAMmer is present to meet the PAM-dependence of S. 

pyogenes Cas9 (O’Connell et al., 2014).  

Other innovative applications of CRISPR-Cas9 such as recording of intracellular stimuli 

in bacteria and mammalian cells (CAMERA) (Tang and Liu, 2018), CRISPR-guided 

error prone DNA polymerases that enable targeted mutagenesis of specific genomic 

loci (EvolvR) (Halperin et al., 2018), using CRISPR to fuse the chromosomes of yeast 

(Luo et al., 2018; Shao et al., 2018) or for developmental barcoding and lineage tracing 

with homing sgRNAs (Kalhor et al., 2018) have recently been reported. 

In spite of wide applications of CRISPR-Cas9 (for more information see the most recent 

reviews (Adli, 2018; Knott and Doudna, 2018; Wu et al., 2018)), limitations still remain 

to be addressed, especially before using it for treating human disease. Two major 

issues are delivery and off-target cleavage by Cas9 proteins. Different delivery 

strategies for both Cas9 and sgRNA have been developed, such as physical and 

non-viral delivery. However, these approaches are not yet feasible for therapeutic in 

vivo applications. The most commonly used and most efficient approach for delivery of 

nucleic acids to mammalian cells are viral vectors, like adeno-associated virus (AAV) 

and lentiviruses (Liu et al., 2017a). A limitation for the use of AAV-based vectors for 

delivery of Cas9 and sgRNA is their packaging limit (Wu et al., 2010), considering the 

size of S. pyogenes Cas9. Consequently, there is a need for investigation of the 

biochemical properties of Cas9 orthologs that are smaller than S. pyogenes Cas9 and 

could be used as alternative genome editing tools. Additionally, Cas9 orthologs 

recognize different PAM sequences, which enables multiplexing and would broaden 

the potential targeting space. Some Cas9 orthologs could also be intrinsically more 

specific which would help in tackling the other major limitation of CRISPR-Cas9 

technology – off-target cleavage. Even though biochemical and structural studies 

provided information which was used for engineering of Cas9 variants with increased 

specificity (summarized in Table 1), there is still substantial interest in further 

enhancing Cas9 specificity while retaining the on-target efficiency of the wild type 

protein. Therefore, it is of utmost importance not only to fully understand the molecular 

details of the Cas9 mechanism but also to investigate the determinants of Cas9 

specificity.  
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Table 1. Summary of S. pyogenes Cas9 variants with enhanced specificity. 

Cas9 variant Description Reference 

K855A Cas9 High on-target activity and specificity. Slaymaker et al., 2016 

eSpCas9(1.0) Three positively charged residues that stabilize 

the non-target DNA strand were removed. This 

was shown to trap the HNH domain in an 

inactive state in the presence of mismatches, 

which prevents cleavage. 

 

Slaymaker et al., 2016 eSpCas9(1.1) 

SpCas9-HF1 

Removal of 4 residues contacting the target 

DNA strand that also blocks the HNH domain in 

the inactive state in the presence of 

mismatches.  

Kleinstiver et al., 2016 

HypaCas9 

Cluster of 4 mutations in the REC3 domain, 

which trap the HNH domain in the transitional 

state when mismatches are present. 

Chen et al., 2017 

D1135E Cas9 
Decreased activity on target sites with 

non-canonical NAG, NGA and NNGG PAMs. 
Kleinstiver et al., 2015 

HeFSpCas9 Combination of mutations from eSpCas9 and 

SpCas9-HF1, variants have improved 

specificity on targets for which eSpCas9 and 

SpCas9-HF1 show reduced specificity. 

 

Kulcsár et al., 2017 

 

HeFm1SpCas9 

HeFm2SpCas9 

evoCas9 

Contains 4 mutations in the REC3 domain, 

which substantially abolish off-target cleavage, 

and retain near-wt on-target activity. 

Casini et al., 2018 

xCas9 

Contains a combination of mutations obtained 

by phage-assisted continuous evolution. 

Recognizes a range of PAM sequences, and 

has greater specificity than the wt protein. 

Hu et al., 2018 

Sniper-Cas9 

Contains single point mutations in the REC1, 

RuvC and HNH domains. Shows high specificity 

even with truncated or extended sgRNAs and 

retains high on-target activity. 

Lee et al., 2018b 

HiFi Cas9 

Contains a single mutation (R691A) that 

reduces off-target activity but does not affect 

on-target activity when delivered as RNP 

(therapeutically relevant). 

Vakulskas et al., 2018 
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2. Aim of the thesis 
 

The most promising potential use of CRISPR-Cas9 technology is to cure human 

diseases. However, in addition to the technical and ethical considerations, a major 

limitation remains to be solved – Cas9 specificity, i. e. the propensity of the protein for 

off-target cleavage. Even though biochemical and structural studies of Cas9 have 

elucidated many details of its molecular mechanism, and thus provided a basis for 

structure-guided engineering of variants with enhanced specificity, it is still not fully 

understood which factors influence the latter. For instance, it is not known which protein 

residues mediate mismatch sensing and by that influence the cleavage and binding 

properties of the protein, and its sensitivity to mismatches. Additionally, the 

biochemical mechanism dictating Cas9 cleavage specificity in the PAM-adjacent part 

of the target DNA remains elusive. Investigating the underlying mechanism is essential 

for defining strategies for the improvement of specificity, while not substantially 

affecting the on-target efficiency of the protein. 

In addition to the most widely used S. pyogenes Cas9, only a small number of Cas9 

proteins from different bacterial species have been used for genome editing 

applications. In order to broaden the range of Cas9 orthologs that could be 

technologically exploited, it is necessary to determine their intrinsic on-target efficiency 

and specificity. Furthermore, biochemical characterization of sensitivity to mismatches 

of other class 2 endonucleases, such as Cas12a, is necessary to enable their use as 

an alternative to Cas9.  

The aim of this thesis was to characterize the specificity of the type II-A Cas9 orthologs 

and Francisella novicida Cas12a, and determine how mismatches between the crRNA 

and target DNA affect the biochemical properties of these proteins. In addition, we 

aimed to identify and characterize protein motifs and/or residues that influence the 

specificity of S. pyogenes Cas9 and other type II-A Cas9 enzymes, reveal the 

mechanism that mediates sensitivity to mismatches and by that provide additional 

strategies for specificity improvement.  
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3. Materials and methods 
 

3.1 Bacterial transformation 
 

Competent Escherichia coli cells were prepared using standard protocols (Sambrook, 

2001). Transformation was done according to the heat-shock protocol (Sambrook, 

2001), except for the bacterial survival assay. All transformations for the bacterial 

survival assay (see 3.9) were performed as following. Ultra-competent E. coli cells 

were mixed with plasmid DNA and incubated for 30 minutes on ice, subjected to 

heat-shock at 42 °C for 45 s, after which they were shortly put in ice. SOC medium 

(0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 

MgSO4, 20 mM glucose) was added and cells were recovered for 1 h at 37 °C. After 

recovery, cells were centrifuged for 1 minute on 6000 rpm and plated on LB agar plates 

with streptomycin (Sm, 50 µg/ml), carbenicillin (Cb, 100 µg/ml), chloramphenicol (Cm, 

30 µg/ml) and 1% glucose.  

 

3.2 DNA handling 
 

Plasmid DNA preparation (QIAprep Spin MiniPrep Kit, Qiagen), polymerase chain 

reaction (PCR) (Phusion High Fidelity Polymerase, Thermo Scientific; Taq DNA 

polymerase, Fermentas), DNA digestion with restriction enzymes (Thermo Scientific 

or New England Biolabs), DNA ligation (T4 DNA Ligase, Fermentas), purification of 

PCR products (QIAquick PCR Purification Kit, Qiagen), gel extraction (QIAquick Gel 

Extraction Kit), agarose gel electrophoresis and polyacrylamide gel electrophoresis 

were done according to the manufacturer’s instructions and using standard protocols 

(Sambrook, 2001). Site-directed mutagenesis was performed according to the 

PCR-based protocol (Kirsch and Joly, 1998). 
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3.3 RNA in vitro transcription 
 

All RNAs used in the in vitro assays were in vitro transcribed with the AmpliScribe-T7 

Flash Transcription kit (Epicentre) according to the manufacturer's instructions. The 

templates for the reaction either were oligonucleotides or generated by PCR. The 

transcription products were treated with DNase I for 15 minutes at 37 °C to remove 

DNA. Then they were sodium acetate/ethanol-precipitated and purified over 10% 

polyacrylamide urea gel. The corresponding bands were excised from the gel and RNA 

was extracted with the EluRNA solution (0.3 M sodium acetate, 0.5 mM EDTA, 0.1% 

SDS) at 50 °C and precipitated in 100% ethanol at -20 °C for 2 hours or overnight. This 

procedure was repeated twice. The pellets were washed in 70% ethanol and air-dried. 

After drying, pellets were resuspended in RNase-free water (Epicentre). Concentration 

of the RNA was determined by measuring absorbance at 260 nm with NanoDrop and 

molarity was calculated. Equimolar amounts of tracrRNA and crRNA were annealed in 

5x RNA annealing buffer (1 M NaCl, 100 mM HEPES, pH 7.5) on 95 °C for 5 minutes, 

and then slowly cooled to room temperature. Dual-RNAs were stored at -20 °C. 

 

3.4 Cas9 protein purification 
 

Escherichia coli NiCo21 (DE3) competent cells (New England Biolabs) were 

transformed with overexpression plasmids encoding wild type or mutant S. pyogenes, 

S. mutans and S. thermophilus (CRISPR locus 1) Cas9. Bacterial cells were grown in 

LB media on 37 °C until an OD600 nm 0.6-0.8, after which the protein expression was 

induced with Isopropyl β-D-1-thiogalactopyranoside (IPTG) in the final concentration 

of 0.5 mM. Cells were grown overnight at 13 °C. Afterwards they were harvested by 

centrifugation and the pellets were washed with STE buffer (100 mM NaCl, 10 mM 

Tris-HCl pH 8, 1 mM EDTA pH 8). Pellets were resuspended in lysis buffer (20 mM 

HEPES pH 7.5, 500 mM KCl, 0.1% TritonX-100, 25 mM imidazole), the cells were 

disrupted by sonification and spinned down by centrifugation (16000 rpm, SS-34 rotor, 

Thermo Scientific). The lysates were added to Ni-NTA Agarose (Qiagen) or Talon 

(Sigma-Aldrich) affinity chromatography matrix and incubated for 1 h at 4 °C. The 

affinity matrix was washed with lysis buffer and wash buffer (20 mM HEPES pH 7.5, 
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300 mM KCl, 25 mM imidazole), after which the proteins were eluted with elution buffer 

(20 mM HEPES pH 7.5, 150 mM KCl, 0.1 mM DTT, 250 mM imidazole, 1 mM EDTA). 

The elutions were analyzed by sodium dodecyl sulphate-poylacrylamide gel 

electrophoresis (SDS-PAGE). Protein containing fractions were further purified over 

chitin beads (New England Biolabs). Chitin beads were equilibrated with Buffer A (20 

mM HEPES pH 7.5, 100 mM KCl) after which the protein elutions were added and 

incubated for 1 h at 4 °C. The beads were added to a column, Cas9 protein was eluted 

and the elutions were again analyzed by SDS-PAGE. Protein containing fractions were 

dialyzed against dialysis buffer (20 mM HEPES pH 7.5, 150 mM KCl, 50% glycerol) 

overnight. Protein concentration was determined with the Bradford assay and purity 

was assessed by measuring A260/A280 ratio. 

 

3.5 Preparation of substrates for electrophoretic mobility shift 
assays 

 

3.5.1.  Substrates amplified from plasmids 
 

DNA substrates were synthesized by PCR amplification of plasmids with the wild type 

and mutated protospacer 2 (pEC576-pEC599) using primers OLEC4816 and 

OLEC4817. Products were precipitated with sodium acetate and ethanol, and purified 

over 1.5% agarose gel in 1x TBE buffer (0.1 M Tris, 0.1 M boric acid, 0.002 M EDTA). 

The corresponding bands were excised from the gel and further purified using 

QIAquick Gel Extraction Kit (Qiagen), following manufacturer's instructions. 

Concentration of the DNA was determined by measuring absorbance with NanoDrop 

after which molarity was calculated. 

 

3.5.2.  Oligonucleotide substrates 
 

Substrates containing the DNA target sequence (wild type or with mutations in the 

protospacer 2) were ordered as HPLC-purified oligonucleotides (Sigma). To generate 
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a double-stranded substrate for electrophoretic mobility shift assays (EMSAs), 

oligonucleotides containing the target and non-target DNA strand were annealed in 5x 

RNA annealing buffer on 95 °C for 5 minutes and left at room temperature for slow 

cooling. The substrates were purified over 6% polyacrylamide gel in TBE buffer and 

the corresponding bands were excised from the gel. Gel pieces containing the samples 

were incubated overnight at 4 °C in 1x TE buffer (1 M Tris-HCl pH 8, 0.5 M EDTA) and 

afterwards the DNA was precipitated with sodium acetate and ethanol. DNA pellets 

were resuspended in MQ water. 

 

3.6 Electrophoretic mobility shift assays 
 

Substrates for EMSAs were radiolabeled with [ɣ-32P]-ATP (Hartmann Analytics) using 

T4 polynucleotide kinase (Fermentas) and purified on Illustra Microspin G-25 columns 

(GE Healthcare). Binding reactions with increasing concentrations of wt or mutant 

Cas9 and a two times molar excess of dual-RNA over the protein were preincubated 

in Binding buffer (20 nM Tris-HCl pH 7.5, 100 mM KCl, 5 mM CaCl2*2H2O, 5% glycerol, 

1 mM DTT) for 15 minutes on 37 °C, prior to the addition of 1 nM labeled DNA 

substrates. After the addition of the DNA, binding reactions took place on 37 °C for 1 

hour. Protein-DNA complexes were separated from unbound DNA by 5% native 

polyacrylamide gel electrophoresis in 0.5x TBE buffer with 5 mM CaCl2*2H2O. The gels 

were exposed on autoradiography film overnight and visualized by phosphorimaging. 

Results of at least three independent experiments were quantified with Gel Analyzer 

(http://www.gelanalyzer.com/index.html). Binding constants were determined by fitting 

the data to the Hill’s equation: 𝑦𝑦 = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ∗ 𝑉𝑉𝑛𝑛/(𝑘𝑘𝑛𝑛 + 𝑉𝑉𝑛𝑛) (y: % of bound DNA; x: 

enzyme concentration [nM]; Vmax: maximally bound DNA; k: KD; n: Hill coefficient) with 

Origin Software (OriginLab, Northampton, MA). 

 

3.7 Kinetic cleavage assays 
 

Dual-RNA and Cas9 (concentrations depend on the Cas9 protein used) were 

preincubated for 15 minutes on 37 °C in KG buffer (100 mM potassium glutamate, 25 

http://www.gelanalyzer.com/index.html
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mM Tris-acetate pH 7.5, 10 mM Mg-acetate, 0.5 mM 2-mercaptoethanol, 10 mg/ml 

bovine serum albumin) (McClelland et al., 1988). Directly after preincubation, plasmid 

DNA (5 nM) containing wt or mutated protospacer 2 was added to the reactions and 

incubated for 90 minutes on 37 °C. Samples were withdrawn at defined time points (1, 

2, 5, 10, 20, 40, 60 and 90 minutes; except for Cas9_Q768A, Cas9_Q768E and 

Cas9_Q768N where 30 seconds, 1, 2, 5, 10, 20 and 40 minutes were chosen as time 

points due to fast cleavage) and the reaction was stopped by addition of the 5x loading 

buffer (250 mM EDTA, 30% glycerol, 1.2% SDS, 0.1% bromophenol blue). Cleavage 

products were resolved by 1% agarose gel electrophoresis in 1x TAE buffer (0.04 M 

Tris, 0.02 M acetic acid, 1 mM EDTA). DNA was visualized by ethidium bromide 

staining. Band intensity of open circular, linear and supercoiled DNA was analyzed on 

stained agarose gels of the kinetic cleavage reaction by densitometry using Image 

LabTM software (Bio-Rad Laboratories, Inc.). To determine the cleavage rates, data 

obtained from at least three independent experiments were fitted to the equations 

stated below in Origin Software (OriginLab, Northampton, MA). The rate of 

disappearance of the supercoiled plasmid DNA (k1obs) was calculated using the 

equation: 𝑦𝑦 = 𝑦𝑦0 + 𝐴𝐴 ∗ exp (−𝑘𝑘1 ∗ 𝑉𝑉) (y: amount of supercoiled DNA; y0: amount of 

supercoiled DNA at infinite time; A: maximal amount of supercoiled DNA, k1: k1obs; x: 

time [min]). The rate of appearance of the linear plasmid DNA (k2obs) was calculated 

using the equation: 𝑦𝑦 = 𝑦𝑦0 + 𝐴𝐴 ∗ (1 − exp(−𝑘𝑘2 ∗ 𝑉𝑉))(y: amount of linear DNA; y0: 

amount of linear DNA at infinite time; A: maximal amount of linear DNA; k2: k2obs; x: 

time [min]). 

 

3.7.1.  Radioactive kinetic cleavage assays 
 

Oligonucleotides corresponding to either the target or non-target DNA strand were 

radiolabeled with [ɣ-32P]-ATP (Hartmann Analytics) using T4 polynucleotide kinase 

(Fermentas) and purified on Illustra Microspin G-25 columns (GE Healthcare). 

Equimolar amounts of radioactively labeled and non-labeled oligos (each representing 

one DNA strand) were annealed for 5 minutes at 95 °C and slowly cooled to room 

temperature. Annealed oligos were further purified using DNA Clean & Concentrator – 

5 (Zymo Research). Dual-RNA and Cas9 (concentrations depend on the Cas9 protein 
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used in the assay) were preincubated for 15 minutes on 37 °C in KG buffer. After that, 

2 nM of radioactively labeled DNA was added to the reaction, and incubated on 37 °C 

for 60 minutes. At defined time points (1, 2, 5, 10, 20, 40 and 60 minutes) samples 

were withdrawn and the reaction was stopped by addition of 5x loading buffer. Samples 

were heated for 5 minutes on 95 °C, before loading on 12% PAA-urea gel. The gels 

were exposed on autoradiography film overnight and visualized by phosphorimaging. 

Band intensity of uncleaved and cleaved linear DNA was quantified with Gel Analyzer 

(http://www.gelanalyzer.com/index.html).   

 

3.8 In vitro cleavage assays 
 

3.8.1.  Cas9 
 

Dual RNA and Cas9 (concentrations depend on the Cas9 protein used) were 

preincubated for 15 minutes on 37 °C in KG buffer. Directly after preincubation, plasmid 

DNA (5 nM) containing wt or mutated protospacer 2 was added to the reactions and 

incubated for 60 minutes on 37 °C. The reactions were stopped by addition of 5x 

loading buffer, and cleavage products were resolved by 1% agarose gel 

electrophoresis in 1x TAE buffer. DNA was visualized by ethidium bromide staining. 

Band intensity of open circular, linear and supercoiled DNA was analyzed on stained 

agarose gels of the cleavage reaction by densitometry using Image LabTM software 

(Bio-Rad Laboratories, Inc.). 

 

3.8.2.  Cas12a 
 

F. novicida Cas12a (100 nM) and crRNA targeting protospacer 5 (crRNA-sp5, 200 nM) 

were preincubated for 15 minutes on 37 °C in KG buffer. Plasmid DNA (10 nM) 

containing wt or mutated protospacer 5 was added to the reactions and incubated for 

60 minutes on 37 °C. The reactions were stopped by addition of proteinase K (20 

mg/ml) and incubation for 5 minutes on 37 °C, after which 5x loading buffer was added. 

http://www.gelanalyzer.com/index.html
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Cleavage products were resolved by 0.8% agarose gel electrophoresis in 1x TAE 

buffer. DNA was visualized by ethidium bromide staining. Band intensity of open 

circular, linear and supercoiled DNA was analyzed on stained agarose gels of the 

cleavage reaction by densitometry using Image LabTM software (Bio-Rad Laboratories, 

Inc.). 

 

3.9 Bacterial survival assay 
 

Bacterial survival assay to measure Cas9 cleavage in vivo is based on a three-plasmid 

system and couples Cas9-mediated cleavage of the fluorescent reporter gene (rfp), 

encoding red fluorescent protein (RFP), to the toxin-based killing of bacterial cells. 

Shortly, SE4 competent E. coli cells encode the ccdB toxin in their genome. 

Additionally, the gene for the T7 RNA polymerase is inserted in the genome of this 

bacterial strain under the control of the lacUV5 promoter and is controlled by the same 

mechanism as the lac operon. Three plasmids are transformed in SE4 E. coli. The first 

plasmid encodes the RFP protein under the control of the T7 promoter and the lacO 

operator sequence, so both the expression of the T7 RNA polymerase from the 

genome and thus RFP is repressed when the bacteria are grown in the media without 

arabinose (in the presence of glucose). In contrast, the expression is induced with the 

addition of IPTG and arabinose. In addition to the RFP, this plasmid also encodes the 

CcdA antitoxin, which can neutralize the CcdB toxin as long as the plasmid is present 

in the cells and carries the ampicillin-resistance gene. The system also comprises a 

plasmid that encodes the sgRNA targeting a sequence within the rfp and contains the 

chloramphenicol-resistance gene. The third plasmid encodes Cas9 or a variant thereof 

under the control of the arabinose promoter and carries the streptomycin-resistance 

gene.  

Under repressing conditions (growth in the presence of 1% glucose), Cas9 and RFP 

are not expressed, the CcdA antitoxin is produced and neutralizes the CcdB toxin so 

the bacteria can grow normally. Under inducing conditions (growth in the presence of 

33 mM arabinose and 0.1 mM IPTG), both Cas9 and RFP are expressed. If Cas9 does 

not cleave the rfp target sequence, the RFP is expressed, as well as the antitoxin, 

which allows the bacteria to grow. If Cas9 cleaves the rfp-encoding plasmid, the 
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antitoxin is not produced anymore. Therefore, the toxin is free and kills the bacterial 

cells.  

Plasmid encoding RFP (pEC2132) was transformed in SE4 competent cells (Delphi 

Genetics) using standard heat-shock transformation protocol (Sambrook, 2001). The 

resulting clones were made ultra-competent according to (Hanahan, 1983; Inoue et al., 

1990). After that, plasmids encoding wt sgRNA or sgRNA with single mismatches in 

the spacer (pEC2013 and pEC2052-2071) were transformed into pEC2132-containing 

ultra-competent cells, and made ultra-competent again. Finally, plasmids (50 ng) 

encoding wild type Cas9 or mutant Cas9 proteins were transformed in competent cells 

encoding ccdB toxin in the genome (Delphi Genetics), and carrying a plasmid with the 

rfp target and anti-toxin ccdA, and wild type or mutant sgRNA-encoding plasmid. Next 

day, individual colonies were inoculated in 2 ml of LB medium with Sm, Cb and Cm, 

with 1% glucose, and grown at 37 °C for 6.5 hours. OD600 nm was measured using a 

plate reader (BioTek), and the appropriate volume of each culture was taken to 

normalize the OD600 nm to 0.03. Samples were centrifuged for 1 min on 6000 rpm, the 

supernatant was removed and the pellet was resuspended in 100 µl LB medium with 

Sm, Cb and Cm. 2 µl of each sample was added to the 96-well plate containing 198 µl 

of either LB medium with Sm, Cb, Cm and 1% glucose (expression of Cas9 and RFP 

suppressed), or LB medium with Sm, Cb, Cm with 33 mM arabinose and 0.1 mM IPTG 

(expression of Cas9 and RFP induced). OD600 nm and red fluorescence units (RFUs) 

(excitation wavelength 555 nm, emission wavelength 588 nm) were measured with a 

fluorescence plate reader (Biotek) in 5 minutes intervals during a 10-hour kinetic 

experiment, at 37 °C with shaking. After subtraction of the blank samples, survival was 

calculated by dividing the OD600 nm at induced conditions by the OD600 nm at suppressed 

conditions. Statistical analysis of at least five replicates was performed using Origin 

Software. 
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4. Results 
 

4.1 Seed sequences in class 2 CRISPR-Cas systems 
 

As previously mentioned, efficient target cleavage by class 2 Cas endonucleases that 

were so far characterized requires complementarity between the crRNA seed 

sequence and the target nucleic acid (Hille et al., 2018). Considering that the seed 

sequence is one of the factors that determine cleavage specificity, I wanted to 

characterize seed sequence requirements of the type V-A Cas12a that is used as an 

alternative to Cas9 in genome editing (Kim et al., 2016a, 2016b; Kleinstiver et al., 

2016a). Additionally, the seed sequences of type II-A Cas9 proteins other than the one 

of S. pyogenes Cas9 have not been extensively studied. Therefore, seed sequences 

of several type II-A Cas9 proteins (from S. mutans, S. thermophilus LMD-9 (CRISPR 

locus 1) and S. pyogenes) were investigated to identify the ones that are highly 

sensitive to mismatches and potentially more specific.  

 

4.1.1.  Seed sequence of type V-A Cas12a 
 

To determine the seed sequence of type V-A Cas12a from F. novicida I performed 

cleavage assays using plasmids with single mutations throughout the target site that 

resulted in a mismatch between the crRNA and DNA, and plasmids with four 

consecutive mismatches on the PAM-proximal and PAM-distal side of the target (see 

3.8.2.). The target site (protospacer 5) was adjacent to the 5ʹ-TTA-3ʹ PAM discovered 

in our study (Fonfara et al., 2016). Cas12a was sensitive to mismatches within the first 

eight PAM-proximal nucleotides and four consecutive mismatches at the 

PAM-proximal side were not tolerated (Figure 6). This is in agreement with other 

studies (Swarts et al., 2017; Zetsche et al., 2015) and demonstrates that Cas12a 

requires a PAM-proximal seed sequence for efficient cleavage, same as Cas9 (Jinek 

et al., 2012). Furthermore, the crystal structure of Cas12a shows that the first five seed 

nucleotides of the crRNA spacer assume an A-form conformation which likely 

facilitates heteroduplex formation, in analogy to Cas9, Cas12b and Argonaute proteins 
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(Jiang et al., 2015; Swarts et al., 2014a; Yang et al., 2016). Cas12a was also sensitive 

to mismatches at four PAM-distal nucleotides, but to a lesser extent when compared 

to the mismatches in the seed region (Figure 6). These PAM-distal mismatches were 

around the Cas12a cleavage site, so it is possible that they hinder the correct 

positioning of catalytic residues and consequently impair cleavage. 

 

 

Figure 6. Seed sequence of F. novicida Cas12a. Seed sequence of Cas12a was determined 

by endpoint cleavage assays using 10 nM plasmid DNA (with wt or mutated target site) and 

100 nM Cas12a in complex with 200 nM crRNA. Positions of the mismatches are indicated 

above, with the numbering starting from the most PAM-distal position labeled as 1. The most 

PAM-proximal position is labeled as 22. Linear (li) and supercoiled (sc) DNA is indicated on 

the side. The presence or absence of Cas12a in the reaction is indicated by + or -. M: 1 kb 

DNA ladder (GeneRulerTM, Thermo ScientificTM). Shown is a representative gel of at least three 

independent experiments. This result has been published as Figure 2e in (Fonfara et al., 2016). 

 

4.1.2.  Seed sequences in the type II-A CRISPR-Cas system 
 

To investigate the seed sequences of type II-A Cas9 proteins, cleavage assays were 

performed on plasmid substrates containing a target site (speM protospacer) 

(Deltcheva et al., 2011) with single or multiple mutations that prevented base pairing 

of the crRNA to the target DNA (Figure 7). Adjacent to the target site was the 

corresponding PAM for the investigated protein, namely NGG for S. pyogenes 
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(Garneau et al., 2010; Jinek et al., 2012) and S. mutans (Mojica et al., 2009), and 

NNAAAAT for S. thermophilus LMD-9 (CRISPR locus 1) (Fonfara et al., 2014).  

 

 

Figure 7. Target site used in the in vitro cleavage assays. Scheme of the speM target site 

(purple) used in the in vitro cleavage assays. Base pairing of the crRNA to the target strand is 

indicated (crRNA is shown truncated and tracrRNA is not shown). The single mutations were 

introduced in the non-target strand together with complementary target strand mutations that 

caused a mismatch between the crRNA and target DNA. The numbering of mismatches is 

based on the numbers indicated above the non-target strand. The PAM shown here is the 

5′-NGG-3′ PAM (green) for S. pyogenes and S. mutans Cas9, whereas the 5′-NNAAAAT-3′ 

PAM was used in the assays with S. thermophilus Cas9 (CRISPR locus 1). 

  

4.1.2.1 Seed sequence of Streptococcus mutans Cas9 

 

Seed sequence investigation showed that mismatches in the first eight PAM-adjacent 

nucleotides negatively affect cleavage by S. mutans Cas9 (Figure 8A). The 

accumulation of the open-circular intermediate was observed with target substrates 

having mismatches in the PAM-adjacent positions 4 and 5. This indicates that these 

mismatches impair cleavage by one endonuclease domain. Furthermore, plasmids 

with PAM-distal mutations in positions 16, 18 and 19 were also partially cleaved, 

whereas the mismatch at position 17 completely abrogated cleavage. Plasmids 

containing double mutations within the PAM-adjacent nucleotides 2-5 (around the 

potential cleavage site) were not cleaved, confirming the importance of 

complementarity between the crRNA and target DNA in these positions.  

To determine the effect of mismatches on the cleavage rate of S. mutans Cas9, kinetic 

cleavage assays were performed on the same plasmids as above (Figure 8B). Each 

endonuclease domain of Cas9 cleaves one strand of the target, in this case plasmid 
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DNA, so two cleavage rates can be measured: 1) k1obs that represents the rate of 

disappearance of the supercoiled form of the plasmid and 2) k2obs that represents the 

rate of appearance of the linear form of the plasmid. Results suggest that one 

endonuclease domain of S. mutans Cas9 cleaves much faster than the other, with 

approximately five times higher k1obs than k2obs for the cleavage of the fully 

complementary (wt) plasmid (Figure 8B). In contrast to S. pyogenes Cas9 where both 

endonuclease domains cleave simultaneously (see 4.1.2.3), S. mutans Cas9 cleaves 

sequentially i.e. one domain cleaves before the other. Moreover, the rate k1obs was 

highly reduced for all mismatched plasmids (with the exception of T9A and T15A), 

whereas the effect was not so pronounced for k2obs. This suggests that the mismatches 

mostly impair cleavage by one endonuclease domain. In agreement with results of the 

endpoint cleavage assays, the cleavage rate was decreased in the presence of 

mismatches throughout the target site, namely from positions 1-8, 10-13 and 16-20. 

The protein was not sensitive to a mismatch in position 15 and the rate k2obs on this 

substrate was higher than on the wt substrate meaning that the mismatch enhanced 

cleavage. Similar effect was also observed for S. pyogenes Cas9 (see 4.1.2.3). 
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Figure 8. The influence of mismatches between the crRNA and target DNA on cleavage by S. 

mutans Cas9. A Seed sequence of S. mutans Cas9 determined by endpoint cleavage assays 

using 5 nM plasmid DNA (containing wt or mutated target site) and 25 nM Cas9 in complex 

with 50 nM tracrRNA:crRNA duplex. Positions of the mismatches are indicated above, with the 

numbering starting from the most PAM-adjacent position labeled as 1. Open-circular (oc), 

linear (li) and supercoiled (sc) DNA is indicated on the side. The presence or absence of Cas9 

in the reaction is indicated by + or -. M: 1 kb DNA ladder (GeneRulerTM, Thermo ScientificTM). 

Shown is a representative gel of at least three independent experiments. B Cleavage rates of 

S. mutans Cas9 obtained by kinetic cleavage assays using 5 nM plasmid DNA and 25 nM 

Cas9 in complex with 50 nM tracrRNA:crRNA duplex. Cleavage rate k1obs is shown in dark 

blue, whereas k2obs is in light blue. Cleavage rates were determined as described in Materials 

and Methods from at least three independent experiments. Error bars represent standard 

deviation (SD). 

 

To determine which endonuclease domain of S. mutans Cas9 is cleaving faster and is 

affected by mismatches, I tested the cleavage of linear substrates where only one 

strand of the substrate was radioactively labelled, to distinguish between cleavages of 

the target or non-target strand. The target strand of the wt substrate was cleaved faster 

than the non-target strand, indicating that the HNH domain cleaves faster than the 

RuvC domain (Figure 9). Additionally, mismatches mostly hindered cleavage by one 

endonuclease domain. For instance, on the mismatched substrates A1T and A2T 

cleavage by the HNH domain was impaired. The cleavage by the RuvC domain was 

approaching the limit of detection in the presence of these mismatches (Figure 9). It 

is possible that these results reflect a target proofreading mechanism that occurs 

before cleavage and may be mediated by the HNH domain and/or other parts of the 

protein. Taken together, these results indicate that S. mutans Cas9 is more sensitive 

to mismatches in comparison to S. pyogenes Cas9 on the tested target (see 4.1.2.3). 

Nevertheless, to confirm this, the protein should be tested on different substrates to 

exclude any sequence-specific effects and the sensitivity to mismatches should be 

assessed in vivo.  
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Figure 9. Cleavage by the HNH domain of S. mutans Cas9 is faster than the RuvC domain 
and is negatively affected by mismatches. Representative denaturing polyacrylamide gels 

showing that the cleavage of the target strand is faster than the cleavage of the non-target 

strand on the wt substrate. Mismatches negatively affect cleavage of both target and non-target 

strand, i.e. both endonuclease domains. Results are obtained by kinetic cleavage assays with 

40 nM Cas9 and 20 nM dual-RNA on 2 nM linear DNA substrates, where only one strand of 

the substrate was radioactively labeled to track the cleavage of target (T) or non-target (NT) 

strand over time. The labeled strand and position of the mismatch are indicated above. Bands 

representing the uncleaved fractions are marked with “u”, whereas bands representing cleaved 

fractions are marked with “c”. Representative gels of at least three independent experiments 

are shown. 

 

4.1.2.2 Seed sequence of Streptococcus thermophilus Cas9 

 

To determine the seed sequence of S. thermophilus LMD-9 Cas9 (CRISPR locus 1), I 

performed cleavage assays on the plasmid substrates with the same target site as 
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before. Adjacent to the target site was the previously determined NNAAAAT PAM 

(Fonfara et al., 2014).  

Plasmids with mismatches in the PAM-proximal positions 1-12 were partially cleaved, 

with the exception of positions 2, 10 and 11 that were fully cleaved. This suggests a 

moderate sensitivity of S. thermophilus Cas9 to mismatches in the PAM-proximal part 

of the target. The protein tolerates PAM-distal mismatches, since plasmids with 

mutations from positions 13-20 were fully cleaved. Plasmids containing double 

mutations in positions 2-5, where the putative cleavage site for this protein is located, 

were not cleaved. Up to five continuous mutations in the PAM-distal part of the target 

are still tolerated by S. thermophilus Cas9 meaning that at least 15 base pairs between 

the crRNA and target DNA are needed for efficient cleavage (Figure 10). 

To further investigate the PAM-requirements for this protein, plasmids with point 

mutations in each base of the PAM were tested for cleavage. All plasmids were partially 

cleaved, except for the plasmid with mutated PAM position 2 which was fully cleaved 

(Figure 10). This indicates that S. thermophilus Cas9 tolerates single PAM mutations 

to some extent and that the PAM position 2 is dispensable for cleavage. This is 

supported by the finding of NNAGAAW PAM for this protein (Horvath et al., 2008). 

Overall, these results suggest that S. thermophilus Cas9 has a non-continuous seed 

sequence of nine nucleotides. Single PAM mutations are partially tolerated which could 

indicate that the PAM recognition by this protein is not stringent. Since S. thermophilus 

Cas9 did not show enhanced specificity on the tested target, we focused further on the 

other two Cas9 orthologs. 
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Figure 10. The influence of mismatches between the crRNA and target DNA on cleavage by 

S. thermophilus LMD-9 Cas9 (CRISPR1). Seed sequence of S. thermophilus Cas9 determined 

by endpoint cleavage assays using 5 nM plasmid DNA (containing wt or mutated target site) 

and 50 nM Cas9 in complex with 100 nM tracrRNA:crRNA duplex. Positions of the mismatches 

are indicated above, with the numbering starting from the most PAM-adjacent position labelled 

as 1. Plasmid used as the negative control (pEC576, does not contain the cognate PAM) is 

marked with NGG PAM. Open-circular (oc), linear (li) and supercoiled (sc) DNA is indicated on 

the side. The presence or absence of Cas9 in the reaction is indicated by + or -. M: 1 kb DNA 

ladder (GeneRulerTM, Thermo ScientificTM). Shown is a representative gel of at least three 

independent experiments. 
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4.1.2.3 The influence of mismatches between the crRNA and target DNA on binding 

and cleavage by S. pyogenes Cas9 

 

For efficient cleavage of the target S. pyogenes Cas9 requires full complementarity 

between the crRNA and target DNA in 10-12 base pairs adjacent to the PAM, which 

comprise the seed sequence (Jinek et al., 2012). Considering that the seed sequence 

determines Cas9 specificity, we wanted to investigate in detail how mismatches affect 

the binding and cleavage properties of Cas9. Therefore, we performed binding assays 

and in vitro kinetic cleavage assays on substrates having point mutations in the target 

DNA (Figure 11). We also investigated the influence of mismatches on cleavage in 

vivo by Cas9 in E. coli (Figure 12B) on the target sequence in the rfp gene (see 3.9). 

Mutations were introduced in each position of the target sequence (in vitro assays) or 

the sgRNA (in vivo assays) to prevent base pairing between the crRNA spacer and the 

target DNA at the corresponding position. The numbering of mutations along the target 

site is according to the scheme in Figure 7 (in vitro assays) and Figure 12A (in vivo 

assays).  

 

 

Figure 11. The influence of mismatches between the crRNA and target DNA on binding 
and cleavage by S. pyogenes Cas9. A Binding constants (KD) derived from EMSAs of 

Cas9_wt on 90 bp 5ʹ-32P labeled PCR products of the target sites used in B and calculated as 

described in Materials and Methods from at least three independent experiments. B Cleavage 

rates obtained by kinetic cleavage assays using 5 nM plasmid DNA (containing wt or mutated 

target site) and 10 nM Cas9 in complex with 20 nM tracrRNA:crRNA duplex. Mutations along 
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the target site are indicated on the x-axis, numbering starts from the first PAM-adjacent 

nucleotide. Two cleavage rates k1obs (dark blue) and k2obs (light blue) were calculated as 

described in Materials and Methods from at least three independent experiments.  

 

Substrates with mismatches at positions 1 and 2 decrease the binding affinity of Cas9 

and consequently the cleavage rate. This shows that mismatches in the first two 

PAM-adjacent positions are not well tolerated and confirms previous findings that 

complementarity at these positions is important for initial target interrogation and 

R-loop formation (Mekler et al., 2017; Singh et al., 2016; Szczelkun et al., 2014). Next, 

cleavage rates were markedly decreased on substrates with mismatches at positions 

3, 4 and 5 (A3T-A5T), compared to the wt substrate. The binding affinity of Cas9 for 

these substrates is comparable to that of the wt substrate, indicating that the observed 

effect is due to impairment in catalysis rather than binding. This is in agreement with 

the fact that Cas9 cleaves the target upstream of the PAM, between the 3rd and 4th 

base (Jinek et al., 2012). Mismatches at positions 6 and 17 highly impair DNA binding, 

which is reflected in the reduced in vitro cleavage rates. These mismatches did not 

substantially increase the survival rate in bacteria (see 3.9), suggesting that Cas9 was 

still able to cleave in vivo. In bacteria, the complementarity in the first four target 

positions was essential for cleavage (Figure 12B). 
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Figure 12. The influence of mismatches between the sgRNA and target DNA on Cas9_wt 
in E. coli. A Scheme of rfp target site (red) used in the bacterial survival assays. Base pairing 

of the sgRNA to the target strand is indicated (for reasons of clarity, sgRNA is shown 

truncated). The mutations were introduced throughout the spacer sequence of the sgRNA. The 

numbering of mismatches is based on the numbers indicated above the sgRNA. The PAM is 

shown in green. B Bacterial survival assay with Cas9_wt in the presence of wt and mismatched 

sgRNAs. Bacterial survival is a measure of Cas9 activity, meaning that when Cas9 is active, 

bacterial cells are dying and inversely (see Materials and Methods). Bars in red indicate that 

Cas9 is not sensitive to the corresponding mismatch, whereas bars in pink indicate that Cas9 

is sensitive to the mismatch. The dotted line at 0.95 marks the value obtained with dCas9 that 

represents no cleavage. Statistical analysis of at least five replicates was performed with Origin 

Software. Error bars indicate SD. 

 

Mismatches in the middle of the target (positions 10-14) reduced the cleavage rate of 

Cas9 and k1obs on these substrates was higher than k2obs. This suggests that cleavage 

by one endonuclease domain is negatively affected by those mismatches. Cleavage 

assays on radioactively labeled linear substrates indicated that cleavage of the 

non-target strand by the RuvC domain was affected (see Figure 13). 
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Figure 13. Mismatches in the middle of the target impair cleavage by the S. pyogenes 
RuvC domain. A Representative denaturing polyacrylamide gels showing that cleavage of the 

non-target strand by the RuvC domain is slower than cleavage of the target strand by the HNH 

domain in the presence of mismatches in target positions 10-14. Results are obtained by 

kinetic cleavage assays with 7.5 nM Cas9 and 15 nM dual-RNA on 2 nM linear DNA substrates, 

where only one strand of the substrate was radioactively labeled to track the cleavage of target 

(T) or non-target (NT) strand over time. The labeled strand and position of the mismatch are 

indicated above. Bands representing the uncleaved fractions are marked with “u”, whereas 

bands representing cleaved fractions are marked with “c”. Representative gels of at least three 

independent experiments are shown. B Graphs obtained by quantification of kinetic cleavage 

reactions shown in A. Target strand cleavage is represented by a red line and non-target strand 

cleavage by a blue line. Band intensity was determined by GelAnalyzer and the percentage of 

the DNA cleaved at designated time points was plotted against time. Error bars represent SD 

of at least three independent experiments. 

 

PAM-distal mismatches (positions 17-20) reduced cleavage rates in vitro (Figure 11B). 

This result is in agreement with reports showing that complementarity at the PAM-distal 

end of the target is important for cleavage (Cencic et al., 2014) and that mismatches 

at these positions impair conformational activation of the HNH domain, and by that 

inhibit cleavage (Dagdas et al., 2017). Taken together, these results show that 

complementarity between the crRNA and target DNA is essential in the PAM-proximal 

part of the target and that a certain amount of PAM-distal complementarity is also 

necessary for efficient cleavage.  

Cas9 tolerated mismatches at position 15 both in vitro and in vivo. Furthermore, 

cleavage was enhanced in the presence of a mismatch in this position (Figure 11B, 

Figure 12). This effect is not sequence-dependent since it was observed with different 

targets. Furthermore, S. mutans Cas9 (Figure 7B), S. thermophilus Cas9 (CRISPR 

locus 3) (Xu et al., 2015) and Staphylococcus aureus Cas9 (Tycko et al., 2018) were 

shown to tolerate a mismatch at target position 15, implying that this may be a common 

feature of type II-A Cas9 proteins. 
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4.1.3.  Determinants of specificity of S. pyogenes Cas9 
 

We next wanted to determine what influences Cas9 specificity on the protein level, in 

addition to the requirement for complementarity between the crRNA and target DNA. 

Moreover, we were interested in identifying S. pyogenes Cas9 residues and/or 

domains that are responsible for some of the effects observed during the seed 

sequence investigation. 

 

4.1.3.1 The influence of Cas9 amino acids from the RuvC domain on target cleavage 

 

The results of the cleavage assays on linear substrates have shown that mismatches 

in the middle of the target impair non-target strand cleavage by the RuvC domain 

(Figure 13). We hypothesized that these mismatches are sensed by Cas9 amino acids 

that transfer the information to the endonuclease domains, which in turn negatively 

affects cleavage. Because the HNH conformational activation is conveyed to the RuvC 

domain through two α-helices that connect them (Sternberg et al., 2015), the residues 

potentially sensing the mismatch could be located there. We examined the crystal 

structure (Nishimasu et al., 2014) and identified specific amino acids in the RuvC 

domain that are making contacts with the target strand nucleotides 10-14 and could be 

involved in mismatch sensing. To investigate this, I generated the following variants: 

Cas9_R765A, Cas9_R925A, Cas9_H930A and Cas9_Q933A, and tested them in 

kinetic cleavage assays on the wt substrate and substrates with mismatches at 

positions 10-14 (Figure 14).  

Cas9_R765A and Cas9_R925A cleaved the wt substrate and the tested mismatched 

substrates slower than Cas9_wt, but with k1obs similar to or higher than k2obs (Figure 
14A, B). This suggests that mutation of amino acids R765 and R925 decreases Cas9 

cleavage activity. Since the mismatches still impaired cleavage by one endonuclease 

domain, R765 and R925 are most probably not involved in mismatch sensing. In 

contrast, Cas9_H930A and Cas9_Q933A were cleaving the wt substrate faster than 

Cas9_wt, indicating that the cleavage was enhanced by mutation of the corresponding 

amino acids (Figure 14C, D). However, most of the tested mismatched substrates 

were also cleaved faster than by Cas9_wt and still with higher k1obs than k2obs. 
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Surprisingly, cleavage rates of Cas9_H930A on substrate T11A and Cas9_Q933A on 

substrate A12T are lower than of Cas9_wt, which could mean that removal of H930 

and Q933 increases the sensitivity to mismatches on positions 11 and 12, respectively. 

Nevertheless, these results need to be validated with a different target sequence to 

exclude any sequence-dependent effects. 

 

 

Figure 14. The influence of Cas9 amino acids from the RuvC domain on target cleavage. 
Cleavage rates of Cas9_R765A (A), Cas9_R925A (B), Cas9_H930A (C) and Cas9_Q933A 

(D) obtained by kinetic cleavage assays using 5 nM plasmid DNA (containing wt or mutated 

target site) and 10 nM Cas9 in complex with 20 nM tracrRNA:crRNA duplex. k1obs (dark blue) 

and k2obs (light blue) were calculated as described in Materials and Methods. Error bars 

represent SD of at least three independent experiments. 
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4.1.3.2  Q768 is involved in Cas9 sensitivity to PAM-distal mismatches 

 

The next question was, what mediates the hyperactivity of Cas9 in the presence of a 

mismatch in position 15. Q768 is a part of the RuvC II motif and is positioned between 

the RuvC and HNH domains, in proximity of the target DNA nucleotide 15. We 

hypothesized that a mismatch in position 15 perturbs the contact of Q768 with the 

target DNA and this affects the cleavage. To investigate whether Q768 mediates the 

cleavage enhancement in the presence of mismatch 15 (Figure 11B), we replaced this 

residue with alanine, glutamate or asparagine. The resulting Cas9 variants were tested 

for cleavage in vivo in the presence of wt and C15G sgRNA (Figure 15A) and their in 

vitro cleavage rates on the corresponding target substrates were determined (Figure 
15B). 

When Cas9_wt or Q768 mutants were expressed together with the wt sgRNA in our in 

vivo assays, bacterial survival was comparable, but in the presence of C15G sgRNA 

survival of the bacteria in which the mutants were expressed was higher than when 

Cas9_wt was expressed. In accordance to our hypothesis, this indicates that mutation 

of Q768 increases the sensitivity of Cas9 to a mismatch in position 15. In vitro cleavage 

rates of Cas9_Q768A and Cas9_Q768E on the wt and T15A substrate were either in 

the same range, or slower on the mismatched substrate, in agreement with the in vivo 

results. The cleavage rate k1obs of Cas9_Q768N was slightly faster on substrate T15A 

than on the wt substrate, but not as fast as seen with Cas9_wt. 

We reasoned that if Q768 has an effect on cleavage by Cas9, its mutation could also 

influence the overall sensitivity of Cas9 to PAM-distal mismatches. To test that, I 

performed bacterial survival assays by expressing individually Cas9_Q768A and 

Cas9_Q768E in the presence of mismatched sgRNAs (Figure 15C, D). Results 

indicate that the mutants are more sensitive to PAM-distal mismatches compared to 

Cas9_wt, namely in positions 13 and 15-18. In contrast, the mutants were less 

sensitive to PAM-proximal mismatches in positions 1-3, compared to Cas9_wt. I 

currently do not have an explanation for this result. In summary, these results show 

that Q768 mediates Cas9 tolerance to a mismatch at position 15 and implicate Q768 

in Cas9 insensitivity to PAM-distal mismatches.  
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Figure 15. Q768 is involved in Cas9 sensitivity to PAM-distal mismatches. A Bacterial 

survival shown as mean OD600 nm of induced versus suppressed expression of Cas9_wt, 

Cas9_Q768A, Cas9_Q768E and Cas9_Q768N, in the presence of wt or C15G sgRNA. Higher 

values indicate better bacterial survival and less cleavage by Cas9, whereas lower values 

indicate poor survival and more cleavage by Cas9. B In vitro cleavage rates of Cas9_wt, 

Cas9_Q768A, Cas9_Q768E and Cas9_Q768N on wt target and on target DNA having a 

mismatch at position 15, normalized to the cleavage rate of each protein on the wt substrate. 

Cleavage rates (k1obs in dark blue and k2obs in light blue) were calculated from at least three 

independent experiments as described in Materials and Methods. Error bars represent 

normalized SD. C-D Bacterial survival shown as mean OD600 nm of induced versus suppressed 

expression of Cas9_Q768A (C) and Cas9_Q768E (D), in the presence of wt and mismatched 

sgRNAs (labeled on y-axis). Bars colored in red are values obtained with mismatched sgRNAs 

that are not more than 1.5 times the value obtained with wt sgRNA and indicate that the protein 

is not sensitive to the mismatch. Bars colored in pink represent values obtained with 

mismatched sgRNAs that are higher than 1.5 times the value obtained with the wt sgRNA and 

suggest that the protein is sensitive to the mismatch. The dotted line at 0.95 marks the value 

obtained with dCas9 (catalytically inactive Cas9) that indicates no cleavage. Statistical analysis 

of at least five replicates was performed with Origin Software. Error bars represent SD. 

 

4.2 Arginine residues from the bridge helix influence Cas9 
sensitivity to mismatches 

 

As shown previously for Q768, specific Cas9 amino acids and/or domains can have 

an effect on the sensitivity of the protein to mismatches and consequently on its 

specificity. Considering this, we wanted to investigate which parts of Cas9 can sense 

the crRNA:target DNA complementarity in the PAM-adjacent part of the target and by 

that affect the protein’s sensitivity to mismatches. 

The bridge helix connects the recognition and nuclease lobes of Cas9 (Figure 4) and 

contains a cluster of arginine residues that are highly conserved (Chylinski et al., 2014; 

Nishimasu et al., 2014). The high conservation suggests that these residues have an 

important function. Namely, a study of F. novicida Cas9 demonstrated that R59A 

mutant (equivalent to R70A in S. pyogenes Cas9) is not able to bind tracrRNA and a 

small CRISPR-Cas-associated RNA (scaRNA) (Sampson et al., 2013). Arginine 

residues from the bridge helix of Cas9 from S. pyogenes (R63, R66, R69, R70, R71, 
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R74, R75 and R78) interact via single or multiple salt bridges with the phosphate 

backbone of the sgRNA (Nishimasu et al., 2014), and some arginines are making 

contacts in the specificity-determining seed region. The bridge helix was implicated in 

the initiation of R-loop formation and mutations of E60, R66, R70 and R74 reduced 

Cas9 cleavage activity (Nishimasu et al., 2014; Zeng et al., 2018).     

 

4.2.1.  Arginine residues from the bridge helix affect cleavage and binding 

of Cas9 
 

To investigate whether arginine residues from the bridge helix have an effect on target 

DNA cleavage and binding, we generated the Cas9 variants: Cas9_R63A, 

Cas9_R66A, Cas9_R69A, Cas9_R70A, Cas9_R71A, Cas9_R74A, Cas9_R75A and 

Cas9_R78A. We performed in vitro kinetic cleavage assays and EMSAs on the wt 

substrate and bacterial survival assays in the presence of the wt sgRNA (Figure 16). 

The results revealed two groups of arginine residues with respect to the effect of the 

mutation on cleavage or binding. 

First, Cas9_R63A, Cas9_R69A, Cas9_R71A, Cas9_R74A and Cas9_R78A have 

binding constants comparable to Cas9_wt, but their cleavage rates are slower than 

that of Cas9_wt. This implies that these residues are important for catalysis. Second, 

Cas9_R66A and Cas9_R70A have higher binding constants compared to Cas9_wt 

(Figure 16B), meaning that they have impaired DNA binding. Consequently, the 

cleavage rates of these mutants are also slower when compared to Cas9_wt. The 

results are in agreement with the fact that R66 and R70 make multiple contacts with 

the sgRNA phosphate backbone (Nishimasu et al., 2014). The cleavage rate and 

binding constant of Cas9_R75A are comparable to those of Cas9_wt, indicating that 

the mutation of this residue does not affect binding or cleavage of the wt target. 

Although a slower cleavage rate was observed for all arginine mutants compared to 

Cas9_wt, they were able to fully cleave the plasmid substrate after 1 hour (data not 

shown). In our in vivo assays, survival was enhanced only when Cas9_R66A, 

Cas9_R70A and Cas9_R74A were expressed, suggesting that their cleavage was 

impaired in vivo (Figure 16C). This result is in agreement with a previous study 
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showing that Cas9_R66A and Cas9_R74A have a reduced ability to induce indels in 

vivo, whereas Cas9_R70A did not have any detectable activity (Nishimasu et al., 

2014). In conclusion, we show that the bridge helix arginine residues influence target 

binding and cleavage by Cas9. 
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Figure 16. Arginine residues from the bridge helix affect cleavage and binding of Cas9. 
A Cleavage rates of Cas9_wt and arginine mutants obtained by kinetic cleavage assays using 

5 nM plasmid DNA (containing the wt target site) and 10 nM Cas9 in complex with 20 nM 

tracrRNA:crRNA duplex. k1obs (dark blue) and k2obs (light blue) were calculated as described 

in Materials and Methods from at least three independent experiments. B Binding constants 

derived from EMSAs of Cas9_wt and arginine mutants on 90 bp 5ʹ-32P labeled PCR product of 

the wt target site, determined from at least three independent experiments as described in 

Materials and Methods. Mutants with deficiency in binding (KD above the threshold i.e. 1.5 

times higher than the KD of Cas9_wt on the wt substrate, depicted by a dotted line) are marked 

in light blue. Error bars represent the SD. C Bacterial survival assay with Cas9_wt and arginine 

mutants (Cas9_R63A, Cas9_R66A, Cas9_R69A, Cas9_R70A, Cas9_R71A, Cas9_R74A, 

Cas9_R75A and Cas9_R78A) in the presence of wt sgRNA. Bars in pink indicate high survival 

in conditions of induced Cas9 expression meaning that the corresponding mutant is deficient 

in cleavage in vivo, whereas bars in red indicate low survival meaning that the corresponding 

mutant cleaves comparably to Cas9_wt. The dotted line at 0.95 indicates the value obtained 

with dCas9 that represents no cleavage. Statistical analysis of at least five replicates was 

performed with Origin Software. Error bars indicate SD. 

 

4.2.2.  Two groups of arginine residues with opposite effects on Cas9 

sensitivity to mismatches 
 

As previously mentioned, several arginine residues contact the sgRNA nucleotides 

corresponding to the seed region (Anders et al., 2014; Jiang et al., 2015, 2016; 

Nishimasu et al., 2014). In addition, we show that the arginine residues are important 

for target binding and cleavage by Cas9 (see 4.2.1.). We hypothesized that these 

residues could influence Cas9 sensitivity to mismatches in the PAM-proximal part of 

the target. To investigate that, we tested arginine mutants for cleavage and binding of 

substrates with mismatches in the target site in vitro (Figure 17, 18) and for cleavage 

of the rfp target in E. coli in the presence of mismatched sgRNAs (Figure 19). We 

identified two groups of arginine residues with opposite effects on Cas9 sensitivity to 

mismatches.  

The first group comprises Cas9_R69A, Cas9_R71A, Cas9_R74A and Cas9_R78A, 

which cleave the mismatched substrates with a similar cleavage rate or faster than the 
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wt substrate (Figure 17, 18). This result suggests that these arginine residues confer 

specificity to Cas9 and changing them makes the protein less sensitive to mismatches, 

i. e. decreases the specificity. For instance, Cas9_R78A tolerates a mismatch in 

position 4 in vivo, as seen by the similar survival rate in the presence of T4A sgRNA 

and the wt sgRNA (Figure 19), in contrast to Cas9_wt and the remaining arginine 

mutants, which are all highly sensitive to this mismatch. This implies that R78 is 

conferring specificity or acting as a mismatch-sensing residue on the target position 4 

and explains the loss of sensitivity to the mismatch if R78 is mutated. In accordance, 

R78 is contacting the sgRNA nucleotides that base pair to the target nucleotides three 

and four (Nishimasu et al., 2014). 

The second group comprises Cas9_R63A, Cas9_R66A and Cas9_R70A. The 

cleavage rates of these Cas9 variants on mismatched substrates are similar to or 

slower than on the wt substrate. This suggests that by mutating these residues, the 

protein becomes more sensitive to mismatches, meaning that the specificity is 

increased. The decreased cleavage rates of Cas9_R63A, Cas9_R66A and 

Cas9_R70A are probably due to impaired binding of several substrates containing a 

mismatch in the PAM-proximal part of the target (Figure 17B-D). The binding and 

cleavage of mismatched substrates by Cas9_R75A is comparable to Cas9_wt, so this 

variant was not further characterized.  
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Figure 17. Two groups of arginine residues with opposite effects on Cas9 sensitivity to 
mismatches. A Heat map obtained from cleavage rates of Cas9_wt and arginine mutants 

normalized to the wt substrate. Shades of blue (values below 1) indicate that the cleavage rate 

is slower compared to the wt substrate, whereas shades of grey (values above 1) indicate that 

the cleavage rate is faster. Substrate is indicated on the y-axis, Cas9_wt or an arginine mutant 

on the x-axis. B-D Binding constants of Cas9_R63A (B), Cas9_R66A (C) and Cas9_R70A (D) 

determined on wt and mismatched substrates from at least three independent experiments as 

described in Materials and Methods. Asterisks (*) indicate that due to poor binding it was not 

possible to accurately determine the KD. Error bars represent SD. 
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Figure 18. The influence of mismatches between the crRNA and target DNA on in vitro 
cleavage rates of Cas9 arginine mutants. Cleavage rates of Cas9_R63A (A), Cas_R66A 

(B), Cas9_R69A (C), Cas9_R70A (D), Cas9_R71A (E), Cas9_R74A (F), Cas9_R75A (G) and 

Cas9_R78A (H) normalized to the cleavage rate of the corresponding mutant on the wt 

substrate. Kinetic cleavage assays were done as described in Materials and Methods and the 

results shown in the graphs were the basis for the heat map in Figure 17. Cleavage rates were 

calculated as described in Materials and Methods. Cleavage rate k1obs is shown in dark blue 

and k2obs in light blue.  Error bars represent SD of at least three independent experiments. 
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Figure 19. The influence of mismatches between the sgRNA and target DNA on Cas9 
arginine mutants in vivo. Bacterial survival assay with Cas9_wt (A) and arginine mutants (B-
H), in the presence of wt and mismatched sgRNAs. Bars in red indicate that the mutant is not 

sensitive to the corresponding mismatch (survival is not more than 1.5 times higher than with 

the wt sgRNA); whereas bars in pink indicate that the mutant is sensitive to the mismatch 

(survival is more than 1.5 times higher than with the wt sgRNA). The dotted line at 0.95 marks 

the value obtained with dCas9 that represents no cleavage. Statistical analysis of at least five 

replicates was performed with Origin Software. Error bars represent SD. 

 

A kinetic model for the specificity of RNA-guided nucleases predicts that when the 

protein affinity for both on-target and off-target sequences is decreasing, specificity of 

the nuclease for the target increases. This means that changing the kinetic parameters 

of the reaction, more specifically increasing the dissociation constant and/or 

decreasing the cleavage rate, could increase the specificity of the RNA-guided 

nuclease (Bisaria et al., 2017). Our results show that Cas9_R66A and Cas9_R70A 

have binding defects and slower cleavage rate on both wt and mismatched substrates, 

whereas Cas9_R63A has a binding defect on substrates with a mismatch in position 7 

and 8, and slower cleavage rate on the mismatched substrates. Binding defect on 

substrate A6T is also observed with Cas9_wt (Figure 11A) meaning that it is not a 

consequence of arginine mutations. Out of the three Cas9 variants with enhanced 

specificity in vitro, Cas9_R70A was not cleaving the rfp target in our in vivo assay in E. 

coli (Figure 16C) and was previously shown to be unable to introduce indels in 

eukaryotic cells (Nishimasu et al., 2014), strongly suggesting that it is inactive in vivo. 

For that reason, we decided to further focus on the remaining two variants. 

To test if combinations of arginine mutations could further enhance Cas9 sensitivity to 

mismatches, we constructed five variants with double mutations, namely 

Cas9_RR63,66AA, Cas9_RR63,70AA, Cas9_RR63,75AA, Cas9_RR66,70AA and 

Cas9_RR66,75AA. These variants were tested for binding of the wt and mismatched 

substrates. As expected, all variants had impaired binding compared to Cas9_wt 

(Figure 20). Three variants (Cas9_RR63,66AA, Cas9_RR66,70AA, and 

Cas9_RR66,75AA) were binding only the wt substrate, indicating that they are not able 

to bind the target DNA in case it has a mismatch adjacent to the PAM. Kinetic cleavage 

assays on the wt target demonstrated that out of the three mutants, only 
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Cas9_RR63,66AA was active and fully cleaved the plasmid in vitro (data not shown), 

so I went on to determine its cleavage rates on mismatched substrates.  

 

 

Figure 20. Cas9 double arginine mutants have a binding impairment. Binding constants 

(KD) of Cas9_wt and double arginine mutants derived from EMSAs on 90 bp 5ʹ-32P labeled 

PCR product of the wt (fully complementary) target site and calculated as described in 

Materials and Methods from at least three independent experiments. Bars marked in light blue 

stand for a KD that is more than 1.5 of the KD of Cas9_wt (also marked by the dotted line) and 

represent binding impairment. 

 

The cleavage rate of Cas9_RR63,66AA on the wt substrate was around 10 times 

slower than the cleavage rate of Cas9_wt (Figure 21A). I compared the percentage of 

supercoiled plasmid DNA cleaved at the end of the reaction between Cas9_wt and 

Cas9_RR63,66AA (Figure 21B). Cas9_wt cleaved most of the substrate plasmids fully 

by the end of the reaction (indicated with 100% cleavage). In contrast, 

Cas9_RR63,66AA cleaved most of the plasmids mismatched in the PAM-adjacent part 

of the target only up to 50%, depending on the position of the mismatch. I did not see 

a difference between the two proteins in the amount of cleavage of plasmids with PAM-

distal mismatches. Presumably, the decrease in the amount of cleavage is due to poor 

binding (Figure 21C). We then tested the mutant in vivo with the wt sgRNA, but could 

not detect any cleavage, suggesting that the mutant is inactive in vivo (Figure 21D). 

Alternatively, it is possible that the cleavage is not detected due to the very slow 
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cleavage rate of the mutant, implying that the cleavage might not occur before the 

bacterial cell division and is thus not detected in our assay.  

 

 

Figure 21. Cas9_RR63,66AA has improved sensitivity to mismatches in vitro, but it is 
inactive in vivo. A In vitro cleavage rates of Cas9_wt and Cas9_RR63,66AA on the wt target 

obtained as described in Materials and Methods, showing that Cas9_RR63,66AA has a lower 

cleavage rate than Cas9_wt. B Percentage of supercoiled DNA cleaved after 90 min of the 

cleavage reaction by Cas9_wt (dark blue) and Cas9_RR63,66AA (light blue). Bars represent 

the average value of at least three independent experiments. Error bars represent SD. C 

Binding constants of Cas9_wt and Cas9_RR63,66AA on the wt target obtained as described 

in Materials and Methods, showing that Cas9_RR63,66AA has a higher binding constant. D 

Comparison of survival in conditions of expression of dCas9 (light pink), Cas9_RR63,66AA 

(pink) and Cas9_wt (red) in the presence of wt sgRNA. Similar survival for nuclease inactive 

dCas9 and Cas9_RR63,66AA shows that the mutant is also not cleaving in vivo.  
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4.2.3.  The effect of R63, R66 and R70 on R-loop stability 
 

We next wanted to investigate how the arginine residues influence Cas9 specificity. 

Our previous experiment (Bratovič, Fonfara et al., in revision), as well as another study 

(Zeng et al., 2018) indicated that these residues might be involved in R-loop initiation 

and/or formation. We hypothesised that R63, R66 and R70 may positively affect the 

R-loop stability in the presence of a mismatch, thus making the protein more tolerant 

to mismatches and therefore less specific. To investigate the effect of these residues 

on the protein sensitivity to mismatches, I performed binding assays on two different 

sets of substrates. 

The first set of substrates allowed full base pairing between the crRNA and target DNA 

strand, but contained mismatches between the target and non-target strand in order to 

form a bubble at the positions where R63, R66 or R70 contact the R-loop. The second 

set of substrates contained mismatches between the crRNA and target DNA at specific 

positions, and two further mismatches between the target and non-target DNA strands 

to facilitate the R-loop formation. I tested binding of Cas9_R63A, Cas9_R66A and 

Cas9_R70A on these substrates. The effect of these residues on the R-loop stability 

is described below. 

 

4.2.3.1 Arginine 63 decreases Cas9 specificity on position 8 by stabilizing the R-loop 

 

Cas9_R63A binds the wt substrate comparable to Cas9_wt, but has a binding defect 

on the substrate with a mismatch at position 8 (G8C) (Figure 22). This suggests that 

R63 stabilizes the R-loop in the presence of a mismatch on position 8. Therefore, when 

this residue is replaced by an alanine, binding is impaired due to the loss of the 

stabilizing effect. However, if the DNA substrate containing the G8C mismatch is 

opened at the next two positions (namely 9 and 10), Cas9_R63A can bind this 

substrate with the same affinity as the wt substrate. This shows that the negative effect 

of mutating R63 may be neutralized by opening the substrate and facilitating R-loop 

formation. These results show that R63 stabilizes the R-loop in the presence of a 

mismatch at position 8 and thereby lowers the sensitivity of Cas9 to this mismatch. 
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Figure 22. R63 decreases Cas9 sensitivity to the mismatch at position 8. Binding 

constants of Cas9_wt (dark blue) and Cas9_R63A (light blue) on the different substrates 

(indicated on the x-axis). PAM is marked in red and mismatches in the substrate by blue 

asterisks. Binding constants were determined as described previously, but with oligonucleotide 

substrates (see 3.5.2.) and from at least three independent experiments. Error bars represent 

the SD. 

 

4.2.3.2 Arginine 66 decreases Cas9 specificity in the presence of PAM-proximal 

mismatches by positively affecting R-loop stability 

 

Results of assays with Cas9_R66A (Figure 23) show that when the substrate is 

opened on positions 7 and 8, which is where R66 interacts with the RNA:DNA 

heteroduplex, Cas9_R66A binds as well as Cas9_wt binds the wt substrate. This 

suggests that R66 stabilizes the R-loop at positions 7 and 8, which explains why 

Cas9_R66A poorly binds the wt substrate. When R66 is replaced by an alanine, the 

stabilizing effect is no longer there, resulting in a binding defect. If the DNA is already 

opened, there is no need for additional stablization of the R-loop by R66, so the binding 

is no longer impaired. 
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The binding of Cas9_wt to the substrate mismatched at position 3 (A3T) is comparable 

to the binding on the fully complementary substrate. In contrast, Cas9_R66A has an 

impairment in binding this substrate (with a KD approximately two times higher). 

Nevertheless, the binding of Cas9_R66A on substrate A3T that is opened at the 

following positions 4 and 5 is comparable to binding of Cas9_wt on substrate A3T, 

indicating that the effect of the missing arginine is neutralized by opening the DNA. 

Importantly, this is not due to enhanced binding of Cas9_R66A to the opened substrate 

4_5 (not containing a mismatch), since the difference between binding of Cas9_R66A 

to substrates A3T and A3T 4_5 is greater than for the binding to the wt substrate and 

the opened substrate 4_5. 

I observed the same effect for substrates with mismatches along the PAM-proximal 

part of the target site, namely from position 3 to position 8 (Figure 23). Overall, these 

results indicate that R66 stabilizes the PAM-proximal region of the R-loop 

(corresponding to part of the seed) both in case of full complementarity between the 

crRNA and DNA, and in case of mismatches. By stabilizing the R-loop, R66 reduces 

the sensitivity of Cas9 to mismatches. 
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Figure 23. R66 decreases Cas9 sensitivity to mismatches by stabilizing the R-loop. 
Binding constants of Cas9_wt (dark blue) and Cas9_R66A (light blue) on the different 

substrates (indicated on the x-axis). PAM is marked in red and mismatches in the substrate by 

blue asterisks. Black asterisks indicate that due to very low binding affinity of the protein to the 

substrate it was not possible to determine the KD with confidence. Binding constants were 

determined as described previously from at least three independent experiments (see 3.5.2.). 

Error bars represent the SD. 

 

4.2.3.3 Arginine 70 does not affect R-loop stability 

 

In comparison to the wt protein, Cas9_R70A has a 2-fold higher binding affinity for the 

wt substrate. This effect is reversed on the substrate opened at positions 6 and 7, 

where R70 interacts with the RNA:DNA heteroduplex. However, Cas9_wt also shows 

a decreased binding constant for this substrate (Figure 24). I noted a similar trend in 

the presence of mismatches. This implies that the improved binding of Cas9_R70A to 

substrates with a mismatch and a bubble is only due to a generally enhanced binding 

of Cas9 to these substrates and suggests that R70 does not positively affect R-loop 

stability. The mechanism by which it contributes to the specificity is different from the 

one for R63 and R66, and requires further investigation. 
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Figure 24. R70 does not affect R-loop stability. Binding constants of Cas9_wt (dark blue) 

and Cas9_R70A (light blue) on the different substrates (indicated on the x-axis). PAM is 

marked in red and mismatches in the substrate by blue asterisks. Black asterisks indicate that 

due to very low binding affinity of the protein to the substrate it was not possible to determine 

the KD with confidence. Binding constants were determined as described previously (see 

3.5.2.) from at least three independent experiments. Error bars represent the SD. 

 

4.3 Combination of R63A or R66A with Q768A in Cas9 enhances 
sensitivity to mismatches 

 

Results presented in this thesis demonstrate that removal of the bridge helix amino 

acids R63, R66 and R70 increases the sensitivity of Cas9 to mismatches, with most 

pronounced effects in the PAM-proximal part of the target, while removal of the RuvC 

amino acid Q768 increases the sensitivity to PAM-distal mismatches. Thus, I was 

wondering if combining those mutations would have an additive effect on mismatch 

sensitivity. I generated mutants Cas9_R63A/Q768A, Cas9_R63A/Q768E, 

Cas9_R66A/Q768A and Cas9_R66A/Q768E, and tested them in the bacterial survival 

assay (Figure 25C-D, Figure 26). Only R63A and R66A mutations were chosen 

because Cas9_R70A was inactive in E. coli.  
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Figure 25. The influence of mismatches between the crRNA and target DNA on 
Cas9_R63A/Q768A and Cas9_R66A/Q768A. A-B In vitro cleavage rates k1obs (dark blue) 

and k2obs (light blue) of Cas9_R63A/Q768A (A) and Cas9_R66AQ768A (B) on wt and 

mismatched substrates, normalized to each protein’s cleavage rate on the wt substrate (dotted 

line). Cleavage rates were obtained by kinetic cleavage assays as described in Materials and 

Methods. Error bars represent the normalized SD of at least three independent experiments. 

C-D Bacterial survival assay with Cas9_R63A/Q768A (C) and Cas9_R66A/Q768A (D), in the 

presence of wt and mismatched sgRNAs. Bars colored in red are values obtained with 

mismatched sgRNAs that are not more than 1.5 times the value obtained with wt sgRNA and 

show that the protein is not sensitive to the mismatch. Bars colored in pink stand for values 

obtained with mismatched sgRNA that are more than 1.5 times the value obtained with wt 

sgRNA and show that the protein is sensitive to the mismatch. The dotted line at 0.95 indicates 

the value obtained with dCas9 that represents no cleavage. Statistical analysis of at least five 

replicates was performed with Origin Software. Error bars indicate SD. 

 

All four mutants were active when individually expressed in the presence of the wt 

sgRNA, Cas9_R63A/Q768A and Cas9_R63A/Q768E comparably to Cas9_wt, 
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whereas Cas9_R66A/Q768A and Cas9_R66A/Q768E had slightly decreased activity. 

In general, mutants where Q768 was replaced with glutamate showed less 

improvement in sensitivity to PAM-distal mismatches compared to Cas9_wt and a 

decrease in sensitivity to PAM-proximal mismatches at positions 1 and 2 (Figure 26).  

 

 

Figure 26. The influence of mismatches between the sgRNA and target DNA on 
Cas9_R63A/Q768E and Cas9_R66A/Q768E in E. coli. Bacterial survival assay with 

Cas9_R63A/Q768E (A) and Cas9_R66A/Q768E (B), in the presence of wt and mismatched 

sgRNAs. Bars in red indicate that the mutant is not sensitive to the corresponding mismatch 

(survival is not more than 1.5 times higher than with the wt sgRNA); whereas bars in pink 

indicate that the mutant is sensitive to the mismatch (survival is more than 1.5 times higher 

than with the wt sgRNA). The dotted line at 0.95 marks the value obtained with dCas9 that 

represents no cleavage. Statistical analysis of at least five replicates was performed with Origin 

Software. Error bars represent SD. 

 

As expected, Cas9_R63A/Q768A and Cas9_R66A/Q768A have enhanced sensitivity 

to PAM-distal mismatches in vivo. Cas9_R63A/Q768A has a cleavage impairment in 

the presence of C15G sgRNA, indicating that combining Q768A with R63A further 

enhanced the specificity at target position 15. In addition, this variant was highly 

sensitive to mismatches in positions 13, 16, 17 and 18 (Figure 25 A-B). I also 

determined the cleavage rates of the two variants on mismatched substrates (Figure 
25 C-D). Overall, cleavage rates of Cas9_R63A/Q768A and Cas9_R66A/Q768A on 

the mismatched substrates are lower than on the wt substrate, with the exception of 

T9A for Cas9_R66A/Q768A, and T19A and A20T for both mutants. Both mutants 
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displayed enhanced sensitivity to mismatches in the middle part of the target. Similar 

to Cas9_wt (Figure 11B), Cas9_R63A/Q768A cleaves one strand of the substrates 

with mismatches in positions 10-14 faster than the other, but contrary to Cas9_wt the 

rate k2obs is very slow and approaching the detection limit. This suggests that only one 

strand of these substrates is cleaved. Notably, cleavage rates of both mutants on 

substrate T15A are either slower (Cas9_R63A/Q768A) or in the same range as on the 

wt substrate (Cas9_R66A/Q768A).   

Finally, I compared the specificity of the two mutants with the specificity of Cas9_wt 

(Figure 27A). Cas9_R63A/Q768A showed enhanced specificity in the presence of 

mismatches in most positions of the target site (Figure 27B), whereas the effect is not 

as strong for Cas9_R66A/Q768A (Figure 27C), where the increase in specificity can 

be attributed to lower on-target activity (Figure 25D). In conclusion, these results 

suggest that Cas9_R63A/Q768A and Cas9_R66A/Q768A are sensitive to mismatches 

at nearly all target positions and provide a framework for future studies aiming to 

modulate and improve Cas9 specificity. 
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Figure 27. Combination of R63A or R66A with Q768A in Cas9 enhances sensitivity to 
mismatches. Specificity of Cas9_wt (A), Cas9_R63A/Q768A (B) and Cas9_R66A/Q768A (C) 

calculated as the ratio of survival in the presence of mismatched sgRNA versus survival in the 

presence of wt sgRNA (off-target/on-target) (based on the data of Supplementary Figure 10). 

Values below 1 (dotted line) indicate decreased specificity, whereas values above 1 indicate 

increased specificity. Error bars represent normalized SD of at least five replicates.  

 

4.4 The bridge helix arginine content might play a role in the 
improved sensitivity to mismatches of S. mutans Cas9 

 

Although the bridge helix is conserved within Cas9 proteins, some variation in the 

amino acid sequence properties still exists, including the amount of arginines. Results 

presented in this thesis show that arginine residues influence S. pyogenes Cas9 

sensitivity to mismatches. Taking this into account, we were wondering if this function 

of the bridge helix is analogous in other Cas9 proteins and if the arginine content could 
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also have an impact on their specificity. As previously described, S. mutans Cas9 (Smu 

Cas9 in the following text) exhibits a higher sensitivity to mismatches compared to S. 

pyogenes Cas9 (Figure 8), indicating that its specificity might be enhanced. Multiple 

sequence alignment of type II-A Cas9 proteins (Figure 28) revealed that S. mutans 

Cas9 contains two more arginine residues compared to S. pyogenes Cas9, namely 

R62 and R76. To investigate if these residues contribute to the enhanced specificity 

observed in vitro, I tested the mutants Smu Cas9_R62A, Smu Cas9_R76A and Smu 

Cas9_RR62,76AA for sensitivity to mismatches in plasmid cleavage assays.  

 

 

Figure 28. The highly conserved bridge helix of type II-A Cas9 proteins. Multiple sequence 

alignment of Cas9 amino acid sequences of Actinomyces coleocanis DSM 15436 (gi: 

227494853), Planococcus antarcticus DSM 14505 (gi: 389815359), Staphylococcus 

pseudintermedius ED99 (gi: 323463801), Coriobacterium glomerans PW2 (gi: 328956315), 

Acidaminococcus sp. D21 (gi: 227824983), Finegoldia magna ATCC 29328 (gi: 169823755), 

Veillonella atypica ACS-134-VCol7a (gi: 303229466), Eubacterium yurii ATCC 43715 (gi: 

306821691), Fusobacterium nucleatum ATCC 49256 (gi: 34762592), Filifactor alocis ATCC 

35896 (gi: 374307737), Solobacterium moorei F0204 (gi: 320528779), Coprococcus catus GD-

7 (gi: 291520706), Treponema denticola ATCC 35405 (gi: 42525843), Peptoniphilus duerdenii 

ATCC BAA-1640 (gi: 304438954), Lactobacillus rhamnosus GG (gi: 258509199), 

Fructobacillus fructosus KCTC 3544 (gi: 339625081), Bifidobacterium bifidum S17 (gi: 

310286728), Oenococcus kitaharae DSM 17330 (gi: 366983953), S. sanguinis SK49 (gi: 

422884107), S. thermophilus LMD-9 CRISPR 3 (gi: 116628213), S. mutans U159 (gi: 

24379809), S. pyogenes M1GAS (gi: 13622193), Catenibacterium mitsuokai DSM 15897 (gi: 

224543312) and Lactobacillus farciminis KCTC 3681 (gi: 336394882), created with MUSCLE 

(Edgar, 2004) and visualized by JalView (Waterhouse et al., 2009). Shown is only the 

N-terminus of the Cas9 proteins. Proteins investigated in this thesis are highlighted in shades 

of pink. 
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To make the comparison between Smu Cas9_wt and the mutants easier, I calculated 

the percentage of cleavage at the end of the reaction for all substrates. The wt 

substrate was fully cleaved by all the mutants, suggesting that the removal of R62 and 

R76 did not affect their ability to cleave even though the cleavage rate might be 

affected. The cleavage percentage of substrates with PAM-adjacent mismatches in 

positions 1-3, 5 and 7-9 was higher for the mutants than for Smu Cas9_wt (Figure 29), 

meaning that the mutants were cleaving the substrates better than Cas9_wt. These 

positions overlap with the seed sequence which suggests that the Smu Cas9_R62A, 

Smu Cas9_R76A and Smu Cas9_RR62,76AA are less sensitive to mismatches in the 

seed sequence and that R62 and R76 might contribute to enhanced specificity of this 

Cas9.  
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Figure 29. Cleavage percentage of Smu Cas9_wt and arginine mutants on wt and 
mutated plasmid substrates. Endpoint cleavage assays to access the seed sequence 

requirements of Smu Cas9_wt and R62A, R76A and RR62,76AA mutants were performed with 

5 nM plasmid DNA (containing wt or mismatched target site) and 25 nM Cas9 in complex with 

50 nM tracrRNA:crRNA duplex. Band intensity of supercoiled, open-circular and linear DNA 

was analyzed on ethidium bromide-stained agarose gels by densitometry. Percentage of 

cleavage represents the sum of open-circular and linear DNA present at the end of the 

reaction. Average cleavage percentage was obtained from at least three independent cleavage 

assays. Error bars represent SD. 
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5. Discussion 
 

CRISPR-Cas9 is widely used as a genome editing and modification tool in various cells 

and organisms, but off-target cleavage by Cas9 remains an issue. In this thesis, 

determinants of Cas9 specificity on the protein level as well as complementarity 

requirements between the crRNA and target DNA for several class 2 Cas nucleases 

were uncovered. Seed sequences of F. novicida Cas12a from the type V-A CRISPR-

Cas system and of Cas9 from S. pyogenes, S. mutans and S. thermophilus LMD-9 

(CRISPR locus 1) from the type II-A CRISPR-Cas system were characterized (see 

4.1), to identify inherent specificity of RNA-guided nucleases that are either currently 

used in genome editing and/or may serve as an alternative to Cas9 for this purpose. 

Furthermore, residues that influence S. pyogenes Cas9 sensitivity to mismatches as 

well as the mechanism of mismatch-sensing in the PAM-adjacent part of the target 

(see 4.2) were identified and this was applied to create mutants with enhanced 

specificity in vitro and in bacteria (see 4.3). 

Firstly, I determined that Cas12a from F. novicida needs an eight nucleotide PAM-

adjacent seed sequence for efficient cleavage of the DNA in vitro (Figure 6). Studies 

in vivo show that Cas12a proteins are highly specific and have an 18 nt long seed 

sequence (Kim et al., 2016a, 2016b; Kleinstiver et al., 2016a). It was recently 

demonstrated that Cas12a requires 17 base pairs between the crRNA and DNA for 

stable binding and cleavage (Jeon et al., 2018; Singh et al., 2018a), unlike S. pyogenes 

Cas9 that needs only 9-10 base pairs for stable binding (Singh et al., 2016). 

Additionally, R-loop formation is  reversible until most base pairs between the crRNA 

and target DNA are formed (Strohkendl et al., 2018). These could be the reasons for 

enhanced specificity of Cas12a in comparison to Cas9. Interestingly, Singh and 

colleagues (Singh et al., 2018a) noted that Cas9 and Cas12a coexist in many bacteria, 

which can then adjust their immunity to specific needs i.e. for a less or more specific 

protein, respectively. 

To identify Cas9 proteins that could be used as a more specific genome editing 

substitute for S. pyogenes Cas9, I went on to determine the seed sequences of other 

type II-A Cas9 proteins, starting from S. mutans Cas9 (see 4.1.2.1). S. mutans Cas9 

was not only sensitive to PAM-proximal but also to PAM-distal mismatches. 
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Interestingly, S. mutans Cas9 cleaves the target DNA sequentially, with the HNH 

domain cleaving the target strand before the non-target strand is cleaved by the RuvC 

domain. Sequential cleavage occurs both when there is full complementarity between 

the crRNA and the target DNA, and in the presence of most mismatches. Mismatches 

mostly affected the cleavage by one endonuclease domain of S. mutans Cas9. The 

cleavage specificity might be connected to the HNH domain and its conformational 

state, similar to the mechanism for sensing PAM-distal mismatches employed by S. 

pyogenes Cas9 (Dagdas et al., 2017). Nevertheless, it cannot be excluded that the 

RuvC domain is involved or that a completely different mechanism is taking place. The 

results also hint at the existence of a target proofreading mechanism that may occur 

before the cleavage of the second strand, but more experiments are necessary to 

confirm that. Finally, it is important to note that S. mutans and S. pyogenes Cas9 

cluster closely on the phylogenetic tree and both belong to the same subtype; still, 

differences in the sensitivity to mismatches and cleavage mechanism exist between 

the two. For instance, unlike S. mutans Cas9, S. pyogenes Cas9 cleaves both strands 

of the target DNA simultaneously. This shows that already within a subtype and 

between closely related proteins variations may occur. Another example is the recent 

discovery that Cas9 proteins from S. areus (type II-A), C. jejuni and N. meningitidis 

(type II-C) are able to specifically cleave single stranded RNA (Dugar et al., 2018; 

Rousseau et al., 2018; Strutt et al., 2018). Given the large diversity of Cas9 proteins 

(Chylinski et al., 2013; Fonfara et al., 2014), these results underline the importance of 

studying them.  

Next, I investigated S. thermophilus LMD-9 Cas9 (CRISPR locus 1) that displayed the 

shortest seed sequence of only nine nucleotides and was the most tolerant to 

mismatches out of the proteins investigated (see 4.1.2.2). Nevertheless, it was shown 

that S. thermophilus LMD-9 Cas9 proteins from both CRISPR loci (CRISPR1 and 

CRISPR3) have a lower level of off-target cleavage in human cells compared to S. 

pyogenes Cas9 (Müller et al., 2016). This is most probably due to the fact that both S. 

thermophilus Cas9 proteins have a different PAM requirement, namely they recognize 

a longer PAM (Deveau et al., 2008; Fonfara et al., 2014). However, my results showed 

that S. thermophilus Cas9 (CRISPR1) had a certain level of tolerance for single point 

mutations in the PAM and the second position of the PAM seemed to be dispensable 

for cleavage. This suggests a flexible PAM recognition mechanism by this protein, 

which might broaden the range of PAM sequences adjacent to the potential target site. 
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PAM recognition is the essential step for target recognition by Cas9 and targets with 

full complementarity to the crRNA but without a PAM are not interrogated (Sternberg 

et al., 2014). Since the S. thermophilus CRISPR1 PAM occurs at a much lesser 

frequency in the human genome than the NGG PAM for S. pyogenes Cas9 (Gasiunas 

and Siksnys, 2013), it is plausible to hypothesize that a requirement for a longer PAM 

may reduce the number of potential off-targets and that Cas9 orthologs recognizing a 

long PAM (more than 3 nucleotides) might be more specific genome editing 

alternatives to S. pyogenes Cas9. In agreement with this hypothesis, a study where in 

vivo genome editing was performed with Staphylococcus aureus Cas9 that recognizes 

NNGRRT PAM suggested that this protein has enhanced specificity (Ran et al., 2015).  

Finally, we investigated seed sequence requirements of S. pyogenes Cas9 (see 

4.1.2.3) that is the most commonly used Cas9 ortholog in genome editing. Both PAM-

adjacent and PAM-distal complementarity was important for efficient cleavage by S. 

pyogenes Cas9, whereas most mismatches in the middle of the target were tolerated. 

Depending on the position, mismatches affected target binding and/or cleavage. 

Target binding was negatively affected when single mismatches were present in target 

positions 1 and 2. Since these positions are the closest to the PAM, crRNA:DNA 

complementarity in this part of the target is essential for initiation of the R-loop 

formation and verification of the target, thus our results are in agreement with 

previously published studies (Mekler et al., 2017; Singh et al., 2016; Szczelkun et al., 

2014). If mismatches were introduced around the Cas9 cleavage site (in positions 3-

5), catalysis of the DNA double strand break by Cas9 was prevented or highly impaired. 

The reason for that could be that the conformational changes that bring the HNH 

domain close to the cleavage site are hindered or blocked due to the mismatch, by that 

trapping the HNH domain in an inactive state. This will also lead to impairment of the 

second catalytic motif, since it was previously shown that the cleavage by the RuvC 

domain is allosterically controlled by conformational changes of the HNH domain 

(Sternberg et al., 2015). If this would be the case, the mechanism would be analogous 

to the mechanism for sensing PAM-distal mismatches (Dagdas et al., 2017). 

Mismatches in the middle of the target impaired cleavage by the RuvC domain. The 

first cleavage rate (cleavage by the HNH domain) was only mildly affected, which can 

also be attributed to a slight binding deficiency on these substrates. Furthermore, we 

found that a certain level of PAM-distal complementarity is necessary for cleavage,  in 

accordance to other studies (Cencic et al., 2014; Dagdas et al., 2017). 
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We noted a few differences in the results between the in vitro and in vivo assays. These 

could be due to different setups as well as the parameters measured in the assays, 

namely the cleavage rates in vitro and survival in bacterial survival assays in vivo. 

While the cleavage rate is a kinetic parameter that does not provide information about 

the total amount of cleavage of the plasmid in vitro (at the end of the reaction), survival 

in the in vivo assays is an endpoint measurement. Additionally, in an in vitro assay the 

reaction components and environment are highly controlled, whereas this is not the 

case for an in vivo system like the survival assays, where a certain degree of biological 

variance exists and the amounts of the involved components are not known. This may 

also contribute to the observed differences. Furthermore, the difference in target 

sequences used in the in vitro (speM) and in vivo (rfp) assays may also explain the 

observed discrepancies, since the target sequence and the identity of the mismatch 

can influence the outcome of the mismatch (Künne et al., 2018; Xue et al., 2015) 

One interesting finding was the insensitivity of both S. pyogenes and S. mutans Cas9 

to a mismatch in position 15. This mismatch increased the cleavage rates and 

decreased survival in bacterial survival assays with S. pyogenes Cas9. Our hypothesis 

was that specific Cas9 residues are involved in mismatch-sensing and consequently 

could be responsible for such an effect. Glutamine 768 was identified as a residue that 

mediates enhancement of the cleavage rate in the presence of a mismatch in position 

15 (see 4.1.3.2). All tested mutations of Q768 (mutations to alanine, asparagine and 

glutamine) could abolish the effect. This indicates that the effect might be specifically 

mediated by this glutamine. Furthermore, removal of Q768 increased Cas9 sensitivity 

to PAM-distal mismatches. The biochemical mechanism for this is still obscure. The 

fact that the cleavage rate of the second DNA strand of Cas9_Q768A, Cas9_Q768E 

and Cas9_Q768N is slower than the cleavage rate of the first strand on substrate T15A 

could mean that Q768 mutations affect cleavage by one endonuclease domain. 

Nevertheless, additional experiments are needed to elucidate the mechanism. 

Inspection of multiple sequence alignments of type II-A Cas9 proteins revealed that 

Q768 is not conserved, which suggests, together with our results, that this residue 

might be a good candidate for random mutagenesis to further increase Cas9 mismatch 

sensitivity.  

We next wanted to investigate whether other Cas9 amino acids and/or domains might 

be involved in sensing of the mismatches (see 4.2). The conserved arginine residues 
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from the bridge helix contact the specificity-determining seed sequence, so we were 

interested in their role in the mismatch sensitivity of Cas9. We demonstrate that the 

arginine residues influence target DNA binding and cleavage, and can be divided into 

two groups accordingly. Amino acids R63, R69, R71, R74 and R78 are important for 

catalysis. Crystal structures of sgRNA- and target DNA-bound Cas9 show that R71 

and R78 contact the sgRNA nucleotides 18 and 17, which base pair to target 

nucleotides 3 and 4 that correspond to the position of the cleavage site (Anders et al., 

2014; Jiang et al., 2016; Jinek et al., 2012; Nishimasu et al., 2014). Therefore, the 

reduced cleavage rate in the absence of R71 and R78 may be due to the impaired 

initiation of R-loop formation. Decreased cleavage rate of Cas9_R69A supports a 

previous observation that interaction between R69 and stem loop 1 in the sgRNA is 

important for cleavage (Nishimasu et al., 2014). The second group comprises R66 and 

R70 that are important for target DNA binding. Each of these residues forms two salt 

bridges with the sgRNA phosphate backbone (Anders et al., 2014; Jiang et al., 2015, 

2016; Nishimasu et al., 2014). This can explain why mutation of R66 and R70 impairs 

target binding of Cas9. I also show that R66 has a general stabilizing effect on the R-

loop, which will be discussed later.  

Determination of the cleavage rates and binding constants of arginine mutants on 

mismatched substrates lead to the identification of two groups of arginine residues that 

either increase or decrease Cas9 specificity. The first group comprises R69, R71, R74 

and R78. When these residues are mutated, the specificity of Cas9 decreases. This 

indicates that R69, R71, R74 and R78 could serve as “checkpoint” residues that can 

sense the mismatch. Notably, R71, R74 and R78 contact the sgRNA seed nucleotides 

that base pair to target DNA nucleotides 3-5. As shown in this thesis and other studies 

(Jinek et al., 2012), a mismatch in these positions has a detrimental effect on cleavage. 

This part of the target is in the proximity of the PAM and is crucial for R-loop formation 

(Singh et al., 2016; Szczelkun et al., 2014). Crystal structure of the sgRNA-Cas9 

complex has shown that the insertion of a tyrosine residue (Y450) between sgRNA 

nucleotides 15 and 16 causes a non-uniformity in orientation of seed bases. 

Nucleotides of the sgRNA that base pair to first five nucleotides of the target DNA stay 

accessible for base pairing (Jiang et al., 2015). Since these sgRNA nucleotides are 

contacted by aforementioned arginine residues, this structural observation further 

supports that they serve as complementarity-checkpoints. 
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The second group comprises R63, R66 and R70. When these residues are mutated, 

the specificity of Cas9 increases. This suggests that R63, R66 and R70 make the 

protein more tolerant to mismatches. The mutant proteins Cas9_R63A, Cas9_R66A 

and Cas9_R70A had similar or slower cleavage rates on the mismatched substrates 

compared to the wt substrate. This is partially due to impaired binding of the mutants 

on several substrates containing PAM-proximal mismatches.  

A kinetic model for the specificity of RNA-guided nucleases (RGN) proposed by Bisaria 

and colleagues (Bisaria et al., 2017) states that the specificity is determined by the 

overall rate of the reaction which comprises three kinetic parameters: the rate with 

which the enzyme binds to the substrate (kon), the rate with which the enzyme 

dissociates from the substrate (koff) and the cleavage rate for the substrate (kcat). The 

ratio of these parameters for a matched (on-target) and a mismatched target (off-

target) determines the discrimination between the two. Furthermore, the authors 

propose two kinetic regimes for an RGN, depending on the values of the dissociation 

constant (koff/kon) and cleavage rate. When an enzyme binds to a substrate it forms a 

transient enzyme-substrate complex that can have two fates: the enzyme can 

dissociate from the substrate or the substrate can be converted to a product by 

catalysis (in the case of RGNs the substrate is cleaved). For either of those transitions 

to occur, a specific energetic barrier needs to be overcome, either koff for dissociation 

or kcat for cleavage. When the barrier for cleavage is higher than the barrier for 

dissociation, the enzyme is in the “rapid-equilibrium” mode and the rate-limiting step of 

the reaction is cleavage. In this mode both on-target and off-target DNA dissociate 

faster than they are cleaved by that providing more time to the enzyme to equilibrate 

its binding. This results in thermodynamic preference for binding and cleaving on-target 

DNA. Conversely, when the energetic barrier for dissociation of the enzyme from the 

target is higher than then the barrier for cleavage, when the enzyme binds the substrate 

this substrate will always be cleaved. This mode is called “sticky”. As a consequence, 

there will be no discrimination between the on-target and off-target DNA (Bisaria et al., 

2017). Studies with Cas9 suggest that the cleavage rate is much faster than the 

estimated time to dissociate from targets with perfect complementarity, suggesting that 

Cas9 is in the “sticky” mode (Bisaria et al., 2017; Gong et al., 2018). 

To increase the discrimination between the on-targets and off-targets, kinetic 

parameters of the reaction can be changed so that the enzyme works in the “rapid-
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equilibrium” mode, meaning that the rate-limiting step of the reaction is shifted from 

binding to cleavage. This can be achieved by increasing the dissociation constant (i.e.  

by decreasing the binding affinity) and/or by decreasing the cleavage rate (Figure 30). 

Cas9_R63A had a slower cleavage rate on mismatched substrates and increased 

binding constant in the presence of mismatches in positions 6, 7 and 8. Cas9_R66A 

and Cas9_R70A had an increased binding constants to all substrates with 

PAM-adjacent mismatches and consequently also slower cleavage rates. These 

results suggest that by mutating the mentioned arginine residues Cas9 switches from 

the “sticky” into the “rapid-equilibrium” mode and this is most probably the basis for 

enhanced specificity seen for Cas9_R63A, Cas9_R66A and Cas9_R70A. 
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Figure 30. Two strategies to increase Cas9 specificity (according to (Bisaria et al., 
2017)). The free energy diagrams for Cas9 in the “sticky” mode (black) and in the “rapid-

equilibrium” mode (grey) are shown. A schematic of the cleavage reaction by Cas9 is depicted 

below. In the “sticky” mode, the energetic barrier for binding the target DNA is higher than the 

one for cleavage, meaning that every target which is bound will also eventually be cleaved. By 

modulating the reaction parameters, namely increasing koff (left diagram) and decreasing kcat 

(right diagram), the enzyme can be shifted into the “rapid-equilbrium” mode, where the rate-

limiting step of the reaction is binding (red dotted lines). This gives the enzyme more time to 

adjust its binding and results in discrimination between on- and off-targets.  

It has to be taken into account that enhancement of specificity by modulation of kinetic 

reaction parameters may come with a disadvantage, namely on-target activity can also 

be reduced. For instance, double mutation of R63 and R66 resulted in a highly specific 

protein in vitro that did not bind any substrate containing a mismatch. Even though 

Cas9_RR63,66AA was cleaving the wt substrate approximately 10 times slower than 

Cas9_wt, it was still able to fully cleave the substrate. When mismatches were present 

though, especially in the PAM-adjacent part of the target, the double mutant cleaved 

those substrates only up to 50%. Unfortunately, Cas9_RR63,66AA was not active in 

the bacterial survival assay in vivo. The reason for this result can be that due to the 

slow cleavage rate of Cas9_RR63,66AA, the plasmid cannot be cleaved in vivo before 

the division of the bacterial cell occurs. Therefore, we cannot predict whether the same 

would also be observed in eukaryotic cells in the context of genome editing. Still, the 

decrease in on-target activity that sometimes comes with increased specificity may not 

pose a problem in applications where high precision of cleavage by Cas9 is prioritized 

against efficiency. Nonetheless, low level of on-target cleavage would require 

substantial screening for clones where the editing occurred. Depending on the specific 

usage, one could choose whether to prioritize precision or efficiency. 

This trade-off between specificity and efficiency is important in the context of the 

natural function of Cas9 as part of bacterial adaptive immunity. During phage infection, 

Cas9 needs to be partially tolerant to mismatches to be able to cleave viral escape 

mutants (Datsenko et al., 2012; Fineran et al., 2014). As a consequence, a highly 

specific enzyme that would be sensitive to all mismatches was not selected for during 

evolution. This might explain the existence of the two arginine groups that we have 
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identified, the first group that acts as complementarity checkpoint and increases the 

specificity, and the second group that makes the protein more flexible in the presence 

of mismatches and decreases the specificity.  

We have shown that mutations of R63, R66 and R70 increase Cas9 sensitivity to 

mismatches by modulation of kinetic reaction parameters. Next, I identified the 

mechanism by which R63, R66 and R70 influence Cas9 sensitivity to mismatches (see 

4.2.3). Binding assays on a series of opened substrates containing a mismatch showed 

that R63 stabilizes the R-loop in the presence of a mismatch in target position 8. 

Cas9_R63A has a binding impairment in the presence of the mismatch G8C. Opening 

of the substrate right after the mismatch reduced the binding constant i.e. Cas9_R63A 

was able to bind that substrate with a KD similar to that of the wt substrate. This 

indicates that R63 reduces Cas9 specificity by stabilizing the R-loop in the presence of 

target mismatch in position 8. I obtained similar results with R66, but the stabilizing 

effect is observed throughout a large part of the seed sequence, namely from position 

3 to position 8. This suggests that R66 is essential for R-loop stabilization in the PAM-

adjacent part of the target and explains the binding defect when this residue is 

removed. Furthermore, the stabilizing effect could be due to the electrostatic 

interaction of the positive charge of the arginine side-chain and negatively charged 

phosphate backbone of the sgRNA. Also, we determined that R63 is necessary for 

catalysis (see above), since its exchange to alanine negatively affected the cleavage 

rate on the wt substrate. The importance of R63 for catalysis can be partially explained 

by the stabilizing effect it has on the R-loop that may be important for or contribute to 

catalysis. Results with Cas9_R70A indicated that R70 does not have a stabilizing effect 

on the R-loop, meaning that the mechanism by which it contributes to the specificity is 

different and still needs to be uncovered. 

The mutations R63A and R66A increased Cas9 sensitivity to PAM-proximal 

mismatches, whereas mutation Q768A increased Cas9 sensitivity to PAM-distal 

mismatches. Therefore, I combined those mutations and tested the influence of 

mismatches on cleavage by resulting mutants, namely Cas9_R63A/Q768A and 

Cas9_R66A/Q768A (see 4.3). The results show that both mutants had increased 

sensitivity to mismatches in most positions of the target sequence in vitro and in 

bacteria. Cas9_R63A/Q768A did not tolerate a mismatch in position 15 in vivo, which 

further supports that Q768 mediates the insensitivity to the later. Compared to 
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Cas9_wt, Cas9_R63A/Q768A showed enhanced specificity for most positions of the 

target sequence. 

In this thesis, I showed that the bridge helix of Cas9 influences the sensitivity of the 

protein to mismatches. The bridge helix is conserved, but there is still some variation 

in the arginine content among type II Cas9 proteins. S. mutans Cas9 that showed high 

specificity in vitro has two additional arginine residues compared to S. pyogenes Cas9, 

namely R62 and R76. Mutation of these two residues decreased the sensitivity to 

several PAM-proximal mismatches when compared to Smu Cas9_wt (see 4.4). Even 

though the difference between the mutants and the wt protein is not striking, it cannot 

be excluded that the two additional arginines contribute to enhanced specificity of the 

protein seen in the in vitro cleavage assays. The bridge helix of S. thermophilus Cas9 

(CRISPR1) that did not show high sensitivity to mismatches differs substantially from 

S. pyogenes Cas9 with regard to the arginine content. Taking into account that two 

groups of arginines differently influence Cas9 specificity, it is possible that the arginine 

content may be used to predict the inherent specificity of Cas9 orthologs, but additional 

studies will be needed to validate this hypothesis. 

Off-target cleavage by Cas9 remains one of the major obstacles for genome editing 

applications, especially therapeutics. To increase the fidelity of cleavage by Cas9, a 

number of Cas9 variants with improved specificity was designed (see Table 1), but the 

biochemical mechanism of specificity enhancement is known for only a few. Namely, 

three of the improved variants (Chen et al., 2017; Kleinstiver et al., 2016b; Slaymaker 

et al., 2016) contain mutations that increase the energetic barrier for transition of the 

HNH domain to the cleavage-competent state and consequently block this transition 

in the presence of PAM-distal mismatches (Chen et al., 2017). A recent single-

molecule study showed that SpCas9-HF1 (Kleinstiver et al., 2016b) requires one 

additional base pair between the crRNA and target DNA for stable binding, compared 

to Cas9_wt. Variants eSpCas9 (Slaymaker et al., 2016) and SpCas9-HF1 were more 

sensitive to PAM-distal mismatches than Cas9_wt because DNA unwinding was 

slower in the presence of these mismatches, which made the cleavage slower. In 

agreement with results presented in this thesis for arginine mutants and RQ mutants, 

cleavage rates of eSpCas9 and SpCas9-HF1 on the fully complementary target or 

targets with PAM-distal mismatches were slower than of Cas9_wt. Additionally, these 
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two enhanced specificity variants were more sensitive to binding of targets with 

PAM-adjacent mismatches in comparison to the wt protein (Singh et al., 2018b).  

Our results provide experimental confirmation of the kinetic model for specificity of 

RNA-guided nucleases proposed by Bisaria and colleagues (Bisaria et al., 2017). We 

demonstrate that modulation of kinetic parameters of the reaction can be used to 

increase Cas9 specificity by switching the enzyme into the “rapid-equilibrium” mode. 

Additionally, we combined this approach with structure-guided mutagenesis to 

generate Cas9 mutants that exhibited enhanced specificity for most positions of the 

target in vitro and in bacteria. This shows that combining different strategies to improve 

Cas9 specificity might be useful and provides a basis for future studies aiming to 

generate a highly specific protein. 
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6. Conclusions 
 

CRISPR-Cas9 technology is becoming a method of choice for different genome editing 

applications. In spite of the recent improvements and development of enhanced 

specificity Cas9 variants, off-targeting remains a major obstacle, especially for 

therapeutic purposes. Therefore, determining the parameters that influence Cas9 

specificity is of high priority. Furthermore, characterization of Cas9 proteins from 

different bacterial species as well as other class 2 nucleases is needed to provide 

alternatives to the most commonly used S. pyogenes Cas9. In this thesis, we 

investigated seed sequence requirements of several RNA-guided nucleases, i.e. F. 

novicida Cas12a and three Cas9 orthologs, and identified S. pyogenes Cas9 amino 

acids that influence the sensitivity to mismatches between the crRNA and target DNA. 

Furthermore, we elucidated the mechanism of mismatch-sensing in the PAM-adjacent 

part of the target and applied this knowledge to design Cas9 mutants that showed 

improved specificity in vitro and in bacteria. The conclusions of this thesis are 

summarized as following: 

• F. novicida Cas12a has an eight nucleotide long PAM-proximal seed sequence 

that is necessary for efficient cleavage. This protein is also sensitive to 

PAM-distal mismatches at the last four positions of the target. 

• S. mutans Cas9 is sensitive to mismatches throughout the target DNA. In 

contrast to S. pyogenes Cas9, S. mutans Cas9 cleaves the DNA sequentially. 

Mismatches reduced the rate of the first strand cleavage, whereas the rate of 

the second strand cleavage was only slightly affected. The presented results 

indicate that S. mutans Cas9 might be a more specific alternative to S. 

pyogenes Cas9, but additional experiments are needed to prove this. 

• S. thermophilus LMD-9 Cas9 (CRISPR locus 1) has a non-continuous seed 

sequence of nine PAM-proximal nucleotides and is not sensitive to PAM-distal 

mismatches. Mutational analysis of the PAM requirements showed that the 

second nucleotide of the PAM is dispensable for cleavage and single point 

mutations in the PAM still support cleavage.  

• Mismatches between the crRNA and target DNA negatively affect binding 

and/or cleavage by S. pyogenes Cas9. Complementarity at the first two 

PAM-adjacent positions of the target DNA is essential for binding, whereas 
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target positions 3-5 are important for catalysis. Mismatches in the middle of the 

target negatively affected cleavage by the RuvC domain. PAM-distal 

complementarity was also necessary for efficient cleavage. S. pyogenes Cas9 

tolerated a mismatch in position 15 in vitro and in bacteria, and the mismatch 

enhanced the in vitro cleavage rate. 

• Glutamine 768 mediates S. pyogenes Cas9 tolerance to a mismatch in position 

15. Removal of this residue increases the sensitivity of Cas9 to this mismatch. 

Additionally, Q768 is involved in Cas9 insensitivity to PAM-distal mismatches. 

Cas9_Q768A and Cas9_Q768E variants are more sensitive to PAM-distal 

mismatches compared to Cas9_wt. 

• Arginine residues from the bridge helix comprise two groups; R63, R69, R71, 

R74 and R78 are important for catalysis, whereas R66 and R70 are important 

for target binding. 

• Bridge helix arginines comprise two groups with opposite effects on Cas9 

sensitivity to mismatches in the PAM-proximal part of the target. R69, R71, R74 

and R78 confer specificity to Cas9 and mutation of these residues makes the 

protein less sensitive to mismatches. R63, R66 and R70 make the protein less 

sensitive to mismatches and mutation of these residues increases Cas9 

specificity. 

• We provided experimental confirmation of the theory proposed by (Bisaria et al., 

2017), which stated that by modulating kinetic parameters of the reaction 

specificity of an RNA-guided nuclease like Cas9 can be increased. Mutations 

R63A, R66A and R70A increased the dissociation constant and decreased the 

cleavage rates on several mismatched substrates by that increasing the 

discrimination between the on-target (wt) and off-target (mismatched) substrate. 

• Enhancement in specificity can be accompanied by decreased on-target activity 

of a Cas9 variant, for instance, Cas9_RR63,66AA that showed increased 

sensitivity to PAM-proximal mismatches in vitro was inactive in bacteria. 

• R63 and R66 positively affect the R-loop stability in the presence of mismatches, 

thus reducing Cas9 specificity. R70 does not affect R-loop stability and the 

mechanism by which it influences the specificity is unknown. 

• Cas9_R63A/Q768A and Cas9_R66A/Q768A are sensitive to mismatches at 

most positions of the target in vitro and in bacteria. This result shows that 

combining arginine mutations and Q768A mutation results in Cas9 variants with 
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enhanced specificity, and provides a basis for future studies with the aim of 

further improving Cas9 specificity. 

• The content of arginine residues in the bridge helix is potentially linked to the 

specificity of other Cas9 proteins, for example R62 and R76 might contribute to 

improved specificity of S. mutans Cas9. 
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