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ABSTRACT 

 
Mechanisms and applications of DNA-targeting CRISPR interference proteins 

 
by 
 

Janice Sha Chen 
 

Doctor of Philosophy in Molecular and Cell Biology 
University of California, Berkeley 

 
Professor Jennifer A. Doudna, Chair 

 
The ongoing battle between bacteria and phage has influenced the evolution of 

complex defense pathways. In bacteria and archaea, clustered regularly interspaced 
short palindromic repeats (CRISPR) and their CRISPR-associated (Cas) proteins form 
the basis for RNA-guided adaptive immunity and antiviral defense. The most streamlined 
CRISPR systems contain the class 2 interference cas genes, which encode a single 
polypeptide capable of executing all the functions of target search and destruction. This 
work describes the mechanisms of target recognition and cutting by the class 2 DNA-
targeting nucleases, Cas9 and Cas12a (formerly Cpf1), with an emphasis on their 
biotechnological applications. 
 

The ability to program Cas9 or Cas12a to target and cut any DNA sequence by 
simply changing its guide RNA sequence has revolutionized genome editing. Although 
Cas9 and Cas12a are both RNA-guided DNA endonucleases, these proteins have little 
sequence or structural similarity, and several functional differences highlight the 
evolutionary diversification of CRISPR interference proteins. In particular, Cas9 contains 
two nuclease domains called HNH and RuvC that cut each strand of the dsDNA substrate 
to generate a blunt end. The finding that Cas9 undergoes multiple conformational states 
in the steps leading up to DNA cleavage underscored the importance of conformational 
control. Using biochemical and single-molecule approaches, we describe a 
conformational checkpoint that governs activation of Cas9 and uncover a region within 
the protein responsible for sensing target mismatches that can be further engineered to 
enhance cleavage fidelity.  
 

Unlike Cas9, Cas12a cuts dsDNA with a single RuvC nuclease domain, leaving a 
staggered end. We find that the RuvC is active only on single-stranded DNA (ssDNA), 
highlighting the requirement for dsDNA unwinding to facilitate cutting of both strands of 
the dsDNA substrate. Furthermore, we reveal that once Cas12a binds to a 
complementary ss- or dsDNA sequence, the RuvC nuclease non-specifically degrades 
any ssDNA molecule in trans. In the presence of a reporter molecule, this trans-cleavage 
activity by Cas12a is repurposed as a versatile DNA detection tool and has attomolar 
sensitivity when coupled with isothermal amplification. Together, the mechanistic 
framework of Cas9 and Cas12a provides a foundation for engineering fidelity and 
developing novel DNA detection technologies.
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Chapter 1 
 
 
 
 
 
 
 
 
 
 
 

Introduction to CRISPR–Cas systems 
and class 2 interference proteins 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Part of the work presented in this chapter has previously been published in the following 
review article: Chen, J.S., Doudna, J.A. (2017). The chemistry of Cas9 and its CRISPR 
colleagues. Nature Reviews Chemistry. doi:10.1038/s41570-017-0078.
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1.1 Abstract 
 

RNA-guided binding and cleavage of nucleic acids by CRISPR–Cas systems is a 
defining feature of bacterial and archaeal adaptive immunity against viruses and 
plasmids. As a result of their programmable ability to cut specific DNA and RNA 
sequences, Cas9 and related single-subunit effector proteins from CRISPR–Cas systems 
have been widely adopted for research and therapeutic genome engineering applications. 
Here, we discuss the chemistry of macromolecules involved in the multistep interference 
pathway used by CRISPR–Cas systems that mediate accurate nucleic acid target 
recognition and cutting. Although we mainly focus on DNA interference by Cas9, we 
briefly explore nucleic acid targeting by the single-effector proteins Cas12 and Cas13 to 
emphasize the conserved themes of precision DNA and RNA cleavage within class 2 
CRISPR–Cas systems. We further highlight the unique mechanisms of surveillance 
complex formation, substrate recognition and target cleavage in molecular detail across 
diverse single-subunit CRISPR–Cas interference proteins. 
 
 
1.2 Introduction 
 

CRISPR–Cas systems involve complex RNA-guided adaptive immune pathways 
in bacteria and archaea to combat infection by mobile genetic elements (MGEs) 
(Makarova et al., 2015; Sorek et al., 2008; van der Oost et al., 2014). Immunological 
memory begins with the acquisition of foreign DNA sequences derived from invading 
bacteriophages or plasmids (Barrangou et al., 2007; Bolotin et al., 2005; Mojica et al., 
2005; Pourcel et al., 2005), known as protospacers, the selection of which requires a 
protospacer adjacent motif sequence (PAM sequence). These protospacers are 
integrated into the leader proximal end of a host CRISPR array (Arslan et al., 2014; Nunez 
et al., 2015), which yields new spacers that are flanked by ~20–50 base pair (bp) direct 
repeats (Jansen et al., 2002; Kunin et al., 2007). Transcription of the CRISPR array 
generates a non-coding RNA transcript — the ‘precursor CRISPR RNA’ (pre-crRNA) — 
which is further processed by specific Cas proteins or host factors to produce short mature 
crRNAs that contain a single spacer and at least one repeat (Brouns et al., 2008; Carte 
et al., 2008; Deltcheva et al., 2011; Gesner et al., 2011; Hochstrasser and Doudna, 2015). 
Finally, assembly of the mature crRNA with the single-effector Cas protein or multiple Cas 
subunits forms a surveillance ribonucleoprotein (RNP) complex. This RNP complex 
recognizes foreign nucleic acids containing a PAM sequence and destroys sequences 
complementary to the spacer segment of the crRNA through endonucleolytic cleavage by 
Cas nucleases (Garneau et al., 2010; Gasiunas et al., 2012; Marraffini and Sontheimer, 
2010; Wiedenheft et al., 2012) (Fig. 1.1).  

 
The programmable, RNA-guided DNA-targeting and RNA-targeting functions of 

CRISPR–Cas systems have been repurposed for genome- and transcriptome- 
engineering applications (Cong et al., 2013; Gilbert et al., 2014; Jinek et al., 2012; Jinek 
et al., 2013; Larson et al., 2013; Mali et al., 2013c; O'Connell et al., 2014; Rath et al., 
2015), which has led to extensive study and interest in CRISPR–Cas biology and enzyme 
mechanisms. In particular, the facile ability to direct the widely used Cas9 protein to any 
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sequence of interest by manipulating its guide RNA has inspired a genome-editing 
revolution (Barrangou and Horvath, 2017; Doudna and Charpentier, 2014; Fellmann et 
al., 2017; Hsu et al., 2014; Mali et al., 2013b; Sander and Joung, 2014). Recent efforts in 
mining bacterial and archaeal genomes for single-effector proteins have uncovered rare 
and divergent CRISPR–Cas systems, which offer new RNA-guided endonucleases with 
functional diversity (Burstein et al., 2017; Shmakov et al., 2015; Shmakov et al., 2017). 
To fully use the nucleic acid-targeting capabilities of Cas9 and additional class 2 effector 
Cas proteins, biochemical and structural studies have guided our understanding of the 
molecular mechanisms underpinning target search and destruction.  

 
Here, we briefly introduce the evolutionary relationships between Cas9 and other 

single-effector proteins of class 2 CRISPR–Cas systems and we detail the multistep 
mechanisms for RNP complex formation, substrate recognition and endonucleolytic 
cleavage. Although the Cas9 interference pathway is emphasized, we highlight the 
mechanistic similarities and differences in target recognition and cleavage across the 
evolutionarily distinct class 2 single-effector proteins. 
 
 

 
Figure 1.1 | Overview of CRISPR–Cas adaptive immunity and interference genes from class 2 
systems. CRISPR–Cas immunity is encoded in the host genome at loci comprising the CRISPR array and 
neighbouring cas genes. During infection, adaptation machinery acquires ‘protospacers’ from the invading 
genetic element (for example, a bacteriophage) and integrates them into the leader end of the CRISPR 
array to encode immunological memory. Transcription of the CRISPR array generates a precursor CRISPR 
RNA (pre-crRNA) transcript, which is further processed by specific Cas proteins or host factors into mature 
crRNAs containing the unique protospacer sequence (S1–3; red, yellow and purple, respectively). 
Assembly of interference Cas proteins with crRNAs forms the ribonucleoprotein (RNP) surveillance 
complex, which scans invading nucleic acids and targets foreign complementary sequences for 
degradation. In class 2 CRISPR–Cas systems, the interference module comprises a type II (Cas9), type V 
(Cas12a, Cas12b, Cas12c, Cas12d and Cas12e) or type VI (Cas13a, Cas13b and Cas13c) single-effector 
protein encoded by the cas operon. HEPN, higher eukaryotes and prokaryotes nucleotide-binding RNase 
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domain; HNH, histidine–asparagine–histidine nuclease domain; R, direct repeat; RuvC, RNase H-like fold 
nuclease domain. 
 
 
1.3 CRISPR–Cas systems 
 

The ongoing competition between interference by CRISPR–Cas systems and 
infection by MGEs has triggered the rapid evolution and extensive diversification of 
CRISPR loci and Cas proteins (Koonin and Makarova, 2013; Stern and Sorek, 2011). 
Although CRISPR–Cas systems are functionally modular, the selective pressures 
inflicted by invading genetic elements have led to the emergence of different Cas proteins 
that carry out both specialized and combined roles in spacer acquisition, crRNA 
biogenesis, DNA and RNA interference, and ancillary functions (Makarova et al., 2015). 
These ancillary functions include the putative role for the 5ʹ to 3ʹ exonuclease activity of 
Cas4 during protospacer selection (Zhang et al., 2012a), the possible involvement of 
Csn2 in chromosomal protection during spacer integration (Arslan et al., 2013; Nam et 
al., 2011) and a novel role for Cas10 in the synthesis of cyclic oligonucleotides to 
allosterically activate Csm6 ribonuclease activity (Kazlauskiene et al., 2017; Niewoehner 
et al., 2017). In this section, we briefly discuss the two major classes of CRISPR–Cas 
systems to introduce the evolutionary relationships of genes encoding the interference 
module. For a detailed overview of CRISPR–Cas classification, we recommend several 
comprehensive reviews (Koonin et al., 2017; Makarova et al., 2015; Mohanraju et al., 
2016; Shmakov et al., 2017). 
 
 
1.3.1 Class 1 CRISPR–Cas systems 
 

Class 1 CRISPR–Cas systems comprise the multisubunit crRNA–effector 
complexes that are required for target interference and are further classified into types I, 
III and IV on the basis of the presence of signature cas genes (Makarova et al., 2015). 
Type I systems are characterized by Cas3, which has dual nuclease and helicase activity 
and is recruited by the multiprotein complex Cascade (CRISPR-associated complex for 
antiviral defence) for DNA target degradation (Sinkunas et al., 2011). Type III systems 
include the large subunit Cas10, which is required for Csm (subtype III-A) and Cmr 
(subtype III-B) assembly and degradation of both RNA and transcriptionally active DNA 
(Liu et al., 2017d; Samai et al., 2015; Tamulaitis et al., 2017). Finally, the putative type IV 
systems contain the uncharacterized gene csf1, which encodes a large subunit that is 
related to the Cas8 protein in Cascade (Makarova et al., 2015). On the basis of the 
available genomic data, type I and III systems seem to be distantly related and account 
for ~50% and ~25% of all known CRISPR loci in bacteria and archaea, respectively 
(Makarova et al., 2011; Makarova et al., 2015; Makarova et al., 2013). 
 
 
1.3.2 Class 2 CRISPR–Cas systems 
 
Class 2 CRISPR–Cas systems are characterized by RNA-guided effector complexes that 
require only a single multidomain protein for interference (Makarova et al., 2015). The 



 5 

most comprehensively studied example in this class is type II, which is characterized by 
the signature gene cas9 (Chylinski et al., 2014). Cas9 is capable of programmable RNA-
guided DNA interference without the need for additional proteins (Jinek et al., 2012), a 
property that has been used to repurpose Cas9 for genome editing. This finding has since 
attracted intensive investigation into its function and mechanism using biochemical 
reconstitution and in cellular contexts (Doudna and Charpentier, 2014; Hsu et al., 2014; 
Mali et al., 2013b; Sander and Joung, 2014). Although type II systems represent a small 
proportion (~5%) of all known CRISPR–Cas systems in bacteria, the Cas9 phylogeny is 
diverse and further classified into subtypes II-A, II-B and II-C (Makarova et al., 2011; 
Makarova et al., 2015). Subclassification of type II systems is based on the presence of 
auxiliary cas genes csn2 (subtype II-A) or cas4 (subtype II-B), which are involved in 
adaptation but not in the interference stage (Heler et al., 2015; Zhang et al., 2012a). 
Although type II systems were previously thought to be restricted to bacteria, a divergent 
Cas9 protein has been discovered in nanoarchaea; however, no functional data have so 
far showed that this system is active (Burstein et al., 2017). 
 

The interest in discovering new facets of CRISPR biology and harnessing the 
natural diversity of class 2 single-effector proteins for genome-engineering applications 
has led to the identification of type V and type VI CRISPR–Cas systems (Shmakov et al., 
2015). To date, the experimentally tested type V systems (the effector proteins of which 
have been redesignated as Cas12a–e (Shmakov et al., 2017)) include the single-effector 
proteins Cas12a (also known as Cpf1; subtype V-A), Cas12b (also known as C2c1; 
subtype V-B), Cas12c (also known as C2c3; subtype V-C), Cas12d (also known as CasY; 
subtype V-D) and Cas12e (also known as CasX; subtype V-E) (Koonin et al., 2017), all 
of which are evolutionarily distinct from Cas9 (Burstein et al., 2017; Shmakov et al., 2015; 
Shmakov et al., 2017). Similarly to Cas9, Cas12 proteins contain a conserved RuvC 
nuclease domain that is known to hydrolyse single-stranded DNA (ssDNA) (Aravind et 
al., 2000; Swarts et al., 2017; Zetsche et al., 2015). Notably, Cas12a contains a second 
catalytic domain that is independently responsible for processing its own pre-crRNA 
(Fonfara et al., 2016; Swarts et al., 2017).  
 

Type VI CRISPR–Cas systems consist of an effector protein (reclassified as Cas13 
(Shmakov et al., 2017)) containing the signature HEPN domain (higher eukaryotes and 
prokaryotes nucleotide-binding RNase domain) (Anantharaman et al., 2013), of which the 
Cas13a (formerly known as C2c2; subtype VI-A) and Cas13b (subtype VI-B) proteins 
have been experimentally shown to function as RNA-guided RNases (Shmakov et al., 
2015; Smargon et al., 2017). Although Cas13a effectors have been shown to 
indiscriminately cleave single-stranded RNAs (ssRNAs) on binding to a complementary 
target RNA (Abudayyeh et al., 2016; East-Seletsky et al., 2016; Liu et al., 2017b; Liu et 
al., 2017c), they also possess pre-crRNA processing activity (Abudayyeh et al., 2016; 
East-Seletsky et al., 2016; Smargon et al., 2017), similar to that of Cas12a proteins 
(Fonfara et al., 2016; Shmakov et al., 2015). Compared with type II systems, types V and 
IV are rare and represent only ~2% of sequenced CRISPR–Cas systems in bacteria and 
archaea combined (Makarova et al., 2015; Shmakov et al., 2015); however, the 
streamlined and diverse abilities of type V and IV systems to target nucleic acids holds 
potential for various research and therapeutic applications. 
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1.4 crRNA processing and RNP formation  
 

The molecular memory of infection encoded in the CRISPR array is transcribed to 
generate a long, non- coding pre-crRNA transcript that requires processing and loading 
into Cas nucleases to authorize RNA- guided CRISPR immunity (Brouns et al., 2008). In 
this section, we briefly review two major classes for crRNA processing in class 2 CRISPR 
systems — trans-activating crRNA (tracrRNA)-dependent pathways, which require a host 
factor RNase III (Deltcheva et al., 2011), and self-processing pathways, which are 
accomplished by the interference protein alone (East-Seletsky et al., 2016; Fonfara et al., 
2016). We also discuss the structural determinants for assembling the guide RNAs into 
their effector proteins to generate the RNP surveillance complex. 
 
 
1.4.1 tracrRNA-dependent pathways 
 

Nucleic acid targeting by RNP surveillance complexes is dependent on mature 
crRNAs, which facilitate complex activation and molecular recognition of the cognate 
target (Brouns et al., 2008; Hochstrasser and Doudna, 2015). However, for type II 
systems, crRNA processing and Cas9 activation requires an additional small, non-coding 
tracrRNA (Deltcheva et al., 2011). Bioinformatic analyses followed by experimental 
validation using RNA sequencing (RNA-seq) and biochemical reconstitution have 
revealed that tracrRNAs, which are typically ~75–110 nucleotides in length, contain a 
sequence complementary to CRISPR repeats that is required for RNP assembly and 
crRNA processing and are abundantly expressed within the intergenic regions of the 
CRISPR–Cas loci (Chylinski et al., 2013; Deltcheva et al., 2011; Karvelis et al., 2013). 
Although tracrRNAs can be diverse in sequence and secondary structure, they contain a 
conserved ‘anti-repeat’ sequence that base pairs with each direct repeat of the pre-crRNA 
to form an ~30 bp double-stranded RNA (dsRNA) duplex (Chylinski et al., 2013). In the 
presence of Cas9, this dsRNA substrate is cleaved by a non-Cas ribonuclease (RNase 
III), which generates individual Cas9-bound crRNA–tracrRNA complexes from the pre-
crRNA transcript (Deltcheva et al., 2011). Further processing by an unknown exonuclease 
trims the 5ʹ end of the crRNA, generating the Cas9 surveillance complex that is primed 
to cleave a complementary DNA target (Deltcheva et al., 2011) (Fig. 1.2a).  
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Figure 1.2 | TracrRNA-dependent and self-processing pathways for crRNA biogenesis and RNP 
complex formation. The CRISPR array is transcribed to form the precursor CRISPR RNA (pre-crRNA) 
transcript containing multiple spacers (S1–3; red, yellow and purple, respectively) flanked by direct repeats 
(R; blue), which requires further processing to produce mature crRNAs containing a single spacer sequence 
(yellow) and at least one direct repeat (blue). In part a, trans-activating crRNA (tracrRNA)-dependent crRNA 
biogenesis is shown in which transcription of an intergenic region of the CRISPR array generates the small, 
non-coding tracrRNA molecule (red), which contains a region of complementarity to the direct repeat (anti-
repeat) of the pre-crRNA. The anti-repeat sequence base pairs with each direct repeat, thus forming a pre-
crRNA– tracrRNA double-stranded RNA (dsRNA) duplex. In the presence of Cas9 (Protein Data Bank 
identifier: 4UN3; part b) or Cas12b (PDB ID: 5U30; part c), RNase III recognizes and cleaves the repeat–
anti-repeat (R–AR) RNA duplex. The dual crRNA–tracrRNA molecule (which can be fused to generate a 
chimeric single-guide RNA (sgRNA)) remains tightly associated with the interference protein to form the 
ribonucleoprotein (RNP) complex and stabilizes a conformation that is competent for target surveillance. In 
part b, hybridization of the crRNA repeat (blue) and tracrRNA anti-repeat (red) generates the crRNA–
tracrRNA duplex containing an upper stem, bulge and lower stem, and the remaining tracrRNA sequence 
folds into the nexus and hairpins 1 and 2. In part c, the crRNA–tracrRNA duplex forms the R–AR duplex, 
and the remaining tracrRNA topology consists of a pseudoknot structure and four helical stems. In part d, 
self-processing crRNA biogenesis is shown in which an additional RNA molecule or nuclease is not required 
for pre-crRNA processing beyond the interference protein itself. The single-effector protein Cas12a (PDB 
ID: 5B43; part e) or Cas13a (PDB ID: 5WTK; part f) recognizes and binds to the structured repeat within 
the pre-crRNA transcript, which triggers endoribonuclease activity that is distinct from that of the active site 
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involved in DNA target cleavage. The resulting RNP complex is competent for downstream target 
recognition and degradation. In part e, the crRNA repeat (blue) folds into a pseudoknot structure upstream 
of the spacer sequence (yellow). In part f, the crRNA repeat folds into a stem–loop containing a 2-nucleotide 
bulge at the base of the stem–loop. AaCas12b, Alicyclobacillus acidoterrestris Cas12b; AsCas12a, 
Acidaminococcus spp. Cas12a; LshCas13a, Leptotrichia shahii Cas13a; SpCas9, Streptococcus pyogenes 
Cas9. 
 
 

To simplify dual-guided proteins such as Cas9, Cas12b and Cas12e for 
programmable targeting in research applications, the crRNA–tracrRNA molecules 
required for their activity have been fused by a tetraloop to generate a chimeric single-
guide RNA (sgRNA) (Burstein et al., 2017; Jinek et al., 2012; Yang et al., 2016). Since 
the first generation of Cas9 sgRNAs, efforts to optimize their on-target efficiency in 
cultured cells have involved maintaining the 3ʹ hairpins, extending the repeat–anti-repeat 
duplex and adding synthetic modifications to improve the stability of the sgRNA (Dang et 
al., 2015; Hendel et al., 2015; Hsu et al., 2013). Although many sgRNA variants have 
been developed for diverse applications (Doench et al., 2014; Fu et al., 2014; Konermann 
et al., 2015; Nissim et al., 2014; Nowak et al., 2016), a highly efficient sgRNA design for 
genome editing and genomic loci imaging comprises a long tracrRNA tail containing the 
native 3ʹ hairpins and a 5 bp extension of the crRNA–tracrRNA duplex (Chen et al., 
2013a; Dang et al., 2015; Hsu et al., 2013). Activation of dual-guided interference proteins 
requires competent RNP complex formation, which depends on RNA folding, stability and 
sequence, as well as structural recognition of the crRNA–tracrRNA duplex. Therefore, in 
the case of type II-A Cas9 proteins, minor alterations to the sgRNA scaffold have been 
shown to reduce or to abolish endonuclease activity (Lim et al., 2016; Ma et al., 2015; 
Thyme et al., 2016).  
 

Secondary structure predictions and sgRNA-bound and target-bound Cas9 crystal 
structures have revealed conserved RNA folds that are necessary to define their 
functional roles (Anders et al., 2014; Jiang et al., 2016; Jiang et al., 2015; Nishimasu et 
al., 2014). The sgRNA from the widely used type II-A Streptococcus pyogenes Cas9 
(SpCas9) includes a 5ʹ spacer and repeat sequence from the crRNA, followed by the 
tracrRNA-derived anti-repeat sequence (the repeat–anti-repeat duplex of which consists 
of an upper stem, bulge and lower stem), nexus and hairpins 1 and 2 at the 3ʹ end (Anders 
et al., 2014; Briner et al., 2014; Jiang et al., 2016; Nishimasu et al., 2014) (Fig. 1.2b). 
Functional studies have shown that, irrespective of the spacer sequence, specific 
nucleotides in the bulge and nexus sequences of the SpCas9 sgRNA are most crucial for 
cleavage (Briner et al., 2014). With respect to binding energy, SpCas9 binds hairpins 1–
2 alone with an equilibrium dissociation constant (Kd) in the picomolar range, which is 
almost indistinguishable from that of the full-length sgRNA (Wright et al., 2015). In 
comparison, SpCas9 binds to the spacer–nexus region with nanomolar affinity, which 
suggests that the structured 3ʹ end of the sgRNA contributes most of the binding energy 
for the Cas9–sgRNA complex (Wright et al., 2015). Förster resonance energy transfer 
(FRET)-based experiments have also shown that the 20-nucleotide spacer sequence at 
the 5ʹ end of the sgRNA is crucial for triggering the ‘lobe closure’ conformation that is 
required to generate the target search complex, whereas the 3ʹ end hairpins mainly 
contribute to the stability of the closed state (Sternberg et al., 2015).  
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Crystal structures of the sgRNA-bound and target-bound Cas9 complexes have 

validated these experimental results and showed that the Cas9 protein makes extensive 
hydrogen bond contacts and aromatic stacking interactions with the repeat–anti-repeat 
duplex, the nexus sequence and the base of hairpins 1 and 2 (Anders et al., 2014; Jiang 
et al., 2016; Jiang et al., 2015; Nishimasu et al., 2014). Furthermore, the first ten 
nucleotides from the 5ʹ end of the spacer are disordered in the crystal structure, whereas 
the remaining ten nucleotides are pre-organized in a pseudo-A form conformation, which 
is thermodynamically favourable for initiating R-loop formation (Jiang et al., 2015). 
Variations in sgRNA hairpin structure were observed in crystal structures of type II-A 
Staphylococcus aureus Cas9 (SaCas9) (Nishimasu et al., 2015) and type II-B Francisella 
novicida Cas9 (FnCas9) (Hirano et al., 2016a) proteins, which provided the structural 
basis for orthogonality between cognate Cas9–sgRNA pairs (Esvelt et al., 2013). Notably, 
the crystal structure of the sgRNA–target-bound type II-C orthologue Campylobacter 
jejuni Cas9 (CjCas9) features a triple-helix within a pseudoknot that involves extensive 
intramolecular interactions necessary for activating endonucleolytic cleavage (Yamada et 
al., 2017).  

 
The general pathway for dual crRNA–tracrRNA-guided processing and assembly 

extends beyond type II systems and has also been observed and experimentally shown 
for the evolutionarily distant Cas12 interference proteins, Cas12b and Cas12e (Burstein 
et al., 2017; Shmakov et al., 2015). In contrast to the type II sgRNA architecture, 
secondary structure predictions for the Cas12e and Cas12b sgRNAs have shown an 
opposite polarity to that of Cas9 sgRNAs, comprising a 5ʹ end hairpin and anti-repeat 
sequence from the tracrRNA, followed by the crRNA repeat and spacer sequence at the 
3ʹ end (Burstein et al., 2017; Liu et al., 2017a; Shmakov et al., 2015; Yang et al., 2016). 
For Alicyclobacillus acidoterrestris Cas12b (AaCas12b), sgRNA–target- bound crystal 
structures have shown an unexpected sgRNA topology consisting of a pseudoknot 
structure and four helical stems, compared with the simple stem-loop fold that is predicted 
to be its minimum free-energy conformation (Liu et al., 2017a; Yang et al., 2016) (Fig. 
1.2c). A disordered RNA linker that was previously thought to form part of the repeat–
anti-repeat duplex was further shown to be dispensable for AaCas12b activity (Liu et al., 
2017a). On the basis of in silico co-folding, these structural features also seem to be 
possible with the crRNA–tracrRNA sequence from the orthologous Bacillus 
thermoamylovorans Cas12b (BtCas12b), which suggests that these RNA folds might be 
conserved in type V-B systems (Liu et al., 2017a). 
 
 
1.4.2 Self-processing pathways 
 

Unlike the dual crRNA–tracrRNA-guided examples, the finding that the Cas12a 
effector does not require additional RNA or protein components for crRNA processing 
and DNA target cleavage offered a new paradigm for single crRNA-guided class 2 
interference proteins (Fonfara et al., 2016; Swarts et al., 2017; Zetsche et al., 2015) (Fig. 
1.2d). Initial studies showed that a minimal type V-A expression plasmid consisting of 
only cas12a from F. novicida and a CRISPR array was capable of pre-crRNA maturation 
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and plasmid DNA interference (Zetsche et al., 2015); the dual RNase and DNase activity 
by Cas12a was validated by small RNA sequencing and biochemical reconstitution 
(Fonfara et al., 2016; Swarts et al., 2017; Zetsche et al., 2015). The mature crRNA 
comprises a structured repeat followed by the spacer sequence, and the 5ʹ stem–loop 
provides the majority of the crRNA binding energy for Cas12a endoribonuclease activity 
(Dong et al., 2016; Fonfara et al., 2016; Gao et al., 2016) (Fig. 1.2e). Although Cas12a 
has ~50-fold higher affinity for crRNA in the presence of a magnesium ion (Mg2+)96, one 
study established that pre-crRNA processing is metal independent and requires the 2ʹ-
hydroxyl (2ʹ-OH) group of the ribonucleotide upstream of the scissile phosphate for acid–
base catalysis59. On the basis of the crRNA-bound Cas12a crystal structure from 
Lachnospiraceae spp. bacterium ND2006 (LbCas12a) and crRNA–target–Cas12a 
structures from Acidaminococcus spp. Cas12a (AsCas12a) and F. novicida Cas12a 
(FnCas12a), the RNA processing and RuvC catalytic centres are spatially distant and 
functionally independent (Dong et al., 2016; Gao et al., 2016; Stella et al., 2017; Swarts 
et al., 2017; Yamano et al., 2016).  

 
Similarly to Cas12a, the Cas13a and Cas13b proteins also evolved the streamlined 

functions of crRNA processing and target interference in a single-effector protein 
(Abudayyeh et al., 2016; East-Seletsky et al., 2016; Liu et al., 2017c; Smargon et al., 
2017). Unexpectedly, the crRNA-bound structure of Leptotrichia shahii Cas13a 
(LshCas13a) revealed a two-nucleotide bulge at the base of the 5ʹ stem–loop in the 
crRNA, which seemed to be evolutionarily conserved and functionally required (Liu et al., 
2017c) (Fig. 1.2f). Biochemical and structural studies have further validated the functional 
and spatial separation of the crRNA-processing and RNA-targeting active sites in Cas13a 
(Abudayyeh et al., 2016; East-Seletsky et al., 2016; Knott et al., 2017; Liu et al., 2017b; 
Liu et al., 2017c), offering another example of convergent evolution and underscoring the 
functional modularity across CRISPR–Cas systems. 

 
 

1.5 PAM recognition  
 

In most CRISPR–Cas systems, target DNA search and recognition require both 
complementary base pairing between the guide RNA and the target DNA and the 
presence of a conserved PAM sequence on the target DNA adjacent to the target site 
(Deveau et al., 2008; Mojica et al., 2009; Shah et al., 2013). PAM recognition by Cas 
proteins activates interference as a strategy to distinguish self from non-self sequences 
(van der Oost et al., 2014), and single mutations in the PAM can prevent CRISPR–Cas 
cleavage activity in vitro and in vivo (Deveau et al., 2008; Jiang et al., 2013; Jinek et al., 
2012; Sternberg et al., 2014; Tsai et al., 2015; Westra et al., 2012b). 

 
The native PAM sequence for the commonly used SpCas9 is 5ʹ-NGG-3ʹ, in which 

N can be any of the four DNA nucleotides (Mojica et al., 2009). Single-molecule 
experiments have shown that the Cas9–sgRNA complex initiates its search for target 
DNA by binding to a PAM sequence before interrogating the flanking DNA for potential 
complementarity to the guide RNA (Sternberg et al., 2014). Target recognition occurs 
through three-dimensional collisions; Cas9 rapidly dissociates from DNA that does not 
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contain the appropriate PAM sequence, whereas it binds for a longer duration at sites 
containing a PAM sequence, with the dwell time depending on the degree of 
complementarity between the guide RNA and the adjacent DNA (Knight et al., 2015; 
Singh et al., 2016). Once Cas9 has found a target site with the appropriate PAM, it triggers 
DNA unwinding from the PAM-proximal end to the PAM-distal end of the target site 
(Sternberg et al., 2014).  

 
The molecular mechanism of PAM recognition involves binding of the PAM DNA 

to a positively charged groove in Cas9, in which the first base in the PAM sequence (which 
can be any nucleotide) remains base paired with its nucleobase counterpart but does not 
interact with Cas9 (Anders et al., 2014; Hirano et al., 2016b; Jiang et al., 2016). The 
adjacent GG dinucleotide on the non-target strand of the PAM duplex forms base-specific 
hydrogen-bonding interactions via the major groove with two respective arginine residues 
(Arg1333 and Arg1335) located in a β-hairpin of the PAM-interacting domain of SpCas9 
(Anders et al., 2014; Hirano et al., 2016b; Jiang et al., 2016) (Fig. 1.3a). Although naturally 
occurring differences in sequence and location of PAM-interacting residues explain how 
diverse PAM sequences are recognized by Cas9 orthologues (Hirano et al., 2016a; 
Nishimasu et al., 2015; Yamada et al., 2017), engineered residue modifications in the 
PAM-interacting domain have been shown to alter PAM specificities (Hirano et al., 2016b; 
Kleinstiver et al., 2015). Structural studies of engineered SpCas9 PAM variants support 
an ‘induced fit’ mechanism, whereby recognition of non-canonical PAM sequences 
requires subtle DNA backbone distortion of the PAM duplex without changing the 
conformation of the PAM-interacting β-hairpin (Anders et al., 2014; Hirano et al., 2016b). 
In particular, mutation of a threonine to an arginine residue (Thr1337Arg) enabled 
recognition of a guanine base in the fourth position of the varied PAM (5ʹ-NGNG-3ʹ) 
(Hirano et al., 2016b).  
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Figure 1.3 | PAM recognition and sequence-specific target identification. a | Streptococcus pyogenes 
Cas9 (SpCas9; Protein Data Bank identifier: 4UN3) recognizes a 5ʹ-NGG-3ʹ protospacer adjacent motif 
(PAM) sequence, where N signifies any nucleotide, located downstream of the DNA target sequence. 
Hydrogen bonding interactions between the crucial arginine (Arg1333 and Arg1335) residues and the 
guanine dinucleotide (GG) on the non-target strand occur through the major groove of the PAM duplex, 
which induces local structural changes that enable DNA unwinding. Stabilization of the upstream (+1) 
phosphate on the target strand by the Ser1109 and Lys1107 residues on the PAM-interacting domain of 
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SpCas9 make up a phosphate lock-loop, which has been suggested to facilitate guide RNA–target DNA 
hybridization. b | Acidaminococcus spp. Cas12a (AsCas12a; PDB ID: 5B43) recognizes a 5ʹ-TTTN-3ʹ PAM 
located upstream of the DNA target sequence. The crucial Lys607 residue of AsCas12a forms hydrogen 
bonds with the thymine (–2*) and adenine (–3) on the minor groove of the PAM duplex, whereas the 
conserved Lys548, Met604, Thr167 and Thr539 residues form hydrogen bonds or van der Waals 
interactions with nucleotides on both strands of the PAM duplex. c | Alicyclobacillus acidoterrestris Cas12b 
(AaCas12b; PDB ID: 5U30) recognizes a 5ʹ-TTN-3ʹ PAM located upstream of the DNA target sequence. 
The key arginine (Arg122) and asparagine (Asn144 and Asn400) residues also reach into the minor groove 
of the PAM to form hydrogen bonds with A–T base pairs within the PAM duplex. The target strand and the 
non-target strand (*) of the DNA duplex are labelled, phosphate groups within the target sequence are 
labelled with (+) and those outside the target sequence are labelled with (–). Note that the polarity of the 
target sequence for Cas12a in part b and Cas12b in part c is opposite to that of Cas9. 

 
 
For SpCas9, both the PAM duplex-bound structure and the double-stranded DNA 

(dsDNA)-bound structure suggest that PAM–Cas9 interactions trigger local structural 
changes that destabilize the adjacent DNA duplex base pairing and facilitate hybridization 
of the guide RNA to the target DNA (Anders et al., 2014; Jiang et al., 2016). In the PAM 
duplex-bound SpCas9 structure, a sharp kink is observed in the target DNA strand 
immediately upstream of the PAM, with the connecting phosphodiester group (referred to 
as +1 phosphate) stabilized by a phosphate lock-loop (facilitated by Lys1107 and 
Ser1109) located in the PAM-interacting domain (Anders et al., 2014) (Fig. 1.3a). 
Superimposition of the guide RNA-bound SpCas9 structure with the PAM duplex-bound 
SpCas9 structure shows that this phosphate lock-loop moves inwards towards the central 
nucleic acid recognition channel on binding to target DNA (Anders et al., 2014; Jiang et 
al., 2015). Interactions between the phosphate lock-loop of SpCas9 and the +1 phosphate 
on PAM recognition have been proposed to aid DNA melting and stabilization of the guide 
RNA–target DNA hybrid (Anders et al., 2014; Jiang et al., 2016). However, mutation of 
the phosphate lock-loop residues in SpCas9 did not reduce endonucleolytic cleavage 
activities on a complementary target DNA (Anders et al., 2014). Although the phosphate 
lock-loop is probably not involved in DNA duplex destabilization, a recent study from 2017 
suggested that these residues instead promote initial pairing of the guide RNA with the 
target strand (Mekler et al., 2017). Furthermore, the lack of sequence similarity of the 
phosphate lock-loop among Cas9 orthologues suggests that initial DNA unwinding might 
require additional elements beyond the phosphate lock-loop residues (Anders et al., 
2014; Hirano et al., 2016a; Mekler et al., 2017; Nishimasu et al., 2015; Yamada et al., 
2017).  

 
The dsDNA-bound SpCas9 structure also suggests how PAM recognition triggers 

local DNA unwinding. As observed in the PAM duplex-bound SpCas9 structure, the target 
DNA strand kinks at the +1 phosphodiester linkage and then pairs with the guide RNA 
segment to form a pseudo-A form RNA–DNA hybrid (Anders et al., 2014; Jiang et al., 
2016). By contrast, the non-target DNA strand threads into a tight tunnel located within 
the nuclease lobe towards the RuvC active site of SpCas9. The PAM-proximal non- target 
DNA strand is stabilized by extensive hydrophobic and van der Waals interactions, in 
which the first nucleotide upstream of the PAM (referred to as the +1* position) stacks 
onto the PAM duplex (Jiang et al., 2016). This intra-strand base stacking might help to 
stabilize the PAM duplex and thereby to facilitate PAM recognition by SpCas9 through 
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base-specific interactions with the GG dinucleotide. The sharp kinks and flipped bases 
include nucleotides at positions +1 on the target strand and +2* and +3* on the non-target 
strand, which are mainly exposed to bulk solvent (Jiang et al., 2016) (Fig. 1.3a). The 
orientation of these nucleotides, which function as the nucleation site to initiate target 
binding, might explain how Cas9 samples the DNA adjacent to the PAM sequence for 
guide RNA complementarity and RNA strand invasion following PAM recognition. 

 
 

1.5.1 PAM recognition in type V systems 
 

In contrast to SpCas9, the PAM for Cas12 proteins contains a thymine (T)-rich 
sequence and is located at the 5ʹ end of the target sequence (Shmakov et al., 2015; 
Zetsche et al., 2015) (Fig. 1.3b,c). The crRNA–target–AsCas12a crystal structure 
revealed a distorted PAM duplex with a narrow minor groove, which functions as the 
location for base-specific contacts with amino acid side chains via van der Waals and 
hydrogen bond interactions (Gao et al., 2016; Yamano et al., 2016). In particular, the 
critical Lys607 residue of AsCas12a forms a hydrogen bond with thymine at the −2* and 
adenine at the −3 position of the 5ʹ-TTTN-3ʹ PAM, whereas the neighbouring Met604 and 
Pro599 residues interact with the −2 adenine base pair (Gao et al., 2016; Yamano et al., 
2016) (Fig. 1.3b). Hydrogen bonding between amino acid side chains and the PAM 
duplex also occurs through the minor groove in the crRNA–target–AaCas12b crystal 
structure, which recognizes the 5ʹ-TTN-3ʹ PAM sequence upstream of the 
complementary DNA target (Yang et al., 2016) (Fig. 1.3c). For both Cas12a and Cas12b, 
mutation of residues involved in base-specific contacts with the PAM duplex markedly 
reduced or abolished endonucleolytic cleavage activity, consistent with the requirement 
for base specificity in PAM recognition (Yamano et al., 2016; Yang et al., 2016). However, 
a structure-guided mutagenesis screen successfully identified amino acid substitutions in 
the PAM-interacting domain of LbCas12a, which conferred cleavage activities at non-
canonical PAM sequences, thus showing that Cas12 proteins can be engineered to alter 
PAM specificity (Gao et al., 2017; Nishimasu et al., 2017; Yamano et al., 2017). 
 
 
1.6 R-loop formation and DNA unwinding  
 

Following PAM verification, the RNP surveillance complex interrogates a 
complementary dsDNA target by RNA strand invasion. Base pairing of the crRNA spacer 
sequence with the DNA target strand displaces the non-target strand and forms an R-
loop structure, the stability of which is crucial for permitting target cleavage (Jiang et al., 
2016; Jore et al., 2011; Rutkauskas et al., 2015; Szczelkun et al., 2014) (Fig. 1.4). The 
observation that mismatches between the guide RNA and the target DNA directly 
upstream of the PAM diminished Cas9 binding and cleavage of the target DNA provided 
initial evidence for a ‘seed region’ that functioned as the nucleation site for R-loop 
formation (Cong et al., 2013; Jiang et al., 2013; Jinek et al., 2012; Sternberg et al., 2014). 
Substrate competition experiments with SpCas9 also showed that extending the guide 
RNA–target DNA sequence complementarity beyond the first 10–12 bp of the target site 
promoted stepwise RNA–DNA heteroduplex formation and disfavoured re-annealing of 
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the dsDNA duplex (Sternberg et al., 2014). Additional studies have since confirmed the 
importance of the seed region, thus supporting a model for unidirectional R-loop 
propagation towards the PAM-distal end of the target sequence (Pattanayak et al., 2013; 
Sternberg et al., 2014; Wu et al., 2014b; Zheng et al., 2017) (Fig. 1.4). 
 
 

 
Figure 1.4 | Model for unidirectional DNA unwinding and R-loop formation in Cas9 and Cas12 
interference proteins. Protospacer adjacent motif (PAM) sequence recognition induces guide RNA–
double-stranded (dsDNA) target hybridization and unidirectional DNA unwinding from the 3ʹ−5ʹ direction in 
Cas9 proteins (part a) or from the 5ʹ−3ʹ direction in Cas12 (part b) to form the R-loop structure. In the 
presence of mismatches in the seed region (the region adjacent to the PAM), RNA strand invasion is non-
productive and the ribonucleoprotein (RNP) surveillance complex rapidly dissociates from the dsDNA 
substrate. PAM-distal mutations still enable rapid dsDNA–RNP complex association rates and productive 
RNA strand invasion, but the lack of dsDNA–guide RNA complementarity at the PAM-distal end alters R-
loop stability, which favours re-annealing of the DNA strands and thus decreases the cleavage rate. Target 
recognition and cleavage therefore depends on stable R-loop formation, which probably involves key 
protein interactions with the entire length of the RNA–DNA heteroduplex to activate Cas9 or Cas12 
nuclease activity. sgRNA, single-guide RNA. 
 
 

As dsDNA unwinding by Cas9 is ATP independent (Jinek et al., 2012), RNA strand 
invasion also depends on duplex distortion on PAM binding to induce local DNA melting 
(Coulombe and Burton, 1999; Jiang et al., 2016; Mekler et al., 2017), which is reminiscent 
of the DNA bending process observed in type I-E and I-C Cascade complexes 
(Hochstrasser et al., 2016; Westra et al., 2012a; Westra et al., 2012b; Xiao et al., 2017). 
A cryo-electron microscopy (cryo-EM)-based reconstitution of SpCas9 containing a 
complete R-loop showed a ~30° bend angle between the protruding dsDNA ends (Jiang 
et al., 2016), which is thought to stabilize the R-loop structure by enabling strand 
separation and reducing torsional stress (Coulombe and Burton, 1999; Nelson, 1999; 
Vassylyev et al., 2002). Although this static model provided a snapshot of the full R-loop 
before target cleavage, questions regarding R-loop initiation could be more directly 
addressed by capturing the PAM-bound (pre-strand invasion) Cas9–sgRNA–dsDNA 
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complex, the structure of which has yet to be elucidated. Notably, the structurally compact 
Cas9 orthologues in type II-C systems have been shown to lack robust DNA-unwinding 
capabilities, which suggests that kinetic inhibition of the initial RNA strand invasion step 
occurs in these smaller variants (Ma et al., 2015). In silico analyses based on 
thermodynamic parameters for dsDNA duplex and DNA–RNA heteroduplex stabilities 
have offered insight into the propensity for Cas9 R-loop formation. On the basis of kinetic 
Monte Carlo analyses (KMC analyses) using nearest neighbour free-energy parameters, 
simulations showed that the guide RNA completely and stably invades a complementary 
20-nucleotide DNA target, independently of Cas9 (Josephs et al., 2015). By comparing 
KMC simulations with mismatches between the guide RNA and target DNA to reported 
SpCas9 activity at off-target sites, KMC analysis showed a correlation between guide 
RNA stability around the 14–17 nucleotide position and SpCas9 off- target cleavage, 
which emphasizes that the R-loop is capable of traversing mismatches given transient 
stability at this crucial position (Hsu et al., 2013; Josephs et al., 2015). As R-loop stability 
was a strong predictor of cleavage rate compared with DNA–RNA binding energies or the 
position of mismatches alone, understanding the kinetics of RNA strand invasion proved 
valuable for anticipating off-target cleavage (Josephs et al., 2015). It is worth noting that 
all KMC experiments were carried out with an initial R-loop length of 10 bp, which 
assumed strand invasion beyond the seed region, and were there- fore unable to test de 
novo R-loop formation (Josephs et al., 2015). A separate biophysical model predicted 
that SpCas9 was much more likely to spontaneously dissociate than to form a stable R-
loop when mutations in the target sequence were present, which suggests that target 
search involves many rounds of PAM recognition, local unwinding and initial strand 
displacement and dissociation before sufficient target DNA–guide RNA complementarity 
is found, which drives R-loop formation (Farasat and Salis, 2016; Singh et al., 2016) (Fig. 
1.4a).  

 
To experimentally understand the energetics of DNA unwinding and the effects of 

mismatches between the guide RNA and target DNA on RNA strand invasion, a few 
single-molecule studies have also probed the real-time kinetics of SpCas9 R-loop 
formation. Single-molecule DNA supercoiling experiments have shown that PAM 
mutations regulate R-loop formation through kinetic inhibition, whereas PAM-distal 
mutations only affect R-loop stability (Szczelkun et al., 2014). Consistent with the target 
search model that involves many rounds of R-loop formation and dissociation before 
interrogation of a complementary target, R-loops were not observed with targets 
containing <11 bp of PAM-proximal complementarity, which suggests that Cas9 is 
capable of sensing along the entire RNA–DNA heteroduplex (Szczelkun et al., 2014). A 
separate single-molecule FRET (smFRET) study measuring R-loop conformations with a 
complementary DNA target observed two distinct structural states at the PAM-distal end, 
which shows more heterogeneity than was previously expected (Lim et al., 2016). These 
studies have contributed greater complexity to the simple model of unidirectional R-loop 
formation. 
 

The observation that PAM-distal mutations have a marked effect on R-loop stability 
and observed cleavage rates without altering the rate of R-loop formation emphasizes the 
crucial role of target recognition by the effector protein (Szczelkun et al., 2014). Although 
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Cas9 is more tolerant of PAM-distal mismatches than seed region mutations (Cencic et 
al., 2014), several lines of evidence support a model for DNA–RNA heteroduplex sensing 
at the PAM-distal end. Cas9 does not use an R-loop ‘locking’ mechanism, during which 
protein domains reorganize to stabilize the R-loop structure (Szczelkun et al., 2014); this 
would require additional proofreading steps in addition to simple base pairing to ensure 
fidelity of target recognition and cleavage. Small fluctuations in R-loop stability at the 
PAM-distal end induced by target mismatches have a considerable effect on cleavage 
activity (Cencic et al., 2014), and increasing the number of PAM-distal mismatches 
impedes conformational activation of the HNH nuclease domain (histidine–arginine–
histidine nuclease domain) (Sternberg et al., 2015). Furthermore, comparison of the pre-
target-bound and ssDNA-bound RNP complex structures showed a dramatic 
conformational change when SpCas9–sgRNA binds to a target DNA strand, even without 
the PAM-containing non-target strand (Jiang et al., 2015; Nishimasu et al., 2014). On the 
basis of these crystal structures, R-loop sensing probably involves key residues in the α-
helical lobe of SpCas9 that interact with the DNA–RNA heteroduplex (Anders et al., 2014; 
Jiang et al., 2016; Mekler et al., 2017; Nishimasu et al., 2014) to enable further Cas9 
conformational rearrangements to trigger target cleavage. 

 
 

1.6.1 R-loop formation in type V systems 
 

Although the determinants of R-loop formation and target recognition for Cas12 
effector proteins are not as well understood as for SpCas9, existing experimental and 
structural evidence suggests that Cas12a and Cas12b also initiate RNA strand invasion 
at a 5ʹ PAM-proximal seed region (Fig. 1.4b). Single mismatches between the FnCas12a 
crRNA and target DNA within positions +1 to +5 reduced in vitro target cleavage activity, 
whereas single mismatches between the AaCas12b sgRNA and target DNA within 
positions +1 to +18 abrogated cleavage (Liu et al., 2017a; Zetsche et al., 2015). Cell-
based activity assays also showed that AsCas12a and LbCas12a were highly intolerant 
of single mismatches between the crRNA and target DNA within nucleotide positions +2 
to +6 and +11 to +18 (Kleinstiver et al., 2016b). Interestingly, PAM-distal mismatches at 
the 3ʹ end beyond position +20 had no effect on cleavage for AsCas12a and 
LbCas12a130, which was consistent with target-bound crystal structures in which the last 
four PAM-distal nucleotides on the target strand were not duplexed with the crRNA (Gao 
et al., 2016; Yamano et al., 2016). However, single mismatches at positions before +20 
markedly reduced cleavage activity, which suggests that Cas12a target recognition might 
also require PAM-distal sensing through α-helical rearrangements to achieve high fidelity 
cleavage (Kim et al., 2017b; Kleinstiver et al., 2016b; Zetsche et al., 2015). 
 
 
1.7 Nucleic acid target cleavage  
 

Cleavage of the nucleic acid target marks the final step in the CRISPR–Cas 
interference pathway. Precise cutting requires tight coupling between the processes of 
target recognition and catalytic activation, which is typically achieved through 
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conformational rearrangements in the effector proteins in order to properly orient one or 
more active sites with the desired substrate (Jiang and Doudna, 2017).  
 
 
1.7.1 Cas9 nuclease domains and activity 
 

For Cas9, generating a blunt dsDNA break requires coordination of the two 
catalytic nuclease domains, the HNH domain and the RuvC domain, which cleave the 
target strand and the non-target strand, respectively (Jinek et al., 2012) (Fig. 1.5a,d). 
Notably, Cas9 is considered a single-turnover enzyme; after the DNA substrate has been 
cleaved, the target strand remains base paired to the guide RNA and the protein is unable 
to bind additional targets for subsequent reactions (Sternberg et al., 2014). Cas9 
hydrolyses the scissile phosphates of the target strand and the non-target strand via a 
one metal ion mechanism in the HNH nuclease domain and a two-metal ion mechanism 
in the RuvC nuclease domain (Steitz and Steitz, 1993; Yang, 2008, 2011; Yang et al., 
2006).  

 
The HNH domain is characterized by the conserved ββα-fold and its catalytic 

pocket consists of three active site residues (Asp839, His840 and Asn863 in SpCas9) 
(Anders et al., 2014; Jiang et al., 2015; Jinek et al., 2014; Nishimasu et al., 2014). As the 
HNH domain structure has yet to be elucidated in its active conformation, details of the 
cleavage process remain elusive and are inferred based on homology to other well-
studied systems, such as the Holliday junction resolvase phage T4 endonuclease VII and 
the nonspecific periplasmic Vibrio vulnificus nuclease (Biertumpfel et al., 2007; Li et al., 
2003; Nishimasu et al., 2014). By homology modelling, the active site residues Asp839 
and Asn863, together with the oxygen atoms of the target strand scissile phosphate, 
coordinate a magnesium ion (Mg2+) within the catalytic centre of the HNH domain. The 
His840 residue functions as a general base to activate a water molecule, which acts as a 
nucleophile to attack the electrophilic +3 phosphate on the target strand and generates 
the 5ʹ phosphate and 3ʹ hydroxyl (3ʹ-OH) products (Jinek et al., 2012; Nishimasu et al., 
2014; Yang, 2008) (Fig. 1.5b). Although the HNH active site requires Mg2+ for catalysis 
(Jinek et al., 2012; Yang, 2008, 2011; Yang et al., 2006), divalent cations (including Mg2+, 
Ca2+ and Co2+) have also been shown to stabilize the HNH domain in its active 
conformation (Dagdas et al., 2017; Osuka et al., 2017). 
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Figure 1.5 | Nuclease domain structure and metal-dependent nucleic acid target cleavage. a | Crystal 
structure of Streptococcus pyogenes Cas9 (SpCas9; Protein Data Bank identifier: 5F9R) bound to its single-
guide RNA (sgRNA) and target double-stranded (dsDNA), depicting the major domains of the recognition 
(REC) and nuclease lobes. SpCas9 undergoes a large conformational change on dsDNA target binding in 
order to position the histidine–asparagine–histidine (HNH) nuclease domain in the cleavage-competent, 
active conformation and simultaneously to trigger RuvC (RNase H-like fold) nuclease domain activity. The 
HNH and the RuvC domains of the nuclease lobe cleave the target strand and the non-target strand of the 
dsDNA target, respectively. Although existing crystal structures have failed to capture the active site 
residues that are engaged with the DNA substrate, details of the Cas9 cleavage mechanism have been 
inferred on the basis of homology to known nucleases that contain the conserved HNH or RuvC domains. 
b | A structural alignment of the SpCas9 HNH domain (PDB ID: 5F9R) with the phage T4 endonuclease VII 
HNH domain (PDB ID: 2QNC) bound to its target strand scissile phosphate supports a one metal ion 
mechanism involving magnesium ion (Mg2+) coordination at the active site (top panel). In the chemical 
depiction, the polar residues (Asn863, Asp839 and Asn854) help to coordinate the Mg2+ ion in the catalytic 
site. The His840 residue functions as a general base to activate a water molecule for nucleophilic attack on 
the Mg2+-coordinated scissile phosphate, generating the 5ʹ phosphate and 3ʹ hydroxyl (3ʹ-OH) ends on the 
cleaved DNA backbone (bottom panel). c | A structural alignment of the non-target strand-bound SpCas9 
RuvC domain (PDB ID: 5F9R) with the manganese(ii) ion (Mn2+)-bound apoprotein (apo) SpCas9 RuvC 
domain (PDB ID: 4CMQ) shows a putative two metal ion cleavage mechanism (top panel). In the chemical 
depiction, the acidic residues (Glu762, Asp10 and Asp986) help to coordinate the two Mn2+ ions in the 
active site. The His963 residue activates a water molecule to attack the electrophilic scissile phosphate, 
generating the 5ʹ phosphate and 3ʹ-OH ends on the cleaved DNA products (bottom panel). d | Although 
the general mechanism of phosphodiester hydrolysis is consistent across class 2 interference proteins, 
cleavage patterns are distinct among Cas9 (blunt end), Cas12 (5ʹ staggered overhang) and Cas13 
(promiscuous cis- and trans-cleavage) systems. For Cas9, dsDNA cleavage is accomplished by the 
concerted activation of the HNH and RuvC nucleases, which respectively cut the target strand and the non-
target strand upstream of the protospacer adjacent motif (PAM) sequence. For Cas12, the RuvC nuclease 
is independently responsible for cleaving both the target strand and the non-target strand of the dsDNA 
target downstream of the PAM, but the precise cleavage mechanism remains unknown. For Cas13, binding 
to a complementary single-stranded RNA (ssRNA) sequence adjacent to a protospacer flanking sequence 
(PFS; analogous to PAM) activates the higher eukaryotes and prokaryotes nucleotide-binding RNase 
(HEPN) domain nuclease to indiscriminately cleave the bound RNA target (cis-cleavage) and other ssRNAs 
in solution (trans-cleavage). 

 
 
The RuvC nuclease domain, which shares an RNase H-like fold with other 

retroviral integrases (Ariyoshi et al., 1994; Chen et al., 2013b; Gorecka et al., 2013), 
consists of four active site residues (Asp10, Glu762, His983 and Asp986 in SpCas9) 
(Anders et al., 2014; Jiang et al., 2015; Nishimasu et al., 2014). A crystal structure 
containing the non-target strand revealed the presence of the −3 phosphate near the 
RuvC catalytic centre (Jiang et al., 2016). Although no metals were present in this 
structure, the non-target strand-containing RuvC domain aligned almost perfectly with a 
separate manganese(ii) ion (Mn2+)-bound RuvC apoprotein structure (Jiang et al., 2016; 
Jinek et al., 2014). Superimposition of the Mn2+ ions into the RuvC active site predicted a 
metal coordination distance of ~5.5 Å between the Mn2+ ion and the non-bridging oxygen 
atom on the −3 phosphate, which was slightly longer than the 2.1 Å Mg–O coordination 
distance typically observed for catalysis (Jiang et al., 2016; Jinek et al., 2014). However, 
the putative cleavage mechanism involves two metal ion coordination by Asp10, Glu762 
and Asp986 and the oxygen atoms of the scissile phosphate, which makes the phosphate 
susceptible to nucleophilic attack by the His983-activated water molecule (Ariyoshi et al., 
1994; Chen et al., 2013b; Gorecka et al., 2013; Jinek et al., 2012; Nishimasu et al., 2014) 
(Fig. 1.5c). To model how metal ions bridge the gap between the RuvC active site and 
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the non-target strand scissile phosphate, a molecular dynamics simulation (MD 
simulation) suggested that introducing two Mg2+ ions at the −4 phosphate led to the 
largest decrease in distance between the scissile phosphate and the Asp10 and His983 
active site residues (Palermo et al., 2016). The MD simulations also showed that Mg2+ 
binding was more stable at the −4 phosphate, providing in silico evidence that Cas9 might 
instead generate a 1 bp 5ʹ staggered end (Palermo et al., 2016). Although Cas9 has been 
biochemically shown to cleave the non-target strand at the −3 phosphate (Gasiunas et 
al., 2012; Jinek et al., 2012), in vitro Cas9-digested whole-genome sequencing 
(Digenome-seq) has shown cutting at both the −3 and the −4 phosphates (Kim et al., 
2016a). Notably, previous biochemical studies have also showed that the non-target 
strand is trimmed by 3ʹ−5ʹ exonuclease activity of the Cas9 RuvC nuclease following the 
initial cleavage event (Jiang et al., 2016; Jinek et al., 2012), which might contribute to the 
observed staggered cut. Although the MD simulations provide a putative mechanism for 
RuvC-dependent trimming of the non-target strand, the elucidation of the preferred −4 
phosphate cleavage. 
 
 
1.7.2 Allosteric recognition and targeting specificity 
 

Crystal structures of SpCas9 in various substrate-bound states have also shown a 
large, rigid-body translation and rotation by the HNH domain towards the target strand 
(Anders et al., 2014; Jiang et al., 2016; Jiang et al., 2015; Jinek et al., 2014; Nishimasu 
et al., 2014), the direct interaction of which with the scissile phosphate has yet to be 
captured structurally (Fig. 1.2a). Biochemical and bulk FRET experiments first showed 
that the conformational state of the HNH domain controls DNA cleavage activity 
(Sternberg et al., 2015), and a smFRET study later showed that the HNH domain 
occupies a stably ‘docked’ conformation when bound to a complementary DNA substrate 
(Dagdas et al., 2017). However, when PAM-distal mismatches are present, smFRET 
experiments revealed that the HNH domain transitions towards a catalytically inactive 
‘conformational checkpoint’ (Dagdas et al., 2017), thus explaining how Cas9 cleaves only 
a subset of sequences to which it binds (Ran et al., 2015; Tsai et al., 2015; Wu et al., 
2014b). Although the HNH domain is sensitive to mismatches along the RNA–DNA 
heteroduplex (Dagdas et al., 2017; Sternberg et al., 2015), the domain itself does not 
directly interact with PAM-distal nucleic acids on the RNA–DNA heteroduplex (Anders et 
al., 2014; Jiang et al., 2016; Jiang et al., 2015; Nishimasu et al., 2014), alluding to a 
mechanism of allosteric recognition that controls HNH conformational activation (Chen et 
al., 2017). The role of allosteric effects on Cas9 conformational activation has been shown 
in several steps of target recognition and cleavage (Chen et al., 2017; Jiang et al., 2016; 
Palermo et al., 2016, 2017a; Palermo et al., 2017b; Sternberg et al., 2015). MD 
simulations showed that PAM binding induces an ‘open to closed’ conformational 
transition that reorients the domains of SpCas9 for target recognition (Palermo et al., 
2017b). On formation of the R-loop structure, recognition of the RNA–DNA heteroduplex 
by the REC3 domain (within the recognition lobe) was shown to allosterically regulate 
global Cas9 conformational changes by communicating with the REC2 domain, which 
sterically restricts or permits HNH domain access to the scissile phosphate (Chen et al., 
2017). The displacement of the non-target strand was also crucial for activating and 
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stabilizing HNH docking in the active conformation (Dagdas et al., 2017; Palermo et al., 
2016). In addition, conformational activation of the HNH domain exerts allosteric control 
over the RuvC nuclease via two α-helical linkers (L1 and L2) that connect the nuclease 
domains; these were proposed to function as allosteric transducers to mediate concerted 
DNA cleavage of the target strand and non-target strand (Sternberg et al., 2015). A 
dsDNA-bound crystal structure of SpCas9 also showed major structural rearrangements 
of L1 and L2 to facilitate HNH conformational activation in the pre-cleavage state (Jiang 
et al., 2016). Furthermore, MD simulations indicated how the structural plasticity of Cas9 
mediates allosteric crosstalk between the REC lobe, HNH and RuvC domains to achieve 
the catalytically competent structural conformation (Palermo et al., 2016, 2017a; Palermo 
et al., 2017b). However, the precise mode of communication from REC3 to the HNH 
nuclease domain remains unknown and warrants further investigation.  
 

Despite conformational regulation, SpCas9 is still capable of cleaving sequences 
that resemble the complementary target, as detected by several unbiased genome- wide 
off-target methods (Frock et al., 2015; Kim et al., 2015; Ran et al., 2015; Tsai et al., 2015; 
Wang et al., 2015). The mechanism of off-target cleavage correlates with transient R-loop 
stability and HNH docking (Josephs et al., 2015; Sternberg et al., 2015), but off-target 
interrogation also depends on the number of PAM sequences within the genome and the 
epigenetic context in mammalian cells (Horlbeck et al., 2016; Hsu et al., 2013; Knight et 
al., 2015; O'Geen et al., 2015). Avoiding off-target cleavage is an ongoing challenge for 
using Cas9 in target-specific applications and existing strategies for reducing off-target 
effects include direct RNP delivery (by titrating the Cas9:sgRNA concentration) (Kim et 
al., 2014; Lin et al., 2014a), sgRNA modifications (by lengthening and/or truncating the 
5ʹ end) (Cho et al., 2014; Fu et al., 2014) or protein engineering (by introducing paired 
nickases, dimerization or point mutations) (Chen et al., 2017; Guilinger et al., 2014; 
Kleinstiver et al., 2016a; Mali et al., 2013a; Ran et al., 2013; Slaymaker et al., 2016; Tsai 
et al., 2014), some of which have been extensively reviewed (Tsai and Joung, 2016; 
Tycko et al., 2016; Yee, 2016). With respect to truncating the sgRNA and introducing 
alanine substitutions at the protein–nucleic acid interface, the underlying rationale for 
improving specificity focused on weakening Cas9–target interactions (Fu et al., 2014; 
Kleinstiver et al., 2016a; Slaymaker et al., 2016). Although these manipulations reduced 
the number of detectable off-target events compared with the wild-type SpCas9–sgRNA 
complex in cultured cells (Fu et al., 2014; Kleinstiver et al., 2016a; Slaymaker et al., 2016), 
it was biochemically shown that the cleavage specificity of high-fidelity Cas9 variants does 
not depend on target binding affinity (Chen et al., 2017). Rather, smFRET experiments 
have shown that these Cas9 variants have an altered threshold for HNH conformational 
activation when bound to DNA substrates and that mutation of residues within REC3 that 
are involved in target recognition can alter the specificity of target cleavage (Chen et al., 
2017). A kinetic model was also proposed to maximize RNP target discrimination by 
simultaneously increasing the RNP dissociation rate and decreasing the cleavage rate of 
off-target dsDNA sequences (Bisaria et al., 2017); however, the missing emphasis on 
maintaining and improving on-target efficiency remains an important caveat of these 
predictions. Understanding how these high-fidelity strategies affect R-loop stability also 
remains an important unanswered question that could improve targeting specificity. 
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1.7.3 Target cleavage in type V and type VI systems 
 

Crystal structures of Cas12a and Cas12b bound to both the crRNA and dsDNA 
target have offered greater insight into the target cleavage mechanism of Cas12 effector 
proteins (Dong et al., 2016; Gao et al., 2016; Liu et al., 2017a; Swarts et al., 2017; 
Yamano et al., 2016; Yang et al., 2016). These RNA-guided, dsDNA-targeting proteins 
contain the conserved RuvC nuclease domain (Shmakov et al., 2015), but several 
features indicate a DNA-targeting mechanism that is distinct from that of Cas9. The 
cleavage reaction for both Cas12a and Cas12b generates a 2–8 nucleotide 5ʹ overhang 
staggered cut (Liu et al., 2017a; Swarts et al., 2017; Yang et al., 2016; Zetsche et al., 
2015) (Fig. 1.5d). A crRNA–target-bound structure of FnCas12a showed that the target 
strand scissile phosphate is located in a DNA duplex downstream of the 3ʹ end of the 
crRNA, which was speculated to undergo further unwinding through an unknown 
mechanism to facilitate target strand cleavage (Swarts et al., 2017). Notably, two 
genome-wide studies of Cas12a specificity reported substantially fewer off-target 
cleavage events and slightly lower on-target efficiency compared with SpCas9 (Kim et 
al., 2016a; Kleinstiver et al., 2016b), which suggests different mechanisms for target 
recognition or conformational activation. Furthermore, Cas12a and Cas12b lack an HNH 
nuclease domain or additional protein domain with detectable structural or sequence 
homology to known nucleases (Abudayyeh et al., 2016; Dong et al., 2016; Gao et al., 
2016; Liu et al., 2017a; Yamano et al., 2016; Yang et al., 2016). Nonetheless, a putative 
nuclease (Nuc) domain that is responsible for cleaving the target strand has been 
assigned to both Cas12a and Cas12b on the basis of its proximity to the target strand 
cleavage site; this remains controversial owing to a paucity of evidence for a bona fide 
active site and a lack of structural similarity with other nucleases (and even between 
Cas12 effector proteins) (Dong et al., 2016; Gao et al., 2016; Liu et al., 2017a; Yamano 
et al., 2016; Yang et al., 2016). Only a single point mutation (Arg1226Ala) selectively 
inhibited target strand cleavage by AsCas12a98; however, this residue is located within 
a linker between the RuvC and Nuc domain and therefore does not conclusively represent 
a catalytic residue within the Nuc domain. No catalytic residue specific for target strand 
cleavage has yet been identified for Cas12b. However, for both Cas12a and Cas12b, a 
single RuvC point mutation was shown to abrogate cleavage of both dsDNA strands (Liu 
et al., 2017a; Swarts et al., 2017; Yamano et al., 2016; Yang et al., 2016; Zetsche et al., 
2015).  
 

Following RuvC mutational analysis and the observation that an extended single-
stranded segment of the target strand folds back to the RuvC active site in target- bound 
AaCas12b structures (Yang et al., 2016), the RuvC catalytic pocket was suggested to be 
responsible for cleaving both the target strand and the non-target strand via separate 
cleavage events (Swarts et al., 2017; Yang et al., 2016). A subsequent FnCas12a study 
was unable to identify any mutations within the Nuc domain that selectively inhibited 
target strand cleavage, thereby eliminating the nuclease domain as a bona fide nuclease 
(Swarts et al., 2017). However, the model of target strand and non-target strand cleavage 
by a single active site in Cas12 effectors still warrants further investigation, as questions 
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regarding the kinetics of strand scission and structures of the cleavage-competent 
conformational state remain unanswered.  
 

The functionally validated Cas13a and Cas13b proteins recognize and cleave RNA 
by a mechanism that is distinct from the previously discussed class 2 effectors. Initial 
studies with Cas13a showed that crRNA-guided recognition of a complementary ssRNA 
activates two catalytic HEPN domains that promiscuously cleave the target at a region 
beyond the crRNA–ssRNA duplex, known as cis-cleavage (Abudayyeh et al., 2016; East-
Seletsky et al., 2016). Binding of Cas13a to the cognate ssRNA also triggers 
indiscriminate cleavage of ssRNAs in solution, known as trans-cleavage (Abudayyeh et 
al., 2016; East-Seletsky et al., 2016). This finding has uncovered a mechanism for 
nonspecific RNase activity by RNA target recognition, which has since been used for RNA 
detection applications (East-Seletsky et al., 2016; Gootenberg et al., 2017). It was later 
shown that the Cas13a family is functionally divided into two groups on the basis of crRNA 
and ssRNA substrate preferences (East-Seletsky et al., 2017). In addition to targeted and 
collateral RNA cleavage, the related Cas13b protein is further regulated by the accessory 
proteins Csx27 and Csx28, which are separately encoded in the CRISPR–Cas locus and 
repress and enhance RNase activity, respectively (Smargon et al., 2017). A recent crystal 
structure of the crRNA-bound LshCas13a showed an external HEPN catalytic pocket 
comprising two active site residues from each HEPN domain (Liu et al., 2017c), consistent 
with the mechanism of cis- and trans-cleavage by a single catalytic site (Fig. 1.5d). A 
subsequent target-bound Cas13a structure has also shown that HEPN dimerization is a 
prerequisite for complex activation (Abudayyeh et al., 2016; East-Seletsky et al., 2016; 
Liu et al., 2017b; Liu et al., 2017c). Finally, it has been speculated, but remains unknown, 
whether type VI CRISPR–Cas systems have an ‘off switch’ against collateral RNA 
damage by Cas13 effectors to prevent off-target activation of RNase activity. 
 
 
1.8 Conclusions 
 

The unique features of RNA-guided adaptive immunity in CRISPR–Cas systems 
have motivated the next generation of genome-editing technologies, with Cas9 paving 
the way for sequence-specific DNA-targeting applications. Although numerous 
biochemical and structural studies on Cas9 have provided key insights into each step of 
the DNA interference pathway, interest in enhancing targeting specificity with the widely 
used SpCas9 still requires a comprehensive understanding of the thermodynamic and 
kinetic parameters that control target recognition and complex activation. Furthermore, 
there is growing momentum in discovering and adopting smaller Cas9 orthologues such 
as SaCas9 and CjCas9 for genome editing; these are compact molecules that could aid 
in vivo delivery and have distinct specificity profiles (Friedland et al., 2015; Kim et al., 
2017a; Ran et al., 2015).  

 
Finally, the discovery of type V and type VI effector proteins is a reminder that the 

Cas9 family represents only a fraction of the diversity in class 2 CRISPR–Cas systems. 
Emerging mechanistic studies on these distinct CRISPR–Cas systems have shown both 
common themes and functional differences, from RNP complex formation to substrate 
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preference and nucleic acid degradation. However, Cas12a is the only interference 
protein in the type V and type VI systems that has been successfully repurposed for 
genome editing in mammalian cells (Abudayyeh et al., 2016; Hur et al., 2016; Kim et al., 
2016a; Kim et al., 2016b; Kleinstiver et al., 2016b; Tu et al., 2017). As more systems 
become optimized for in vivo applications, our understanding of DNA interference at a 
molecular level becomes increasingly more important in order to maximize the potential 
of diverse programmable endonucleases for novel research tools and innovative 
therapies. 
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A conformational checkpoint between 
DNA binding and cleavage by 

CRISPR–Cas9 
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2.1 Abstract 
 

The Cas9 endonuclease is widely used for genome engineering applications by 
programming its single-guide RNA, and ongoing work is aimed at improving the accuracy 
and efficiency of DNA targeting. DNA cleavage of Cas9 is controlled by the 
conformational state of the HNH nuclease domain, but the mechanism that governs HNH 
activation at on-target DNA while reducing cleavage activity at off-target sites remains 
poorly understood. Using single-molecule Förster resonance energy transfer, we 
identified an intermediate state of Streptococcus pyogenes Cas9, representing a 
conformational checkpoint between DNA binding and cleavage. Upon DNA binding, the 
HNH domain transitions between multiple conformations before docking into its active 
state. HNH docking requires divalent cations, but not strand scission, and this docked 
conformation persists following DNA cleavage. Sequence mismatches between the DNA 
target and guide RNA prevent transitions from the checkpoint intermediate to the active 
conformation, providing selective avoidance of DNA cleavage at stably bound off-target 
sites. 
 
 
2.2 Introduction 
 

The RNA-guided endonuclease Cas9 is responsible for recognizing, unwinding, 
and cutting double-stranded DNA (dsDNA) targets as part of the type II CRISPR–Cas 
(clustered regularly interspaced short palindromic repeats–CRISPR-associated) adaptive 
immune system (Barrangou and Marraffini, 2014; Mohanraju et al., 2016; van der Oost et 
al., 2014; Wright et al., 2016). DNA target recognition requires a short protospacer 
adjacent motif (PAM) sequence (5′-NGG-3′ for Streptococcus pyogenes Cas9) (Sternberg 
et al., 2014) and complementary base pairing with the 20-nucleotide (nt) targeting 
sequence of the guide RNA. Cleavage of the target strand (TS) and nontarget strand 
(NTS) is mediated by the conserved HNH and RuvC nuclease domains, respectively 
(Gasiunas et al., 2012; Jinek et al., 2012). By manipulating the sequence of the single-
guide RNA (sgRNA), Cas9-sgRNA can be programmed to target any DNA sequence 
flanked by a PAM (Doudna and Charpentier, 2014; Hsu et al., 2014; Jinek et al., 2012; 
Sternberg and Doudna, 2015), making it a powerful genome-editing tool. However, 
promiscuous cleavage of off-target sites remains a major challenge (Boyle et al., 2017; 
Singh et al., 2016; Sternberg et al., 2015; Sternberg et al., 2014; Szczelkun et al., 2014). 
Efforts are in progress (Kleinstiver et al., 2016a; Slaymaker et al., 2016) to enhance the 
specificity of DNA targeting by Cas9 for potential therapeutic applications (Gori et al., 
2015; Wu et al., 2014a), which requires detailed mechanistic understanding of substrate-
dependent activation of Cas9 for DNA cleavage.  

 
A previous bulk Förster resonance energy transfer (FRET) study revealed that the 

HNH conformation regulates DNA cleavage activity of both nuclease domains and is 
highly sensitive to RNA-DNA complementarity (Sternberg et al., 2015). After binding to a 
DNA target, S. pyogenes Cas9 undergoes large conformational rearrangements that 
enable the HNH active site to hydrolyze the TS scissile phosphate (Fig. 2.1a) (Jiang et 
al., 2016). However, none of the published structures of Cas9 have captured the HNH 
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domain at the cleavage site (Anders et al., 2014; Hirano et al., 2016b; Jiang et al., 2016; 
Jinek et al., 2014), and the molecular cues that govern transitions to the active 
conformation are not well understood. Because bulk methods are insensitive to 
underlying dynamics, whether the HNH domain only transiently switches to the active 
conformation or stably docks onto the active site for DNA cleavage remains unresolved. 
Furthermore, Cas9 cleaves only a subset of off-target sites to which it binds (Tsai et al., 
2015; Wu et al., 2014b), but it remains unclear whether HNH conformational dynamics 
play a direct role in decoupling between off-target binding and cleavage. To address these 
questions, we monitored the conformational rearrangements of the HNH domain during 
DNA binding and cleavage using single-molecule FRET (smFRET). 
 
 
2.3 Materials and Methods 
 
 
2.3.1 Protein purification and labeling 
  

WT Cas9, dCas9 (D10A/H840A), Cas9HNH-1 (C80S/S355C/C574S/ S867C), 
dCas9HNH-1 (D10A/C80S/S355C/C574S/H840A/S867C), and Cas9HNH-2 
(C80S/C574S/S867C/N1054C) were purified as described (Sternberg et al., 2015). Dye-
labeled Cas9 was prepared as previously described (Sternberg et al., 2015), with the 
following modifications: Labeling reactions contained 10 µM Cas9, 200 µM Cy3-
maleimide, and 400 µM Cy5-maleimide (GE Healthcare). For steady-state 
measurements, regular cyanine dyes (GE Healthcare) were used. Free Cy3- and Cy5-
maleimeide dyes were separated from labeled Cas9 through Micro Bio-Spin 6 columns 
(Bio-Rad) that were buffer-exchanged into Cas9 gel filtration buffer [20 mM tris-HCl (pH 
7.5), 200 mM KCl, 5% glycerol, and 1 mM tris(2-carboxyethyl)phosphine (TCEP)]. To 
enhance the photostability in dynamic FRET measurements, Cas9 was labeled with Cy3 
and Cy5 derivatives, LD550-MAL and LD650-MAL (Lumidyne Technologies). Free dyes 
were separated from labeled Cas9 by gel filtration on a Superdex 200 Increase 10/300 
GL column [20 mM tris-HCl (pH 7.5), 200 mM KCl, 5% glycerol, and 1 mM TCEP]. 
 
 
2.3.2 Nucleic acid preparation  
 

sgRNA templates were polymerase chain reaction–amplified and cloned into 
EcoRI and BamHI sites in pUC19 (Table 2.1), transcribed, and purified in vitro, as 
previously described (Sternberg et al., 2015). DNA oligonucleotides and 5′ biotinylated 
NTSs (Table 2.1) were ordered synthetically (Integrated DNA Technologies), and DNA 
duplexes were prepared and purified by native polyacrylamide gel electrophoresis 
(PAGE), as described. 
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Table 2.1 | List of RNA and DNA substrates used in this study. λ1 target sequence in the sgRNA is 
highlighted in cyan. The PAM sequence is highlighted in yellow on NTS, the target sequence is highlighted 
in green on TS. PAM distal mismatches are highlighted in red on TS. 
 
 
2.3.3. DNA bulk cleavage and binding assays  
 

DNA duplex substrates were 5′-[32P]–radiolabeled on both strands. For cleavage 
experiments, Cas9 and sgRNA were preincubated at room temperature for 10 min in 1× 
binding buffer [20 mM tris-HCl (pH 7.5), 100 mM KCl, 5 mM MgCl2, 1 mM dithiothreitol 
(DTT), 5% glycerol, and heparin (50 µg/ml)] before initiating the reaction by addition of 
DNA duplexes. DNA cleavage experiments were performed and analyzed as previously 
described (Sternberg et al., 2015).  
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Binding assays were performed as previously described (Sternberg et al., 2015), 
with the following modifications: For the 0 mM MgCl2 condition, binding reactions were 
conducted in 1× binding buffer + 1 mM EDTA in the absence of MgCl2 [20 mM tris-HCl 
(pH7.5), 100 mM KCl, 1 mM DTT, 1 mM EDTA, 5% glycerol, and heparin (50 µg/ml)] and 
resolved on 8% native PAGE [0.5× tris-borate EDTA (TBE) + 1 mM EDTA, without MgCl2] 
at 4°C. For the 5 mM MgCl2 condition, binding reactions were conducted in 1× binding 
buffer and resolved on 8% native PAGE (0.5× TBE + 5 mM MgCl2) at 4°C. Experiments 
were replicated at least three times, and presented gels are representative results. 
 
 
2.3.4 Sample preparation for smFRET assay  
 

Quartz slides coated with 99% polyethylene glycol (PEG) and 1% biotinylated PEG 
were acquired from MicroSurfaces Inc. Air-tight sample chamber was prepared by 
sandwiching double-sided tape between quartz slides and coverslips. To prepare the 
slides for molecule deposition, the PEG surface was pre-blocked with casein (10 mg/ml) 
incubated for 10 min. Flow chamber was washed with 1× binding buffer and then 
incubated with 20 µl of streptavidin (1 mg/ml) for 10 min. Excess streptavidin was washed 
away with 40 µl of 1× binding buffer. All the smFRET experiments were performed using 
Cas9HNH-1, with the exception that data shown in Figs. 2.4 and 2.13 were collected using 
Cas9HNH-2 and dCas9HNH-1 constructs, respectively.  

 
Two separate experimental geometries were used for smFRET experiments. To 

surface immobilize Cas9 from its sgRNA, 50 nM sgRNA was hybridized to a 5′ biotin-DNA 
tether. Cas9-sgRNA complexes were preassembled by mixing 50 nM Cas9, 50 nM 
sgRNA-biotin, and 200 nM DNA substrate in 1× binding buffer and incubating for 10 min. 
The sample was spun at 16,000g at 4°C for 5 min. The supernatant was diluted to 100 
pM, flown into the sample chamber, and incubated for 10 min. To surface immobilize 
Cas9 from its DNA substrate, 1 nM biotinylated DNA substrate [NTS (5′ biotin) hybridized 
to TS] was flown into the sample chamber and incubated for 10 min. The chamber was 
washed with 1× binding buffer. Cas9 (50 nM) and sgRNA (50nM) were mixed in 1× 
binding buffer and incubated for 10 min. The sample was spun at 16,000g at 4°C for 5 
min. The supernatant was diluted to 100 pM, flown into the sample chamber, and 
incubated for 10 min. Before data acquisition, the sample chamber was washed with 1× 
binding buffer and 20 ml of imaging buffer [glucose oxidase (1 mg/ml), catalase (0.04 
mg/ml), 0.8% dextrose, and 2 mM Trolox in 1× binding buffer].  
 

To perform smFRET measurements of Cas9-sgRNA complexes that landed onto 
a DNA-immobilized surface, 400 pM Cas9-sgRNA mixture was flown into the sample 
chamber in 100 µl of imaging buffer during data acquisition. After recording each movie, 
the imaged area was photobleached with an intense laser beam, and fresh Cas9-sgRNA 
mixture in imaging buffer was flown into the chamber while imaging the bleached region. 
This approach prevented crowding of the imaged area with fluorescent spots and enabled 
more reliable detection of the molecules that landed onto the surface during data 
acquisition. 
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2.3.5 Microscopy and data acquisition 
 

A prism-type total internal reflection fluorescence microscope was set up using a 
Nikon Ti-E Eclipse inverted fluorescence microscope equipped with a 60× 1.20 N.A. Plan 
Apo water objective and the Perfect Focus System (Nikon). A 532-nm solid-state laser 
(Coherent Compass) and a 633-nm HeNe laser (JDSU) were used for Cy3 and Cy5 
excitation, respectively. Cy3 and Cy5 signals were split into two channels using an 
OptoSplit II image splitter (Cairn Instruments) and imaged separately on the same 
electron-multiplied charged-coupled device camera (512 × 512 pixels, Andor iXon EM+). 
Effective pixel size of the camera was set to 267 nm after magnification. Movies for 
steady-state FRET measurements were acquired at 10 Hz under 0.3 kW cm−2 532-nm 
excitation. For DNA landing assays, smFRET data were acquired at 100, 10, and 2 Hz 
under 1.0, 0.3, and 0.05 kW cm−2 532-nm excitation, respectively. 
 
 
2.3.6 Observation of real-time DNA cleavage 
 

The on-target (pdDNA1-Cy5) and 1- to 3-λ mm [pdDNA1 (1–3bp mm)–Cy5] DNA 
substrates were truncated at the 5′ end of NTS, missing the flanking sequence at the 
PAM-distal site, and labeled with Cy5. Cy3-Cas9 (50 nM), 50 nM sgRNA-biotin, and 200 
nM DNA were mixed in precleavage buffer [20 mM tris-HCl (pH 7.5), 100 mM KCl, 10 mM 
EDTA, 1 mM DTT, 5% glycerol, and heparin (50 µg/ml)] and incubated for 10 min. The 
sample was spun at 16,000g at 4°C for 5 min. The supernatant was diluted to 100 pM, 
flown into the sample chamber, and incubated for 10 min. Before data acquisition, the 
sample chamber was washed with precleavage buffer, and 20 µl of imaging buffer was 
prepared in precleavage buffer. Movies were acquired at 10 Hz under 0.05 kW cm−2 
excitation intensity of the 633-nm beam. To initiate cleavage, flow chamber was washed 
with imaging buffer prepared in 1× binding buffer (containing 5 mM Mg2+) 5 s after the 
start of image acquisition. The number of molecules on the surface at the beginning of a 
movie was normalized to 100%. The percent of Cy5 spots that remained on the surface 
after Mg2+ addition was fitted to a single exponential decay to calculate the cleavage rate. 
Cy5 photobleaching was corrected by performing the assay under the same imaging 
conditions without initiating the DNA cleavage. 

 
 

2.3.7 Data analysis 
 

The two Cy3 and Cy5 channels were registered with each other using fiducial 
markers (20-nm-diameter Nile Red Beads, Life Technologies) before each data 
acquisition. Colocalized Cy3 and Cy5 spots were analyzed for the FRET signal. Individual 
Cy3/Cy5 pairs that were photobleached in one step and that showed anti-correlated 
changes in fluorescence intensity were included in histograms. Donor-only molecules 
were excluded from the analysis, and FRET values were corrected for donor leakage into 
the acceptor channel. This procedure excluded the molecules labeled with a single dye 
or with two dyes of the same type. FRET histograms were constructed as reported 
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previously (Ray et al., 2014). Each smFRET trace contributed equally to the steady-state 
FRET histograms. The histograms were normalized to determine the percentage of 
distinct FRET populations.  

 
For dynamic FRET analysis, we selected the traces that showed at least one 

dynamic FRET transition within the time frame of movie acquisition (50 to 100 s) or before 
Cy3 or Cy5 photobleaching. The average lifetime of smFRET trajectories was 
approximately 50, 10, and 2 s for movies recorded under 0.05, 0.3, and 1.0 kW cm−2 
excitation intensity, respectively. Raw smFRET trajectories were fitted to a step function 
using a maximum evidence algorithm in vbFRET. The maximum number of distinct FRET 
states was set to either two or five, and 50 fitting attempts were made for each trace. 
TDPs were plotted using a custom code written in MATLAB. The reverse cumulative 
histogram of each transition in a TDP was plotted, and transition rates of major transitions 
were calculated by fitting these histograms to a single exponential decay. To track the 
initial HNH conformational dynamics following DNA binding, the molecules that landed on 
the surface after the acquisition of the first frame of the movie were determined using 
smCamera. 
 
 
2.4 Results  
 
 
2.4.1 HNH conformational dynamics reveal a conformational checkpoint before 
DNA cleavage 

 
A cysteine-light S. pyogenes Cas9 variant was labeled at positions S355C and 

S867C with Cy3 and Cy5 dyes (Fig. 2.1a,b), which remained fully functional for DNA 
binding and cleavage (Fig. 2.2) (Sternberg et al., 2015). Cas9 was preassembled with 
the sgRNA and DNA substrate (Fig. 2.1b and Table 2.1), surface-immobilized via the 
sgRNA, and imaged under total internal reflection excitation (Fig. 2.1c). Steady-state 
smFRET measurements of Cas9-sgRNA revealed distinct HNH conformations (Fig. 2.3 
and Table 2.2). Without the DNA substrate, the majority of the complexes were in the 
RNA-bound (R) state [FRET efficiency (EFRET) = 0.19 ± 0.02, ± SEM]. Addition of 200 nM 
on-target DNA resulted in a near-complete loss of the R population and the appearance 
of the docked (D) population at 0.97 ± 0.01 EFRET. The D population was not observed 
with non-target or no-PAM DNA (Fig. 2.2), suggesting that this conformation requires 
stable RNA-DNA base pairing (Lim et al., 2016). 
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Figure 2.1 | HNH conformational dynamics reveal a distinct I state as a function of PAM-distal 
mismatches. (A) Model shows HNH labeling sites under different conformations of Cas9, using sgRNA-
bound (4ZT0) and dsDNA-bound (5F9R) structures. The cysteine-light Cas9 construct is labeled with Cy3 
and Cy5 at S867C and S355C positions. (B) Top: Cas9 was incubated with 55-bp-long dsDNA substrates 
that include PAM and target sequences. Mismatches were introduced at the PAM-distal site. Bottom: DNA 
binding to Cas9 results in HNH interconversion, determined by a transition from a low to high FRET state. 
Scissors show the DNA cleavage sites. (C) Steady-state smFRET histograms for Cas9 in the absence and 
presence of 200 nM DNA targets. A multi-Gaussian fitting (black curve) reveals D, I, and R states of HNH. 
(D) Representative time traces (top), transition density plots (TDPs; middle), and rates of the major 
transitions in TDPs (bottom) for various DNA substrates. a.u., arbitrary units. 
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Figure 2.2 | Steady-state smFRET measurements and bulk cleavage assays of Cas9 labeled with 
Cy3/Cy5 FRET pairs. (A) Cleavage time courses of Cas9 with 20-nt sgRNA, 3'ext 20-nt sgRNA, and 3'ext 
20-nt sgRNA + biot-DNA. (B) Cleavage timecourses of Cas9 with 20-, 17-, 15- and 10-nt sgRNA. See table 
S1 for the sequences of the DNA substrates. (C) Target DNA binding assay of 20-nt sgRNA to dCas9 in 
the presence and absence of 5 mM MgCl2. Binding fits are shown as solid lines. Kd of sgRNA is 2.92 ± 0.05 
nM and 1.3 ± 0.6 nM at 0 mM MgCl2 (+ 1 mM EDTA) and 5 mM MgCl2, respectively. (D) Steady-state FRET 
histogram of RNA-immobilized Cas9 binding to non-target DNA (n = 101). The black curve represents the 
fit to multiple Gaussian peaks. (E) Steady-state FRET histogram of RNA-immobilized Cas9 binding to no-
PAM DNA (n = 88). The black curve represents the fit to multiple Gaussian peaks. 
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Figure 2.3 | Representative smFRET trajectories reveal three different stable conformations of 
Cas9 under saturating DNA concentrations. 
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To understand how sensing of the RNA-DNA heteroduplex affects the HNH 
conformation (Jiang et al., 2016), we introduced 1- to 4-bp (base pair) mismatches (mm) 
at the PAM-distal end of the target region (Fig. 2.1b). When Cas9 was premixed with 
these substrates, an intermediate (I) population emerged at 0.34 ± 0.03 EFRET (Fig. 2.1c). 
As the number of mismatches was increased, we observed a steady decrease in the D 
population, coupled with an increase in I and R populations. Remarkably, the HNH 
domain was unable to attain its D conformation with a 1–4 bp mm DNA (Fig. 2.1c), 
consistent with the inability of Cas9 to cleave this substrate (Sternberg et al., 2015). We 
concluded that the D state represents the active conformation of the HNH domain for 
DNA cleavage. EFRET values of the R, I, and D states are consistent with the distance 
between the labeled positions from available structures and the predicted cleavage-
competent conformation of Cas9 (Table 2.2) (Anders et al., 2014; Jiang et al., 2015). 
Similar results were obtained with a reciprocal Cas9 variant (Fig. 2.4) (Sternberg et al., 
2015), verifying that our conclusions are not markedly affected by the dye labeling 
positions. 
 
 

 
Table 2.2 | Expected and measured EFRET values for Cas9HNH-1 and Cas9HNH-2. EFRET of the R, I and D 
states are consistent with the distance between the labeled positions from available structures and the 
predicted cleavage-competent conformation of Cas9 (Anders et al., 2014; Jiang et al., 2015). Expected 
FRET distances from EFRET values are calculated assuming R0 = 53 Å for the Cy3 and Cy5 FRET pair 
(Bowen et al., 2005) and κ2 = 2/3. Anisotropy of the dyes in their labeling positions and local electrostatic 
effects that affect quantum yield were not taken into an account in these calculations. Errors show SEM. 
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Figure 2.4 | Steady-state smFRET histograms of a reciprocal Cas9 variant. (A) Model showing HNH 
labeling sites and FRET distances under different conformations of Cas9, using sgRNA-bound (4ZT0) and 
dsDNA-bound (5F9R) structures. The cysteine-light Cas9 construct is labeled with Cy3 and Cy5 at S867C 
and N1054C positions. Calculated distances between labeling positions for the R, I and D states are 7 Å, 
28 Å and 57 Å, respectively (Anders et al., 2014; Jiang et al., 2015). (B) Histograms reveal the distributions 
of distinct Cas9 conformations in the RNA only condition and upon addition of 200 nM DNA substrate. 
Introducing the number of mutations at a PAM-distal site leads to a reduction in the EFRET = 0.52 ± 0.04 
population (yellow) and increase in EFRET = 0.98 ± 0.01 population (blue). R and I states could not be 
distinguished by FRET measurements, because the expected FRET values for both these states are the 
same (R: 7Å, I: 28Å). Black curves represent multiple Gaussian fitting of the histograms (n = 133, 133, 220, 
144, 94, 90, 123 and 84 from on-target to no PAM). These EFRET values agree with the expected distances 
between the labeled positions (Table 2.2). 
 
 

We analyzed individual smFRET trajectories to address whether HNH activation is 
completely prohibited or the residence time in the active conformation is reduced at off-
target sites. In the absence of DNA, ~50% of Cas9-sgRNA complexes displayed a stable 
R conformation (Fig. 2.5), whereas the remaining 50% briefly visits the I state (Fig. 2.1d 
and Fig. 2.6), indicating that this conformation is not stable without DNA. When Cas9 
was bound to its on-target (Fig. 2.7), the majority (90%) of the complexes maintained a 
stable D conformation (Fig. 2.5) and only 3% displayed dynamic transitions between the 
D and I states. In comparison to an on-target, a larger percentage (35%) of complexes 
assembled with a 1–3 bp mm DNA underwent transitions between the I and D states at 
a ~100-fold slower rate. The complexes bound to a 1–4 bp mm DNA transitioned only 
between the R and I states, whereas transitions to the D state were not observed (Fig. 
2.1d). These results suggest that the I state serves as the conformational checkpoint of 
RNA-DNA complementarity before the HNH domain transitions to the D state. 
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Figure 2.5 | DNA immobilization of Cas9-sgRNA to the PEG surface eliminates the complexes that 
are unable to bind the DNA. Steady-state smFRET histograms of RNA-immobilized Cas9 supplemented 
with 0, 1 and 200 nM on-target DNA, compared to DNA-immobilization of Cas9 to its on-target DNA (n = 
65, 145, 321 and 288 from no DNA to DNA immobilized). 
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Figure 2.6 | Dwell time analysis of dynamic transitions of Cas9 in the absence and presence of the 
DNA substrates. (A to D) Inverse cumulative distribution of dwell times between transitions to distinct 
FRET states for RNA only (A), on-target (B), 1–3 bp mm (C) and 1–4 bp mm DNA (D). The rate of each 
transition (mean ± 95% confidence interval) was calculated by fitting of the distributions to a single 
exponential decay (red curves). 
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Figure 2.7 | Specific binding of Cas9 to the on-target DNA substrate immobilized to the PEG surface. 
(A) Representative images show nonspecific attachment of 100 pM Cas9 to the glass surface in the 
absence of DNA. (B) Representative images of Cy3 and Cy5 spots for 100 pM Cas9-sgRNA molecules 
with DNA substrate attached to surface. 
 
 
2.4.2 The HNH domain visits the checkpoint intermediate before accessing its 
active conformation 
 
 To test the checkpoint hypothesis, we determined the real-time kinetics of HNH 
activation immediately upon binding to surface-immobilized DNA (Fig. 2.8a). The 
complexes were in the R state when initially bound to DNA (Fig. 2.8b). Individual 
trajectories recorded at 100 Hz revealed that Cas9 visits the I state (τ = 34 ms) between 
initial landing and transitioning to the D state (Fig. 2.8b), consistent with the I state serving 
as the checkpoint between DNA binding and cleavage. The first transition to the D state 
occurs rapidly (39 min−1) after initial binding to an on-target DNA (Fig. 2.8c,d,g). Ninety-
five percent of the complexes stably remained in the D state (Fig. 2.8c and Fig. 2.9), and 
reversible transitions to the I and R states were rarely observed. With a 1–3 bp mm DNA, 
the first transition to the D state occurs at a ~10-fold slower rate relative to an on-target 
DNA (Fig. 2.8e-g) and most of the complexes underwent reversible transitions after 
reaching the D state (Fig. 2.8d and Fig. 2.9). 
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Figure 2.8 | Real-time kinetics of HNH activation immediately after DNA binding. (A) Schematic for 
observation of Cas9 conformational dynamics upon landing onto surface-immobilized DNA. (B) Left: A 
representative smFRET trajectory recorded at 100 Hz shows a brief visit to the I state between initial on-
target binding and transitioning into the D state. Right: Single exponential fit (red curve) to the I state dwell 
time histogram reveals its lifetime (τ, ±95% confidence interval). (C and E) A representative smFRET 
trajectory at 10 Hz of Cas9 after landing to an on-target and 1–3 bp mm DNA. t = 0 s and dashed vertical 
lines represent time of landing and acceptor photobleaching, respectively. (D and F) Time-dependent 
changes in the conformational distribution of Cas9 after DNA landing. (G) Cumulative distribution of first 
transition to the D state after DNA landing. Red curves show fit to a single exponential function (±95% 
confidence interval). 
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Figure 2.9 | Conformational dynamics of the HNH domain observed at 2 Hz. (A, B) Representative 
smFRET trajectories of Cas9 after landing to an on-target (A) and a 1–3 bp mm DNA (B). t = 0 s represents 
the time of landing and the dashed vertical line represents acceptor photobleaching. (C) Photostability of 
Cas9 molecules after landing to a 1–3 bp mm DNA. Single exponential fit (red curve) to the histogram 
reveals the average duration of smFRET trajectories before photobleaching (τ, ±95% confidence interval). 
(D) TDP of Cas9 molecules landing onto a 1–3 bp mm DNA reveals that transitions mainly occur between 
I and D states. Color code represents the number of transitions (n = 57). Transitions from R to D state 
occurs mainly because all of the landing molecules were initially at the R state and I state between R and 
D state is too short lived to resolve with the time resolution of the experiment (2 Hz). Unlike traces collected 
at 10 Hz (Fig. 2.1f), R and I states can be distinguished in TDP due to higher signal to noise ratio of traces 
collected at 2 Hz. 
 
 
2.4.3 HNH activation requires divalent cation but is independent of nuclease 
activity 
 
 Next, we tested the roles of divalent cations and nuclease activity on 
conformational activation of the HNH domain. DNA cleavage activity of Cas9 requires 
Mg2+ at the catalytic site (Jinek et al., 2012), yet it remains stably bound to the DNA target 
without Mg2+ (Fig. 2.10).It was unclear whether Mg2+ enables transition to the D state or 
stabilizes the D state via interactions with the active site and DNA phosphate backbone 
(Jiang et al., 2016). We observed that Cas9 is completely unable to transition to the D 
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state without divalent cations (Fig. 2.11a). At low (10 mM) Mg2+, 29% of molecules were 
in the D conformation (Fig. 2.11a), and 50% of trajectories revealed I- to-D transitions 
(Fig. 2.12). At 1 to 5 mM Mg2+, Ca2+, or Co2+, >85% of complexes populated the D state, 
demonstrating that divalent cations lower the threshold energy for the HNH domain to 
move to its active state. We observed the same divalent cation-dependent docking for 
catalytically dead dCas9 (Fig. 2.13). Furthermore, Co2+ is unable to support DNA 
cleavage (Fig. 2.10), but enabled transitions to the D state (Fig. 2.11a) (Jinek et al., 
2012), demonstrating that docking of the HNH domain is independent of nuclease activity. 
 
 

 
Figure 2.10 | DNA cleavage activity of Cas9 in the presence of various divalent cations. (A) Cleavage 
timecourses of the ontarget DNA by WT Cas9 with MgCl2 titration. (B) Cleavage timecourses of the on-
target DNA by WT Cas9 in the presence of 5 mM divalent cation.  
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Figure 2.11 | HNH activation requires divalent cations but is independent of nuclease activity. (A) 
smFRET histograms of Cas9 bound to on-target dsDNA in the absence and presence of a divalent cation. 
(B) Top: The on-target DNA was truncated at the 5′ end of the NTS one base after the target sequence 
(pdDNA1) and four bases after PAM (pdDNA2). Bottom: smFRET histograms of Cas9 bound to pdDNAs in 
the absence and presence of a divalent cation. (C) Cleavage of pdDNA1 was initiated by replacing EDTA 
with 5 mM Mg2+ and monitored by dissociation of the Cy5-labeled NTS 5′ end from Cas9. (D) Still images 
of Cy5-pdDNA1 bound to surface-immobilized Cas9 after Mg2+ addition (t = 0 s). (E) Percentage of Cy5 
spots remain at the surface after Mg2+ flow. Red curves represent fit to single exponential decay (mean ± 
95% confidence interval). 
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Figure 2.12 | Conformational dynamics of the HNH domain in the presence of 10 µM Mg2+. (A) A 
representative time trace of Cas9 bound to its on-target DNA at 10 µM Mg2+ shows dynamic FRET 
transitions. (B) TDP reveals that transitions mainly occur between I and D states. Color code represents 
the number of transitions (n = 353). (C and D) Inverse cumulative distributions of a transition from the D to 
I state (C), and from the I to D state (D). Red curves represent fitting of the distributions to a single 
exponential decay. (E) Transition rates between I and D states. Errors represent 95% confidence intervals. 
 
 

 
Figure 2.13 | smFRET histograms of dCas9 bound to on-target dsDNA in the absence and presence 
of a divalent cation. Black curves represent a fit to a multi Gaussian peak. 
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 To explore the stability of the D conformation after NTS release, we truncated to 
the 5′ end of the spacer in the NTS (pdDNA1) to prevent base pairing beyond the target 
region and enable dissociation of the NTS 5′ end from the complex after cleavage (Fig. 
2.11b) (Richardson et al., 2016). The complexes bound top dDNA1 transitioned to the D 
state upon Co2+ addition. Unlike an on-target dsDNA, in which the NTS remains bound to 
the complex after cleavage, initiating the cleavage of pdDNA1 by Mg2+ addition reduced 
the stability of the D conformation. Furthermore, when Cas9 was bound to a distinct 
substrate that lacks the entire 5′ end of NTS upstream of the cleavage site (pdDNA2), 
most of the complexes remained in the I state in Mg2+. Because the HNH domain reverts 
back to the I state upon NTS release and cannot dock in the absence of the NTS, the 5′ 
end of the NTS is necessary for stabilizing the D state (Palermo et al., 2016). 
 
 To determine whether stable docking of HNH is rate-limiting for the DNA cleavage 
activity, we designed a single-molecule stopped flow assay to monitor DNA cleavage 
activity of individual Cas9 complexes in real time. In this assay, pdDNA1 was labeled with 
Cy5 at the 5′ end of NTS and preassembled with Cas9 in 10 mM EDTA, and then 
complexes were immobilized via the sgRNA (Fig. 2.11c). Replacement of EDTA with 5 
mM Mg2+ resulted in disappearance of 80% of the Cy5 spots at a rate of 0.16 s−1 (Fig. 
2.11d), which represents DNA cleavage and NTS release. Because docking of the HNH 
domain occurs about four-fold faster than DNA cleavage, it is not rate-limiting for cleavage 
of the on-target DNA. However, when Cas9 was pre-assembled with a 1–3 bp mm DNA, 
HNH docking and DNA cleavage (Figs. 2.8g and 2.11e) occurred at comparable rates, 
suggesting that HNH docking is a rate-limiting step for the cleavage of this substrate. 
 
 
2.4.4 Truncation of the guide RNA traps the HNH domain in the checkpoint 
intermediate with fewer mismatches on the DNA 
 
 Truncating the 5′ end of the guide RNA (gRNA) has been shown to reduce off-
target effects with Cas9 (Fu et al., 2014). It has been proposed that truncation of the 
gRNA leads to a reduction in DNA affinity, in a way that Cas9 can still bind to an on-target 
site, but the affinity is too low to allow binding to off-target sites (Fu et al., 2014). Cas9 
with a 17-nt gRNA has fourfold lower on-target affinity (Fig. 2.14a) and reduced cleavage 
rate (Fig. 2.14b) compared to a standard (20-nt) gRNA. Further truncation of the gRNA 
reduced the DNA binding affinity (Fig. 2.14a) and fully abolished on-target cleavage (Fig. 
2.2). To test whether the reduction in cleavage activity is due to the inability of Cas9 to 
bind the DNA substrate, we measured HNH docking and the cleavage activity of DNA-
bound Cas9 complexes guided with a 17-nt gRNA at a single molecule level. When Cas9 
guided with a 17-nt gRNA was bound to its on-target DNA substrates (on-target, 1 bp 
mm, 1–2 bp mm, and 1–3 bp mm), we observed a lower occupancy (~20%) of the D state, 
whereas most of the complexes remained in the I state (Fig. 2.14c,d), which manifests 
with the reduced cleavage rate (Fig. 2.14b). Binding to a 1–4 bp mm DNA, which 
introduces a single mismatch relative to the 17-nt sgRNA, completely prohibits cleavage 
activity and transitions to the D state (Fig. 2.14b,d). When a single mismatch was 
introduced at the 4th bp from the PAM-distal end (4th bp mm), Cas9 guided with a 17-nt 
gRNA was unable to dock and cleave the DNA, whereas a 20-nt gRNA enabled 
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transitions to the D state and cleaved the DNA at near on-target rates (Fig. 2.14e,f). 
Therefore, truncation of gRNA increases cleavage specificity by prohibiting HNH 
activation with a single mismatch at the PAM-distal end, not by the reduction of off-target 
binding. 
 
 

 
Figure 2.14 | Truncation of the gRNA traps the HNH domain in the checkpoint intermediate with 
fewer mismatches on the DNA. (A) On-target DNA binding assay with 20-nt and truncated gRNAs. (B) 
Bulk cleavage rates of the DNA substrates by Cas9 assembled with 20- and 17-nt gRNAs. (C) Steady-state 
smFRET histograms of Cas9 guided with a 17-nt gRNA. (D) D population of Cas9 guided with 20- and 17-
nt gRNAs. (E) Top: A single mismatch was introduced at the 4th bp after the PAM-distal end (blue 
arrowhead). Bottom: Real-time cleavage of 4th bp mm by Cas9 guided with 20- and 17-nt gRNAs. Black 
curves represent fit to a single exponential decay (mean ± 95% confidence interval). (F) Steady-state 
smFRET histograms of Cas9 with 20- and 17-nt gRNAs bound to 4th bp mm. (G) Model for substrate-
dependent HNH activation. DNA binding triggers transition from R (blue) to I (green) conformation, which 
serves as a conformational checkpoint between DNA binding and cleavage. In Mg2+, recognition of an on-
target locks HNH in the catalytically active D conformation (red), which is destabilized after NTS release. 
HNH activation is prohibited when the RNA-DNA complementarity drops below a threshold (red cross). 
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2.5 Discussion 
 
 Here, we detected conformational activation of Cas9 for DNA cleavage (Fig. 
2.14g). Upon binding to an on-target DNA, the HNH domain transitions from the RNA-
bound to catalytically active D conformation. Binding to a divalent cation is a prerequisite 
for HNH activation. HNH remains docked to the catalytic site after cleavage (Boyle et al., 
2017; Richardson et al., 2016; Singh et al., 2016; Sternberg et al., 2014), and this 
conformation is destabilized upon NTS release. These results explain why the active 
conformation of the HNH domain was not observed without the full dsDNA substrate or 
divalent cations (Anders et al., 2014; Hirano et al., 2016b; Jiang et al., 2016; Jinek et al., 
2014). We speculate that the cleavage-competent conformation may be captured with 
wild-type (WT) Cas9 in Co2+ or with dCas9 in Mg2+. 
 
 In the presence of mismatched targets, the emergence of the catalytically inactive 
I state highlights a conformational checkpoint through which the HNH nuclease must pass 
to occupy the active conformation and achieve DNA cleavage (Fig. 2.14g). The energetic 
barrier regulating HNH activation is sensitive to mutations on the DNA substrate. Docking 
into the active state is blocked when complementarity drops below a threshold, and Cas9 
remains in the checkpoint intermediate. These results demonstrate the inherent 
conformational specificity of Cas9 and provide a structural and kinetic explanation for the 
decoupling of DNA binding and cleavage. 
 
 Truncation of the sgRNA to 17 nt increases the cleavage specificity of Cas9 by 
preventing HNH activation with a single mutation at the PAM-distal end. This is achieved 
at the expense of reduced on-target cleavage, because the HNH domain mostly remains 
in the checkpoint intermediate without sufficient RNA-DNA base pairing. For future 
genome engineering applications, the smFRET approach developed here can be coupled 
with targeted mutagenesis to design and test high-fidelity Cas9-sgRNA complexes with 
minimal off-target cleavage while maintaining optimal on-target cleavage activity. 
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Chapter 3 
 
 
 
 
 
 
 
 
 
 
 

Enhanced proofreading governs 
CRISPR–Cas9 targeting accuracy 
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proofreading governs CRISPR-Cas9 targeting accuracy. Nature. doi: 
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3.1 Abstract 
 
 The RNA-guided CRISPR–Cas9 nuclease from Streptococcus pyogenes 
(SpCas9) has been widely repurposed for genome editing (Barrangou and Horvath, 2017; 
Doudna and Charpentier, 2014; Hsu et al., 2014; Mali et al., 2013b). High-fidelity 
(SpCas9-HF1) and enhanced specificity (eSpCas9(1.1)) variants exhibit substantially 
reduced off-target cleavage in human cells, but the mechanism of target discrimination 
and the potential to further improve fidelity are unknown (Fu et al., 2013; Kleinstiver et al., 
2016a; Slaymaker et al., 2016; Tsai and Joung, 2016; Tsai et al., 2015). Here, using 
single-molecule Förster resonance energy transfer experiments, we show that both 
SpCas9-HF1 and eSpCas9(1.1) are trapped in an inactive state (Dagdas et al., 2017) 
when bound to mismatched targets. We find that a non-catalytic domain within Cas9, 
REC3, recognizes target complementarity and governs the HNH nuclease to regulate 
overall catalytic competence. Exploiting this observation, we design a new hyper-accurate 
Cas9 variant (HypaCas9) that demonstrates high genome-wide specificity without 
compromising on-target activity in human cells. These results offer a more 
comprehensive model to rationalize and modify the balance between target recognition 
and nuclease activation for precision genome editing. 
 
 
3.2 Materials and Methods 
 
 
3.2.1 Protein purification and dye labelling 
 

S. pyogenes Cas9 and truncation derivatives were cloned into a custom pET-
based expression vector containing an N-terminal His6-tag, maltose-binding protein 
(MBP) and TEV protease cleavage site. Point mutations were introduced by Gibson 
assembly or around-the-horn PCR and verified by DNA sequencing. Proteins were 
purified as described (Jinek et al., 2014), with the following modifications: after Ni-NTA 
affinity purification and overnight TEV cleavage at 4 °C, proteins were purified over an 
MBPTrap HP column connected to a HiTrap Heparin HP column for cation exchange 
chromatography. The final gel filtration step (Superdex 200) was carried out in elution 
buffer containing 20 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5% (v/v) glycerol and 1 mM 
TCEP. For FRET experiments, Cy3/Cy5-dye positions were selected within a cysteine-
free Cas9 protein on the basis of a structural alignment of the sgRNA-bound (4ZT0) to 
dsDNA-bound (5F9R) structures. Each FRET pair consisted of one cysteine substitution 
within the ‘mobile’ domain (HNH, REC2 or REC3) and another within the relatively 
‘stationary’ domain (REC1, arginine-rich helix or RuvC), such that the inter-residue 
distance change from the sgRNA-bound to dsDNA-bound states was between 10 and 90 
Å (Extended Data Fig. 10). Dye-labelled Cas9 samples were subsequently prepared as 
described (Sternberg et al., 2015). A list of all protein variants and truncations is in Table 
3.1. 
 
 



 51 

 
Table 3.1. DNA plasmids and proteins used in this study. All enhanced specificity, high-fidelity, cluster 
and hyper-accurate SpCas9 variants tested in this study, with Addgene ID numbers for deposited plasmids. 
The HNH, REC2 or REC3 subscript designation with an enhanced specificity, high-fidelity or cluster SpCas9 
variant denotes combination of residue substitutions with indicated FRET construct. 
 
 
3.2.2 Nucleic acid preparation 
 

sgRNA templates were PCR amplified from a pUC19 vector containing a T7 
promoter, 20 nucleotide target sequence and optimized sgRNA scaffold. The amplified 
PCR product was extracted with phenol:chloroform:isoamyl alcohol and served as the 
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DNA template for sgRNA transcription reactions, which were performed as described 
(Wright et al., 2015). DNA oligonucleotides and 5′ end biotinylated DNAs (Table 3.2) were 
synthesized commercially (Integrated DNA Technologies), and DNA duplexes were 
prepared and purified by native PAGE as described (Jinek et al., 2014). 
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Table 3.2. List of nucleic acids used in the study. 
 
 
3.2.3 DNA cleavage and binding assays 
 

DNA duplex substrates were 5′-32P-radiolabelled on both strands. For cleavage 
experiments, Cas9 and sgRNA were pre-incubated at room temperature for at least 10 
min in 1× binding buffer (20 mM Tris-HCl, pH 7.5, 100 mM KCl, 5 mM MgCl2, 1 mM DTT, 
5% glycerol, 50 µg ml−1 heparin) before initiating the cleavage reaction by addition of DNA 
duplexes. For REC3 in vitro complementation experiments, 100 nM SpCas9∆REC3–
sgRNA complexes were pre-incubated with tenfold molar excess of REC3 for at least 10 
min at room temperature before addition of 1 nM radiolabelled substrate. For REC3 
titration experiments, 100 nM SpCas9∆REC3–sgRNA complexes were separately pre-
incubated with 0, 10, 20, 50, 100, 200, 500, and 1,000 nM REC3 for at least 10 min at 
room temperature before addition of 1 nM radiolabelled substrate; reactions were 
quenched after 10 min with an equal volume of buffer containing 50 mM EDTA, 0.02% 
bromophenol blue, and 90% (vol/vol) formamide. DNA cleavage experiments were 
performed and analysed as previously described (Sternberg et al., 2015).  
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DNA binding assays were conducted using increasing concentrations of SpCas9 
variant–sgRNA complexes (0.1, 1, 3, 10, 30, 100, 300, and 1,000 nM) in 1× binding buffer 
without MgCl2 + 1 mM EDTA, and reactions were incubated with < 0.1 nM radiolabelled 
duplex substrate at room temperature for 2 h. DNA-bound complexes were resolved on 
8% native PAGE (0.5× TBE + 1 mM EDTA, without MgCl2) at 4 °C, as previously 
described (Dagdas et al., 2017). Experiments were replicated at least three times, and 
presented gels are representative results. 
 
 
3.2.4 Bulk FRET experiments 
 

All bulk FRET assays were performed at room temperature in 1× binding buffer, 
containing 50 nM SpCas9HNH (C80S/S355C/ C574S/S867C labelled with Cy3/Cy5), 
SpCas9∆REC3HNH (M1–N497,GGS,V713–D1368 + C80S/S355C/C574S/S867C) or 
SpCas9REC2 (E60C/C80S/D273C/C574S labelled with Cy3/Cy5) with 200 nM sgRNA and 
DNA substrate where indicated. Fluorescence measurements were collected and 
analysed as described12. For REC3 in vitro complementation FRET experiments, 
SpCas9∆REC3HNH and sgRNA were pre-incubated with tenfold molar excess of REC3 
for at least 10 min at room temperature before measuring bulk fluorescence. 
 
 
3.2.5 Sample preparation for smFRET assay 
 

MicroSurfaces supplied 99% PEG and 1% biotinylated-PEG coated quartz slides. 
Sample preparation was performed as previously described10. Briefly, the glass surface 
was pre-blocked with casein (10 mg ml−1) for 10 min. The sample chamber was washed 
with 1× binding buffer, then incubated with 20 µl streptavidin (1 mg ml−1) for 10 min. 
Unbound streptavidin was washed away with 40 µl of 1× binding buffer.  

 
To immobilize SpCas9 on its DNA substrate, 2.5 nM biotinylated DNA substrate 

was introduced and incubated in the sample chamber for 5 min. Excess DNA was washed 
with 1× binding buffer. SpCas9–sgRNA complexes were prepared by mixing 50 nM Cas9 
and 50 nM sgRNA in 1× binding buffer and incubated for 10 min at room temperature. 
SpCas9–sgRNA was diluted to 100 pM, introduced to sample chamber and incubated for 
10 min. Before data acquisition, 20 µl imaging buffer (1 mg ml−1 glucose oxidase, 0.04 
mg ml−1 catalase, 0.8% dextrose (w/v) and 2 mM Trolox in 1× binding buffer) was flown 
into chamber. The REC3 in vitro complementation assay was performed similarly to 
steady-state FRET experiments: 2.5 nM biotinylated DNA substrate (on-target) was 
immobilized on the surface, and excess DNA was washed with 1× binding buffer. 
SpCas9–sgRNA complexes were prepared by mixing 50 nM SpCas9∆REC3 and 50 nM 
sgRNA in 1× binding buffer and incubated for 10 min at room temperature. SpCas9–
sgRNA was diluted to 100 pM, introduced to the sample chamber and incubated for 10 
min. Before data acquisition, 20 µl imaging buffer was flowed into the chamber. After data 
acquisition, the sample chamber was washed with 1× binding buffer. Imaging buffer (20 
µl) supplemented with 1 µM REC3 was flowed into the sample chamber and incubated 
for 10 min. After incubation, data for REC3 complementation were collected. 



 57 

 
 
3.2.6 Microscopy and data analysis 
 

A prism-type TIRF microscope was set up using a Nikon Ti-E Eclipse inverted 
fluorescent microscope equipped with a 60×, 1.20 numerical aperture Plan Apo water 
objective and the Perfect Focus System (Nikon). A 532-nm solid state laser (Coherent 
Compass) and a 633-nm HeNe laser (JDSU) were used for Cy3 and Cy5 excitation, 
respectively. Cy3 and Cy5 fluorescence was split into two channels using an Optosplit II 
image splitter (Cairn Instruments) and imaged separately on the same electron-multiplied 
charged-coupled device camera (512 pixels × 512 pixels, Andor Ixon EM+). Effective pixel 
size of the camera was set to 267 nm after magnification. Movies for steady-state FRET 
measurements were acquired at 10 Hz under 0.3 kW cm−2 532-nm excitation. Steady-
state and dynamic FRET data analysis was performed as described previously (Dagdas 
et al., 2017). Briefly, for steady-state FRET analysis, two fluorescent channels were 
registered with each other using fiducial markers (20 nm diameter Nile Red Beads, Life 
Technologies) to determine the Cy3/Cy5 FRET pairs. Cy3/Cy5 pairs that photobleached 
in one step and showed anti-correlated signal changes were used to build histograms. 
FRET values were corrected for donor leakage and the histograms were normalized to 
determine the percentage of distinct FRET populations. Only samples showing greater 
than 3% of molecules with active transitions were subjected to dynamic FRET analysis. 
 
 
3.2.7 Human cell culture and transfection 
 

Descriptions of nuclease and guide RNA plasmids used for human cell culture are 
available in Tables 3.1 and 3.2. Nuclease variants were generated by isothermal 
assembly into JDS246 (Addgene 43861) (Fu et al., 2013), and guide RNAs were cloned 
into BsmBI-digested BPK1520 (Addgene 65777) (Kleinstiver et al., 2015). Both U2OS 
cells (a gift from T. Cathomen, Freiburg) and U2OS–eGFP cells (encoding a single 
integrated copy of a pCMV–eGFP–PEST cassette) (Reyon et al., 2012) were cultured at 
37 °C with 5% CO2 in advanced DMEM containing 10% heat- inactivated fetal bovine 
serum, 2 mM GlutaMax, penicillin–streptomycin, and 400 µg ml−1 Geneticin (for U2OS–
eGFP cells only). Cell culture reagents were purchased from Thermo Fisher Scientific, 
cell line identities were validated by STR profiling (American Type Culture Collection, 
ATCC) and deep-sequencing, and cell culture supernatant was tested twice a month for 
mycoplasma. Transfections were performed using a Lonza 4-D Nucleofector with the SE 
Kit and the DN-100 program on ~200,000 cells with 750 ng of nuclease and 250 ng of 
guide RNA plasmids. 
 
 
3.2.8 Human cell eGFP disruption assay 
 

eGFP disruption experiments were performed as previously described (Fu et al., 
2013; Reyon et al., 2012). Briefly, transfected cells were analysed ~52 h after transfection 
for loss of eGFP fluorescence using a Fortessa flow cytometer (BD Biosciences). 
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Background loss was determined by gating a negative control transfection (containing 
nuclease and empty guide RNA plasmid) at ~2.5% for all experiments. 
 
 
3.2.9 T7 endonuclease I assay 
 

Roughly 72 h after transfection, genomic DNA was extracted from U2OS cells 
using an Agencourt DNAdvance Genomic DNA Isolation Kit (Beckman Coulter 
Genomics), and T7 endonuclease I (T7E1) assays were performed as previously 
described26. Briefly, 600- to 800-nucleotide amplicons surrounding on-target sites were 
amplified from ~100 ng of genomic DNA using Phusion Hot-Start Flex DNA Polymerase 
(New England Biolabs, NEB) using the primers listed in Table 3.2. PCR products were 
visualized (using a QIAxcel capillary electrophoresis instrument, Qiagen) and purified 
(Agencourt Ampure XP cleanup, Beckman Coulter Genomics). Denaturation and 
annealing of ~200 ng of the PCR product was followed by digestion with T7EI (NEB). 
Digestion products were purified (Ampure) and quantified (QIAxcel) to approximate the 
mutagenesis frequencies induced by Cas9–sgRNA complexes. 
 
 
3.2.10 GUIDE-seq 
 

GUIDE-seq experiments were performed with WT SpCas9, SpCas9-HF1, 
eSpCas9(1.1) and HypaCas9 for six different sgRNAs, essentially as previously 
described6. Briefly, U2OS cells were transfected as described above with the addition of 
100 pmol of an end-protected double-stranded oligonucleotide (dsODN) GUIDE-seq tag. 
Approximately 72 h after nucleofection, genomic DNA was extracted and gene disruption 
was quantified by T7E1 assay (as described above). GUIDE-seq tag-integration 
efficiencies were assessed using restriction fragment length polymorphism (RFLP) 
assays as previously described (Kleinstiver et al., 2016a). Briefly, PCR reactions 
amplified from ~100 ng of genomic DNA from GUIDE-seq treated samples, using Phusion 
Hot-Start Flex DNA Polymerase (NEB), were treated with 20 U NdeI (NEB) for 3 h. 
Digested products were purified (Ampure) and quantified (QIAxcel) to approximate 
GUIDE-seq tag-integration efficiencies. To perform GUIDE-seq, sample libraries were 
assembled as previously described6 and sequenced on an Illumina MiSeq machine. Data 
were analysed using open-source guideseq software (version 1.1) (Tsai et al., 2016). 
GUIDE-seq data can be found in Sequence Read Archive SRP116962 and Table 3.3, 
and are deposited with the NCBI Sequence Read Archive. Potential alternative 
alignments shown in Table 3.3, resulting from RNA or DNA bulges (Lin et al., 2014b), 
depict one of many possible alternative alignments. 
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Table 3.3. GUIDE-seq data. Included sites (pre-SNP corrected) and SNP corrected sites. 
 
 
3.3 Results and Discussion 
 
 Efforts to minimize off-target cleavage by CRISPR–Cas9 have motivated the 
development of SpCas9-HF1 and eSpCas9(1.1) variants that contain amino-acid 
substitutions predicted to weaken the energetics of target site recognition and cleavage 
(Kleinstiver et al., 2016a; Slaymaker et al., 2016) (Fig. 3.1a). Biochemically, we found 
that these Cas9 variants cleaved the on-target DNA with rates similar to that of wild-type 
(WT) SpCas9, whereas their cleavage activity was significantly reduced on substrates 
bearing mismatches (Figs. 3.2a and 3.3a). To test the hypothesis that SpCas9 with its 
single-guide RNA (sgRNA) might exhibit a greater affinity for its target than is required for 
effective recognition (Bisaria et al., 2017; Kleinstiver et al., 2016a), we measured DNA 
binding affinity and cleavage of SpCas9-HF1 and eSpCas9(1.1) variants. Contrary to a 
potential hypothesis that mutating these charged residues to alanine weakens target 
binding (Bisaria et al., 2017), the affinities of these variants for on-target and PAM-distal 
mismatched substrates were similar to WT SpCas9 (Figs. 3.1b, 3.2a and 3.3b), 
indicating that cleavage specificity is improved through a mechanism distinct from a 
reduction of target binding affinity (Bisaria et al., 2017). 
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Figure 3.1 | High-fidelity Cas9 variants enhance cleavage specificity through HNH conformational 
control. a, Locations of amino-acid alterations in existing high-fidelity SpCas9 variants mapped onto the 
dsDNA- bound SpCas9 crystal structure (Protein Data Bank (PDB) accession number 5F9R); HNH domain 
is omitted for clarity. b, Dissociation constants with mean and s.d. are shown; n = 3 independent 
experiments (overlaid as white circles). c, Cartoon of DNA-immobilized SpCas9 for measuring HNH 
conformation by smFRET, with DNA target numbering scheme. d–f, smFRET histograms showing HNH 
conformation with indicated Cas9 variants bound to on-target and mismatched targets using nucleotide 
numbers diagrammed in c. Black curves represent a fit to multiple Gaussian peaks. 
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Figure 3.2 | Dual-labelled SpCas9 variants are fully functional for DNA cleavage. a, SDS–PAGE 
analysis of unlabelled Cas9 variants. b, SDS–PAGE analysis of Cy3/Cy5-labelled Cas9 variants. The gel 
was scanned for Cy3/Cy5 fluorescence (middle, bottom) before staining with Coomassie blue (top). c–f, 
DNA cleavage time courses of Cas9 FRET constructs and their dual-labelled counterparts for (c) WT 
SpCas9, (d) SpCas9-HF1, (e) eSpCas9(1.1) and (f) HypaCas9. For a–f, experiments were repeated three 
independent times with similar results. 
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Figure 3.3 | HNH domain in eSpCas9 variants still populate the docked state in the presence of PAM-
distal mismatches. a, Quantification of DNA cleavage time courses comparing WT SpCas9, SpCas9-HF 
and eSpCas9(1.1) variants with perfect and PAM-distal mismatched targets. b, Dissociation constants 
comparing WT SpCas9, SpCas9-HF and eSpCas9(1.1) variants with perfect and PAM-distal mismatched 
targets, as measured by electrophoretic mobility shift assays. For a, b, mean and s.d. are shown; n = 3 
independent experiments (overlaid as white circles in b). c, d, smFRET histograms for (c) SpCas9- K855A 
and (d) SpCas9-N497A/R661A/Q695A. For c and d, black curves represent a fit to multiple Gaussian 
peaks. e, Schematic of SpCas9 domain structure with colour coding for separate domains. f, Vector map 
of global SpCas9 conformational changes from the sgRNA-bound (PDB accession number 4ZT0) to 
dsDNA-bound structures (PDB accession number 5F9R), domains coloured as in e. 
 
 
 The HNH nuclease domain of SpCas9 undergoes a substantial conformational 
rearrangement upon target binding (Jiang et al., 2016; Palermo et al., 2016, 2017a; 
Sternberg et al., 2015), which activates the RuvC nuclease for concerted cleavage of both 
strands of the DNA (Jinek et al., 2012; Sternberg et al., 2015). It was previously shown 
that the HNH domain stably docks in its active state with an on-target substrate, but 
becomes loosely trapped in a catalytically inactive conformational checkpoint when bound 
to mismatched targets (Dagdas et al., 2017; Sternberg et al., 2015). We therefore 
hypothesized that SpCas9-HF1 and eSpCas9(1.1) variants may use a more sensitive 
threshold for HNH domain activation to promote off-target discrimination. To test this 
possibility, we labelled catalytically active WT SpCas9 (SpCas9HNH), SpCas9-HF1 
(SpCas9-HF1HNH) and eSpCas9(1.1) (eSpCas9(1.1)HNH) with Cy3/Cy5 Förster resonance 
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energy transfer (FRET) pairs at positions S355C (within the ‘stationary’ REC1 domain) 
and S867C (within the ‘mobile’ HNH domain) to measure HNH conformational states 
upon dsDNA binding (Sternberg et al., 2015) (Figs. 3.1c–f and 3.2c–e). Whereas 
SpCas9HNH stably populated the active state with on-target and mismatched substrates, 
as observed by steady-state single-molecule FRET (smFRET) (Fig. 3.1d), only ~32% of 
SpCas9-HF1HNH molecules occupied the HNH active state (EFRET = 0.97) with an on-
target substrate, with the remaining ~68% trapped in the inactive intermediate state (EFRET 
= 0.45) (Fig. 3.1e). Of the dynamic molecules (~36% of all smFRET traces) observed for 
SpCas9-HF1HNH, kinetics analysis further revealed that the HNH transition rate from the 
inactive state to the active state was approximately eight- fold slower than that of WT 
SpCas9HNH (~3% dynamic molecules (Dagdas et al., 2017)) (Fig. 3.4). However, when 
SpCas9-HF1HNH was bound to a substrate with a single mismatch at the PAM-distal end 
(denoted 20–20 bp mm), stable docking of the HNH nuclease was entirely ablated (Fig. 
3.1e). In addition, eSpCas9(1.1)HNH and other high-fidelity variants (Kleinstiver et al., 
2016a; Slaymaker et al., 2016) reduced the HNH active state in the presence of 
mismatches (Figs. 3.1f and 3.3c, d). We therefore propose that high-fidelity variants of 
Cas9 reduce off-target cleavage by raising the threshold for HNH conformational 
activation when bound to DNA substrates. 
 
 

 
Figure 3.4 | Kinetic analysis of transitions between active and inactive states of the HNH domain. a, 
Representative time traces (top), transition density plots (TDPs, middle) and rates of the transitions in TDPs 
(bottom) for SpCas9-HF1 with on-target DNA (left), eSpCas9(1.1) with on-target DNA (middle) and 
eSpCas9(1.1) with 20–20 bp mm DNA (right); mean and s.e.m. are shown; n = 107, 24 and 74 individual 
molecules, respectively. The percentages of molecules showing at least one such transition was 36%, 7% 
and 29% for SpCas9-HF1 with on-target, eSpCas9(1.1) with on-target and eSpCas9(1.1) with 20–20 bp 
mm DNA, respectively. Kinetics analysis of other cases (SpCas9-HF1 and eSpCas9(1.1) bound to other 
off-target substrates, and HypaCas9 bound to on- and off-target substrates) is not shown, because the 
percentage of molecules showing at least one such transition was less than 3%. b, Comparison of on-target 
transition rates for WT SpCas9, SpCas9-HF1 and eSpCas9(1.1); mean and s.e.m. are shown; n = 51, 107 
and 24 individual molecules, respectively. Transition rates for WT SpCas9 collected from (Dagdas et al., 
2017). 
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 Since the HNH domain does not directly contact nucleic acids at the PAM-distal 
end (Anders et al., 2014; Jiang et al., 2016; Jiang et al., 2015; Nishimasu et al., 2014), it 
is likely that a separate domain of Cas9 senses target complementarity to govern HNH 
domain mobility. Structural studies suggested that a domain within the Cas9 recognition 
(REC) lobe, called REC3, interacts with the RNA–DNA heteroduplex and undergoes 
conformational changes upon target binding (Fig. 3.3e,f) (Anders et al., 2014; Jiang et 
al., 2015; Jinek et al., 2014; Nishimasu et al., 2014; Palermo et al., 2016). Because the 
function of this non-catalytic domain was previously unknown, we labelled SpCas9 with 
Cy3/Cy5 dyes at positions S701C (within the ‘mobile’ REC3 domain) and S960C (within 
the ‘stationary’ RuvC domain) to generate SpCas9REC3 and observed that the 
conformational states of REC3 become more heterogeneous as PAM-distal mismatches 
increase (Fig. 3.5a–c). To determine whether PAM-distal sensing precedes HNH 
activation, we deleted REC3 from WT Cas9 (SpCas9∆REC3) (Fig. 3.6a). Deletion of 
REC3 decreased the cleavage rate by about 1,000-fold compared with WT Cas9, despite 
retaining near-WT affinity for the on-target (Fig. 3.5d,e). Unexpectedly, in vitro 
complementation of REC3 rescued the on-target cleavage rate by about 100-fold in a 
concentration-dependent manner (Figs. 3.5d and 3.6b). Furthermore, the HNH domain 
in SpCas9∆REC3 (SpCas9∆ REC3HNH) occupied the active state only when REC3 was 
supplemented in trans (Figs. 3.5f and 3.6c,d). We therefore propose that REC3 acts as 
an allosteric effector that recognizes the RNA–DNA heteroduplex to allow for HNH 
nuclease activation. 
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Figure 3.5 | Nucleic acid sensing requires engagement with the REC3 domain and outward rotation 
of the REC2 domain. a, Schematic of SpCas9REC3 with FRET dyes at positions S701C and S960C, with 
HNH domain omitted for clarity. Inactive to active structures represent REC3 in the sgRNA-bound (PDB 
accession number 4ZT0) to dsDNA-bound (PDB accession number 5F9R) forms, respectively. b, c, 
smFRET histograms showing HNH conformational activation with black curves representing a fit to multiple 
Gaussian peaks for (b) WT SpCas9REC3 and (c) SpCas9-HF1REC3 bound to perfect and PAM-distal 
mismatched targets. The purple peak denotes the sgRNA-only bound state, while the red and green peaks 
represent two states of REC3 with conformational flexibility upon binding to DNA substrates. d, REC3 in 
vitro complementation assay with SpCas9∆REC3 by measuring cleavage rate constants. e, On-target DNA 
binding assay in the presence or absence of the REC3 domain; mean and s.d. are shown. f, REC3 in vitro 
complementation assay with SpCas9∆REC3 by measuring HNH activation with (ratio)A values. g, (Ratio)A 
data with SpCas9REC2 and SpCas9HNH showing reciprocal FRET states with the indicated substrates. For 
d–g, mean and s.d. are shown; n = 3 independent experiments (overlaid as white circles in d, f, and g). h, 
Schematic of SpCas9∆REC3REC2 with FRET dyes at positions E60C and D273C, with the REC3 domain 
added in trans. Inactive to active structures represent REC2 in the sgRNA-bound (PDB accession number 
4ZT0) to dsDNA-bound (PDB accession number 5F9R) forms, respectively. i, smFRET histograms 
measuring REC2 conformational states with SpCas9∆REC3REC2 in the absence and presence of the REC3 
domain when bound to an on-target substrate. 
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Figure 3.6 | The α-helical lobe regulates HNH domain activation. a, Domain organization of 
SpCas9∆REC3. b, On-target DNA cleavage assay using SpCas9∆REC3 with increasing concentrations of 
the REC3 domain supplied in trans, resolved by denaturing polyacrylamide gel electrophoresis (PAGE); 
repeated three independent times with similar results. c, Schematic of SpCas9∆REC3HNH, with REC3 
added in trans. Inactive to active structures represent HNH in the sgRNA-bound (PDB accession number 
4ZT0) to dsDNA-bound (PDB accession number 5F9R) forms, respectively. d, smFRET histograms 
showing HNH conformation with SpCas9∆REC3HNH bound to an on-target substrate, with and without 
REC3. e, Schematic of SpCas9REC2; HNH domain is omitted for clarity. Inactive to active structures 
represent REC2 in the sgRNA- (PDB accession number 4ZT0) to dsDNA-bound (PDB accession number 
5F9R) forms, respectively. f, g, smFRET histograms showing REC2 conformation with (f) WT SpCas9REC2 
and (g) SpCas9-HF1REC2 bound to on-target and mismatched targets. For d, f and g, black curves represent 
a fit to multiple Gaussian peaks. 
 
 
 We next considered allosteric interactions that could couple the discontinuous 
REC3 and HNH domains. Structural studies suggested that REC2 occludes the HNH 
domain from the scissile phosphate in the sgRNA-bound state (Jiang et al., 2015), and 
undergoes a large outward rotation upon binding to double-stranded DNA (dsDNA) (Jinek 
et al., 2014; Palermo et al., 2016) (Fig. 3.6e). To test whether the REC2 domain regulates 
access of HNH to the target strand scissile phosphate, we labelled SpCas9 with Cy3/Cy5 
dyes at positions E60C (within the ‘stationary’ arginine-rich helix) and D273C (within the 
‘mobile’ REC2 domain) to generate SpCas9REC2 to detect REC2 conformational changes 
(Fig. 3.2b,c). We observed reciprocal changes in bulk FRET values ((ratio)A) (Majumdar 
et al., 2005) between SpCas9HNH and SpCas9REC2 across multiple DNA substrates (Fig. 
3.5g), which suggests that the REC2 and HNH domains are tightly coupled to ensure 
catalytic competence. smFRET experiments further confirmed a large opening of REC2 
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during the transition from the sgRNA-bound state (EFRET = 0.96) to the target-bound state 
(EFRET = 0.43) (Fig. 3.6e,f). In contrast to WT SpCas9REC2, SpCas9-HF1REC2 occupies an 
intermediate state (EFRET = 0.63) when bound to a target with a single PAM-distal 
mismatch (Fig. 2g). Together with the observation that the HNH domain of SpCas9-HF1 
does not occupy the active state with PAM-distal mismatches, these experiments suggest 
that REC2 sterically occludes HNH in the conformational checkpoint when SpCas9 is 
bound to off-target substrates. 
 
 Next, we investigated whether this conformational proofreading mechanism could 
be rationally exploited to design novel hyper-accurate Cas9 variants. We identified five 
clusters of residues containing con- served amino acids within 5 Å of the RNA–DNA 
interface, four of which are located within REC3 and one in the HNH-RuvC Linker 2 (L2) 
(Figs. 3.7a and 3.8). Alone or in combination with Q926A, a substitution within L2 that 
confers higher specificity (Kleinstiver et al., 2016a), we generated alanine substitutions 
for each residue within the five different clusters of amino acids (clusters 1–5 ± Q926A) 
(Fig. 3.7a). We tested whether these cluster mutations affect cleavage accuracy and 
equilibrium binding in vitro, and found that cluster 1 alone and cluster 2 + Q926A 
suppressed off-target cleavage while retaining target binding affinities comparable to WT 
(Fig. 3.9). We next screened all cluster variants in human cells using an enhanced GFP 
(eGFP) disruption assay (Fu et al., 2013). On-target activity for cluster 1 was comparable 
to that of SpCas9-HF1 or eSpCas9(1.1), whereas cluster 2 variants displayed generally 
lower activity (Figs. 3.7b and 3.10a). Furthermore, cluster 1 retained high on-target 
activity (> 70% of WT) at 19 out of 24 endogenous gene sites tested, compared with 18 
out of 24 for SpCas9-HF1 and 23 out of 24 for eSpCas9(1.1) (Figs. 3.7c and 3.11a). 
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Figure 3.7 | Targeted mutagenesis within the REC3 domain reveals a SpCas9 variant with hyper-
accurate behaviour in human cells. a, Zoomed-in image of the REC3 domain and linker 2 (L2) with amino 
acids of cluster variants indicated (PDB accession number 5F9R). Boxed residues indicate amino acids 
also present in SpCas9-HF1. b, WT-normalized activity of Cas9 variants, using sgRNAs targeting 12 
different sites within eGFP. c, WT-normalized endogenous gene disruption activity measured by T7 
endonuclease 1 (T7E1) assay across 24 sites. For b and c, error bars represent median and interquartile 
ranges for n = 12 or 24 biologically independent samples, respectively; the interval with > 70% of WT activity 
is highlighted in light grey. d, Activities of WT and high-fidelity Cas9 variants when programmed with singly 
mismatched sgRNAs against FANCF site 1. e, Activities of Cas9 variants when programmed with singly 
mismatched sgRNAs against FANCF site 4 and FANCF site 6. f, Histogram of the total number of GUIDE-
seq detected off-target sites for Cas9 variants with six different sgRNAs. 
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Figure 3.8 | Identification of cluster variants on the basis of nucleic acid proximity and multiple 
sequence alignment of residues within clusters 1–5. a, Schematic depicting interactions of WT SpCas9 
residues within clusters 1–5 with the RNA–DNA heteroduplex, on the basis of PDB accession 5F9R 
(adapted from (Kleinstiver et al., 2016a)). b, Alignment of selected Cas9 orthologues using MAFFT and 
visualized in Geneious 10.0, with red boxes outlining residues mutated to alanine within each cluster 
variant. 
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Figure 3.9 | Mutation clusters in the REC3 domain along the RNA–DNA heteroduplex demonstrate 
localized sensitivity to mismatches along the target sequence. a, b, Quantified DNA cleavage rates 
(dotted line indicates detection limit for kcleave set at 10 min−1) displayed as (a) a heatmap and (b) a bar 
graph. c, d, Target DNA binding assay (c) resolved by native PAGE mobility shift assays; repeated three 
independent times with similar results and (d) quantification with WT-normalized dissociation constants. 
For b and d, mean and s.d. are shown; n = 3 independent experiments (overlaid as white circles). 
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 We then focused on the specific contributions of mutations within cluster 1 by 
restoring each individual mutated residue to its WT identity, along with the Q926A 
mutation, and tested the resulting variants for on-target editing efficiency in human cells. 
On-target activity was significantly compromised when N692A/Q695A/Q926A mutations 
occurred together, but restoring either N692 (cluster 1 N692 + Q926A) or Q695 (cluster 
1 Q695 + Q926A) alone led to robust on-target efficiency comparable to cluster 1, 
signifying differential contributions from these mutations to activity and specificity 
(Extended Data Figs 7b, c and 8a–c). Using sgRNAs with single mismatches against 
the endogenous human gene target FANCF site 1, we found that cluster 1 exhibited 
greater specificity than both SpCas9-HF1 and eSpCas9(1.1) in the middle and PAM-
proximal regions of the spacer (Fig. 3d and Extended Data Fig. 8c). Additional single 
mismatch tolerance assays on FANCF sites 4 and 6 further corroborated the superior 
accuracy of cluster 1 (N692A/M694A/Q695A/H698A, hereafter referred to as HypaCas9) 
against mismatches at positions 1 through 18; however, single mismatches along FANCF 
site 2 were still tolerated across all SpCas9 variants tested (Fig. 3e and Extended Data 
Fig. 8d, e). 
 
 

 
Figure 3.10 | On-target activities of altered specificity variants using a human cell eGFP disruption 
assay. a, Summary of eGFP disruption activities for SpCas9-HF1, eSpCas9(1.1), eSpCas9(1.1)-HF1 and 
cluster variants ± Q926A with mean and s.e.m., where n = at least 3 biologically independent samples 
(overlaid as white circles). b, Summary of eGFP disruption activities for the series of cluster 1 variants with 
each substituted residue restored to the canonical amino acid; mean and s.e.m. are shown; n = at least 3 
biologically independent samples (overlaid as white circles); WT, cluster 1 (HypaCas9), and cluster 1 + 
Q926A data from a are re-plotted for comparison. c, WT-normalized plot of data in b; error bars represent 
median and interquartile range for n = 12 biologically independent samples; the interval with > 70% of WT 
activity is highlighted in light grey. 
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Figure 3.11 | Activities and specificities of high-fidelity SpCas9 variants targeted to endogenous 
human cell sites. a, On-target activities of WT SpCas9, SpCas9-HF1, cluster 1 and cluster 2 variants 
across 24 endogenous human genes, assessed by T7E1 assay; mean and s.e.m. are shown; n = at least 
3 biologically independent samples (overlaid as white circles). b, WT-normalized endogenous gene 
disruption data from a, for cluster 1 and 2 variants. Error bars represent median and interquartile ranges of 
24 biologically independent samples with the >70% interval of WT activity highlighted in light grey; cluster 
1 (HypaCas9) data from Fig. 3.7b are re-plotted for comparison. c–e, Summary of single mismatch 
tolerance of WT SpCas9, SpCas9-HF1, eSpCas9(1.1), and cluster 1 and cluster 2 variants on (c) FANCF 
site 1, (d) FANCF sites 4 and 6 and (e) FANCF site 2. Percentage modification in c–e assessed by T7E1 
assay; mean and s.e.m. are shown for n = at least 3 biologically independent samples (overlaid as white 
circles). 
 
 
 Next, we performed genome-wide, unbiased identification of double-stranded 
breaks enabled by sequencing (GUIDE-seq) (Tsai et al., 2015) to compare the genome-
wide specificities of WT SpCas9, SpCas9-HF1, eSpCas9(1.1) and HypaCas9 using three 
sgRNAs previously shown to exhibit substantial off-target effects (FANCF site 2, VEGFA 
sites 2 and 3) (Kleinstiver et al., 2016a; Tsai et al., 2015), and three previously 
uncharacterized sgRNAs with a moderate number of in silico predicted off-target sites 
(FANCF site 6, DNMT1 sites 3 and 4; Fig. 3.12a). We assessed GUIDE-seq tag 
integration and on-target editing and observed comparable efficiencies among the four 
nucleases for all six sgRNAs (Fig. 3.12b–d). Our GUIDE-seq analysis revealed that 
HypaCas9 exhibits dramatically improved genome-wide specificity compared with WT 
SpCas9, and showed equivalent or better genome-wide specificity relative to both 
SpCas9-HF1 and eSpCas9(1.1) for all sgRNAs examined (Figs. 3.7f, 3.12e and 3.13). 
These results corroborate the enhanced mismatch intolerance of HypaCas9 and 
demonstrate that its specificity improvements may extend beyond the PAM-proximal and 
middle regions of the spacer sequence. 
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Figure 3.12 | Genome-wide specificity profiles of high- fidelity SpCas9 variants defined using 
GUIDE-seq. a, Number of in silico predicted target sites mismatched by ‘n’ positions for six sgRNAs against 
the reference human genome (hg38) via Cas-OFFinder (Bae et al., 2014). b, Assessment of GUIDE-seq 
dsODN tag integration at the on-target site for each nuclease and guide combination, detected by RFLP 
assay. c, On-target editing, determined by T7E1 assay; mean and s.e.m. are shown; n = 3 biologically 
independent samples (overlaid as white circles) for b and c. d, dsODN tag-integration efficiency ratios 
(integration:mutagenesis, from b and c) for each nuclease and guide combination, with means and 95% 
confidence intervals shown for n = 6 biologically independent samples. e, GUIDE-seq genome-wide 
specificity profiles for WT SpCas9, SpCas9-HF1, eSpCas9(1.1) and HypaCas9 each paired with six 
different sgRNAs. Mismatched positions in off-target sites are highlighted in colour; GUIDE-seq read counts 
shown to the right of the sequences, which correlate with approximate cleavage efficiency at a given site; 
blue circles indicate sites with potential alternative alignments due to RNA or DNA bulges (Lin et al., 2014b) 
(see Table 3.3); yellow circles indicate off-target sites that are only supported by asymmetric GUIDE-seq 
reads. 



 77 

 
 

 
Figure 3.13 | Conformational gating drives targeting accuracy for SpCas9 variants. a–c, Steady-state 
smFRET histograms measuring (a) HNH, (b) REC2 and (c) REC3 conformational states for HypaCas9 
bound to on-target and PAM-distal mismatched substrates. Black curves represent a fit to multiple Gaussian 
peaks. d, e, Steady-state smFRET histograms of Cas9 variants bound to PAM-distal mismatched 
substrates were normalized to and subtracted from that of on-target smFRET histograms. This analysis 
reveals transitions from one FRET population (negative peak, shaded region) to another population 
(positive peak, unshaded regions) for (d) REC3 and (e) REC2. f, Measured distances between residues 
labelled with Cy3/Cy5 FRET dyes for different substrate-bound Cas9 structures. Residue pairs were 
designed to report conformational changes of the specified domain (HNH, REC2 or REC3). The distances 
were measured between Cα atoms of the indicated residues for the associated PDB structures. 
 
 
 To biochemically validate cleavage specificity in the middle region of the spacer 
with HypaCas9, we measured cleavage rates against the FANCF site 1 sequence with or 
without internal mismatches. Although HypaCas9 retained on-target activity comparable 
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to WT and SpCas9-HF1 in human cells, its in vitro cleavage rate was slightly reduced for 
the one target site examined (Fig. 3.14a). However, the cleavage rate with internally 
mismatched substrates was considerably slower compared with WT and SpCas9-HF1, 
which may be explained by the altered threshold of HNH activation (Fig. 3.14a,b). 
 
 

 
Figure 3.14 | Mutating residues involved in proofreading increases the threshold for conformational 
activation to ensure targeting accuracy. a, DNA cleavage kinetics of SpCas9 variants with the FANCF 
site 1 on-target and internally mismatched substrates; mean and s.d. are shown; n = 3 independent 
experiments (overlaid as white circles). b, smFRET histograms showing HNH conformation for indicated 
SpCas9 variants with a FANCF site 1 on-target and mismatched substrate at the 12th position; black curves 
represent a fit to multiple Gaussian peaks. c, Model for α-helical lobe sensing and regulation of the RNA–
DNA heteroduplex for HNH activation and cleavage. 
 
 
 Our findings provide direct evidence to support previous speculation that Cas9 
relies on protospacer sensing to enable accurate targeting (Cencic et al., 2014; Szczelkun 
et al., 2014). In particular, we propose that REC3 binding to the RNA–DNA duplex is 
necessary for re-orienting REC2, which enables HNH docking at the active site (Fig. 
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3.5h,i). Mutation of residues within REC3 that are involved in RNA–DNA heteroduplex 
recognition, such as those mutated in HypaCas9 or SpCas9-HF1, prevents transitions by 
the REC2 domain, which more stringently traps the HNH domain in the conformational 
checkpoint in the presence of mismatches (Figs. 3.13 and 3.14c). Curiously, nearly all of 
the amino acids within the cluster variants were strongly conserved (Fig. 3.8), suggesting 
that these residues may also be involved in protospacer sensing and HNH nuclease 
activation across Cas9 orthologues. Furthermore, this observation may address how 
nature apparently has not selected for a highly precise Cas9 protein, whose native 
balance between mismatch tolerance and specificity may be optimized for host immunity. 
Our study delineates a general strategy for improving Cas9 specificity by tuning the 
natural conformational threshold, and offers opportunities for rational design of hyper-
accurate Cas9 variants that do not compromise efficiency. 
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Chapter 4 
 
 
 
 
 
 
 
 
 
 
 

CRISPR–Cas12a target binding 
unleashes indiscriminate single-

stranded DNase activity 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Part of the work presented in this chapter has previously been published in the following 
manuscript: Chen, J.S.*, Ma, E.*, Harrington, L.B.*, Da Costa, M., Tian, X., Palefsky, J.M., 
Doudna, J.A., (2018). CRISPR–Cas12a target binding unleashes indiscriminate single-
stranded DNase activity. Science. doi: 10.1126/science.aar6245.
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4.1 Abstract 
 
 CRISPR–Cas12a (Cpf1) proteins are RNA-guided enzymes that bind and cut DNA 
as components of bacterial adaptive immune systems. Like CRISPR–Cas9, Cas12a has 
been harnessed for genome editing based on its ability to generate targeted, double-
stranded DNA (dsDNA) breaks. Here we show that RNA-guided DNA binding unleashes 
indiscriminate single-stranded DNA (ssDNA) cleavage activity by Cas12a that completely 
degrades ssDNA molecules. We find that target-activated, non-specific ssDNase 
cleavage is also a property of other type V CRISPR–Cas12 enzymes. By combining 
Cas12a ssDNase activation with isothermal amplification, we create a method termed 
DNA Endonuclease Targeted CRISPR Trans Reporter (DETECTR), which achieves 
attomolar sensitivity for DNA detection. DETECTR enables rapid and specific detection 
of human papillomavirus in patient samples, thereby providing a simple platform for 
molecular diagnostics. 
 
 
4.2 Materials and Methods 
 
 
4.2.1 Protein expression and purification 
 

DNA sequences encoding SpCas9 and Cas12 proteins and mutants were cloned 
into a custom pET-based expression vector containing an N-terminal 10×His-tag, 
maltose-binding protein (MBP) and TEV protease cleavage site. Point mutations were 
introduced by around-the-horn PCR and verified by DNA sequencing. Proteins were 
purified as described (Jinek et al., 2014), with the following modifications: E. coli 
BL21(DE3) containing SpCas9 or Cas12 expression plasmids were grown in Terrific 
Broth at 16°C for 14 hr. Cells were harvested and resuspended in Lysis Buffer (50 mM 
Tris-HCl, pH 7.5, 500 mM NaCl, 5% (v/v) glycerol, 1 mM TCEP, 0.5 mM PMSF and 0.25 
mg/ml lysozyme), disrupted by sonication, and purified using Ni-NTA resin. After 
overnight TEV cleavage at 4°C, proteins were purified over an MBPTrap HP column 
connected to a HiTrap Heparin HP column for cation exchange chromatography. The final 
gel filtration step (Superdex 200) was carried out in elution buffer containing 20 mM Tris-
HCl, pH 7.5, 200 mM NaCl (or 250 mM NaCl for AaCas12b), 5% (v/v) glycerol and 1 mM 
TCEP. All proteins tested in this study are shown in Fig. 4.2. 
 
 
4.2.2 Nucleic acid preparation 
 

DNA substrates were synthesized commercially (IDT). For FQ-reporter assays, 
activator DNA duplexes were prepared by annealing 5-fold molar excess of the NTS to 
TS in 1× hybridization buffer (20 nM Tris-Cl, pH 7.5, 100 mM KCl, 5 mM MgCl2), heating 
at 95°C and slow-cooling on the benchtop. HPV16 and HPV18 fragments were 
synthesized as gBlocks (IDT) and cloned into a custom pET-based vector via Gibson 
assembly. Plasmid DNA for titration experiments was quantified using a Qubit fluorometer 
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(Invitrogen). For radiolabeled cleavage assays, PAGE-purified DNA oligos were prepared 
as described.   

 
sgRNA templates were PCR amplified from a pUC19 vector or overlapping primers 

containing a T7 promoter, 20 nucleotide target sequence and an sgRNA scaffold. The 
amplified PCR product served as the DNA template for in vitro transcription reactions, 
which were performed as described (Jinek et al., 2014). crRNAs were transcribed in vitro 
using a single-stranded DNA template containing a T7 promoter, repeat and spacer in the 
reverse complement orientation, which was annealed to T7 forward primer in 1× 
hybridization buffer. All DNA and RNA substrates are listed in Table 4.1.   
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Table 4.1. Nucleic acids used in this study. 
 
 
4.2.3 DNA cleavage assays 
 

Generally, Cas12a-mediated cleavage assays were carried out in cleavage buffer 
consisting of 20 mM HEPES (pH 7.5), 150 mM KCl, 10 mM MgCl2, 1% glycerol and 0.5 
mM DTT. For M13-targeting assays, 30 nM Cas12a was pre-assembled with either 36 
nM of M13-targeting crRNA (cis) or with 36 nM of crRNA and 40 nM complementary 
ssDNA (activator) with no sequence homology to M13 (trans) at 37°C for 10 min. The 
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reaction was initiated by adding 10 nM M13mp18 ssDNA (New England Biolabs) and 
incubated at 37°C for indicated timepoints. Reactions were quenched with DNA loading 
buffer (30% (v/v) glycerol, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol) 
containing 15 mM EDTA and separated by 1.5% agarose gel pre-stained with SYBER 
Gold (Invitrogen). 
 

For radiolabeled cleavage assays, the substrates used were 5′-end-labeled with 
T4 PNK (NEB) in the presence of gamma 32P-ATP. For dsDNA substrates, the non-target 
strand was first 5′-end-labeled and then annealed with excess corresponding target 
strand. The concentrations of Cas12a (or SpCas9), guide RNA and 32P-labeled 
substrates used in the reaction were 30 nM, 36 nM and 1–3 nM (unless otherwise stated), 
respectively. Reactions were incubated for 30 min (unless otherwise stated) at 37°C (or 
47.5°C for the thermophilic AacCas12b) and quenched with formamide loading buffer 
(final concentration 45% formamide and 15 mM EDTA, with trace amount of xylene cyanol 
and bromophenol blue) for 2-3 min at 90°C. The substrates and products were resolved 
by 12% urea-denaturing PAGE gel and quantified with Amersham Typhoon (GE 
Healthcare).    

 
For substrate turnover studies, the pre-assembled Cas12a-crRNA or Cas12a-

crRNA-activator (target ssDNA or dsDNA) were incubated at 37°C for 10 min, and 30 nM 
of the pre-assembled RNP were used for each reaction with various substrate 
concentrations at 15, 30, 45, and 60 nM, respectively.   
 
 
4.2.4 Fluorophore quencher (FQ)-labeled reporter assays 
 

LbCas12a-crRNA complexes were pre-assembled by incubating 200 nM LbCpf1 
with 250 nM crRNA and 4 nM activator (ssDNA, dsDNA or ssRNA) at 37°C for 30 min. 
The reaction was initiated by diluting LbCas12a complexes to a final concentration of 50 
nM LbCas12a : 62.5 nM crRNA : 1 nM activator in a solution containing 1× Binding Buffer 
(20 mM Tris-HCl, pH 7.5, 100 mM KCl, 5 mM MgCl2, 1 mM DTT, 5% glycerol, 50 µg ml−1 
heparin) and 50 nM DNaseAlert substrateTM (IDT) or custom ssDNA/ssRNA FQ reporter 
substrates in a 20 µl reaction (Table 4.1). HPV detection assays were performed as 
above, with the following modifications: LbCas12a was pre-assembled with an HPV16 or 
HPV18-targeting crRNA and diluted in a solution containing 1× Binding Buffer, custom 
ssDNA-FQ reporter and 1, 10, 100, or 1000 nM of HPV16- or HPV18-containing plasmids. 
Reactions (20 µl, 384-well microplate format) were incubated in a fluorescence plate 
reader (Tecan Infinite Pro F200) for up to 120 minutes at 37°C with fluorescence 
measurements taken every 30 seconds (DNaseAlert substrate = λex: 535 nm; λem: 595 
nm, custom ssDNA/ssRNA FQ substrates = λex: 485 nm; λem: 535 nm).    

 
For trans-cleavage rate determination, background-corrected fluorescence values 

were calculated by subtracting fluorescence values obtained from reactions carried out in 
the absence of target plasmid. The resulting data were fit to a single exponential decay 
curve (GraphPad Software), according to the following equation: Fraction cleaved = A × 
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(1 – exp(–k × t)), where A is the amplitude of the curve, k is the first-order rate constant, 
and t is time.    

 
For Michaelis-Menten analysis, LbCas12a-crRNA-activator (target ssDNA or 

dsDNA) complexes were prepared as described above, and reaction was initiated by 
diluting LbCas12a complexes to a final concentration of 5 nM LbCas12a : 6.25 nM crRNA 
: 0.1 nM activator (effective complex = 0.1 nM) in a solution containing 1× Binding Buffer 
and 0.001, 0.01, 0.1, 0.2, 0.5, 1 or 2 µM of DNaseAlertTM substrate (IDT). Reactions 
were incubated in a fluorescence plate reader for up to 30 minutes at 37°C with 
fluorescence measurements taken every 30 seconds (λex: 535 nm; λem: 595 nm). The 
initial velocity (V0) was calculated by fitting to a linear regression and plotted against the 
substrate concentration to determine the Michaelis-Menten constants (GraphPad 
Software), according to the following equation: Y = (Vmax × X)/(Km + X), where X is the 
substrate concentration and Y is the enzyme velocity. The turnover number (kcat) was 
determined by the following equation: kcat = Vmax/Et, where Et = 0.1 nM.   
 
 
4.2.5 Human clinical sample collection and DNA preparation 
 

Anal sample donors were recruited from the UCSF Anal Neoplasia Clinic, 
Research and Education Center (ANCRE). The study was approved by the UCSF 
Committee on Human Research. After informed consent was obtained, participants had 
an anal swab inserted into a Thinprep™ vial for anal cytology and HPV testing. Cell 
suspension left over from the first swab after monolayer cytology slides were made was 
used for HPV DNA PCR.   

 
A crude DNA preparation was made by pelleting 1.5 ml of the cell suspension.  

After the pellet was allowed to dry, it was suspended in 100 µl Tris-EDTA with proteinase 
K (Life Technologies) at a concentration of 200 µg/ml and incubated at 56°C for 1 hour, 
then the proteinase K was heat inactivated. Five µl of this was used in the HPV consensus 
PCR. DNA preparation from human cell lines (SiHa, HeLa, BJAB) was performed as 
above, with the following modifications: 106–107 cells were harvested, resuspended in 
100 µl Tris-EDTA with proteinase K, incubated at 56°C for 1 hour, then the proteinase K 
was heat inactivated. One µl of this sample was used for DETECTR experiments.   
 
 
4.2.6 DETECTR assays 
 

DETECTR combines Recombinase Polymerase Amplification (RPA) using 
TwistAmp Basic (TwistDx) followed by Cas12a detection in the same reaction. Briefly, 50 
µl reactions containing 1 µl sample, 0.48 µM forward and reverse primer, 1× rehydration 
buffer, 14 mM magnesium acetate and RPA mix were incubated at 37°C for 10 minutes. 
The RPA reaction (18 µl) was transferred to a 384-well microplate and 50 nM LbCas12a 
: 62.5 nM crRNA : 50 nM custom ssDNA-FQ reporter was added directly to the reaction 
(20 µl final volume). Reactions were incubated in a fluorescence plate reader (Tecan 
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Infinite Pro F200) for 1–2h at 37°C with fluorescence measurements taken every minute 
(λex: 485 nm; λem: 535 nm).    

 
For HPV identification by DETECTR, detection values of HPV types 16 or 18 in 

human samples were normalized to the maximum mean fluorescence signal obtained 
using LbCas12a-crRNA targeting the hypervariable loop V of the L1 gene within HPV16 
or HPV18 (Seaman et al., 2010). A one-way ANOVA with Dunnett’s post test was used 
to determine the positive cutoff (set at p £ 0.05) for identification of HPV16 or HPV18 in 
patient samples. Based on this cutoff, 100% of samples were accurately identified for 
HPV16 infection (25/25 agreement with PCR-based results), while 92% of samples were 
accurately identified for HPV18 infection (23/25 agreement with PCR-based results).   
 
 
4.2.7 HPV genotyping and validation 
 

PCR was performed as described previously (Morrison et al., 1992; Palefsky et al., 
1998) using a modified pool of MY09/MY11 consensus HPV L1 primers as well as primers 
for amplification of the human beta-globin as an indicator of specimen adequacy as 
described previously (Palefsky et al., 1998). After 40 amplification cycles, specimens 
were probed with a biotin-labeled HPV L1 consensus probe mixture. A separate 
membrane was probed with a biotin-labeled probe to the human beta-globin gene. 
Specimens were typed by hybridizing to 38 different HPV types, 6/11, 16, 18, 26/69, 30, 
31, 32/42, 33, 34, 35, 39, 45, 51, 52, 53, 54, 56, 57/2/27, 58, 59, 61, 62, 66, 67, 68, 70, 
71, 72, 73, 81, 82, 83, 84, 85, 86/87, 90/106, 97, 102/89, as well as two separate mixtures. 
Mix1 contains 7, 13, 40, 43, 44, 55, 74, and 91, and Mix 2 contains 3, 10, 28, 29, 77, 78, 
and 94. Specimens negative for beta-globin gene amplification were excluded from 
analysis. The results of PCR were recorded on a scale from 0 to 5 based on the intensity 
of the signal on the dot-blots, as described previously (Morrison et al., 1992). Samples 
with results recorded as 1 or more were considered to be positive.  
 
 
4.3 Results and Discussion 
 

CRISPR–Cas adaptive immunity in bacteria and archaea uses RNA-guided 
nucleases to target and degrade foreign nucleic acids (Barrangou et al., 2007; Koonin et 
al., 2017; Marraffini and Sontheimer, 2008). The CRISPR–Cas9 family of proteins has 
been widely deployed for gene editing applications (Barrangou and Horvath, 2017; 
Doudna and Charpentier, 2014) based on the precision of double-stranded DNA (dsDNA) 
cleavage induced by two catalytic domains, RuvC and HNH, at sequences 
complementary to a guide RNA (Chen and Doudna, 2017; Jinek et al., 2012). A second 
family of enzymes, CRISPR–Cas12a (Cpf1), uses a single RuvC catalytic domain for 
guide RNA-directed dsDNA cleavage (Dong et al., 2016; Gao et al., 2016; Stella et al., 
2017; Swarts et al., 2017; Yamano et al., 2016; Zetsche et al., 2015) (Fig. 4.1a). Distinct 
from Cas9, Cas12a enzymes recognize a T-rich protospacer adjacent motif (PAM) 
(Zetsche et al., 2015), catalyze their own guide RNA (crRNA) maturation (Fonfara et al., 
2016) and generate a PAM-distal dsDNA break with staggered 5' and 3' ends (Zetsche 
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et al., 2015), features that have attracted interest for gene editing applications (Tang et 
al., 2017; Zetsche et al., 2017). However, the substrate specificity and DNA cleavage 
mechanism of Cas12a remain to be fully elucidated.   
 
 

 
Figure 4.1 | Cas12a target recognition activates non-specific single-stranded DNA cleavage. (A) 
Cas12a-crRNA complex binds a dsDNA substrate and generates a 5′ overhang staggered cut using a single 
RuvC nuclease. (B and C) Representative M13 ssDNA cleavage timecourses with purified LbCas12a (left) 
and SpCas9 (right) complexed with a (B) guide RNA complementary to M13 phage or (C) a guide RNA and 
complementary ssDNA activator with no sequence homology to M13 phage. 
 
 

While investigating substrate requirements for Cas12a activation, we tested 
Lachnospiraceae bacterium ND2006 Cas12a (LbCas12a) for guide RNA-directed single-
stranded DNA (ssDNA) cleavage, a capability of diverse CRISPR–Cas9 orthologs (Ma et 
al., 2015; Zhang et al., 2015). Purified LbCas12a or Streptococcus pyogenes Cas9 
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(SpCas9) proteins (Fig. 4.2) were assembled with guide RNA sequences targeting a 
circular, single-stranded M13 DNA phage. In contrast to SpCas9, we were surprised to 
find that LbCas12a induced rapid and complete degradation of M13 by a cleavage 
mechanism that could not be explained by sequence-specific DNA cutting (Fig. 4.1b). 
This ssDNA shredding activity, not observed with a catalytically inactive LbCas12a 
(D832A), raised the possibility that a target-bound LbCas12a could degrade any ssDNA 
sequence. Remarkably, LbCas12a also catalyzed M13 degradation in the presence of a 
different guide RNA and its complementary ssDNA “activator” that has no sequence 
homology to the M13 phage genome (Fig. 4.1c). These findings reveal that binding of the 
LbCas12a-crRNA complex to a guide-complementary ssDNA unleashes robust, non-
specific ssDNA trans-cleavage activity.   
 
 

 
Figure 4.2 | Purification of Cas12 and Cas9 proteins. SDS-PAGE gel of all purified Cas12 and Cas9 
proteins used in this study. 
 
 

We next investigated the requirements for LbCas12a-catalyzed trans-cleavage 
activity. Using a fluorophore quencher (FQ)-labeled reporter assay (East-Seletsky et al., 
2016), we assembled LbCas12a with its crRNA and either a complementary ssDNA, 
dsDNA or single-stranded RNA (ssRNA), and introduced an unrelated ssDNA- or ssRNA-
FQ reporter in trans (Fig. 4.3). Both the crRNA-complementary ssDNA or dsDNA (the 
activator) triggered LbCas12a to cleave the ssDNA-FQ reporter substrate (Fig. 4.3a). 
However, ssRNA was neither capable of activating trans-cleavage nor susceptible to 
degradation by LbCas12a (Fig. 4.3b), confirming that LbCas12a harbors a DNA-activated 
general DNase activity.    
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Figure 4.3 | LbCas12a is a DNA-activated general DNase. Quantification of maximum fluorescence 
signal generated after incubating LbCas12a-crRNA-activator with a custom (A) trans-ssDNA-FQ or (B) 
trans-ssRNA-FQ reporter for 1h at 37°C, with DNase I or RNase A controls where indicated. Error bars 
represent the mean ± s.d., where n = 3 replicates. 
 
 

To determine how LbCas12a-catalyzed ssDNA cleavage relates to site-specific 
dsDNA cutting, we tested the target strand (TS) and non-target strand (NTS) 
requirements for LbCas12a activation. Although TS cutting occurred irrespective of the 
NTS length (Fig. 4.4a), NTS cleavage occurred only when the TS contained at least 15 
nucleotides (nt) of complementarity with the crRNA (Fig. 4.4b). This showed that TS 
recognition is a prerequisite for NTS cutting. To test whether LbCas12a remains active 
for non-specific ssDNA cleavage following dsDNA target cleavage, we first cut a dsDNA 
plasmid with LbCas12a-crRNA, and then added an unrelated dsDNA or ssDNA to the 
reaction (Fig. 4.5a). Whereas the non-specific dsDNA substrate remained intact, the 
ssDNA was rapidly degraded in a RuvC-domain dependent manner (Figs. 4.5a, 4.6, and 
4.7). Using truncated activators that are too short to be cleaved, we determined that only 
target DNA binding is required to activate trans-ssDNA cleavage (Fig. 4.8). Together, 
these results show that RNA-guided DNA binding activates LbCas12a for both site-
specific dsDNA cutting and non-specific ssDNA trans-cleavage.   
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Figure 4.4 | Target strand recognition is a pre-requisite for single-stranded DNA cleavage. Cleavage 
timecourse assays using LbCas12a with (A) truncated non-target strand (NTS) annealed to a radiolabeled 
target strand (TS), (B) truncated TS annealed to a radiolabeled NTS. Timecourses represent minutes and 
cleavage products are resolved by denaturing PAGE. Schematic on right depicts cleavage of the 
radiolabeled TS (A) or NTS (B), which generates a Cas12a-mediated staggered cut. 
 
 

 
Figure 4.5 | Kinetics of Cas12a ssDNA trans-cleavage. (A) Sequence-specific plasmid DNA cleavage 
reactions by LbCas12a-crRNA (top) were introduce to a separate radiolabeled dsDNA or ssDNA substrate 
of unrelated sequence (bottom); timecourses represent minutes. (B) Target dsDNA or (C) non-specific 
ssDNA incubated with molar ratios of LbCas12a-crRNA as indicated. Each point represents the mean 
quantified percent cleavage after 30 min at 37°C, at which time the reaction was at completion. Error bars 
represent the mean ± s.d., where n = 3 replicates. (D) Representative Michaelis-Menten plot for LbCas12a-
catalyzed ssDNA trans-cleavage using a dsDNA or ssDNA activator. Measured kcat/Km values report mean 
± s.d., where n = 3 replicates. 
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Figure 4.6 | The RuvC nuclease domain is responsible for activator-dependent, non-specific DNase 
activity. Cleavage timecourse gel with radiolabeled non-target strand of a complementary dsDNA and non-
specific ssDNA substrate using (A) WT LbCas12a, (B) RuvC catalytic mutant (D832A) and (C) crRNA-
processing mutant (H759A), with or without a ssDNA activator. Timecourses represent minutes and 
cleavage products are resolved by denaturing PAGE. 
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Figure 4.7 | LbCas12a trans-cleavage degrades complementary and non-specific ssDNA, but not 
ssRNA. Cleavage timecourse gels of LbCas12a-crRNA complexes using (A) no activator, (B) ssDNA 
activator in 1.2-fold molar excess, or (C) ssDNA activator in 100-fold molar excess. The observed cleavage 
of the cis-dsDNA in (B) and (C) may result from the short 55 bp duplexed substrates undergoing local DNA 
melting that subsequently exposes free ssDNA ends, consistent with the cleavage pattern. In a genomic 
context, we speculate that cis-dsDNA cleavage is not relevant given that the target sequence is embedded 
within long stretches of dsDNA, but this in vitro observation warrants further investigation. Radiolabeled 
substrates are indicated, where cis indicates a complementary target and trans indicates a non-
complementary sequence. For cis substrates, the non-target strand is radiolabeled. Timecourses represent 
minutes and cleavage products are resolved by denaturing PAGE. 
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Figure 4.8 | Target strand cleavage by Cas12a is not required for triggering non-specific ssDNase 
activity. Cleavage timecourse assays using LbCas12a with (A) radiolabeled target strand with either a 
ssDNA (10-25 nt) or dsDNA (10-25 bp) substrate, or (B) radiolabeled non-specific ssDNA substrate in the 
presence of either a ssDNA (10-25 nt) or dsDNA (10-25 bp) activator. Timecourses represent minutes and 
cleavage products are resolved by denaturing PAGE. 
 
 

The rapid degradation of a trans substrate suggested that the kinetics of 
LbCas12a-catalyzed site-specific dsDNA (cis-) cleavage and non-specific ssDNA (trans-
) cleavage are fundamentally different. Stoichiometric titration experiments showed that 
cis-cleavage is single-turnover (Singh et al., 2018) (Fig. 4.5b), whereas trans-cleavage is 
multiple-turnover (Fig. 4.5c). Although the Cas12a-crRNA complex remains bound to the 
dsDNA target following cis-cleavage, the complex releases its PAM-distal cleavage 
products from the RuvC active site (Singh et al., 2018), enabling ssDNA substrate access 
and turnover. We found that LbCas12a-crRNA bound to a ssDNA activator molecule 
catalyzed trans-ssDNA cleavage at a rate of ~250 per second and a catalytic efficiency 
(kcat/Km) of 5.1×108 s-1 M-1. When bound to a dsDNA activator, LbCas12a-crRNA 
catalyzed ~1250 turnovers per second with a catalytic efficiency approaching the rate of 
diffusion (Alberty and Hammes, 1958) with a kcat/Km of 1.7×109 s-1 M-1 (Figs. 4.5d and 
4.9). These differences suggest that the NTS of the dsDNA activator helps stabilize the 
Cas12a complex in an optimal conformation for trans-ssDNA cutting.   
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Figure 4.9 | Michaelis-Menten analysis reveals robust trans-cleavage activity with a ssDNA and 
dsDNA activator. Representative plots of initial velocity versus time for a (A) ssDNA or (C) dsDNA 
activator, using 0.1 nM effective LbCas12a-crRNA-activator complex and increasing DNaseAlert substrate 
concentrations at 37°C. Michaelis-Menten fits for the corresponding (B) ssDNA or (D) dsDNA activator. (E) 
Calculated kcat, Km and kcat/Km values report the mean ± s.d., where n = 3 replicates. 
 

We next tested the specificity of trans-cleavage activation using either a ssDNA or 
dsDNA activator. We found that the PAM sequence required for dsDNA binding by 
CRISPR–Cas12a (Singh et al., 2018) is critical for catalytic activation by a crRNA-
complementary dsDNA (Swarts et al., 2017), but not for a crRNA-complementary ssDNA 
(Fig. 4.10a). Mismatches between the crRNA and activator slowed the trans-cleavage 
rate, with PAM mutations or mismatches in PAM-adjacent “seed region” inhibiting trans-
ssDNA cleavage only for a dsDNA activator (Figs. 4.10b and 4.11). Consistent with the 
mismatch tolerance pattern observed in Cas12a off-target studies (Kim et al., 2016a; 
Kleinstiver et al., 2016b), these data corroborate PAM-mediated dsDNA target binding 
and the role of base pairing between the crRNA and target strand to activate trans-ssDNA 
cutting.   
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Figure 4.10 | Specificity and conservation of trans-cleavage activation. (A) LbCas12a-crRNA in the 
absence or presence of indicated activator, incubated with a radiolabeled non-specific ssDNA substrate (S) 
for 30 min at 37°C; products (P) resolved by denaturing PAGE. (B) Observed trans- cleavage rates for 
LbCas12a using a ssDNA or dsDNA activator with indicated mismatches; rates represent the average of 
three different targets measured in triplicate, and error bars represent mean ± s.d., where n = 9 (three 
replicates for three independent targets). (C) Radiolabeled cis (complementary) or trans (non-
complementary) substrates were incubated with Cas12a-crRNA or Cas9-sgRNA in the presence or 
absence of a ssDNA activator for 30 min at 37°C; a cis-dsDNA substrate was used in the “no enzyme” 
lanes. Substrate (S) and nucleotide products (P) were resolved by denaturing PAGE. 
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Figure 4.11 | The PAM sequence and PAM-proximal mismatches in a dsDNA activator provide 
specificity for trans-activation. Quantification of trans-cleavage kinetics using mismatched substrates 
for three distinct target sequences; error bars represent the mean ± s.d., where n = 3 replicates. 
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We wondered if this trans-ssDNA cutting activity might be a property shared by 
type V CRISPR effector proteins, considering that all Cas12 proteins contain a single 
RuvC nuclease domain (Koonin et al., 2017; Shmakov et al., 2017). Consistent with this 
possibility, purified Cas12a orthologs from Acidaminococcus sp. (AsCas12a) and 
Francisella novicida (FnCas12a), as well as a Cas12b protein from Alicyclobacillus 
acidoterrestris (AaCas12b), all catalyzed non-specific ssDNA cleavage when assembled 
with a crRNA and complementary ssDNA activator (Figs. 4.10c and 4.12). In contrast, 
none of the type II CRISPR–Cas9 proteins tested showed evidence for trans-cleavage 
(Figs. 4.10c and 4.12). These results reveal the unexpected functional convergence of 
Cas12 enzymes with the type III CRISPR–Csm/Cmr and type VI CRISPR–Cas13 
effectors, which also exhibit target-activated, non-specific ssDNase or ssRNase activity, 
respectively (Abudayyeh et al., 2016; Elmore et al., 2016).   
 
 

 
Figure 4.12 | Activator-dependent, non-specific ssDNA cleavage activity is conserved across type 
V CRISPR interference proteins. Radiolabeled cis (complementary) or trans (non-complementary) 
substrates were incubated with Cas12-crRNA in the presence or absence of a ssDNA activator for 30 min 
at 37°C (or 47.5°C for AaCas12b). For cis-dsDNA, non-target strand is 5' end labeled, while the target 
strand (complementary to guide RNA) is 5' end labeled for cis-ssDNA; trans-ssDNA and dsDNA are non-
specific DNAs. In “no enzyme” lanes, 5' end labeled trans-ssDNA is loaded. Substrate (S) and nucleotide 
products (P) are resolved by denaturing PAGE. 
 
 

We next explored whether LbCas12a could be repurposed as a DNA detection 
platform.  In particular, accurate and rapid detection of human papillomavirus (HPV) is 
critical for identifying those at risk of HPV-related cancers, with types 16 (HPV16) and 18 
(HPV18) accounting for the majority of precancerous lesions (Woodman et al., 2007). To 
test if LbCas12a could distinguish between these two dsDNA viruses, we selected a 
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target sequence located next to a TTTA PAM that varied by six base pairs between the 
two HPV genotypes (Fig. 4.13). HPV16- or HPV18-containing plasmids were incubated 
with LbCas12a-crRNA targeting either the HPV16 or HPV18 fragment and a ssDNA-FQ 
reporter, which produced a signal only in the presence of the cognate target (Fig. 4.13). 
To enhance sensitivity, we coupled isothermal amplification by Recombinase Polymerase 
Amplification with LbCas12a to develop a one-pot detection method termed DNA 
Endonuclease Targeted CRISPR Trans Reporter (DETECTR) (Fig. 4.14a). When 
programmed to its cognate plasmid, DETECTR identified targets with attomolar sensitivity 
(Fig. 4.14b).   
 
 

 
Figure 4.13 | Cas12a distinguishes two closely related HPV sequences. (A) Alignment of 20nt targeting 
sequences within HPV16 and HPV18 genomes that differ by 6 nucleotides, with a schematic of Cas12a 
detection using a ssDNA-FQ reporter. Fluorescence timecourses with LbCas12a preassembled with a 
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crRNA targeting (B) HPV16 or (C) HPV16 in the presence of a dsDNA plasmid containing an HPV16 (top 
row) or HPV18 (middle row) genomic fragment and DNaseAlert substrate, with fluorescence measurements 
taken every 30 seconds for 1h at 37°C. (D) Maximum fluorescence signal obtained from timecourses in (B) 
and (C). Error bars represent mean ± s.d., where n = 3 replicates. 
 
 

 
Figure 4.14 | Isothermal amplification coupled with Cas12a detection yields DETECTR, which 
achieves attomolar sensitivity. (A) Schematic of DETECTR, consisting of isothermal amplification by 
RPA and Cas12a detection using a ssDNA-FQ reporter. (B) Titration of two independent plasmids detected 
by DETECTR or Cas12a alone. Note that DETECTR achieves attomolar sensitivity. Error bars represent 
mean ± s.d., where n = 3 replicates. 
 
 

To assess whether we could detect HPV in complex mixtures, DNA extracted from 
cultured human cells infected with HPV types 16 (SiHa), 18 (HeLa), or without HPV 
(BJAB) was added to LbCas12a-crRNA targeting the hypervariable loop V of the L1 gene 
within HPV16 or HPV18 (Fig. 4.15a). Whereas LbCas12a-crRNA alone lacked the 
sensitivity to detect HPV, DETECTR unambiguously identified HPV types 16 and 18 only 
in SiHa and HeLa cells, respectively (Figs. 4.15b and 4.16a,b). To investigate the utility 
of DETECTR on patient samples, we tested crude DNA extractions from 25 human anal 
swabs previously analyzed by a PCR-based method for HPV infection (Fig. 4.17) 
(Palefsky et al., 1998). Within one hour, DETECTR accurately identified HPV16 (25/25 
agreement) and HPV18 (23/25 agreement) in patient samples containing a 
heterogeneous mixture of HPV types, with good correlation between the PCR-based 
intensity and DETECTR signal (Figs. 4.15c,d, 4.16c,d and 4.17). These results 
demonstrate a new platform for CRISPR-based diagnostics, similar to that developed for 
RNA detection using CRISPR–Cas13a (East-Seletsky et al., 2016; Gootenberg et al., 
2017), and suggest that DETECTR could in principle detect any DNA sequence with high 
sensitivity and specificity (Fig. 4.18).   
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Figure 4.15 | Rapid identification of HPV types 16 and 18 in human samples by DETECTR. (A) 
Diagram of HPV16 and HPV18 sequences within the hypervariable loop V of the L1 gene targeted by 
Cas12a; highlighted bases indicate 5′ PAM sequence. (B) Heatmap represents normalized mean 
fluorescence values of HPV types 16 and 18 detected in human cell lines by DETECTR; normalized scale 
represented in (D). (C) Schematic outlining DNA extraction from human anal samples to HPV identification 
by DETECTR. (D) Identification of HPV types 16 and 18 in 25 patient samples by PCR (left) and DETECTR 
(right); DETECTR heatmap represents normalized mean fluorescence values. 
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Figure 4.16 | Identification of HPV types 16 and 18 in human cell lines and patient samples by 
DETECTR. (A) Schematic of HPV detection by DETECTR or Cas12a alone. (B) Detection of HPV types 
16 or 18 in SiHa (integrated HPV16), HeLa (integrated HPV18) and BJAB (no HPV) human cell lines, with 
or without RPA amplification. (C) Detection of HPV types 16 or 18 by DETECTR in 25 human anal clinical 
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samples; BJAB cell line (no HPV) used as a control. The absence of fluorescence signal in specimens that 
were not infected with HPV types 16 or 18, but did contain other HPV types, was an indicator of good 
specificity by DETECTR. Error bars represent mean ± s.d., where n = 3 replicates. (D) Plot of 95% 
confidence intervals of difference between control and sample groups, based on a one-way ANOVA with 
Dunnett’s post test, where n = 3 replicates. Highlighted sample numbers indicate positive detection of 
HPV16 (left) or HPV18 (right) in patient samples, where **p £ 0.01 and ***p £ 0.001. 
 
 

 
Figure 4.17 | PCR and hybrid capture validation and genotyping of HPV in human clinical samples. 
(A) Summary of PCR-based detection of HPV types 16 (column 2 and yellow circles) and 18 (column 3 and 
orange circles) and identification of other HPV types by PCR in 25 in patient samples (column 4) (Palefsky 
et al., 1998); subjective intensive values (0–4 scale) were assigned for each PCR-based validation 
(columns 2 and 3). (B) Heatmap depiction of PCR results. 
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Figure 4.18 | DETECTR as a platform for rapid, point-of-care diagnostics. Cartoon depicting examples 
of clinical samples that could be used for various diagnostic applications using DETECTR. 
 
 

Together, these findings support a mechanism of target interference that begins 
with the Cas12a-guide RNA complex binding to a complementary DNA sequence in a 
PAM-dependent (dsDNA) or PAM-independent (ssDNA) manner (Fig. 4.19). Within a 
host bacterium, such enzyme activation could provide simultaneous protection from both 
dsDNA and ssDNA phages, and could also target ssDNA sequences that arise 
temporarily during phage replication or transcription (Samai et al., 2015). In a genome-
editing context, target-activated ssDNA cutting by Cas12a has the potential to cleave 
transiently exposed ssDNA at replication forks (Sogo et al., 2002), R-loops (Bhatia et al., 
2017) and transcription bubbles (Zhang et al., 2012b), or ssDNA templates used for 
homology-directed repair (Richardson et al., 2016). Finally, unleashing the ssDNase 
activity of Cas12 proteins offers a new strategy to improve the speed, sensitivity and 
specificity of molecular diagnostic applications. 
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Figure 4.19 | Model for PAM-dependent and PAM-independent activation of cis- and trans-cleavage 
by Cas12a. The Cas12a-crRNA complex binds to a complementary dsDNA in a PAM-dependent manner 
(top) or ssDNA in a PAM-independent manner (bottom), which is sufficient to unleash indiscriminate 
ssDNase activity by the RuvC nuclease. Cas12a can also release its PAM-distal cleavage products, which 
exposes the RuvC active site for multiple rounds of non-specific ssDNA degradation. 
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