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Abstract 

Mechanism and engineering of CRISPR-associated endonucleases 

by 

Samuel Henry Sternberg 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Jennifer A. Doudna, Chair 

 

Bacteria and archaea have evolved multiple defense pathways for protection from invading 
viruses and plasmids. A recently discovered adaptive immune system relies on specialized 
genomic loci called CRISPR (clustered regularly interspaced short palindromic repeats), which 
function together with CRISPR-associated (Cas) proteins to target foreign nucleic acids for 
degradation. A hallmark feature of CRISPR–Cas immune systems is the use of non-coding RNA 
transcribed from the CRISPR locus (crRNA) to identify foreign DNA via RNA:DNA base-
pairing. Conserved families of Cas enzymes play critical roles both in producing crRNAs and in 
cleaving DNA sequences targeted with crRNA guides. This work describes the basic functions of 
two such endonucleases, with a focus on engineering these systems for desired biotechnological 
applications.  

CRISPR loci are initially transcribed as long precursor crRNAs (pre-crRNAs), which must be 
enzymatically cleaved to generate libraries of mature crRNAs that each target a unique DNA 
sequence. This processing event typically occurs at the 3' side of a stable RNA stem-loop 
structure and is catalyzed by Cas6. We show that one Cas6 family member called Csy4 
recognizes its RNA substrate with extremely high affinity and exquisite specificity. Binding 
energy derives exclusively from interactions upstream of the scissile phosphate, allowing Csy4 
to retain the cleavage product and sequester the crRNA for subsequent ribonucleoprotein 
complex formation. Using biochemical assays and three protein–RNA co-crystal structures, we 
reveal the chemical mechanism of RNA cleavage by Csy4 and identify the catalytic roles of an 
unusual catalytic dyad comprising histidine and serine residues. Our experiments highlight 
diverse modes of substrate recognition that enable Csy4 to accurately select CRISPR transcripts 
for processing while avoiding off-target RNA binding and cleavage. 

Following crRNA biogenesis, one or more Cas proteins form large ribonucleoprotein complexes 
with the crRNA and utilize its sequence content to target complementary nucleic acids. Cas9 is a 
DNA endonuclease found in some bacteria that uses a dual-guide RNA comprising crRNA and 
trans-activating crRNA (tracrRNA) to identify target DNA sites for cleavage. We unravel the 
mechanism of DNA interrogation by Cas9:RNA complexes using both single-molecule and bulk 
biochemical experiments. The target search process is guided by recognition of a short 
trinucleotide sequence adjacent to potential target sites called the protospacer adjacent motif 
(PAM), and PAM binding triggers Cas9 catalytic activity. We also present three-dimensional 
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structures of Cas9 from X-ray crystallography and electron microscopy experiments, which 
reveal RNA/DNA binding interfaces and the organization of both catalytic domains. Strikingly, 
RNA binding drives large-scale rearrangements of the Cas9 enzyme to form a central DNA-
binding channel. This observation implicates RNA loading as a key step in Cas9 activation.  

Cas9:RNA complexes have proven to be extremely effective genome engineering agents in 
animals and plants. By redesigning the sequence of the crRNA, Cas9 can be programmed to 
target virtually any desired DNA sequence inside the cell. We reveal that Cas9 can also be 
programmed to target single-stranded RNA substrates for both high-affinity binding and site-
specific cleavage using PAM-presenting oligonucleotides. This approach enables the isolation of 
specific endogenous mRNA transcripts from cells. We believe that RNA targeting by Cas9 has 
the potential to transform the study of RNA function, much as site-specific DNA targeting has 
revolutionized genetic and genomic research.  
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CRISPR-Cas9 applications, please see Chapter 7.  

  



2 

 
1.1 Abstract 

Clustered regularly interspaced short palindromic repeat (CRISPR) are essential 
components of nucleic-acid-based adaptive immune systems that are widespread in bacteria and 
archaea. Similar to RNA interference (RNAi) pathways in eukaryotes, CRISPR-mediated 
immune systems rely on small RNAs for sequence-specific detection and silencing of foreign 
nucleic acids, including viruses and plasmids. However, the mechanism of RNA-based bacterial 
immunity is distinct from RNAi. Understanding how small RNAs are used to find and destroy 
foreign nucleic acids will provide new insights into the diverse mechanisms of RNA-controlled 
genetic silencing systems. 

 
1.2 Introduction 

Bacteria and archaea are the most diverse and abundant organisms on the planet, thriving 
in habitats that range from hot springs to humans. However, viruses outnumber their microbial 
hosts in every ecological setting, and the selective pressures imposed by these rapidly evolving 
parasites has driven the diversification of microbial defense systems (Hoskisson and Smith, 
2007; Rodriguez-Valera et al., 2009; Weinbauer, 2004). Historically, our understanding of 
antiviral immunity in bacteria has focused on restriction-modification systems, abortive-phage 
phenotypes, toxin–antitoxins and other innate defense systems (Labrie et al., 2010; Stern and 
Sorek, 2011). More recently, bioinformatic, genetic and biochemical studies have revealed that 
many prokaryotes use an RNA-based adaptive immune system to target and destroy genetic 
parasites (reviewed in (Al-Attar et al., 2011; Deveau et al., 2010; Horvath and Barrangou, 2010; 
Karginov and Hannon, 2010; Makarova et al., 2011b; Marraffini and Sontheimer, 2010a; Sorek 
et al., 2008)). Such adaptive immunity, previously thought to occur only in eukaryotes, provides 
an example of RNA-guided destruction of foreign genetic material by a process that is distinct 
from RNA interference (RNAi) (Fig. 1.1). 

In response to viral and plasmid challenges, bacteria and archaea integrate short 
fragments of foreign nucleic acid into the host chromosome at one end of a repetitive element 
known as CRISPR (clustered regularly interspaced short palindromic repeat) (Andersson and 
Banfield, 2008; Barrangou et al., 2007; Garneau et al., 2010). These repetitive loci serve as 
molecular ‘vaccination cards’ by maintaining a genetic record of prior encounters with foreign 
transgressors. CRISPR loci are transcribed, and the long primary transcript is processed into a 
library of short CRISPR-derived RNAs (crRNAs) (Carte et al., 2008a; Deltcheva et al., 2011; 
Gesner et al., 2011; Haurwitz et al., 2010; Sashital et al., 2011; Wang et al., 2011) that each 
contain a sequence complementary to a previously encountered invading nucleic acid. Each 
crRNA is packaged into a large surveillance complex that patrols the intracellular environment 
and mediates the detection and destruction of foreign nucleic acid targets (Brouns et al., 2008; 
Garneau et al., 2010; Hale et al., 2008; Jore et al., 2011a; Lintner et al., 2011; Wiedenheft et al., 
2011a; 2011b). 

CRISPRs were originally identified in the Escherichia coli genome in 1987, when they 
were described as an unusual sequence element consisting of a series of 29-nucleotide repeats 
separated by unique 32-nucleotide ‘spacer’ sequences (Ishino et al., 1987). Repetitive sequences 
with a similar repeat–spacer–repeat pattern were later identified in phylogenetically diverse 
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bacterial and archaeal genomes, but the function of these repeats remained obscure until many 
spacer sequences were recognized as being identical to viral and plasmid sequences (Bolotin et 
al., 2005; Mojica et al., 2005; Pourcel et al., 2005). This observation led to the hypothesis that 
CRISPRs provide a genetic memory of infection (Bolotin et al., 2005), and the detection of short 
CRISPR-derived RNA transcripts suggested that there may be functional similarities between 
CRISPR- based immunity and RNAi (Makarova et al., 2006; Mojica et al., 2005). Here, we 
review three stages of CRISPR-based adaptive immunity and compare mechanistic aspects of 
these immune systems to other RNA-guided genetic silencing pathways. 

Figure 1.1 | Parallels and distinctions between CRISPR RNA-guided silencing systems and RNAi. CRISPR 
systems and RNAi recognize long RNA precursors that are processed into small RNAs, which act as sequence-
specific guides for targeting complementary nucleic acids. In CRISPR systems, foreign DNA is integrated into the 
CRISPR locus, and long transcripts from these loci are processed by a CRISPR-associated (Cas) or RNase III family 
nuclease. The short CRISPR-derived RNAs (crRNAs) assemble with Cas proteins into large surveillance complexes 
that target destruction of invading genetic material. In some eukaryotes, long double-stranded RNAs are recognized 
as foreign, and a specialized RNase III family endoribonuclease (Dicer) cleaves these RNAs into short-interfering 
RNAs (siRNAs) that guide the immune system to invading RNA viruses (Obbard et al., 2009). PIWI-interacting 
RNAs (piRNAs) are transcribed from repetitive clusters in the genome that often contain many copies of 
retrotransposons and primarily act by restricting transposon mobility (Aravin et al., 2001; 2007; Obbard et al., 
2009). The biogenesis of piRNAs is not yet fully understood. MicroRNAs (miRNAs) are also encoded on the 
chromosome, and primary miRNA transcripts form stable hairpin structures that are sequentially processed (shown 
by red triangles) by two RNase III family endoribonucleases (Drosha and Dicer) (Bartel, 2004). miRNAs do not 
participate in genome defence but are major regulators of endogenous gene expression (Guo et al., 2010). Like 
crRNAs, eukaryotic piRNAs, siRNAs and miRNAs associate with proteins that facilitate complementary 
interactions with invading nucleic acid targets. In eukaryotes, the Argonaute proteins pre-order the 5ʹ region of the 
guide RNA into a helical configuration, reducing the entropy penalty of interactions with target RNAs (Parker et al., 
2009). This high-affinity binding site, called the ‘seed’ sequence, is essential for target sequence interactions. Recent 
studies indicate that the CRISPR system may use a similar seed-binding mechanism for enhancing target sequence 
interactions.  
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1.3 Architecture and composition of CRISPR loci 
The defining feature of CRISPR loci is a series of direct repeats (approximately 20–50 

base pairs) separated by unique spacer sequences of a similar length (Grissa et al., 2007a; 
Marraffini and Sontheimer, 2010a; Rousseau et al., 2009) (Fig. 1.2). The repeat sequences within 
a CRISPR locus are conserved, but repeats in different CRISPR loci can vary in both sequence 
and length. In addition, the number of repeat–spacer units in a CRISPR locus varies widely 
within and among organisms (Kunin et al., 2007). 

Figure 1.2 | Diversity of CRISPR-mediated adaptive immune systems in bacteria and archaea. A diverse set of 
CRISPR-associated (cas) genes (grey arrows) encode proteins required for new spacer sequence acquisition (Stage 
1), CRISPR RNA biogenesis (Stage 2) and target interference (Stage 3). Each CRISPR locus consists of a series of 
direct repeats separated by unique spacer sequences acquired from invading genetic elements (protospacers). 
Protospacers are flanked by a short motif called the protospacer adjacent motif (PAM, **) that is located on the 5ʹ 
(type I) or 3ʹ (type II) side in foreign DNA. Long CRISPR transcripts are processed into short crRNAs by distinct 
mechanisms. In type I and III systems, a CRISPR-specific endoribonuclease (yellow ovals and green circles, 
respectively) cleaves 8 nucleotides upstream of each spacer sequence. In type III systems, the repeat sequence on the 
3ʹ end of the crRNA is trimmed by an unknown mechanism (green Pacman, right). In type II systems, a trans-acting 
antisense RNA (tracrRNA) with complementarity to the CRISPR RNA repeat sequence forms an RNA duplex that 
is recognized and cleaved by cellular RNase III (brown ovals). This cleavage intermediate is further processed at the 
5ʹ end resulting in a mature, approximately 40-nucleotide crRNA with an approximately 20-nucleotide 3ʹ-handle. In 
each system, the mature crRNA associates with one or more Cas proteins to form a surveillance complex (green 
rectangles). Type I systems encode a Cas3 nuclease (blue Pacman), which may be recruited to the surveillance 
complex following target binding. A short high-affinity binding site called a seed-sequence has been identified in 
some type I systems, and genetic experiments suggest that type II systems have a seed sequence located at the 3ʹ end 
of the crRNA spacer sequence.  
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The sequence diversity of these repetitive loci initially limited their detection and 
obscured their relationship, but computational methods have been developed for detecting repeat 
patterns rather than related sequences (Bland et al., 2007; Dsouza et al., 1997; Edgar, 2007; 
Grissa et al., 2007a; Rousseau et al., 2009). One of the first-generation pattern-recognition 
algorithms identified the repeat–spacer–repeat architecture in phylogenetically diverse bacterial 
and archaeal genomes, but related structures were not identified in eukaryotic chromosomes 
(Jansen et al., 2002). Comparative analyses of the sequences adjacent to the CRISPR loci have 
revealed an (A+T)-rich ‘leader’ sequence that has been shown to serve as a promoter element for 
CRISPR transcription (Jansen et al., 2002; Pougach et al., 2010; Pul et al., 2010; Westra et al., 
2010). In addition to the leader sequence, Jansen et al. (Jansen et al., 2002) identified a set of 
four CRISPR-associated (cas) genes known as cas1–4 that are found exclusively in genomes 
containing CRISPRs. Based on sequence similarity to proteins of known function, Cas3 was 
predicted to be a helicase and Cas4 a RecB-like exonuclease (Jansen et al., 2002). 

Subsequent bioinformatic analyses have shown that CRISPR loci are flanked by a large 
number of extremely diverse cas genes (Haft et al., 2005; Makarova et al., 2006). The cas1 gene 
is a common component of all CRISPR systems, and phylogenetic analyses of Cas1 sequences 
indicate there are several versions of the CRISPR system. Providing additional evidence for the 
classification of distinct CRISPR types, neighbourhood analysis has identified conserved 
arrangements of between four and ten cas genes that are found in association with CRISPR loci 
harbouring specific repeat sequences (Kunin et al., 2007). 

These distinct immune systems have been divided into three major CRISPR types on the 
basis of gene conservation and locus organization (Makarova et al., 2011b). More than one 
CRISPR type is often found in a single organism, indicating that these systems are probably 
mutually compatible and could share functional components (Makarova et al., 2011b). Despite 
the variation in number and diversity of cas genes, the distinguishing feature of all type I systems 
is that they encode a cas3 gene. The Cas3 protein contains an N-terminal HD phosphohydrolase 
domain and a C-terminal helicase domain (Haft et al., 2005; Jansen et al., 2002; Makarova et al., 
2006; Sinkunas et al., 2011). In some type I systems, the Cas3 nuclease and helicase domains are 
encoded by separate genes (cas3ʹʹ and cas3ʹ, respectively), but in each case they are thought to 
participate in degrading foreign nucleic acids (Brouns et al., 2008; Han and Krauss, 2009; 
Mulepati and Bailey, 2011; Sinkunas et al., 2011) (Fig. 1.2). 

Type II CRISPR systems consist of just four cas genes, one of which is always cas9 
(formerly referred to as csn1). Cas9 is a large protein that includes both a RuvC-like nuclease 
domain and an HNH nuclease domain. Studies in Streptococcus pyogenes and Streptococcus 
thermophilus have indicated that Cas9 may participate in both CRISPR RNA processing and 
target destruction (Barrangou et al., 2007; Deltcheva et al., 2011; Garneau et al., 2010). Two 
variations of the type III system have been identified (known as III-A and III-B). This division is 
supported by the functional differences reported in Staphylococcus epidermidis and Pyrococcus 
furiosus (Hale et al., 2009; Marraffini and Sontheimer, 2008). The immune system in S. 
epidermidis (type III-A) targets plasmid DNA in vivo, whereas the purified components of the 
type III-B system in P. furiosus have been found to cleave only single-stranded RNA substrates 
in vitro. The functional distinction between these two closely related systems suggests there 
could be other mechanistic differences between the distinct CRISPR subtypes. 
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1.4 Integration of new information into CRISPR loci 
Acquisition of foreign DNA is the first step of CRISPR-mediated immunity (Fig. 1.2 & 

1.3). During this stage, a short segment of DNA from an invading virus or plasmid (known as the 
protospacer) is integrated preferentially at the leader end of the CRISPR locus (Barrangou et al., 
2007; Garneau et al., 2010). Although metagenomic studies performed on environmental 
samples indicate that CRISPRs evolve rapidly in dynamic equilibrium with resident phage 
populations (Andersson and Banfield, 2008; Snyder et al., 2010; Tyson and Banfield, 2008), the 
type II system in S. thermophilus is currently the only CRISPR system that has been shown to 
robustly acquire new phage or plasmid sequences in a pure culture. Phage-challenge experiments 
in S. thermophilus have indicated that a small proportion of the cells in a population will 
typically incorporate a single virus-derived sequence at the leader end of a CRISPR locus 
(Barrangou et al., 2007; Deveau et al., 2008; Garneau et al., 2010; Horvath et al., 2008). The 
CRISPR-repeat sequence is duplicated for each new spacer sequence added, thus maintaining the 
repeat–spacer–repeat architecture. Although the mechanism of spacer integration and replication 
of the repeat sequence is still unknown, studies in S. thermophilus and E. coli have indicated that 
several Cas proteins are involved in the process (Barrangou et al., 2007; Brouns et al., 2008; 
Garneau et al., 2010; Sapranauskas et al., 2011). Mutational analysis of the cas genes in S. 
thermophilus demonstrated that csn2 (previously known as cas7) is required for new spacer 
sequence acquisition (Barrangou et al., 2007). This gene is not conserved in other CRISPR types, 
which suggests that either the mechanism of adaptation in S. thermophilus is distinct from the 
other types or that there are functional orthologs of Csn2 in other systems. Furthermore, gene 
deletion experiments in both S. thermophilus and E. coli have shown that neither cas1 nor cas2 
genes are required for CRISPR RNA processing or targeted interference (Babu et al., 2011; 
Brouns et al., 2008; Sapranauskas et al., 2011). These genetic studies suggest a role for Cas1 and 
Cas2 in the integration of foreign DNA into the CRISPR. 

The role of Cas1 in CRISPR-mediated immunity is still uncertain; however, biochemical 
and structural data indicate a function for Cas1 in new–spacer–sequence acquisition (Babu et al., 
2011; Han et al., 2009; Wiedenheft et al., 2009). Cas1 proteins from Pseudomonas aeruginosa 
(Wiedenheft et al., 2009), E. coli (Babu et al., 2011) and Sulfolobus solfataricus (Han et al., 
2009) have been purified and studied biochemically. The Cas1 protein from S. solfataricus has 
been shown to bind nucleic acids with high affinity (Kd ranging from 20 to 50 nM), but without 
sequence preference (Han et al., 2009). The Cas1 protein from E. coli also binds to DNA with a 
preference for mismatched or abasic substrates (Chen et al., 2008). This observation is consistent 
with a recent study showing a physical and genetic interaction between E. coli Cas1 and several 
proteins associated with DNA replication and repair (Babu et al., 2011). 

Activity assays with Cas1 from P. aeruginosa and E. coli indicate that Cas1 is a metal-
dependent nuclease. The Cas1 protein from P. aeruginosa is a DNA-specific nuclease, whereas 
the Cas1 protein from E. coli had a nuclease activity on a wider range of nucleic acid substrates 
(Babu et al., 2011; Wiedenheft et al., 2009). These in vitro assays suggest that Cas1 proteins 
interact with nucleic acids in a non-sequence-specific manner. 
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Figure 1.3 | Steps leading to new spacer integration. (a) The Cas1 protein forms a stable homodimer where the 
two molecules (green and grey) are related by a pseudo-two-fold axis of symmetry (PBD ID: 3GOD). This 
organization creates a saddle-like structure in the N-terminal domain, in which β-hairpins (blue) from each 
symmetrically related molecule hang (like stirrups) that are separated by approximately 20 Å, and may interact with 
the phosphodiester backbone of double-stranded DNA. An electrostatic surface representation (bottom) reveals a 
cluster of basic residues (blue) that form a positively charged strip across the metal-binding surface of the C-
terminal domain. This strip may serve as an electrostatic trap that positions DNA substrates proximally to catalytic 
metal ions (green sphere). (b) CRISPR adaptation occurs by integrating fragments of foreign nucleic acid 
preferentially at the leader end of the CRISPR, forming new repeat-spacer units in the process. Protospacers are 
chosen non-randomly and may be selected from regions flanking the protospacer adjacent motif (PAM). 
Coordinated cleavage of the foreign DNA and integration of the protospacer into the leader-end of the CRISPR 
occurs through a mechanism that duplicates the repeat sequence and thus preserves the repeat-spacer-repeat 
architecture of the CRISPR locus. Although the protein components required for this process have not been 
conclusively identified, Cas1 and other general recombination or repair factors have been implicated (blue ovals). 

 

Crystal structures for five different Cas1 proteins are currently available (Protein Data 
Bank (PDB) identifiers: 3GOD, 3NKD, 3LFX, 3PV9 and 2YZS) (Babu et al., 2011; Wiedenheft 
et al., 2009). Although the amino acid sequences for these proteins are extremely diverse (less 
than 15% sequence identity), their tertiary and quaternary structures are similar. All Cas1 
proteins seem to share a two-domain architecture consisting of an N-terminal β-strand domain 
and a C-terminal α-helical domain (Fig. 3). The C-terminal domain contains a conserved divalent 
metal-ion binding site, and alanine substitutions of the metal-coordinating residues inhibit Cas1-
catalysed DNA degradation (Babu et al., 2011; Wiedenheft et al., 2009). The metal ion is 
surrounded by a cluster of basic residues that form a strip of positive charge across the surface of 
the C-terminal domain. This positively charged surface may serve as an electrostatic snare to 
position nucleic-acid substrates near the catalytic metal ions (Wiedenheft et al., 2009) (Fig. 1.3). 
The Cas1 protein forms a stable homodimer that is formed through interactions between the two 
β-strand domains, which are related by a pseudo-two-fold axis of symmetry (Babu et al., 2011; 
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Wiedenheft et al., 2009). This organization creates a saddle-like structure that can be modeled 
onto double-stranded DNA without steric clashing. β-hairpins, one from each of the two 
symmetrically related molecules, hang on opposite faces of the double-stranded DNA (like 
stirrups on a saddle). Although this feature of the Cas1 structure did not initially stand out as a 
potential DNA-binding site, comparative analysis of the available Cas1 structures reveals a 
conserved set of positively charged residues along each of the β-hairpins that could contact the 
phosphate backbone. The two β-hairpins, which are symmetrically related, might participate in 
sequence-specific interactions with the CRISPR repeat, whereas the large positively charged 
surface on the C-terminal α-helical domain could account for the high-affinity, non-sequence-
specific interactions that have been observed in vitro. 

In spite of these structural studies and biochemical results, it is still only possible to 
speculate on the role of Cas1 in the integration of new spacer sequences, and many steps 
associated with the integration process still need to be explained. For example, new spacer 
sequences are inserted preferentially at the leader end of the CRISPR, but the mechanism of 
leader end recognition is unknown. One simple model suggests that the leader sequence contains 
a recognition element that recruits the integration machinery. It is equally possible that 
integration relies on single- stranded regions of the CRISPR DNA that are made available during 
transcription. Transcription-associated recombination is involved in genome stability (Aguilera, 
2002), and a mechanism that couples integration together with transcription would link the 
process of adaptation to CRISPR RNA expression, ensuring that spacers from the most recent 
virus or plasmid are transcribed first. 

The integration machinery must be able to distinguish foreign DNA from that of the host 
genome. The molecular cues that are involved in the distinction of ‘self ’ from ‘non-self ’ are still 
unknown, but sequencing of CRISPR loci following phage challenge suggests that spacer 
sequences are not selected at random (Bolotin et al., 2005; Deveau et al., 2008; Garneau et al., 
2010; Horvath et al., 2008; Mojica et al., 2009; Semenova et al., 2011). Mapping spacer 
sequences onto viral genomes reveals a short sequence motif proximal to the protospacer, which 
is referred to as the protospacer adjacent motif (PAM). PAM sequences are only a few 
nucleotides long, and the precise sequence varies depending on the CRISPR system type (Mojica 
et al., 2009). This variation suggests that one or more of the Cas proteins associated with each 
immune system is involved in PAM recognition, but the mechanism governing this specificity is 
unknown. 

 
1.5 CRISPR RNA biogenesis 

Spacer acquisition is the first step of immunization, but successful protection from 
bacteriophage or plasmid challenge requires the CRISPR to be transcribed and processed into 
short CRISPR-derived RNAs (crRNAs). crRNAs were first detected by small RNA profiling in 
Archaeoglobus fulgidus (Tang et al., 2002) and S. solfataricus (Tang et al., 2005). Northern-blot 
analysis using probes against the repeat sequence of the CRISPR revealed a ‘ladder-like’ pattern 
of RNA consistent with a long precursor CRISPR RNA transcript (pre-crRNA) that was 
processed at approximately 60-nucleotide intervals. In fact, the 3ʹ ends of cloned crRNAs were 
mapped to the middle of the CRISPR repeat (Tang et al., 2002), which suggested that the repeat 
sequence was recognized and cleaved. 

The need for crRNAs in CRISPR-mediated defense was demonstrated initially by 
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investigation of a CRISPR-specific endoribonuclease in E. coli called Cas6e (formerly known as 
Cse3 or CasE) (Brouns et al., 2008). Cas6e specifically binds and cleaves within each repeat 
sequence of the long pre-crRNA, resulting in a library of crRNAs that each contain a unique 
spacer sequence flanked by fragments of the adjacent repeats. Mutation of a conserved histidine 
blocks crRNA biogenesis and leaves the cell susceptible to phage infection (Brouns et al., 2008). 

Figure 1.4 | Diverse mechanisms of CRISPR RNA biogenesis. CRISPR RNA repeats are specifically recognized 
and cleaved by diverse mechanisms. In type I CRISPR systems, Cas6e (PDB ID: 2Y8W) and Cas6f (PDB ID: 
2XLK) recognize the major groove of the crRNA stem-loop primarily through electrostatic interactions using a β-
hairpin and α-helix, respectively. Cleavage occurs at the double-stranded–single-stranded junction (black arrows), 
leaving an 8-nt 5ʹ-handle on mature crRNAs. In type II CRISPR systems, tracrRNA hybridizes to the pre-crRNA 
repeat to form duplex RNAs that are substrates for endonucleolytic cleavage by host RNase III (PDB ID: 2EZ6), an 
activity that may also require Cas9. Subsequent trimming (red arrows) by an unidentified nuclease removes leftover 
repeat sequences from the 5ʹ end. Cas6 (PDB ID: 3PKM) in type III-B CRISPR systems specifically recognizes 
single-stranded RNA, upstream of the scissile phosphate, on a face of the protein opposite that of the previously 
identified active site residues. The remainder of the repeat substrate probably wraps around the protein (red dashed 
line) to allow cleavage 8 nucleotides upstream of the repeat-spacer junction. Subsequent 3ʹ trimming (red arrows) 
generates mature crRNAs of two discrete lengths. The N-terminal domain of all Cas 6 family proteins adopts a 
ferredoxin-like fold (light blue). The C-terminal domain of Cas6 and Cas6e also adopts a ferredoxin-like fold but the 
C-terminal domain of Cas6f is structurally distinct (dark blue). 

 

The Cas6e protein consists of a double ferredoxin-like fold that selectively associates 
with specific RNA repeats and does not associate with DNA or CRISPR RNAs containing a non-
cognate repeat sequence (Brouns et al., 2008; Ebihara et al., 2006; Gesner et al., 2011; Sashital et 
al., 2011) (Fig. 1.4). Crystal structures of Cas6e bound to a CRISPR RNA repeat reveal a 

	  

	  



10 

combination of sequence- and structure-specific interactions that explain the molecular 
mechanism of substrate recognition (Gesner et al., 2011; Sashital et al., 2011). The repeat 
sequence of the E. coli CRISPR is partially palindromic, and the RNA forms a stable 
(approximately 20-nucleotide) stem loop (Brouns et al., 2008; Kunin et al., 2007). A positively 
charged β-hairpin in Cas6e interacts with the major groove of the RNA duplex, which positions 
the 3ʹ strand of the crRNA stem along a conserved, positively charged cleft on one face of the 
protein (Gesner et al., 2011; Sashital et al., 2011) (Fig. 4). RNA binding induces a 
conformational change that disrupts the bottom base pair of the stem and positions the scissile 
phosphate within the enzyme active site for site-specific cleavage (Sashital et al., 2011). CRISPR 
RNA cleavage occurs 8 nucleotides upstream of the spacer sequence, which results in 61-
nucleotide mature crRNAs consisting of a 32-nucleotide spacer flanked by 8 nucleotides of the 
repeat sequence on the 5ʹ end (known as the 5ʹ-handle) and 21 nucleotides of the remaining 
repeat sequence on the 3ʹ end (Fig. 4). Cas6e remains tightly bound to the 3ʹ stem-loop (Sashital 
et al., 2011) and may serve as a nucleation point for assembly of a large effector complex, 
Cascade (CRISPR-associated complex for antiviral defense), that is required for phage silencing 
in the next stage of the immune system (Brouns et al., 2008; Jore et al., 2011a; Wiedenheft et al., 
2011a) (discussed later). 

Crystal structures of CRISPR-specific endoribonucleases from two other immune 
systems offer additional insights into the co-evolutionary relationship between these specialized 
enzymes and their cognate RNAs (Carte et al., 2008a; Haurwitz et al., 2010; Wang et al., 2011) 
(Fig. 1.4). In P. aeruginosa, Cas6f (previously known as Csy4) specifically binds and cleaves the 
CRISPR-RNA-repeat 8 nucleotides upstream of the spacer sequence, which leaves a similar 8-
nucleotide 5ʹ-handle on mature crRNAs (Haurwitz et al., 2010). The co-crystal structure of Cas6f 
bound to its cognate RNA reveals interesting parallels between the method of RNA binding used 
by Cas6f and Cas6e (Gesner et al., 2011; Haurwitz et al., 2010; Sashital et al., 2011). Like 
Cas6e, the P. aeruginosa Cas6f protein recognizes the sequence and shape of a stable stem-loop 
in the crRNA repeat sequence by interacting extensively with the major groove of the double-
stranded RNA. However, the structural elements responsible for this interaction are distinct 
between the two proteins (Gesner et al., 2011; Haurwitz et al., 2010; Sashital et al., 2011) (Fig. 
1.4). The Cas6f protein has a two-domain architecture, which consists of an N-terminal 
ferredoxin-like fold similar to that in Cas6e, but its C-terminal domain is structurally distinct. An 
arginine-rich helix in the C-terminal domain of Cas6f inserts into the major groove of the crRNA 
duplex, and the bottom of the crRNA is positioned for sequence-specific hydrogen-bonding 
contacts in the RNA major groove. These contacts position the scissile phosphate of the crRNA 
in the enzyme active site so that cleavage occurs 8 nucleotides upstream of the spacer sequence 
(Gesner et al., 2011; Haurwitz et al., 2010; Sashital et al., 2011) (Fig. 1.4). 

Although Cas6f and Cas6e recognize the sequence and shape of the crRNA hairpin in 
their respective systems, CRISPR RNA repeats in other CRISPR systems are thought to be 
unstructured (Kunin et al., 2007). For example, the Cas6 protein from P. furiosus associates with 
CRISPR transcripts that are expected to contain unstructured repeats (Carte et al., 2010). The 
specific recognition of an unstructured RNA repeat requires a distinct mechanistic solution for 
RNA substrate discrimination. Remarkably, crystallographic studies of the Cas6 protein from P. 
furiosus have revealed the same duplicated ferredoxin-like fold observed in the Cas6e protein, 
but with a different mode of RNA recognition involving the opposite face of the protein (Fig. 
1.4). In Cas6, the two ferredoxin-like folds clamp the 5ʹ end of the single-stranded RNA repeat 
sequence in place (Wang et al., 2011). Although the RNA in this structure is disordered in the 
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enzyme active site, biochemical studies have shown that cleavage occurs 8 nucleotides upstream 
of the spacer sequence (Carte et al., 2008a; 2010). While the nucleotide sequences at the 
cleavage site vary for each of the different Cas6 proteins, all Cas6 family endoribonucleases 
cleave their cognate RNA 8 nucleotides upstream of the spacer sequence using a metal-ion-
independent mechanism. 

Despite advances in our understanding of crRNA biogenesis, the diversity of cas genes 
has obscured identification of the protein factors responsible for CRISPR RNA processing in 
some systems. Type II immune systems consist of four cas genes, none of which have a 
detectable sequence similarity to known CRISPR-specific endoribonucleases. Recently, a 
different CRISPR RNA processing mechanism has been reported that involves RNase-III-
mediated cleavage of double-stranded regions of the CRISPR RNA repeats (Deltcheva et al., 
2011). The first indication of this mechanism came from deep sequencing of RNA from S. 
pyogenes. An abundant transcript containing a 25-nucleotide sequence that was complementary 
to the CRISPR repeat was identified. This RNA, termed tracrRNA (trans-activating CRISPR 
RNA), is coded on the opposite strand and just upstream of the CRISPR locus. Genetic and 
biochemical experiments demonstrated that tracrRNA and pre-crRNA are co-processed by 
RNase III, which produces cleavage products with a 2 nucleotide 3ʹ overhang (Deltcheva et al., 
2011). In vivo processing of CRISPR RNAs required Cas9 (previously known as Csn1), although 
a precise role for this enzyme in RNA processing has not yet been defined. The essential role of 
cellular proteins that are not solely involved in CRISPR-mediated defense, such as RNase III, 
indicates that different host factors may be involved as ancillary components of these immune 
systems. 

 
1.6 CRISPR RNA-guided interference 

The third stage of CRISPR-mediated immunity is target interference (Fig. 1.2). Here 
crRNAs associate with Cas proteins to form large CRISPR-associated ribonucleoprotein 
complexes that can recognize invading nucleic acids. Foreign nucleic acids are identified by 
base-pairing interactions between the crRNA spacer sequence and a complementary sequence 
from the intruder. Phage- and plasmid-challenge experiments performed in several model 
systems have demonstrated that crRNAs complementary to either the coding or the non-coding 
strand of the invading DNA can provide immunity (Barrangou et al., 2007; Brouns et al., 2008; 
Gudbergsdottir et al., 2011; Manica et al., 2011; Marraffini and Sontheimer, 2008; Semenova et 
al., 2011). This is indicative of an RNA-guided DNA-targeting system, and indeed a pathway for 
DNA silencing has recently been demonstrated in S. thermophilus (Garneau et al., 2010). DNA 
sequencing and Southern blots indicated that both strands of the target DNA are cleaved within 
the region that is complementary to the crRNA spacer sequence (Garneau et al., 2010). This 
mechanism efficiently eliminates foreign DNA sequences, which have been specified by the 
spacer region of the crRNA, but avoids targeting the complementary DNA sequences in the 
CRISPR region of the host chromosome. The mechanism for distinguishing self from non-self is 
built into the crRNA. The spacer sequence of each crRNA is flanked by a portion of the adjacent 
CRISPR repeat sequence, and any complementarity beyond the spacer into the adjacent repeat 
region signals self and prevents the destruction of the host chromosome (Marraffini and 
Sontheimer, 2010b). 

However, not all CRISPR systems target DNA. In vitro experiments using enzymes from 
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the type III-B CRISPR system of P. furiosus have shown that this system cleaves target RNA 
rather than DNA (Hale et al., 2009). All DNA targeting systems encode a complementary DNA 
sequence for each crRNA in the CRISPR locus and therefore require a mechanism for 
distinguishing self (CRISPR locus) from non-self (invading DNA). In contrast, systems that 
target RNA may not be required to make this distinction because most CRISPR loci are 
transcribed only in one direction and thus do not generate complementary RNA targets. CRISPR 
systems that target RNA may be uniquely capable of defending against viruses that have RNA-
based genomes. However, adaptation of the CRISPR in response to a challenge by an RNA-
based virus will probably require the invading RNA to be reverse-transcribed into DNA before it 
can be integrated into the CRISPR locus. 

Cas proteins directly participate in target binding. Recent biochemical studies have 
shown that CRISPR-associated complexes facilitate target recognition by enhancing sequence-
specific hybridization between the CRISPR RNA and complementary target sequences 
(Wiedenheft et al., 2011b). A short high-affinity binding site located at one end of the crRNA 
spacer sequence governs the efficiency of target binding, and viruses that acquired a single 
mismatch in this region were able to escape detection by the immune system (Semenova et al., 
2011). This high-affinity binding site is functionally analogous to the ‘seed’ sequence (Fig. 1.1) 
that has been identified in eukaryotic microRNAs (miRNAs) (Bartel, 2004). Structural and 
biochemical studies have shown that Argonaute proteins facilitate target recognition by pre-
ordering the nucleotides at the 5ʹ end of the miRNA in a helical configuration (Parker et al., 
2009). This pre-ordering reduces the entropic penalty that is associated with helix formation and 
provides a thermodynamic advantage for target binding within this region. A similar mechanism 
may occur during crRNA target binding, providing an interesting example of convergent 
evolution between CRISPR-based immunity in prokaryotes and RNAi in eukaryotes (Fig. 1.1). 

Structural and biochemical studies have been performed on CRISPR-associated 
complexes isolated from three different type I CRISPR systems (Hale et al., 2009; Jore et al., 
2011a; Lintner et al., 2011; Wiedenheft et al., 2011a; 2011b). These complexes seem to share 
some general morphological features, but the precise special arrangement of the Cas proteins and 
their interactions with the crRNA have been unclear. Sub-nanometer-resolution structures of the 
CRISPR-associated complex from E. coli (Cascade) have recently been determined using cryo-
electron microscopy (Wiedenheft et al., 2011a). This complex is comprised of an unequal 
stoichiometry of 5 functionally essential Cas proteins and a 61-nucleotide crRNA (Brouns et al., 
2008; Jore et al., 2011a; Wiedenheft et al., 2011a). The structure reveals a sea-horse- shaped 
architecture in which the crRNA is displayed along a helical arrangement of protein subunits that 
protect the crRNA from degradation (Wiedenheft et al., 2011a). The 5ʹ and 3ʹ ends of the crRNA 
form unique structures that are anchored at opposite ends of the Cascade complex, displaying the 
32-nucleotide spacer sequence for base-pairing with complementary targets. 

The structure of Cascade bound to a 32-nucleotide target sequence (Wiedenheft et al., 
2011a) reveals a concerted conformational change that could be a signal for recruiting Cas3. 
Cas3 — the trans-acting nuclease of type I CRISPR systems — may function as a target ‘slicer’ 
in a similar way to Argonaute in RNAi pathways (Beloglazova et al., 2011; Brouns et al., 2008; 
Mulepati and Bailey, 2011; Sinkunas et al., 2011). Although Cas3 was implicated previously in 
the process of self versus non-self discrimination, recent studies have demonstrated that Cascade 
recognizes the PAM directly and that mutations in the PAM decrease Cascade’s affinity for the 
target (Semenova et al., 2011). The importance of the PAM is highlighted by the recovery of 
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phage and plasmid escape mutants, which frequently contain a single mutation in the PAM 
(Deveau et al., 2008; Garneau et al., 2010; Horvath et al., 2008; Sapranauskas et al., 2011; 
Semenova et al., 2011). The structure of Cascade indicates that the PAM is positioned near the 
‘tail’ of the sea-horse-shaped complex. High-resolution structures and mutational analysis of the 
nucleic acid and protein components in this and related systems are needed to determine the 
mechanisms of target authentication and degradation. 

 
1.7 Applications of CRISPR structure and function 

The sequence diversity of CRISPR loci, even within closely related strains, has been used 
for high-resolution genotyping and forensic medicine. This technique, known as spoligotyping 
(spacer oligotyping), has been applied successfully to the analysis of human pathogens, including 
Mycobacterium tuberculosis (Groenen et al., 1993), Corynebacterium diphtheria (Mokrousov et 
al., 2007) and Salmonella enterica (Liu et al., 2011). Spoligotyping was developed long before 
the function of CRISPRs was understood, but now that studies have begun to reveal the 
biological function and mechanism of CRISPR-mediated genetic silencing, new opportunities for 
creative applications have emerged. Laboratory strains of bacteria are grown in high-density 
bioreactors for many different applications in the food industry, and they are becoming 
increasingly important in the production of biofuels. CRISPR systems offer a natural mechanism 
for adapting economically important bacteria for resistance against multiple phages. 

The biochemical activities of various Cas proteins may have useful applications in 
molecular biology in much the same way that DNA restriction enzymes have revolutionized 
cloning and DNA manipulation. A wide range of CRISPR-specific endoribonucleases that 
recognize small RNA motifs with high affinity expand the number of tools available for 
manipulating nucleic acids. In addition, a crRNA-guided ribonucleoprotein complex in P. 
furiosus was shown to cleave target RNAs (Hale et al., 2009). Site-specific cleavage of target 
RNA molecules could have a range of uses, from generating homogeneous termini after in vitro 
transcription to targeting a specific intracellular messenger RNA for inactivation in a similar way 
to RNAi. CRISPRs also provide a new mechanism for limiting the spread of antibiotic resistance 
or the transfer of virulence factors by blocking horizontal gene transfer (Garneau et al., 2010; 
Marraffini and Sontheimer, 2008). In addition, CRISPRs participate in a regulatory mechanism 
that alters biofilm formation in P. aeruginosa (Cady and O'Toole, 2011; Zegans et al., 2009). 
Although the clinical relevance of CRISPRs remains to be demonstrated, the opportunities for 
creative implementation of this new gene-regulation system are perceivably vast. 

 
1.8 Future directions of CRISPR biology 

The discovery of some of the fundamental mechanisms of CRISPR- based adaptive 
immunity has raised new questions and highlighted the areas with the greatest potential for future 
research. Although CRISPR RNA processing and targeting steps are now understood in some 
detail, how and when target sequences are identified during a phage infection or plasmid 
transformation are still unclear. Furthermore, why DNA or RNA target sequences are chosen, 
and their fate once they are bound to a crRNA-targeting complex is not well understood. In 
addition, the mechanisms by which foreign sequences are selected and integrated into CRISPR 
loci are almost entirely unknown. Some CRISPR loci seem to be considerably more active than 
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others, at least under laboratory conditions, so selection of the model organisms will be 
important. The diversity and prevalence of CRISPR systems throughout microbial communities 
ensures that new findings and applications in this field will be forthcoming in the years ahead. 
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Chapter 2 

 
 

Mechanism of substrate selection by 
a highly specific CRISPR 

endoribonuclease 
 
 
 

 
 

 
 

 
 

† Part of the work presented in this chapter has previously been published in the following 
research article: Sternberg, S.H., Haurwitz, R.E., Doudna, J.A. (2012). Mechanism of substrate 
selection by a highly specific CRISPR endoribonuclease. RNA 18, 661–672. 
 

‡ Samuel Sternberg designed experiments and performed all of the Csy4 binding and cleavage 
assays. Rachel Haurwitz performed the Northern blot analysis and helped design experiments. 
Jennifer Doudna supervised the project. 
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2.1 Abstract 
Bacteria and archaea possess adaptive immune systems that rely on small RNAs for 

defense against invasive genetic elements. CRISPR (clustered regularly interspaced short 
palindromic repeats) genomic loci are transcribed as long precursor RNAs which must be 
enzymatically cleaved to generate mature CRISPR-derived RNAs (crRNAs) that serve as guides 
for foreign nucleic acid targeting and degradation. This processing occurs within the repetitive 
sequence and is catalyzed by a dedicated Cas6 family member in many CRISPR systems. In 
Pseudomonas aeruginosa, crRNA biogenesis requires the endoribonuclease Csy4 (Cas6f), which 
binds and cleaves at the 3' side of a stable RNA stem-loop structure encoded by the CRISPR 
repeat. We show here that Csy4 recognizes its RNA substrate with a ~50 pM equilibrium 
dissociation constant, making it one of the highest-affinity protein:RNA interactions of this size 
reported to date. Tight binding is mediated exclusively by interactions upstream of the scissile 
phosphate that allow Csy4 to remain bound to its product and thereby sequester the crRNA for 
downstream targeting. Substrate specificity is achieved by RNA major groove contacts that are 
highly sensitive to helical geometry, as well as a strict preference for guanosine adjacent to the 
scissile phosphate in the active site. Collectively, our data highlight diverse modes of substrate 
recognition employed by Csy4 to enable accurate selection of CRISPR transcripts while avoiding 
spurious, off-target RNA binding and cleavage.  

 
2.2 Introduction 

Many bacteria and archaea employ small CRISPR-derived RNAs (crRNAs) as molecular 
sentries that base pair with phage or plasmids and thereby trigger degradation of these foreign 
nucleic acids by CRISPR-associated (Cas) proteins (Al-Attar et al., 2011; Horvath and 
Barrangou, 2010; Marraffini and Sontheimer, 2010a). CRISPR-derived precursor transcripts 
(pre-crRNAs) are processed enzymatically to generate the mature crRNAs that assemble into 
large ribonucleoprotein effector complexes (Brouns et al., 2008). In type I and type III CRISPR 
systems, as defined by Makarova and colleagues (Makarova et al., 2011b), a single 
endoribonuclease from the Cas6 superfamily cleaves pre-crRNAs within each invariant repeat 
sequence to generate ~60 nucleotide (nt) products in which segments of the repeat sequence 
flank the target-binding spacer sequence (Brouns et al., 2008; Carte et al., 2008b; Gesner et al., 
2011; Haurwitz et al., 2010; Lintner et al., 2011; Sashital et al., 2011). crRNA biogenesis in type 
II systems requires RNase III, which cleaves double-stranded RNA (dsRNA) substrates formed 
by base pairing between a small, non-coding RNA (tracrRNA) and the pre-crRNA (Deltcheva et 
al., 2011). Pre-crRNA processing is a hallmark of the CRISPR-Cas system, and the inactivation 
of these endoribonucleases results in a complete loss of immune system function (Brouns et al., 
2008; Deltcheva et al., 2011; Sapranauskas et al., 2011).   

We showed previously that Csy4, recently reclassified as Cas6f (Makarova et al., 2011b), 
generates crRNAs in type I-F CRISPR systems (formerly the Yersinia pestis subtype) by 
cleaving pre-crRNAs at the bottom of stable stem-loops encoded by the CRISPR repeat 
(Haurwitz et al., 2010) (Fig. 2.1a). The co-crystal structure of Csy4 bound to its pre-crRNA 
substrate (PDB ID: 2XLK) revealed a diverse set of molecular interactions that mediate RNA 
recognition (Fig. 2.1b). A highly basic α-helix docks into the major groove of the stem-loop and 
contains multiple arginine residues that form a network of hydrogen bonds with the RNA 
phosphate backbone along the 5' strand of the stem. In a manner reminiscent of DNA-binding 
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proteins, Csy4 interacts with the bottom two base pairs of the stem-loop through a direct readout 
mechanism involving formation of base-specific hydrogen bonds between the major groove 
faces of A19 and G20 and residues Gln104 and Arg102, respectively. The aromatic side chain of 
Phe155 stacks below the terminal base pair, thereby positioning the scissile phosphate within the 
active site. Together, these interactions enable Csy4 to recognize and cleave a single repetitive 
RNA sequence inside the cell, ensuring correct crRNA processing without off-target effects.  

Figure 2.1 | Csy4 binds its substrate and product with high affinity and functions as a single-turnover 
enzyme. (a) Csy4 cleaves within pre-crRNA repeat sequences (black) to generate mature crRNAs that contain a 
spacer sequence (colored line) flanked by fragments of the repeat. The substrate sequence and cleavage site (red 
triangle) are indicated above, with the crRNA construct previously used for crystallography shown in bold. (b) A 
schematic depicts protein:RNA contacts revealed by a co-crystal structure of Csy4 bound to a fragment of the 
crRNA repeat (PDB ID: 2XLK). Important amino acid residues are shown in yellow, and RNA nucleotides are 
numbered as in (a). Red circles, pentagons, boxes, and red dotted lines denote phosphates, ribose groups, bases, and 
hydrogen-bonding interactions, respectively. (c) EMSAs (top) were performed with Csy4-H29A and the substrate 
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and product of the cleavage reaction. The resulting data for these and all subsequent binding assays were fit with a 
standard binding isotherm to yield equilibrium dissociation constants (solid lines; see Materials and Methods), and 
average Kd and standard error of the mean (SEM) values from at least three independent experiments are reported in 
Table 2.1. (d) RNA cleavage assays were conducted at five different enzyme:substrate molar ratios, and the extent 
of the reaction at various time points was assessed by denaturing PAGE (top). The resulting data for these and all 
subsequent cleavage assays were fit with a single exponential to yield first-order rate constants (solid lines; see 
Materials and Methods), and average kobs and SEM values from three independent experiments are reported in Table 
2.1. Error bars for each time point represent the standard deviation and are not always visible. 

 

Bioinformatic analyses of Csy4-related Cas proteins together with existing CRISPR 
databases (Grissa et al., 2007b) have revealed a potentially large number of enzyme variants 
whose substrate specificities have co-evolved with the RNAs encoded by CRISPR repeats. 
Gaining a thorough understanding of the selection mechanism by which Pseudomonas 
aeruginosa Csy4 faithfully binds and cleaves its substrate should inform future work aimed at 
expanding the toolbox of these sequence-specific endoribonucleases. Furthermore, the 
propensity of many pre-crRNA repeat sequences to form small, stable stem-loops (Kunin et al., 
2007) suggests that general principles of substrate recognition employed by Csy4 will be broadly 
applicable to other Cas6 family members that associate with structured repeats.  

To determine the importance of sequence- and shape-specific RNA recognition during 
pre-crRNA processing, we investigated the relative contributions of substrate base-pair 
composition and geometry to binding and cleavage by Csy4. Here we show that Csy4 binds its 
substrate RNA with extremely high affinity (Kd ≈ 50 pM) and functions as a single-turnover 
enzyme. Single-stranded RNA (ssRNA) nucleotides that flank the stem-loop contribute 
negligibly to binding energy, but base-pair changes throughout the double-stranded stem and 
mutations to the loop sequence result in substantially weaker binding. We find that substrate 
recognition also involves the precise length of the stem, such that small base-pair insertions 
cause severe binding and/or cleavage defects due to their effects on helical geometry and 
substrate positioning. These findings reveal how Csy4 employs a unique set of molecular 
interactions to achieve highly specific selection of its pre-crRNA substrate while discriminating 
against similar, non-cognate stem-loop structures. 
 

2.3 Materials and Methods 
 

2.3.1 Protein expression and purification 
R102A, Q104A, F155A and H29A Csy4 mutants were purified as described (Haurwitz et 

al., 2010). R114A/R118A, R118A/R115A and R115A/R119A Csy4 double mutants were 
generated using site-directed mutagenesis and purified essentially as described previously 
(Haurwitz et al., 2010), with the following exceptions. Protein genes encoded by the pHGWA 
vector (Busso et al., 2005) were overexpressed in BL21(DE3) cells. Following the second Ni-
NTA affinity purification step, Csy4 mutants were purified by size exclusion chromatography 
using a single Superdex 75 (16/60) column (GE Healthcare) in 100 mM HEPES (pHRT 7.5), 500 
mM KCl, 5% glycerol, 1mM TCEP. Proteins were then concentrated and buffer exchanged into 
100 mM HEPES (pHRT 7.5), 150 mM KCl, 5% glycerol, 1mM TCEP, snap frozen in liquid 
nitrogen and stored at -80 °C. 
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2.3.2 Northern blot analysis 

Total RNA was extracted from cultures of P. aeruginosa PAO1, P. aeruginosa UCBPP-
PA14 and a csy4 deletion strain of P. aeruginosa UCBPP-PA14 (SMC3894) (Zegans et al., 
2009) grown to exponential phase using the mirVana kit (Ambion). Duplicate samples of each 
RNA preparation (6 µg) were separated on adjacent lanes of a 15% denaturing polyacrylamide 
gel and subsequently transferred to a nylon membrane (Hybond-N+, GE Healthcare) using a 
semi-dry transfer cell (BioRad). The single membrane was then cut in half to yield two 
membranes with identical samples. The membranes were pre-treated with ULTRAHyb-Oligo 
Hybridization Buffer (Ambion) and probed with 5'-[32P]-radiolabeled DNA oligonucleotides 
corresponding to either the crRNA repeat sequence (5'-
GTTCACTGCCGTATAGGCAGCTAAGAAA-3') or the reverse complement of the crRNA 
repeat (5'-TTTCTTAGCTGCCTATACGGCAGTGAAC-3'). Membranes were washed twice 
with 2X saline-sodium citrate (SSC) buffer containing 0.5% SDS and visualized by 
phosphorimaging. 
 

2.3.3 RNA transcription, purification and 5' radiolabeling 
The following RNAs were synthesized by Integrated DNA Technologies: the non-

cleavable substrate, product RNA (Δ21-28), 5' truncation constructs (Δ1-5, Δ1-4), the 5'-strand 
(nucleotides 1-12) and 3'-strand (nucleotides 13-28) used to generated the nicked substrate, the 
G20A mismatched substrate and three substrates containing base-pair substitutions at the bottom 
of the stem (C6U/G20A, C6G/G20C, U7A/A19U). All other RNAs were transcribed in vitro 
using T7 polymerase and purified using denaturating polyacrylamide gel electrophoresis, 
according to the following protocol. Synthetic single-stranded DNA templates (Integrated DNA 
Technologies) containing the reverse complement of the desired crRNA repeat construct were 
annealed to a 1.5-fold molar excess of an oligonucleotide corresponding to the T7 promoter 
sequence (5'-TAATACGACTCACTATA-3'). Templates encoded an extra guanosine at the 5' 
end of all constructs in order to ensure optimal transcription by T7 polymerase. This had no 
effect on binding affinities but did lead to a slight (~20%) increase in kobs for cleavage of the 
WT-crRNA repeat substrate. Transcription reactions (100 µl) were incubated at 37 °C for 3-5 
hours and contained 1 µM template DNA, 100 µg/mL T7 polymerase, 1 µg/mL pyrophosphatase 
(Roche), 5 mM NTPs, 30 mM Tris-Cl (pHRT = 8.1), 25 mM MgCl2, 10 mM dithiothreitol (DTT), 
2 mM spermidine and 0.01% Triton X-100. Reactions were then treated with 5 units of DNase 
(Promega) and incubated for an additional 30 minutes at 37 °C before being loaded on a 15% 
urea-polyacrylamide gel. RNAs were excised from the gel and eluted into DEPC 
(diethylpyrocarbonate) H2O overnight at 4 °C. 5' triphosphates were removed by incubating 
RNAs at 37 °C for 1 hour with 10 units of calf intestinal phosphate (New England Biolabs) in 
1X NEBuffer 3, followed by phenol-chloroform extraction and ethanol precipitation. RNAs were 
resuspended in DEPC H2O and stored at -20 °C.  

For biochemical experiments, 10 pmol RNA were 5' radiolabeled by incubating with 5 
units T4 polynucleotide kinase (New England Biolabs) and ~3-6 pmol (~0.2-0.4 mCi) [γ-32P]-
ATP (Promega) in 1X T4 polynucleotide kinase reaction buffer at 37 °C for 30 minutes, in a 25 
µl reaction. After heat inactivation (65 °C for 20 minutes), reactions were spun through an 
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illustra MicroSpin G-25 column (GE Healthcare) to remove ATP. Radiolabeled RNAs were 
diluted to ~100 nM stock concentrations with DEPC H2O and stored at -20 °C.  

 
2.3.4 Electrophoretic mobility shift assays 

Protein concentrations were determined by taking multiple absorbance spectra using a 
NanoDrop spectrophotometer (Thermo Scientific), averaging A280nm values and converting to 
molar concentrations using the calculated Csy4 extinction coefficient (15,470 M-1 cm-1). Spectra 
were also recorded under denaturing conditions (6 M guanidine hydrochloride, 20 mM 
potassium phosphate buffer, pH 6.5), and absorbance values were within error of those taken 
under native conditions. Binding experiments were conducted in the following buffer: 20 mM 
HEPES (pHRT 7.5), 100 mM KCl, 5% glycerol, 0.01% Igepal-630, 1 mM DTT and 0.1 mg/mL 
yeast tRNA (Sigma-Aldrich) to prevent non-specific binding. After diluting concentrated 5'-
[32P]-RNA and Csy4 stock solutions into 1X binding buffer, trace amounts of RNA (≤0.05-0.2 
nM, depending on construct and specific activity) were incubated with increasing concentrations 
of Csy4 in a 15 µl reaction at room temperature (~24 °C) for one hour. 12 µl of each reaction 
were then loaded on a 10% native polyacrylamide gel containing 0.5X TBE buffer and resolved 
by running at 12 W for 90-120 minutes at 4 °C in 0.5X TBE running buffer. Phosphor screens 
were exposed to dried gels and scanned with a Storm imager (GE Healthcare), and the intensities 
of unbound and Csy4-bound RNA were quantified using ImageQuant (GE Healthcare). The 
fraction of RNA bound at each Csy4 concentration was plotted as a function of Csy4 
concentration, and binding data were fit with a standard binding isotherm using Kaleidagraph 
(Synergy Software), according to the equation: fraction bound = A × [Csy4] ÷ (Kd + [Csy4]), 
where A is the amplitude of the binding curve.  

Binding experiments with the substrate nicked between U12 and A13 contained ~1 nM 
radiolabeled 3'-strand (nucleotides 13-28) and a 1,000-fold excess (1 µM) of cold 5’-strand 
(nucleotides 1-12). For experiments with Kd values in the low pM range, binding data were also 
fit with the solution of a quadratic equation describing a bimolecular dissociation reaction, as 
described previously (Maag and Lorsch, 2003), out of concern that [RNA] in these experiments 
was not sufficiently below the Kd to approximate [Csy4]total = [Csy4]free. This analysis returned 
values that agreed well with equilibrium dissociation constants determined from the standard 
binding isotherm equation, so these original values are reported. When fitting binding data with 
the rc-crRNA repeat, the amplitude was set equal to one because saturation could not be reached. 
Binding data with the RNA substrate containing a five G–C base-pair insertion showed apparent 
cooperativity and were fit with a modified binding equation using a variable Hill coefficient (n ≈ 
1.5) and an amplitude fixed at one.  

At least one binding experiment for each RNA or Csy4 mutant titrated Csy4 across a 
concentration range of three orders of magnitude centered around the Kd. Additional replicates 
typically tested five concentration points centered around the Kd and returned values in excellent 
agreement with those derived from a more complete titration. Kd values presented in the text and 
in Tables 2.1 & 2.2 represent the average and standard error of the mean from at least three 
independent experiments. The average percent error for all reported Kd values is 10%. ΔΔG 
values for Csy4 or RNA mutants were calculated according to the equation: 

ΔΔG = -RTln(Kd,WT/Kd,mutant) 
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where R is the gas constant, T is temperature (set to 298 K) and Kd,WT/Kd,mutant is the ratio of Kd 
values for the WT and mutant construct. 

 
2.3.5 RNA cleavage assays 

Cleavage assays were conducted at room temperature (~24 °C) in the following buffer: 
20 mM HEPES, 100 mM KCl, 1 mM DTT, pHRT 7.5. Single-turnover cleavage experiments 
were 55 µl in volume and contained 0.5 nM 5'-[32P]-RNA and a saturating concentration of Csy4 
(typically 500 nM). At each desired time point, a 10 µl aliquot was removed and quenched by 
mixing it with 50 µl phenol:chloroform:isoamyl alcohol 25:24:1, pH 8.0 (Sigma-Aldrich). The 
aqueous layer was mixed with an equal volume of formamide loading dye, heated to ~80 °C for 
~2 minutes and separated on a 15% urea-polyacrylamide gel in 0.5X TBE running buffer. RNA 
was visualized by phosphorimaging, and the intensities of uncleaved and cleaved RNA were 
quantified using ImageQuant (GE Healthcare). The fraction of RNA cleaved at each time point 
was plotted as a function of time, and these data were fit with a single exponential decay curve 
using Kaleidagraph (Synergy Software), according to the equation: fraction cleaved = A × (1 – 
exp(-k × t)), where A is the amplitude of the curve, k is the first-order rate constant and t is time. 
In order to avoid overestimating k in cases where the RNA was not quantitatively cleaved, the 
amplitude was fixed at one when fitting cleavage data for the substrate containing a G–C 
substitution at the bottom base pair, G20A and G20C mismatch mutants and for the substrate 
with two G–C base-pairs inserted below the stem-loop. Cleavage of the WT-crRNA repeat by 
Csy4-R118A/R115A and Csy4-R115A/R119A revealed biphasic kinetics, and the data were fit 
to a double exponential decay. The slower kinetic process may reflect a rate-limiting 
conformational change. Both rate constants are reported in Table 2.2. 

To ensure that Csy4 concentrations were saturating and that the on-rate for Csy4:RNA 
binding was not rate-limiting, cleavage experiments were repeated at 5-fold higher enzyme 
concentrations and analyzed similarly. This analysis frequently returned slightly larger rate 
constants for RNAs with fast cleavage kinetics, which we attribute to slower quenching rates in 
the presence of more enzyme. Overall, rate constants for these experiments were generally 
within ~30% of those measured at the lower enzyme concentration. The precise nature of the 
rate-limiting step in our single-turnover cleavage assays is not known, and so first-order rate 
constants are reported as kobs. kobs values presented in the text and in Tables 2.1 and 2.2 represent 
the average and standard error of the mean from three independent experiments. The average 
percent error for all reported kobs values is 4%. 

Cleavage experiments with WT-Csy4 and WT-crRNA repeat at variable molar ratios 
(Fig. 2.1d) were conducted at a constant RNA concentration of 10 nM (0.25 nM 5'-radiolabeled 
RNA, 9.75 nM unlabeled RNA) and varying Csy4 concentrations (40, 20, 10, 5, 2.5 nM) in a 
final volume of 88 µl. 10 µl aliquots were removed and quenched at 0.25, 0.5, 1, 2, 5, 10, 30 and 
60 minutes, and analyzed as described above. In determining the concentration of unlabeled 
RNA, hypochromicity of the stem-loop was corrected for by first hydrolyzing the RNA to 
nucleotides by incubating in 3 M NaOH at 50 °C for one hour. Then, absorbance spectra were 
recorded using a NanoDrop spectrophotometer (Thermo Scientific), and A260nm values were 
averaged and converted to molar concentrations using the calculated extinction coefficient 
(295,900 M-1 cm-1). The 50% yield observed at an enzyme:substrate molar ratio of 1:1 may 
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reflect Csy4 dimerization (Przybilski et al., 2011) or partial specific activity of purified WT-
Csy4.  

 
2.4 Results 

 
2.4.1 Csy4 binds the crRNA repeat stem-loop with high affinity and functions as a single-
turnover catalyst 

Csy4 is a specialized ribonuclease that selects CRISPR transcripts from the cellular 
milieu for binding and cleavage. To determine the basis for this selectivity, we first examined the 
thermodynamic stability of the Csy4:RNA complex and the energetic contributions of 
protein:RNA interactions observed crystallographically (Fig. 2.1b). Using modified RNA 
substrates and/or Csy4 mutants, equilibrium dissociation constants (Kd) were measured using 
electrophoretic mobility shift assays (EMSAs). The RNA substrates we tested derive from the 
invariant 28-nt repeat sequence found within pre-crRNAs generated from P. aeruginosa strain 
UCBPP-PA14 CRISPR locus 2 (Grissa et al., 2007b), herein referred to as the crRNA repeat 
(Fig. 2.1a). We used the catalytically inactive Csy4-H29A mutant (Haurwitz et al., 2010) for 
experiments focused on analyzing the effects of changes to the RNA substrate, enabling 
investigation of RNA binding independent of cleavage. Wild-type (WT) Csy4 and Csy4-H29A 
bind a non-cleavable RNA substrate with affinities that are within 3-fold of each other (Fig. 2.2).  

Figure 2.2. | Binding controls with Csy4-H29A and a non-cleavable RNA substrate. (a) Electrophoretic 
mobility shift assays (EMSAs) were performed with WT-Csy4 or Csy4-H29A and a non-cleavable crRNA repeat 
substrate containing a deoxyribonucleotide substitution at G20. WT-Csy4 exhibits an apparent binding affinity ~3-
fold lower than Csy4-H29A. (b) To confirm that the non-cleavable and cleavable crRNA repeat substrates are bound 
similarly, EMSAs were performed with Csy4-H29A and both RNAs. Binding data with these substrates are 
indistinguishable. For these and all subsequent binding assays, the data were fit with a standard binding isotherm to 
yield equilibrium dissociation constants (solid lines; see Materials and Methods), and average Kd and standard 
error of the mean (SEM) values from at least three independent experiments are reported in Table 2.1.  
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Strikingly, Csy4 binds the full-length, WT crRNA repeat substrate with extremely high 
affinity, characterized by an equilibrium dissociation constant of ~50 pM (Fig. 2.1c and Table 
2.1). Because Csy4 and the mature crRNA form part of the large Csy ribonucleoprotein complex 
responsible for target recognition (Wiedenheft et al., 2011b), we wondered whether Csy4 also 
retains high-affinity binding to the cleaved crRNA. Using a synthetic RNA corresponding to the 
5' product stem-loop structure, we found that Csy4 binds this RNA indistinguishably from the 
substrate (Fig. 2.1c). Thus, all protein:RNA interactions contributing favorably to binding energy 
occur upstream of the scissile phosphate. Analysis of substrates truncated in the 5' ssRNA region 
allowed us to further demonstrate that nucleotides 1-4 of the crRNA repeat are completely 
dispensable for binding (Fig. 2.3a), indicating that the high-affinity interaction we observe 
requires only the 15-nt stem-loop and one upstream nucleotide. We observed binding defects 
when A5 was mutated, suggesting that it might be specifically recognized. Indeed, a crystal 
structure of a Csy4:product RNA complex containing nucleotides 2-20 of the crRNA repeat 
sequence revealed base-specific hydrogen bonds between the Watson-Crick face of A5 and the 
peptide backbone of Leu139 (Fig. 2.3b and (Haurwitz et al., 2012)).  

Figure 2.3 | Sequence-specific recognition of A5 by Csy4. (a) To determine the contributions of single-stranded 
RNA (ssRNA) nucleotides upstream of the stem-loop to overall binding energy, EMSAs were performed with Csy4-
H29A and RNA substrates containing either deletions (Δ1-4, Δ1-5) or a mutation (A5T) in the first 5 ssRNA 
nucleotides. The 2-fold binding defect observed with Δ1-5 RNA relative to the WT-crRNA repeat was abolished 
when A5 was reintroduced (Δ1-4), indicating that A5 is the only ssRNA nucleotide bound by Csy4. The even larger 
magnitude binding defect (~5-fold) with a substrate mutated at this position (A5T) suggests that this binding is 
sequence-specific. (b) Csy4-S22C was crystallized bound to a product RNA containing nucleotides 2-20 of the WT-
crRNA repeat (Haurwitz et al., 2012). While nucleotides 2-4 are disordered and not visible in the electron density, 
A5 is seen interacting with the peptide backbone of Leu139 via two base-specific hydrogen bonds (dashed lines) to 
N1 and N6 at the Watson-Crick edge.  

 

Considering the retention of Csy4 and crRNA in the Csy complex (Wiedenheft et al., 
2011b), we speculated that tight association of Csy4 with its product may be an intrinsic 
mechanistic feature of Csy4 during crRNA biogenesis in type I-F CRISPR systems. To test this 
hypothesis, we carried out cleavage assays at a range of enzyme:substrate molar ratios and 
monitored both the rate and yield of product formation. As seen in Figure 1.1d, Csy4 completely 
lacks the ability to engage in multiple-turnover catalysis. The overall yield of the cleavage 
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reaction remained directly proportional to the Csy4 concentration when present in sub-
stoichiometric amounts relative to substrate, even with incubation times >200-fold longer than 
the reaction time constant. All time courses fit well to a single exponential decay and yielded 
uniform, first-order observed rate constants (kobs; Table 2.1), which would only be the case in the 
absence of multiple turnover behavior under conditions where the on-rate is not rate-limiting. 
These observations indicate that Csy4 remains product-bound after the reaction and is thereby 
strongly inhibited from performing additional rounds of RNA cleavage. Interestingly, crRNA 
repeat cleavage reached only 50% completion at an enzyme:substrate molar ratio of 1:1. A recent 
study used a two-hybrid system to demonstrate that Csy4 can interact with itself, but this result 
could not be repeated for all fusion constructs (Przybilski et al., 2011). While we cannot formally 
exclude the possibility that Csy4 might function as a dimer with one inactive subunit, our gel 
filtration experiments are consistent with purified Csy4 existing as a monomer (data not shown). 
Therefore, we speculate that the incomplete cleavage we observe reflects partial specific activity 
of purified WT-Csy4. 

 
Table 2.1 | Binding and cleavage data for mutant crRNA repeat substrates. 

RNA Kd (nM)a Kd,rel
b ΔΔG 

(kcal/mol)c kobs (min-1)d kobs,rel
e 

WT (synthetic) 0.050 ± 0.006 1.1 0.1 ± 0.1 3.8 ± 0.1 1.2 

WT (transcribed)† 0.045 ± 0.009 1.0 NA 

4.50 ± 0.06 (500 nM) 1.0 

3.98 ± 0.03 (40 nM) 1.1 

4.0 ± 0.1 (20 nM) 1.1 

3.5 ± 0.2 (10 nM) 1.3 

3.8 ± 0.2 (5 nM) 1.2 

3.90 ± 0.06 (2.5 nM) 1.2 

Δ21-28 (product) 0.049 ± 0.006 1.1 0.0 ± 0.1 NA NA 

Δ1-5 0.09 ± 0.01 2.0 0.4 ± 0.1 2.83 ± 0.07 1.6 

Δ1-4 0.047 ± 0.005 1.0 0.0 ± 0.1 2.85 ± 0.08 1.6 

A5T 0.216 ± 0.009 4.8 0.9 ± 0.1 2.4 ± 0.1 1.9 

Reverse complement (rc) 5600 ± 400 120,000 6.9 ± 0.1 0.0057 ± 0.0004 790 

GUGUA loop 
(A13G) 0.05 ± 0.01 1.2 0.1 ± 0.2 4.6 ± 0.2 0.97 

UAUAC loop 
(G11U,U12A,A13U,U14A,A15C) 337 ± 3 7,400 5.3 ± 0.1 2.57 ± 0.08 1.8 

UUCG loop 
(G11U,A13C,U14G,ΔA15) 2000 ± 400 45,000 6.3 ± 0.2 1.90 ± 0.09 2.4 
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AAAAA loop 
(G11A,U12A,U14A) 700 ± 100 15,000 5.7 ± 0.2 2.8 ± 0.2 1.6 

Nicked 
(between U12 and A13) 108 ± 4 2,400 4.6 ± 0.1 ND ND 

G–C, 1st base pair 
(C6G,G20C) 54 ± 3 1,200 4.2 ± 0.1 0.00060 ± 0.00002 7,500 

U–A, 1st base pair 
(C6U,G20A) 0.9 ± 0.1 20 1.8 ± 0.1 0.0272 ± 0.0005 170 

A–U, 1st base pair 
(C6A,G20U) 0.211 ± 0.005 4.7 0.9 ± 0.1 0.037 ± 0.002 120 

C–G, 2nd base pair 
(U7C,A19G) 35 ± 2 760 3.9 ± 0.1 1.64 ± 0.06 2.7 

G–C, 2nd base pair 
(U7G,A19C) 1.5 ± 0.1 33 2.1 ± 0.1 1.17 ± 0.02 3.8 

A–U, 2nd base pair 
(U7A,A19U) 0.60 ± 0.09 13 1.5 ± 0.2 1.20 ± 0.09 3.8 

C–G, 3rd base pair 
(G8C,C18G) 2.9 ± 0.3 64 1.5 ± 0.1 1.50 ± 0.01 3.0 

A–U, 3rd base pair 
(G8A,C18U) 0.12 ± 0.03 2.6 0.6 ± 0.2 4.37 ± 0.07 1.0 

U–A, 3rd base pair 
(G8U,C18A) 0.103 ± 0.002 2.3 0.5 ± 0.1 1.58 ± 0.04 2.8 

G–C, 4th base pair 
(C9G,G17C) 0.63 ± 0.02 14 1.6 ± 0.1 3.87 ± 0.07 1.2 

A–U, 4th base pair 
(C9A,G17U) 0.25 ± 0.01 5.5 1.0 ± 0.1 4.40 ± 0.06 1.0 

U–A, 4th base pair 
(C9U,G17A) 0.15 ± 0.03 3.3 0.7 ± 0.2 4.17 ± 0.09 1.1 

G–C, 5th base pair 
(C10G,G16C) 3.9 ± 0.5 85 2.6 ± 0.1 3.2 ± 0.1 1.4 

A–U, 5th base pair 
(C10A,G16U) 0.40 ± 0.03 8.8 1.3 ± 0.1 2.87 ± 0.09 1.6 

U–A, 5th base pair 
(C10U,G16A) 0.09 ± 0.02 2.0 0.4 ± 0.2 2.05 ± 0.04 2.2 

Mutate 3 base pairs, #1 
(G8A,C9U,C10U,G16A,G17A,C18U) 0.31 ± 0.02 6.9 1.2 ± 0.1 2.4 ± 0.1 1.9 

Mutate 3 base pairs, #2 
(G8U,C9A,C10A,G16U,G17U,C18A) 7.0 ± 0.3 160 3.0 ± 0.1 0.54 ± 0.02 8.3 

Mutate 3 base pairs, #3 
(G8C,C9G,C10G,G16C,G17C,C18G) 217 ± 9 4,800 5.0 ± 0.1 0.312 ± 0.007 14 

C6G mismatch 3.8 ± 0.6 85 2.6 ± 0.2 0.128 ± 0.003 35 

C6A mismatch 0.057 ± 0.008 1.3 0.1 ± 0.1 0.456 ± 0.002 9.9 
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G20A mismatch 1.9 ± 0.3 41 2.2 ± 0.2 0.0003 ± 0.0001 14,000 

G20C mismatch 3.67 ± 0.09 81 2.6 ± 0.1 0.00020 ± 0.00002 23,000 

1 extra G–C, top of stem 70 ± 10 1,600 4.4 ± 0.2 2.74 ± 0.06 1.6 

2 extra G–C, top of stem 2200 ± 200 49,000 6.4 ± 0.1 0.28 ± 0.01 16 

5 extra G–C, top of stem 4000 ± 1000 91,000 6.8 ± 0.2 0.083 ± 0.001 54 

5 extra G–C, top of stem 
3’ A bulge 253 ± 3 5,600 5.1 ± 0.1 ND ND 

5 extra G–C, top of stem 
3’ AA bulge 26 ± 2 570 3.8 ± 0.1 ND ND 

5 extra G–C, top of stem 
3’ AAA bulge 10.5 ± 0.8 230 3.2 ± 0.1 2.78 ± 0.06 1.6 

1 extra A–U, bottom of stem 0.061 ± 0.003 1.3 0.2 ± 0.1 2.25 ± 0.02 2.0 

2 extra A–U, bottom of stem 0.57 ± 0.02 13 1.5 ± 0.1 2.813 ± 0.009 1.6 

1 extra G–C, bottom of stem 9.6 ± 0.8 210 3.2 ± 0.1 0.102 ± 0.002 44 

2 extra G–C, bottom of stem 36 ± 1 790 4.0 ± 0.1 0.0028 ± 0.0002 1,600 

 
aReported as the average and standard error of the mean (SEM) from at least three independent experiments. All 

binding experiments were performed with Csy4-H29A. 
bCalculated by dividing each Kd value by the Kd for WT-crRNA repeat (0.045 nM). 
cReported as the average and SEM, and calculated according to the equation:  
ΔΔG = -RTln(Kd,WT/Kd,mutant) 

dReported as the average and SEM from three independent experiments. All cleavage experiments were performed 
with WT-Csy4. 

eCalculated by dividing kobs for the WT-crRNA repeat (4.50 min-1; at 500 nM Csy4) by the kobs value for each 
mutant RNA substrate.  

†kobs values are reported for experiments at all WT-Csy4 concentrations tested. 
NA, not applicable. ND, not determined. 

 

2.4.2 Protein determinants of high-affinity crRNA repeat binding and cleavage 
The high-affinity interaction between Csy4 and the crRNA repeat substrate is tighter than 

many protein:RNA complexes studied to date. We were therefore interested in gaining a detailed 
understanding of the primary sources of binding energy, as informed by interactions identified 
from our crystal structure. We began by focusing on the bottom of the RNA stem, where the 
side-chains of Arg102 and Gln104 are each involved in two sequence-specific hydrogen bonds 
with the major groove faces of G20 and A19, respectively. Using a synthetic, non-cleavable 
substrate that is bound indistinguishably from the WT-crRNA repeat (Fig. 2.2b), EMSAs with 
Csy4-R102A and Csy4-Q104A mutants revealed that the binding energies contributed by these 
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amino acids are quite distinct. The crRNA repeat binds >2,000-fold more weakly to Csy4-
R102A, representing a ΔΔG of 4.6 kcal/mol, whereas RNA binding by Csy4-Q104A is 
destabilized by only 1.4 kcal/mol relative to WT (Fig. 2.4a and Table 2.2). This difference may 
be explained in part by the expected +1 charge on the arginine’s guanidinium group at 
physiological pH. Whereas deletion of an uncharged hydrogen bond typically weakens binding 
between enzyme and substrate by 0.5-1.8 kcal/mol, charged hydrogen bond generally contribute 
some 3-6 kcal/mol binding energy (Fersht, 1987), in good agreement with our data. 

In addition to its interaction with Arg102, G20 of the crRNA repeat stacks onto the 
aromatic side-chain of Phe155. Stacking interactions between aromatic amino acids and 
nucleotides can contribute up to 5.5 kcal/mol of binding energy (Auweter et al., 2006; Nolan et 
al., 1999), but we were surprised to observe a negligible 1.5-fold binding defect (∆∆G = 0.2 
kcal/mol) with a Csy4-F155A mutant (Fig. 2.4a). Given the pre-crRNA processing defects we 
observed previously with Csy4-F155A (Haurwitz et al., 2010), these data suggest that Phe155 
instead plays a role in achieving rapid cleavage kinetics. Indeed, under single-turnover 
conditions with saturating enzyme concentrations (see Materials and Methods), the F155A 
mutant led to a ~50-fold reduction in the observed cleavage rate constant (Fig. 2.4b). Csy4-
R102A also exhibited a ~20-fold defect in cleavage kinetics, whereas the rate of cleavage by 
Csy4-Q104A was within 2.5-fold of WT (Fig. 2.4b). Collectively, these data suggest that, 
independent of their effects on binding energy, Phe155 and Arg102 are important for anchoring 
the G20 guanine in the active site and may thereby assist in positioning the ribose for subsequent 
activation of its 2’-OH nucleophile.  

Figure 2.4 | Amino acid contributions to binding energy and cleavage kinetics. (a) Csy4 residues involved in 
base-pair recognition and phosphate backbone contacts were mutated to alanine in order to assess their energetic 
contributions to binding. EMSAs were performed with a noncleavable crRNA repeat substrate containing a 
deoxyribonucleotide substitution at G20, and binding defects relative to Csy4-H29A were determined and converted 
to ΔΔG values (T = 298 K). Plotted are the average and SEM from at least three independent experiments. (b) First- 
order rate constants (kobs) for WT-crRNA repeat cleavage by each Csy4 mutant were determined. Cleavage data for 
R118A/R115A and R115A/R119A mutants showed biphasic kinetics and were fit with a double exponential decay 
to yield two rate constants (Table 2.2), the faster of which is shown. Plotted are the average fold defects (relative to 
WT-Csy4) and SEM from three independent experiments. Average Kd, kobs, and SEM values are reported in Table 
2.2. 
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Moving up the crRNA repeat stem, we next focused on interactions observed in the 
crystal structure between the RNA and residues (Fig. 2.1b) found in the α-helix that inserts into 
the major groove of the double-stranded stem. The guanidinium groups of Arg114, Arg115, 
Arg118 and Arg119 each present ≥2 hydrogen-bond donors within 3 Å of acceptors in the RNA 
phosphate backbone, yet their contributions to overall binding energy differ widely, as assessed 
through double R →A mutations. In particular, Arg114 and Arg118, which contact adjacent 
phosphates, contribute only 0.7 kcal/mol of binding energy, whereas alanine mutations at 
Arg115 and Arg119 led to a >15,000-fold binding defect (ΔΔG = 5.8 kcal/mol; Fig. 2.4a). While 
all four residues are positioned to act as arginine forks, in that each side-chain contacts adjacent 
phosphates (Calnan et al., 1991), only Arg115 and Arg119 may simultaneously utilize all three 
nitrogen atoms of the guanidinium group as hydrogen bond donors. Arg115 hydrogen bonds to 
two phosphates in addition to the major groove face of G11, which forms part of the G·A 
sheared base pair at the bottom of the GUAUA pentaloop, and Arg119 is situated in a unique 
pocket of the loop where it interacts with phosphates separated by two nucleotides. His120 also 
interacts with a phosphate at the apex of the loop and contributes 0.8 kcal/mol of binding energy 
(Fig. 2.4a). The specific network of multi-dentate contacts between the arginine-rich helix and 
the RNA stem-loop suggests that high affinity binding to the crRNA repeat is highly shape-
specific, especially with regard to the tertiary structure of the loop. The large magnitude of the 
binding energy contributed by this protein helix enables Csy4 to maintain a tight grip on the 
substrate and product, but this interaction is not required for catalytic activity. Cleavage rates for 
the H120A and R →A double mutants under saturating conditions were within 5-fold of WT-
Csy4 (Fig. 2.4b). 

 
Table 2.2 | Binding and cleavage data for Csy4 mutants. 

Csy4 Kd (nM)a Kd,rel
b ΔΔG (kcal/mol)c kobs (min-1)d kobs,rel

e 

WT 0.132 ± 0.009 2.9 0.6 ± 0.1 4.50 ± 0.06 1.0 

H29A 0.045 ± 0.009 1.0 NA NA NA 

R102A 98 ± 5 2,200 4.6 ± 0.1 0.20 ± 0.01 22 

Q104A 0.48 ± 0.02 11 1.4 ± 0.1 2.160 ± 0.006 2.1 

F155A 0.068 ± 0.006 1.5 0.2 ± 0.1 0.083 ± 0.002 54 

R114A/R118A 0.15 ± 0.01 3.2 0.7 ± 0.1 3.70 ± 0.06 1.2 

R118A/R115A† 34 ± 2 740 3.9 ± 0.1 
3.9 ± 0.2 (0.31) 1.2 

0.008 ± 0.001 (0.52) 560 

R115A/R119A† 780 ± 50 17,000 5.8 ± 0.1 
1.14 ± 0.03 (0.78) 3.9 

0.035 ± 0.004 (0.20) 130 
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H120A 0.16 ± 0.01 3.6 0.8 ± 0.1 3.83 ± 0.03 1.2 

 
aReported as the average and standard error of the mean (SEM) from at least three independent experiments. All 

binding experiments were performed with the non-cleavable substrate containing a deoxyribonucleotide 
substitution at G20. 

bCalculated by dividing each Kd value by the Kd for Csy4-H29A (0.045 nM). 
cReported as the average and SEM, and calculated according to the equation:  
ΔΔG = -RTln(Kd,H29A/Kd,mutant) 

dReported as the average and SEM from three independent experiments. All cleavage experiments were performed 
with the in vitro transcribed WT-crRNA repeat substrate. 

eCalculated by dividing kobs for WT-Csy4 (4.50 min-1) by the kobs value for each Csy4 mutant.  
†Cleavage data showed biphasic kinetics and were fit with a double exponential decay. Both rate constants and their 

respective amplitudes (in parentheses) are reported.  
NA, not applicable. 

 

2.4.3 High-affinity crRNA repeat binding is sensitive to the loop structure 
The direction of CRISPR loci transcription in P. aeruginosa has not been directly 

analyzed, and a recent report that detected mature crRNAs by Northern blot analysis used 
dsDNA probes that were not strand-specific (Cady and O'Toole, 2011). Transcription in a 
direction opposite to that of our own predictions would generate pre-crRNAs containing the 
reverse complement of the crRNA repeat sequence. To determine whether Csy4 also recognizes 
and cleaves this potential substrate, we generated the reverse complement crRNA (rc-crRNA) 
repeat by in vitro transcription and tested its affinity for Csy4-H29A. We found that the rc-
crRNA repeat binds Csy4 >105-fold more weakly than the WT-crRNA repeat (Fig. 2.5a) and is 
cleaved >750-fold more slowly (Fig. 2.6a), strongly suggesting that the genuine Csy4 substrate 
in vivo is pre-crRNA transcribed in an orientation consistent with our previous work (Haurwitz et 
al., 2010). Northern blot analysis using single-stranded probes indeed confirmed the presence of 
crRNAs in P. aeruginosa UCBPP-PA14 with the repeat sequence we define in Figure 2.1a, but 
failed to detect transcripts from the opposite strand (Fig. 2.7).  
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Figure 2.5 | Importance of loop sequence for high-affinity RNA binding. (a) EMSAs demonstrate that Csy4 
binds the reverse complement of the crRNA repeat (rc) >105-fold more weakly than the WT-crRNA repeat. (b) 
Mutant RNA substrates were generated by changing the WT loop sequence (GUAUA) to a quintuple mutant 
(UAUAC), the highly stable UUCG tetraloop, or a poly(A) pentaloop, or by removing the loop through use of a 
substrate nicked between U12 and A13. EMSAs reveal substantial defects associated with binding these mutant 
RNAs. 

Figure 2.6 | Cleavage of rc-crRNA repeat and loop mutant substrates. Cleavage assays were performed with the 
reverse complement (rc) crRNA repeat (a) and RNA substrates containing mutated loop sequences (b). The rc-
crRNA repeat substrate was cleaved >750-fold slower than the WT-crRNA repeat substrate, whereas substrates 
containing mutations only in the loop sequence were cleaved at rates within 2.5-fold of WT. For these and all 
subsequent cleavage assays, the data were fit with a single exponential to yield first-order rate constants (solid lines; 
see Materials and Methods), and average kobs and SEM values from three independent experiments are reported in 
Table 2.1. 
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Figure 2.7 | Northern blot analysis of crRNAs in Psuedomonas aeruginosa. Total RNA was extracted from 
strains of P. aeruginosa without CRISPRs (PAO1), with a complete CRISPR-Cas locus (UCBPP-PA14) or with a 
CRISPR-Cas locus harboring a Csy4 gene deletion. Duplicates of each RNA preparation were separated by 15% 
denaturing PAGE, transferred to nylon membranes and probed with DNA oligonucleotides complementary to either 
the WT-crRNA repeat (left) or the rc-crRNA repeat (right). The gel was stained with SYBR Gold before transfer, 
and the 5S RNA band is shown as a loading control. RNAs containing the WT-crRNA repeat but not the reverse 
complement were detected in P. aeruginosa UCBPP-PA14. The laddering pattern is consistent with precursor 
transcripts that were incompletely processed, thereby yielding multiples of the length of a mature crRNA (60 
nucleotides). Hybridization to the mature crRNA is likely to be less efficient than to partially processed species 
because the probe is complementary to only 20 out of 28 nucleotides. The precursor transcript may be prone to rapid 
degradation in the absence of Csy4, explaining why the pre-crRNA band in the Δcsy4 strain is not more prominent. 

 

When comparing the two RNA sequences, rc-crRNA repeat contains the identical five 
base-pair stem sequence as the WT-crRNA repeat but with an additional predicted G-U wobble 
base pair below and different loop and flanking ssRNA sequences, indicating that one or more of 
these regions are specifically recognized by Csy4. Having already demonstrated the negligible 
binding defects resulting from deletion of flanking ssRNA nucleotides, we suspected that 
destabilized binding of the rc-crRNA repeat resulted primarily from the inability of Csy4 to 
interact productively with the UAUAC loop sequence and/or the unique tertiary structure it 
would impose on the RNA substrate. The GUAUA loop encoded by CRISPR locus 2 in P. 
aeruginosa UCBPP-PA14 forms a GNR(N)A pentaloop structure (Legault et al., 1998), in which 
U14 flips out of the loop to enable a GNRA tetraloop fold that involves sequential stacking of 
U12, A13 and A15 on the 3' strand of the stem (Haurwitz et al., 2010). The CRISPR 3 locus 
encodes a GUGUA loop in the repeat sequence that is predicted to form the same pentaloop 
structure, and this crRNA structure is bound and cleaved indistinguishably from the substrate 
with a GUAUA loop (Fig. 2.8). We hypothesized that Csy4 specifically recognizes this loop 
motif, and that other loop sequences unable to conform to a GNRA tetraloop fold bind much 
more weakly. 

Figure 2.8 | Recognition of a crRNA repeat containing a GUGUA loop. The CRISPR 2 locus in Pseudomonas 
aeruginosa UCBPP-PA14 encodes a crRNA repeat hairpin with a GUAUA loop, whereas CRISPR locus 3 encodes 
a hairpin with a GUGUA loop. Because both are likely to adopt GNR(N)A pentaloop folds, we suspected that Csy4 
would not discriminate between the two substrates. Indeed, binding (left) and cleavage (right) assays of crRNA 
repeat substrates containing either loop sequence reveal indistinguishable biochemical behaviors.   
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To test this, we generated a panel of RNA substrates containing mutated loop sequences 
and tested their affinity for Csy4-H29A. In agreement with our hypothesis, Csy4 bound to each 
RNA at least 7,000-fold more weakly than WT (Fig. 2.5b). Even a nicked RNA substrate formed 
from two oligonucleotides annealed in trans interacted more favorably with Csy4 than those 
containing a non-GNRA-like loop (Fig. 2.5b & 2.9). These experiments confirm that high-
affinity Csy4 binding relies in part on a precise substrate tertiary structure in the loop region, 
independently of base-specific contacts, and that the absence of a loop altogether is less 
detrimental to binding than the presence of a non-native loop. It is interesting to note that, despite 
their weakened binding, RNAs with mutated loops were cleaved at rates within 2.5-fold of the 
WT-crRNA repeat at saturating Csy4 concentrations (Fig. 2.6b). This was true even for a 
substrate containing the same loop (UAUAC) as the rc-crRNA repeat, which had a >750-fold 
defect in kobs. Since the stacking interaction between the terminal C–G base pair and the aromatic 
side chain of Phe155 is important for cleavage (Fig. 2.4b), we suspected that the additional base 
pair below the WT stem in the rc-crRNA repeat might impede Csy4 activity (see below). 

Figure 2.9 | Binding controls with a nicked crRNA repeat substrate. An RNA substrate was generated using two 
synthetic oligonucleotides constituting nucleotides 1-12 (5'-strand) and 13-28 (3'-strand) of the WT-crRNA repeat 
substrate (see boxed inset, right), and EMSAs were performed with Csy4-H29A. The 5'-strand was [32P]-
radiolabeled for these experiments and present at 0.5 nM in all binding reactions. To confirm that the observed 
electrophoretic mobility gel shift represented Csy4 bound to the hybridized two-strand duplex, experiments were 
performed that increased the 5'/3'-strand molar ratio with and without Csy4 present (left), or that increased the Csy4 
concentration with and without the 3'-strand present (right). No shift was observed in the absence of Csy4, 
indicating either that the hybridized substrate does not stably form without Csy4 or that it does not shift relative to 
the 5'-strand alone. Additionally, Csy4 does not bind the 5'-strand alone at the highest concentrations tested (500 
nM). These data indicate that binding requires the double-stranded substrate and that Csy4 may trap a hybridized 
duplex that is thermodynamically unstable under these experimental conditions.  

 
2.4.4 Specificity within the crRNA repeat stem sequence during binding and cleavage 

We were particularly interested in investigating the ability of Csy4 to discriminate 
between substrates containing the cognate five base pairs in the stem and those with similar but 
non-cognate sequences. We therefore made all individual Watson-Crick base-pair substitutions 
at each position in the double-stranded stem and determined the energetic costs associated with 
binding each mutant RNA substrate relative to the WT-crRNA repeat using EMSAs (Fig. 2.10a). 
The data reveal that base-pair changes throughout the stem result in varying degrees of 
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Csy4:RNA complex destabilization, ranging from 0.4-4.2 kcal/mol. The largest defects result 
from G–C and C–G substitutions at the ultimate and penultimate base pairs, respectively, where 
Arg102 and Gln104 provide a direct readout mechanism of recognition and confer similar 
degrees of discrimination in spite of their unequal contributions to binding energy. To confirm 
this, we repeated binding experiments with RNA substrates containing substitutions at the 
bottom two base pairs using either Csy4-R102A or Csy4-Q104A (Fig. 2.10a). As expected, the 
overall specificity for particular base pairs at either position is lost when the amino acid 
specificity determinant is absent. The Csy4:RNA co-crystal structure did not reveal sequence-
specific contacts with Watson-Crick base pairs in the upper part of the double-stranded stem 
(Haurwitz et al., 2010), but we observed substantial energetic penalties for binding substrates 
with base-pair substitutions in this region (Fig. 2.10a). Furthermore, the magnitude of these 
binding defects was highly sequence-dependent; when multiple base-pair substitutions were 
made in the top three base pairs simultaneously, binding defects ranged from 7- to almost 5,000-
fold (Fig. 2.11), with the largest destabilization occurring when each C–G pair was mutated to its 
complement. These results reveal that substrate sequence specificity is mediated by Csy4 via a 
mechanism that does not rely exclusively on base-specific interactions.  
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Figure 2.10 | Substrate specificity within the crRNA repeat stem. (a) A library of mutated crRNA repeat 
substrates was generated containing all possible Watson-Crick base-pair substitutions at each position in the double-
stranded stem. EMSAs were performed with Csy4-H29A and these RNA substrates, and the resulting binding 
defects relative to WT-crRNA repeat were determined and converted to ΔΔG values (T = 298 K). The WT stem 
sequence is shown at the left, with data for base-pair substitutions at each position color-coded similarly. Binding 
experiments with RNAs mutated at the bottom C–G or U–A base pair were repeated with Csy4-R102A (middle) or 
Csy4-Q104A (right), respectively; ΔΔG values were calculated relative to WT-crRNA repeat binding by each Csy4 
mutant. Shown above are chemical structures of the interactions made by Arg102 and Gln104 with the WT base 
pairs. (b) Single- turnover cleavage assays were performed with the same library of RNA mutants as in (a), and the 
resulting defects in kobs relative to WT-crRNA repeat were determined. The data are plotted as in (a). (c) To 
investigate the importance of the terminal C–G base pair during cleavage, mismatched substrates were generated by 
mutating C6 or G20 individually and single-turnover cleavage assays were performed. 
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We next investigated whether these specificity determinants also influence the chemical 
cleavage reaction. To test this, we conducted single-turnover cleavage experiments with WT-
Csy4 at saturating concentrations using the same library of RNAs as in Fig. 2.10a, and 
determined the first-order rate constants for RNA cleavage (kobs) relative to WT. In stark contrast 
to the observed binding specificity, rate constants governing the cleavage of RNA substrates with 
base-pair substitutions at any position other than the terminal position were within 4-fold of WT 
(Fig. 2.10b). However, any mutation of the terminal C–G base-pair in the stem-loop is 
detrimental for cleavage of the crRNA repeat, with kinetic defects ranging from ~100- to 7,500-
fold. To further dissect the importance of the terminal C–G base pair, we generated a series of 
RNA substrates containing mismatches at this position by mutating either C6 or G20 
independently. Cleavage time courses with these substrates (Fig. 2.10c) clearly demonstrate the 
importance of G20, regardless of whether or not a base pair can form at the terminal position. 
RNA substrates containing C6A or C6G mutations are cleaved at rates within 40-fold of WT, 
whereas mutation of G20 to either adenosine or cytosine leads to >10,000-fold defects.  

Figure 2.11 | Recognition of base pairs at the top of the stem. In order to investigate the sequence specificity in 
the upper part of the stem-loop, we generated mutant crRNA repeat substrates (right) that contained consecutive 
substitutions in the top three base-pairs and performed EMSAs with Csy4-H29A. A construct that maintained the 
same purine-pyrimidine pattern (red) showed the mildest binding defect, whereas mutating C–G base pairs to their 
complement resulted in a ~5,000-fold defect.  

 
2.4.5 Csy4 is highly selective for stem-loops of defined length 

Having interrogated Csy4 for sequence specificity throughout the crRNA repeat, we also 
wondered whether Csy4 is sensitive to the length of the crRNA repeat stem. To test this, we 
inserted one or two base pairs at the top of the duplex region and tested these substrates for 
binding. Strikingly, just one or two additional G–C base pairs led to 1,600- and 49,000-fold 
weaker binding affinities, respectively (Fig. 2.12a). This was particularly surprising because the 
crystal structure did not immediately suggest any obvious steric clashes that would result from 
insertions at the top of the stem. However, given the large energetic contribution of the arginine-
rich helix to binding (Fig. 2.4c), we suspected that additional base pairs would disrupt protein-
loop interactions and prevent stable docking of this helix into the major groove of the double-
stranded stem. A-form dsRNA helices have deep and narrow major grooves that are generally 
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inaccessible to proteins (Draper, 1995), but exceptions occur in proximity to helix termini or 
asymmetric bulges, where the major groove can widen considerably (Weeks and Crothers, 
1993). We hypothesized that base-pair insertions cause narrowing of the major groove and 
thereby disrupt high-affinity interactions between the arginine-rich helix and crRNA repeat.  

Figure 2.12 | Stem length dependence during substrate binding and cleavage. (a) One or two G–C base pairs 
were inserted at the top of the stem between the closing C–G base pair and the GUAUA pentaloop, and EMSAs 
were performed. (b) To test the hypothesis that longer stems prevent stable binding of the arginine-rich helix via 
their effect on major groove accessibility, a substrate was generated that contains five G–C base pairs inserted above 
the WT stem. Subsequently, asymmetric adenosine bulges were inserted on the 39 side of the duplex between the 
five-base-pair WT stem and the five-base-pair insertion. EMSAs reveal that binding affinities increase 
monotonically (black arrow) with bulges of increasing size. (c) One or two G–C or A–U base pairs were inserted 
below the terminal C–G base pair, and cleavage time courses were performed. Additional A–U base pairs have 
negligible effects on kobs, whereas two additional G–C base pairs result in ≥1500-fold slower kinetics. 
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To test this idea, we generated an RNA construct that contains five G–C base pairs 
inserted atop the WT stem sequence while retaining the GUAUA pentaloop. This RNA was 
bound with an equilibrium dissociation constant of 4 µM (Fig. 2.12b), representing nearly a 105-
fold defect relative to WT. We then introduced adenosine bulges of varying size on the 3' side of 
the stem, at the junction between the WT five base-pair stem sequence and the five G–C base-
pair insertion. These types of asymmetric bulges within perfectly base-paired dsRNA helices 
have been shown previously to increase major groove accessibility progressively as a function of 
bulge size, as probed using diethylpyrocarbonate (DEPC) reactivity (Weeks and Crothers, 1993). 
In excellent agreement with our hypothesis, we found that the binding affinity of Csy4 for these 
bulged substrates increased in concert with bulges of increasing size (Fig. 2.12b), suggesting that 
major groove widening enables stable docking of the arginine-rich helix. The inability to form 
favorable protein-loop interactions likely explains why bulged substrates are still bound >200-
fold more weakly than the WT-crRNA repeat. 

We also investigated the effects of inserting one or two base pairs at the bottom of the 
stem-loop below the terminal C–G base pair. We observed a range of binding defects, although 
these were milder than those resulting from insertions at the top of the stem (Fig. 2.13a). 
Cleavage defects at saturating enzyme concentrations were highly dependent on sequence: 
whereas substrates containing one or two A–U base-pair insertions were cleaved at rates within 
2-fold of the WT substrate, one or two G–C base-pair insertions resulted in ~50- and ~1,500-fold 
lower kobs values, respectively (Fig. 2.12c). Partial RNase T1 digestions and RNA hydrolysis 
ladders revealed that these RNA constructs were cleaved above the inserted base pair(s) and just 
below the WT C–G base pair (Fig. 2.13b). Thus, Csy4-catalyzed cleavage likely requires prior 
melting of any additional secondary structures below the five base-pair stem, such that the WT 
stem is correctly positioned in the binding pocket and the guanosine containing the 2'-OH 
nucleophile can productively interact with Arg102 and Phe155. In support of this interpretation, 
A–U and U–A base pairs are thermodynamically less stable than G–C and C–G base pairs at the 
termini of RNA duplexes (Xia et al., 1998) and are likely to be more susceptible to transient 
fraying (Snoussi and Leroy, 2001), explaining the large magnitude of kobs differences for these 
distinct insertions. 

Collectively, these data indicate that beyond sequence-specific recognition of its crRNA 
repeat substrate, Csy4 is finely tuned to bind and cleave stem-loop substrates containing just five 
base pairs within the dsRNA region, through at least two distinct mechanisms. First, binding 
energy contributed by the arginine-rich helix requires an accessible major groove, which depends 
on the double-stranded stem being properly spaced between interaction sites at its base (e.g. with 
Arg102) and the loop sequence. Second, rapid cleavage requires the positioning of a terminal C–
G base pair within the active site and prior disruption of any additional secondary structures 
below.  
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Figure 2.13 | Binding data and cleavage site mapping for base-pair insertion constructs. (a) RNA substrates 
containing base-pair insertions below the terminal C–G base pair were generated (left), and EMSAs were performed 
with Csy4-H29A (right). Binding defects were mildest for one or two A–U base-pair insertions (~1- and ~10-fold) 
and increased to ~200- and ~800-fold for one or two G–C base pairs, respectively. The cleavage site for each RNA 
substrate is indicated with a red triangle. (b) To experimentally determine cleavage sites, partial RNase T1 
digestions and hydrolysis ladders were conducted and resolved by denaturing PAGE adjacent to Csy4 cleavage 
products. Nucleotides are numbered as in (a), and the guanosine residue directly upstream of the scissile phosphate 
is shown in red. In all cases, cleavage by Csy4 occurs just below the C–G base pair at the bottom of the WT five 
base-pair stem, above the base-pair insertion(s). * denotes a minor side product. 

 
2.5 Discussion 

The CRISPR-Cas adaptive immune system has evolved a sophisticated strategy for 
generating large libraries of short effector RNAs that target invasive genetic elements for 
destruction. Rather than requiring each crRNA to be individually transcribed, the repetitive 
CRISPR architecture allows large precursor transcripts to be successively processed by Cas 
endoribonucleases (in type I and III CRISPR systems) that are precisely tailored for specific 
recognition and cleavage of the invariant repeat sequence. Here we have defined the various 
molecular strategies employed by one such Cas enzyme – Csy4 (Cas6f) from Pseudomonas 
aeruginosa UCBPP-PA14 – to enable an impressive degree of affinity and specificity for its 
crRNA repeat substrate.  

	  

	  



39 

The Csy4:RNA complex is characterized by a ~50 pM equilibrium dissociation constant 
(Kd) and requires only a 16-nt stem-loop motif for tight binding. For comparison, U1A protein, 
MS2 coat protein and the Nλ protein bind their RNA substrates with Kd values of 50 pM, 2.6 nM 
and 5 nM, respectively (Cilley and Williamson, 1997; LeCuyer et al., 1995; van Gelder et al., 
1993). High-energy interactions are mediated almost exclusively within the major groove of a 
double-stranded RNA stem-loop, a region of A-form helices that is generally refractory to 
protein contacts because of its inaccessibility. Prior work used chemical probing to demonstrate 
that the termini of dsRNA contain uncharacteristically wide major grooves (Weeks and Crothers, 
1993), which explains how direct readout of A19 and G20 at their major groove edge is possible. 
Our data reveal that stable binding of the arginine-rich helix further up the stem is also highly 
sensitive to major groove accessibility, and that this requirement enables up to ~50,000-fold 
discrimination against hairpin substrates containing slightly longer stems. Four arginines within 
this α-helix are precisely positioned to contact multiple phosphates within the RNA backbone 
and adopt conformations reminiscent of the arginine fork first described for HIV-1 Tat protein by 
Frankel and co-workers (Calnan et al., 1991). This mode of multi-dentate interaction requires 
precise interatomic P-P distances, indicating that the network of hydrogen bonds formed by the 
arginine-rich helix depends on a very specific substrate conformation. Indeed, changes to the 
loop sequence or to the identity of base pairs in the upper part of the stem result in substantial 
binding defects, despite the general lack of base-specific contacts in this region. Substrate 
selection thus proceeds in large part via an indirect readout mechanism, whereby a particular 
RNA tertiary structure is recognized that is contingent on both primary sequence and the distinct 
helical geometry it imposes. Similar modes of substrate recognition have been described for a 
number of dsDNA-binding proteins (Otwinowski et al., 1988; Rohs et al., 2009). 

Csy4 retains the same tight binding for both its substrate and product, and functions as a 
single-turnover catalyst due to potent product inhibition. These data strongly suggest that crRNA 
biogenesis in P. aeruginosa UCBPP-PA14 requires stoichiometric amounts of the processing 
endoribonuclease. Cleavage of the crRNA repeat substrate depends critically on the presence of a 
guanosine upstream of the scissile phosphate, independently of whether or not this nucleotide is 
base-paired, and is inhibited when additional secondary structure forms below the five base-pair 
stem. The kobs defects we observed with Csy4-R102A and Csy4-F155A mutants indicate that the 
G20 base must be tightly locked in place within the enzyme active site in order to rapidly 
achieve chemical activation of the ribosyl 2’-OH. Other critical active site residues (Tyr176 and 
Ser148) have also been implicated in properly positioning the G20 ribose in an orientation that is 
compatible with nucleophilic attack on the downstream phosphodiester bond (Haurwitz et al., 
2012).  

We recently reported that, together with six copies of Csy3 and single copies of both 
Csy1 and Csy2, Csy4 and the mature crRNA assemble into a large ribonucleoprotein complex 
(Csy complex) that is responsible for target recognition during the interference stage of the 
CRISPR pathway (Wiedenheft et al., 2011b). Our data are consistent with a model where the 
Csy4-bound crRNA serves as a nucleation point for assembling the remainder of the complex, 
which does not form independently of RNA (Wiedenheft et al., 2011b). Interestingly, Cse3 
(Cas6e), the CRISPR-specific endoribonuclease from type I-E CRISPR systems, also acts as a 
single-turnover enzyme (Sashital et al., 2011) and forms part of the downstream target 
recognition effector complex (Cascade) (Brouns et al., 2008; Jore et al., 2011a; Wiedenheft et al., 
2011a). It is tempting to speculate that these related enzymes evolved to react stoichiometrically 
during pre-crRNA cleavage in order to ensure that the mature crRNA is not prematurely released 
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into the cytoplasm but instead remains tightly sequestered by the Cas machinery. While this 
mechanistic feature may be intrinsic to certain Cas6 family members, it is not generalizable. 
Cas6 in type III-B CRISPR systems is not a component of the downstream effector complex 
(Cmr complex) (Hale et al., 2009), and Cas6 from type I-A CRISPR systems remains only 
loosely associated with the downstream effector complex (archaeal Cascade) (Lintner et al., 
2011). Intriguingly, these differences correlate with the thermodynamic stability of hairpin 
structures encoded by CRISPR repeats typical of each subtype; repeats clustered based on 
sequence similarity that associate with type I-E and type I-F CRISPR systems encode highly 
stable RNA secondary structures, whereas those that associate with type I-A and type III-B 
systems encode RNAs predicted to be unstructured (Kunin et al., 2007).  

CRISPR-specific endoribonucleases are unusual in that their biological function involves 
cleavage of a single, invariant substrate. As such, these enzymes have likely co-evolved with 
their target crRNA repeats to retain a high degree of substrate specificity, which serves to avoid 
spurious binding and/or cleavage of non-cognate RNAs inside the cell. The work presented here 
highlights the diverse molecular strategies exploited by P. aeruginosa Csy4 (Cas6f) to generate 
this selectivity while maintaining an extremely high-affinity interaction with its ligand. The 
potential benefits of these attributes for molecular biology applications will be exciting to 
explore further. Finally, future work will be needed to determine whether the underlying 
principles of RNA stem-loop recognition exhibited by Csy4 are conserved among other Cas6 
family members.  
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Chapter 3 

 
 

Csy4 relies on an unusual catalytic 
dyad to position and cleave 

CRISPR RNA 
 
 
 
 

 
 

 
 

† Part of the work presented in this chapter has previously been published in the following 
research article: Haurwitz, R.E., Sternberg, S.H., and Doudna, J.A. (2012). Csy4 relies on an 
unusual catalytic dyad to position and cleave CRISPR RNA. EMBO J 31, 2824–2832. 
 

‡ Rachel Haurwitz designed experiments, performed biochemical assays, and solved the crystal 
structures. Samuel Sternberg performed the pH-rate profile analysis and helped design 
experiments. Jennifer Doudna supervised the project. 
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3.1 Abstract 
CRISPR-Cas adaptive immune systems protect prokaryotes against foreign genetic 

elements. crRNAs derived from CRISPR loci base pair with complementary nucleic acids, 
leading to their destruction. In Pseudomonas aeruginosa, crRNA biogenesis requires the 
endoribonuclease Csy4, which binds and cleaves the repetitive sequence of the CRISPR 
transcript. Biochemical assays and three co-crystal structures of wild-type and mutant Csy4/RNA 
complexes reveal a substrate positioning and cleavage mechanism in which a histidine 
deprotonates the ribosyl 2′-hydroxyl pinned in place by a serine, leading to nucleophilic attack 
on the scissile phosphate. The active site catalytic dyad lacks a general acid to protonate the 
leaving group and positively charged residues to stabilize the transition state, explaining why the 
observed catalytic rate constant is ~104-fold slower than that of RNase A. We show that this 
RNA cleavage step is essential for assembly of the Csy protein-crRNA complex that facilitates 
target recognition. Considering that Csy4 recognizes a single cellular substrate and sequesters the 
cleavage product, evolutionary pressure has likely selected for substrate specificity and high-
affinity crRNA interactions at the expense of rapid cleavage kinetics. 
 

3.2 Introduction 
Many prokaryotes resist viral infection by means of an adaptive immune system that 

relies on one or more CRISPR (clustered regularly interspaced short palindromic repeats) loci 
(Al-Attar et al., 2011; Barrangou et al., 2007; Haft et al., 2005; Karginov and Hannon, 2010; 
Makarova et al., 2006; 2011b; Wiedenheft et al., 2012). CRISPRs contain short virus- or 
plasmid-derived sequences that are positioned between copies of a repeated sequence (Bolotin et 
al., 2005; Mojica et al., 2005; Pourcel et al., 2005; Sorek et al., 2008). Small RNAs generated 
from the CRISPR locus (crRNAs) assemble with CRISPR-associated (Cas) proteins to form 
targeting complexes that can base pair with nucleic acids containing complementary sequences, 
leading to their destruction (Barrangou et al., 2007; Brouns et al., 2008; Garneau et al., 2010; 
Hale et al., 2009; Marraffini and Sontheimer, 2008).  

The production of small RNAs from the CRISPR locus is a hallmark of CRISPR-based 
immunity (Marraffini and Sontheimer, 2010a; Terns and Terns, 2011). Precursor transcripts 
encompassing the full-length locus are cleaved within each repeat sequence to generate mature 
crRNAs that consist of a spacer sequence flanked by portions of the repeat sequence (Marraffini 
and Sontheimer, 2010a). CRISPR-Cas immune systems fall broadly into three types, in which 
similar tasks are accomplished using distinct sets of enzymes (Makarova et al., 2011b). In the 
type II CRISPR system, RNase III cleaves an RNA duplex formed by the CRISPR repeat and a 
trans-activating CRISPR RNA (tracrRNA) (Deltcheva et al., 2011), while in the type I and type 
III systems, a CRISPR-specific endoribonuclease cleaves the repeat elements in a sequence-
specific fashion (Brouns et al., 2008; Carte et al., 2008a; 2010; Gesner et al., 2011; Haurwitz et 
al., 2010; Lintner et al., 2011; Sashital et al., 2011; Sternberg et al., 2012). We previously 
demonstrated that Csy4 (also known as Cas6f) is the enzyme responsible for crRNA production 
in CRISPR subtype I-F (Haurwitz et al., 2010).  

Csy4 is a 21.4 kDa protein that recognizes its RNA substrate via sequence- and structure-
specific contacts. It cleaves cognate RNAs at the 3′ end of a five-base-pair stem-loop, generating 
crRNAs comprising a unique spacer sequence flanked by 8 and 20 repeat-derived nucleotides on 
the 5′ and 3′ ends, respectively. Csy4 has equally tight affinity for both its substrate pre-crRNA 
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and product crRNA, binding both with a 50 pM equilibrium dissociation constant (Sternberg et 
al., 2012). A single mature crRNA and one copy of Csy4 are components of the large 
ribonucleoprotein (RNP) Csy targeting complex (Wiedenheft et al., 2011b), but the mechanism 
of Csy complex assembly is currently unknown. 

RNA cleavage by Csy4 is divalent metal ion-independent and requires chemical 
activation of a ribosyl 2′-hydroxyl for internal nucleophilic attack on the phosphodiester bond 
(Haurwitz et al., 2010). In the previously reported crystal structures of Csy4 bound to substrate 
RNA, we used a construct lacking the 2′-hydroxyl nucleophile upstream of the scissile phosphate 
to abrogate cleavage. The structures revealed three active site-proximal residues: Ser148, His29, 
and Tyr176. crRNA biogenesis was strongly inhibited by S148C and H29A mutants, while a 
Y176F mutant exhibited near wild-type activity. This mutational analysis led us to speculate that 
Ser148 plays a role in activating and/or positioning the 2′-hydroxyl for nucleophilic attack 
because it is located in close proximity to the 2′ carbon. Based on structural and biochemical 
evidence, we hypothesized that His29 may act as a proton donor for the 5′-hydroxyl leaving 
group because mutation of His29 to lysine partially preserved catalytic activity (Haurwitz et al., 
2010).  

Here we investigated the chemical mechanism of Csy4-catalyzed CRISPR RNA 
cleavage. Three crystal structures of wild-type and mutant Csy4 bound to product RNAs, 
coupled with kinetic analyses of mutant Csy4 cleavage rates, suggest a substrate positioning and 
cleavage mechanism in which Ser148 holds the 2′-hydroxyl nucleophile in place and His29 
deprotonates it for attack on the scissile phosphate. The lack of both a general acid and positively 
charged residues in the active site explains the observed rate constants that are 103- to 104-fold 
slower relative to other metal ion-independent ribonucleases. We additionally demonstrate that 
CRISPR transcript processing by Csy4 is essential for subsequent formation of the Csy complex 
in vivo. Given the essential role Csy4 plays in formation of this targeting complex, slow cleavage 
rates in conjunction with highly accurate substrate selection likely ensure that cognate pre-
crRNA substrates are cleaved with little to no off-target activity on other cellular RNAs. 
 

3.3 Material and Methods 
 

3.3.1 Protein expression and purification 
Csy4 and single point mutants were expressed and purified as previously described 

(Haurwitz et al., 2010) with minor exceptions. Briefly, His6-MBP-Csy4 or His6-Csy4 fusion 
constructs (vectors pHMGWA and pHGWA, respectively (Busso et al., 2005)) were expressed in 
either E. coli BL21(DE3) cells or E. coli Rosetta 2(DE3) cells (Novagen). Following batch 
nickel resin affinity purification, cleavage with TEV protease, and a second nickel resin step, 
samples were separated on a single Superdex75 (16/60) size exclusion column (GE Healthcare) 
in 100 mM HEPES pH 7.5, 500 mM potassium chloride, 5% glycerol, and 1 mM TCEP. Proteins 
were then dialyzed against 100 mM HEPES pH 7.5, 150 mM potassium chloride, 5% glycerol, 
and 1 mM TCEP; concentrated; and stored at -80 ⁰C. 

 

3.3.2 RNA cleavage assays 
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Single-turnover cleavage experiments were performed at 24 ⁰C in 20 mM HEPES, 100 
mM potassium chloride, pH 7.2. Cleavage reactions were carried out in 60 ul volume containing 
500 pM [5′-32P]-crRNA repeat (5′-GUUCACUGGCCGUAUAGGCAGCUAAGAAA-3′), 400 
nM Csy4, and 72 units RNasin Plus (Promega). At noted time points, 10 ul of the reaction were 
removed and quenched with 30 ul of acid phenol:chloroform (Ambion). 5 ul of the aqueous layer 
were mixed with 5 ul of formamide loading buffer and separated on a 15% denaturing 
polyacrylamide gel in 1X TBE running buffer. Cleaved and uncleaved RNAs were visualized by 
phosphorimaging and quantified using ImageQuant (GE Healthcare). For each sample, the 
percentage of RNA cleaved (intensity of cleaved RNA band divided by the sum of the cleaved 
and uncleaved bands) was plotted as a function of time. Plots were fit to an exponential decay 
curve using Kaleidagraph (Synergy Software). Rate constants are reported as kobs because the 
rate-limiting step for cleavage is unknown. All cleavage assays were done in triplicate. 

Cleavage reactions for pH-rate profiles were 55 ul in volume, contained 400 nM Csy4 
and 500 pM [5′-32P]-crRNA repeat, and were performed in 20 mM buffer, 100 mM potassium 
chloride, and 1 mM dithiothreitol (DTT). Buffers used were as follows: pH 4.0-6.5 – citric acid; 
pH 7.0-8.5 – 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES); pH 9.0-9.5 – N-
cyclohexyl-2-aminoethanesulfonic acid (CHES); and pH 10.0-11.0 – N-cyclohexyl-3-
aminopropanesulfonic acid (CAPS). Cleavage data were collected and analyzed as described 
above. pH-rate plots were fit to the following equation using Kaleidagraph (Synergy Software): 
kobs = (kobs,MAX × Ka) ÷ (Ka + [H+]), where Ka is an apparent acid dissociation constant and [H+] is 
the proton concentration. 

 
3.3.3 Crystallization 

Csy4/RNA complexes were generated and purified as previously described (Haurwitz et 
al., 2010). All crystals were grown at 18 ⁰C using the hanging drop vapor diffusion method by 
mixing equal volumes (1 ul + 1 ul) of protein/RNA sample and reservoir solution. All complexes 
yielded plate-shaped crystals. Csy4S22C/product complex crystals were grown in 22% 
PEG4000, 120 mM sodium citrate pH 5.0, and 50 mM magnesium chloride. Csy4S148A/RNA 
complex crystals were grown in 20% PEG4000, 150 mM sodium citrate pH 5.0, and 100 mM 
magnesium chloride. Minimal complex crystals were grown in 21% PEG4000, 180 mM sodium 
citrate pH 5.0, and 100 mM magnesium chloride. Crystals were cryo-protected with reservoir 
solution containing 25% glycerol and flash frozen in liquid nitrogen. Minimal complex crystals 
were soaked with mother liquor supplemented with 2 mM ammonium metavanadate for 1.5 
hours prior to cryo-protection and flash freezing. 

 
3.3.4 Structure determination 

Diffraction data were collected at beam lines 8.2.1 and 8.3.1 of the Advanced Light 
Source, Lawrence Berkeley National Laboratory. Datasets were processed in XDS (Kabsch, 
2010). All three structures were determined using molecular replacement in Phaser (McCoy et 
al., 2007). Chains A and C (corresponding to protein and RNA, respectively) from the previously 
solved Csy4/substrate complex (PDB ID 2XLK) were used as search models for the product 
complex. The Csy4 protein (lacking the arginine-rich helix) and RNA (lacking the A5 
nucleotide) models from the product complex were used as search models for the S148A and 
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stem-loop complex structures. The models presented here resulted from iterative rounds of 
manual rebuilding in COOT (Emsley and Cowtan, 2004) and KiNG (Chen et al., 2009) and 
refinement in Phenix.refine (Adams et al., 2010). Riding hydrogens were included during 
refinement. Models were periodically validated using MolProbity (Chen et al., 2010). 

All three complexes yielded crystals belonging to the C2 monoclinic space group that 
contained one complex per asymmetric unit. As in one of our previously published substrate 
structures (PDB ID 2XLI; (Haurwitz et al., 2010)), the RNA stems from neighboring complexes 
form coaxially stacked helices via an RNA kissing-loop interaction. The RNA helix and the 
associated arginine-rich alpha helix sit in a large solvent channel and exhibit elevated B factors. 
In the 2.0 Å resolution product structure, there is clear density for all amino acids in the arginine-
rich helix, whereas in the 2.6 Å S148A structure and the 2.3 Å minimal complex structure, there 
is no density for the arginine-rich helix.  

All structure figures were made using PyMol.  
 

3.3.5 Csy complex in vivo reconstitution 
The four Csy proteins were co-expressed from a polycistronic expression construct in 

which Csy3 had a His6 fusion tag along with a synthetic CRISPR locus containing eight repeats 
and seven identical spacers in Escherichia coli BL21(DE3) cells as described previously 
(Wiedenheft et al., 2011b). Site-directed mutagenesis was used to introduce an alanine 
substitution at position 29 of the csy4 gene. Briefly, protein expression was induced with 
addition of 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at an optical cell density at 
600 nm of ~0.5, followed by shaking at 18 °C overnight. Samples were lysed and clarified as 
previously reported (Wiedenheft et al., 2011b). Samples were affinity purified with nickel NTA 
resin (Qiagen) and incubated overnight with tobacco etch virus (TEV) protease to release the 
His6 tag. Following a second nickel affinity step, samples were purified on a Superose 6 (10/300) 
size exclusion column (GE Healthcare) in 20 mM HEPES pH 7.5, 100 mM potassium chloride, 
and 1 mM TCEP.  
 

3.3.6 Csy complex in vitro reconstitution 
Csy3 was recombinantly expressed as a His6-MBP fusion in E. coli BL21(DE3) cells. 

His6-MBP-Csy1 and untagged Csy2 were co-expressed in E. coli BL21(DE3) cells. Both protein 
samples were subject to the same purification steps as described above for Csy4. Mature crRNAs 
were extracted from in vivo reconstituted Csy complex (see above) by acid phenol:chloroform 
extraction, chloroform extraction, and ethanol precipitation. Csy1/2, Csy3, Csy4, and crRNA 
were mixed in 1:6:1:1 molar ratios for a total of 160 ug of sample in 250 ul. Samples were 
subject to size exclusion chromatography as described in the previous section. 

 
3.4. Results 

 
3.4.1 His29 functions as a general base to activate the 2′-hydroxyl nucleophile 
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Our previous biochemical analysis of Csy4 implicated a serine residue as the general base 
or as important for substrate positioning and a histidine residue as a general acid in the 
transesterification reaction catalyzed by Csy4 (Haurwitz et al., 2010). In our previous 
experiments, we conducted single time-point (5 minute) reactions. This method may obscure 
mutants that have severe cleavage defects but nevertheless retain a low level of activity, and so 
to more accurately investigate the specific involvement of the proposed catalytic dyad and other 
active site-proximal residues during pre-crRNA cleavage  (Fig. 3.1a), we performed quantitative 
single-turnover cleavage assays with various mutants and determined their corresponding first-
order rate constants (Fig. 3.1 & Table 3.1). Alanine substitution of the active site histidine 
abolished all activity, indicating that His29 contributes an essential catalytic function. To further 
investigate its role, we evaluated the pH dependence of Csy4-catalyzed RNA cleavage. The 
resulting pH-rate profile (Fig. 3.1d) exhibits a sigmoidal shape and reveals that cleavage rates 
increase monotonically with pH. These data are consistent with the catalytic requirement of a 
single titratable residue having a pKa ≈ 7.9 that is active only in its deprotonated state. Consistent 
with our previous work, a Csy4 mutant with lysine substitution of His29 retains cleavage 
activity, albeit with ~130-fold slower kinetics than wild-type (Fig. 3.1c & Table 3.1). 

Figure 3.1 | Amino acid contributions to catalysis. (a) Csy4 active site from Csy4/substrate complex (PDB ID 
2XLK). Active site residues are shown in stick format and the scissile phosphate is marked with an asterisk. The 
hydrogen bonds of the base pair between nucleotides C6 and dG20 are shown as dashed lines. (b) Representative 
single-turnover cleavage assays with wild-type and mutant Csy4. No protein (NP) controls shown at left. (c) Single-
turnover cleavage analysis of wild-type and mutant Csy4. Data plotted are average of triplicate experiments and 
error bars represent the standard error of the mean (s.e.m.). Solid lines represent fits to an exponential equation. (d) 
pH-rate profile for wild-type and H29K Csy4. Rapid cleavage kinetics above pH 9.5 for wild-type Csy4 prevented 
accurate determination of the rate. Each data point is an average of three independent experiments and error bars 
represent the s.e.m. Data were fit according to the equation described in the Materials and Methods.  
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The pH-rate profile for RNA cleavage by the H29K mutant has the same shape as wild-
type but is shifted to a higher pH (Fig. 3.1d; pKa ≈ 9.9), in good agreement with the 
corresponding shift in pKa of the imidazole and amino side groups of histidine and lysine, 
respectively. These data strongly suggest that catalytic activity requires His29 to be in its 
deprotonated form, and that this residue functions as a general base during cleavage by activating 
the 2′-hydroxyl nucleophile through proton abstraction. Substitution of His29 with aspartate, 
whose side chain is negatively charged at physiological pH, resulted in a functional enzyme, 
further supporting the role of His29 as the general base (Fig. 3.1c). Direct proton abstraction 
would require the His29 side chain to be positioned proximally to the G20 2′-hydroxyl, but in the 
previously published Csy4/substrate structures (Haurwitz et al., 2010), the His29 side chain 
interacts instead with the scissile phosphate and is not within hydrogen bonding distance of the 
expected location of the 2′-hydroxyl. Those crystals were grown at acidic pH ranges (~4.6 – 5) 
where the His29 side chain is likely to be protonated and Csy4 is catalytically defective (Fig. 
3.1d). Thus, the previously observed interaction between the scissile phosphate and His29 side 
chain may result artificially from the acidic pH of the crystallization conditions (see below). 

Alanine substitution of Ser148 decreased the cleavage rate ~8,000-fold relative to wild-
type (Fig. 3.1 & Table 3.1), suggesting that this residue plays a critical role in substrate binding, 
positioning, or cleavage chemistry (see below). Mutation of Tyr176 to phenylalanine or alanine 
reduced the cleavage rate only ~13-fold and ~130-fold, respectively (Fig. 3.1c & Table 3.1). The 
side chain of Tyr176 points into the active site and stacks on top of the His29 imidazole group; 
mutation to phenylalanine likely disrupts any role the phenolic hydroxyl plays in substrate 
binding, whereas mutation to alanine could also disrupt His29 positioning. Alanine substitution 
of either Ser150 or Thr151, both located in the active site loop, reduced the cleavage rate ~350-
fold, suggesting these residues may play a role in either direct binding of the RNA substrate or 
by forming a network of hydrogen-bonding interactions that orient the side chain of Ser148.  

 
Table 3.1 | Observed cleavage rates for WT and mutant Csy4. 

*Rates are the averages of three independent experiments, and errors represent the standard error of the mean. 
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3.4.2 The Csy4 active site constrains the G20 ribose in the C2′-endo sugar pucker 
To determine how Csy4 interacts with the 2′-hydroxyl nucleophile, we crystallized a 

Csy4/RNA product complex comprising Csy4S22C and a 19-nucleotide RNA product that was 
generated by endoribonucleolytic cleavage of a 20-nucleotide substrate RNA (Fig. 3.2). 
Csy4S22C is a mutant of Csy4 that retains wild-type activity and yields better diffracting crystals 
(Haurwitz et al., 2010). Crystals of this complex diffracted x-rays to 2.0 Å resolution, and the 
structure was solved by molecular replacement using the previous substrate complex structure 
(PDB ID 2XLK) as a search model (Table 3.2). The structure of Csy4 in this product complex is 
similar to that observed in the previously published substrate complex (PDB ID 2XLK; RMSD = 
0.580 Å for 158 residues) (Fig. 3.2 & 3.3). Additionally, the crRNA hairpins of the product and 
substrate RNAs are bound to Csy4 in the same location and align with an RMSD of 0.495 Å. We 
observed clear density for a 3′-phosphate (Fig. 3.4), consistent with previous mass spectrometry 
results that identified the termini of Csy4 cleavage products as a 5′-hydroxyl and 3′-phosphate 
(Wiedenheft et al., 2011b). Additionally, we observe that nucleotide A5, a single-stranded 
nucleotide immediately upstream of the stem-loop, makes two hydrogen-bonding contacts in a 
base-specific fashion with the peptide backbone of Leu139 (Sternberg et al., 2012).  

Figure 3.2 | Crystal structure of Csy4/product RNA complex at 2.0 Å resolution. (a) Shown at left is the 
substrate RNA used to generate the protein/RNA complex. Cleavage by Csy4 (purple arrow) produces the product 
RNA (right) present in the crystal structure. Gray lettering denotes nucleotides for which there was no corresponding 
electron density and therefore could not be modeled. (b) Overall structure of Csy4S22C (dark green) bound to 
product RNA (light green). Electron density was well-defined for all 187 amino acids of Csy4 and 16 of the 19 
nucleotides in the product RNA. (C) Detailed view of the Csy4 active site (gray box, in B). The 2'-hydroxyl 
nucleophile is marked with a pound sign and the scissile phosphate is marked with an asterisk. RNA/protein 
hydrogen-bonding interactions are marked with dashes. 

 
Unique to the product complex structure is the presence of the 2′-hydroxyl nucleophile in 

the active site (Fig. 3.2c), which was readily apparent in the molecular replacement solution 
(Fig. 3.4a). Upon modeling a ribonucleotide into the active site, we observed that the electron 
density was inconsistent with a ribose in the C3′-endo conformation but was fit well with a 
ribose in the C2′-endo form (Fig. 3.4). The 2′-hydroxyl nucleophile is positioned between the 
side chains of Ser148 and Tyr176, both of which are within hydrogen-bonding distance (2.8 Å 
and 3.2 Å) (Fig. 3.2c), suggesting that these interactions may force the G20 ribose to adopt the 
C2′-endo sugar pucker observed in the crystal structure. In-line attack of a 2′-hydroxyl 
nucleophile on the adjacent scissile phosphate requires a locally extended RNA backbone (Yang, 
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2011) and does not proceed when the sugar pucker is C3′-endo. The observation of a C2′-endo 
sugar pucker in the Csy4 active site is therefore representative of the extended conformation that 
would be required for cleavage to proceed. 

Figure 3.3 | The overall folds of the Csy4/product complexes are highly similar to each other and the 
previously published Csy4/substrate complex. (a) Chains A and C from the substrate complex (dark blue, PDB ID 
2XLK) align with the protein and RNA molecules from the product complex (dark and light green) with an RMSD 
of 0.431 Å and 0.519 Å over 811 and 214 atoms, respectively. Depicted at left is the RNA content of the crystal 
structures. (b) The protein and RNA molecules from the product and S148A mutant structures (dark and light 
purple) align with an RMSD of 0.309 Å and 0.526 Å over 815 and 270 atoms, respectively. Depicted at left is the 
RNA content of the crystal structures. (c) The protein and RNA molecules from the product and minimal complex 
structures (dark red and pink) align with an RMSD of 0.346 Å and 0.499 Å over 843 and 263 atoms, respectively. 
The RNA stem from the minimal structure exhibits a rigid body rotation with respect to the Csy4 molecule as 
compared to the other structures shown. Depicted at left is the RNA content of the crystal structures. 

Figure 3.4 | The G20 ribose adopts the C2′-endo conformation in the active site of the product complex. We 
performed a molecular replacement experiment on the product complex native dataset using the A and C chains 
(protein and RNA, respectively) from the previously determined Csy4-substrate complex (PDB ID 2XLK) as search 
models. We removed the G20 nucleotide and C21 phosphate from the RNA search model in order to minimize 
model bias. A 2FO-FC electron density map calculated from the molecular replacement solution phases contoured at 
1 σ is displayed in gray mesh. Density for the G20 nucleotide and C21 phosphate is readily apparent. We manually 
built the G20 nucleotide into the electron density using a model with either a C3′-endo (a) or C2′-endo sugar pucker 
(b). The nucleotide modeled with a C3′-endo sugar pucker does not accurately account for all of the observed 
density (black arrow), whereas the nucleotide modeled with a C2′-endo sugar pucker agrees well with the observed 
electron density.  
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3.4.3 Ser148 positions the RNA for cleavage 
Our cleavage assays demonstrated that the S148A mutation is far more deleterious to 

catalysis than the Y176A mutation, suggesting that Ser148 is the primary residue responsible for 
positioning the 2′-hydroxyl and maintaining the requisite extended phosphate backbone 
conformation. The Tyr176 side chain likely plays a redundant role in stabilization of the C2′-
endo conformation and may be more important for positioning His29. To test this hypothesis, we 
crystallized a complex of Csy4S148A and a 16-nucleotide substrate RNA (Fig. 3.5). The 
resulting 2.6 Å structure (Fig. 3.5b & Table 3.2), solved by molecular replacement, likely 
contained a mixture of substrate and product RNAs (16- and 15-nucleotides in length, 
respectively) due to the slow rate of Csy4S148A-catalyzed cleavage. The C21 nucleotide, 
immediately downstream of the scissile phosphate, is disordered when present and electron 
density for this nucleotide is therefore not observed (Haurwitz et al., 2010). The Csy4S148A 
protein structure is similar to that of wild-type Csy4 (RMSD = 0.403 Å over 134 residues), and 
the RNA hairpin is bound to the S148A mutant in the same location as observed in the product 
structure (RMSD = 0.425 Å; Fig. 3.3b). However, the active site ribose adopts a C3′-endo sugar 
pucker in this case, thereby repositioning the 2′-hydroxyl nucleophile 5.5 Å away from the 
Tyr176 side chain (Fig. 3.5c). We conclude that the Tyr176 side chain is insufficient to maintain 
the C2′-endo sugar pucker in the absence of Ser148, suggesting that the large catalytic defect for 
the S148A mutant may result from the Csy4 active site relying on the inherent sugar pucker 
interconversion rate in order for the substrate phosphate backbone to be properly extended for 
cleavage.  

Figure 3.5 | Crystal structure of Csy4S148A/RNA complex at 2.6 Å resolution. (a) Shown at left is the substrate 
RNA used to generate the protein/RNA complex. Cleavage by Csy4 (purple arrow) produces product RNA (right). 
Because of the slow cleavage rate of the S148A mutant, crystals likely contained a mixed population of substrate 
and product RNAs. (b) Overall structure of Csy4S148A (dark purple) and RNA (light purple). 153/187 amino acids 
and 14/15 nucleotides could be modeled into the electron density. The amino acids composing the arginine-rich 
helix are among those for which there is little to no electron density. (c) Superposition and close-up of product 
complex (green) and S148A complex (purple) active sites (gray box, in (b)). The double-headed black arrow high- 
lights the 3.2 Å change in 2'-hydroxyl location between the two structures. The two 2'-hydroxyl nucleophiles are 
labeled with pound signs and the scissile phosphates are indicated with an asterisk. 
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Table 3.2 | Data collection and refinement statistics. 

aValues in parentheses denote highest resolution shell. 

 

3.4.4 His29 may interact directly with the 2′-hydroxyl nucleophile 
As described above, all of the Csy4/RNA crystal structures result from crystals grown at 

pH 4.6 – 5. To determine what interactions His29 may make in the absence of the potentially 
pH-induced interaction with the scissile phosphate, we crystallized a complex of Csy4 and a 15-
nucleotide RNA composed of only the crRNA hairpin with a 3′-hydroxyl terminus (Fig. 3.6). 
The 2.3 Å resolution structure of this complex (hereafter called the minimal structure) once again 
revealed a Csy4 conformation similar to that observed previously (RMSD = 0.466 Å over 140 
residues; RNA superposition RMSD = 0.483 Å) (Fig. 3.6b, Fig. 3.3c & Table 3.2). While the 
locations of the Tyr176 and His29 side chains are nearly identical between the product and 
minimal structures, the G20 nucleotide and the active site loop that contains Ser148 shift 3.4 Å 
and 2.5 Å between the two structures, respectively (Fig. 3.6c). The G20 ribose is in the C2′-endo 
conformation, and the 2′-hydroxyl nucleophile is 3.7 Å away from both the His29 and Tyr176 
side chains  (Fig. 3.6d). The lack of a 3′-phosphate results in significant disorder in the active 
site loop as is evidenced by a lack of density for residue 149 and for the side chains of nearly all 
of the active site loop residues (Fig. 3.6d). This structure provides evidence that there is 
flexibility in the location of RNA within the Csy4 active site because in previous structures, the 
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His29 sidechain is greater than 5 Å from the G20 2′-hydroxyl. This flexibility likely facilitates 
His29 activating the 2′-hydroxyl nucleophile via proton abstraction.  

Figure 3.6 | Crystal structure of Csy4/RNA minimal complex at 2.3 Å resolution. (a) The stem-loop RNA used 
for co-crystallography lacks a 3'-phosphate. (b) Overall structure of Csy4 (dark red) and stem-loop RNA (pink). 
151/187 amino acids and all 15 RNA nucleotides could be modeled into the electron density. Electron density for 
the active site loop is severely broken, and a dashed line indicates its approximate location. There is no electron 
density for the arginine-rich helix. (c) Superposition and detailed view of product complex (green) and minimal 
complex (red) active sites (gray box, in (b)). The scissile phosphate belonging to the product complex is marked 
with an asterisk and the two 2'-hydroxyl nucleophiles are marked with pound signs. (D) Magnified view of the 
minimal complex active site. Black lines indicate the distances between active site residues and the 2'-hydroxyl 
nucleophile. 

 
3.4.5 Csy complex formation requires Csy4-catalyzed cleavage of CRISPR transcripts 

Recent work has demonstrated that Csy4 associates with three other Cas proteins (Csy1-
3) and a single copy of crRNA to form the Csy complex, which targets complementary nucleic 
acids (Wiedenheft et al., 2011b). To determine whether pre-crRNA cleavage by Csy4 is 
necessary for complex formation, we co-expressed Csy1-3 and a pre-crRNA with either wild-
type Csy4 or the catalytically inactive mutant, Csy4H29A (Haurwitz et al., 2010), in Escherichia 
coli BL21(DE3) cells. The Csy complex was affinity purified via a 6X-histidine tag appended to 
the N-terminus of Csy3, followed by size exclusion chromatography. Co-expression of the wild-
type proteins and pre-crRNA yielded an RNP with an estimated molecular mass of ~350 
kilodaltons (Fig. 3.7), in agreement with our previous work (Wiedenheft et al., 2011b). 
Substitution of catalytically inactive Csy4 in the co-expression experiment resulted in the 
purification of only Csy3, which was not associated with a crRNA (Fig. 3.7). Csy3 over-
expressed on its own in E. coli BL21(DE3) cells purifies as both a large oligomeric complex 
containing non-specific RNA and as a nucleic acid-free monomer (unpublished observations), 
similar to the two peaks observed for Csy3 co-expressed with mutant Csy4. To ensure that 
Csy4H29A is defective only in catalysis and not in its ability to interact with other Csy complex 
components, we mixed together Csy complex components that were individually recombinantly 
purified and evaluated the mixtures by size exclusion chromatography. Adding either wild-type 
or H29A Csy4 to Csy1-3 and a mature crRNA resulted in Csy complex formation (Fig. 3.8), 
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suggesting that the Csy4H29A mutant is defective only for catalysis and not for interaction with 
other Csy complex components, and that catalysis is a necessary precursor to complex formation. 

Taken together with previous work demonstrating that Csy complex assembly does not 
proceed in the absence of RNA (Wiedenheft et al., 2011b), we conclude that Csy4-catalyzed 
biogenesis of mature crRNAs with fully processed termini is necessary for stable Csy complex 
formation. 

Figure 3.7 | Csy4 cleavage of pre-crRNA is required for Csy complex formation. (a) Schematic depicting pre-
crRNA cleavage by Csy4 and formation of the Csy CRISPR ribonucleoprotein (crRNP) complex. The CRISPR 
repeat and spacer sequence are in black and green, respectively. Cleavage sites are denoted with purple arrows. (b) 
Superose 6 gel filtration column elution profiles of affinity-purified Csy1, Csy2, His6-Csy3, and pre-crRNA co-
expressed with wild-type (blue) or H29A (red) Csy4. (c) Coomassie blue-stained 12% SDS–PAGE showing protein 
components of the superose 6 fractions for wild-type (lane 1) and H29A (lanes 2–4, as noted in (b)) Csy4 co-
expression assays. (d) SYBR Gold-stained 15% denaturing PAGE showing phenol:chloroform extracted nucleic 
acids from superose 6 fractions (from (b)). 

 

3.5 Discussion 
The production of crRNAs is central to CRISPR-mediated adaptive immunity in 

prokaryotes. The three crystal structures of Csy4/RNA complexes and quantitative cleavage 
assays presented here reveal an unexpected endoribonuclease active site in which a serine 
residue constrains the nucleophile-containing ribose in the C2′-endo sugar pucker and a histidine 
residue serves as the general base to activate the 2′-hydroxyl nucleophile. Unlike RNase A and 
other well-studied metal ion-independent nucleases, the Csy4 active site lacks a general acid and 
positively charged residues near the active site that would lower the energetic barrier to the 
transition state, resulting in correspondingly slow cleavage rates. We propose that upon binding a 
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pre-crRNA substrate, the Ser148 residue rearranges the G20 ribose into the C2′-endo 
conformation, providing the correct geometry for His29 to abstract a proton from the 2′-hydroxyl 
nucleophile and enable nucleophilic attack of the scissile phosphate. The resulting 2′,3′-cyclic 
phosphate terminus is likely opened to a 3′-phosphate via hydrolysis by a water. Csy4 then 
retains its crRNA product (Sternberg et al., 2012) and serves as the nucleation point for Csy 
complex formation.  

Figure 3.8 | Csy4H29A is competent for assembly into the Csy complex. (a) Superose 6 gel filtration column 
elution profiles of recombinantly assembled Csy complex containing individually purified Csy1/Csy2 heterodimer, 
Csy3 monomer, mature crRNA, and wild-type (blue) or H29A (red) Csy4. (b) Coomassie blue-stained 12% SDS-
PAGE showing protein components of the superose 6 fractions for wild-type (WT) and H29A mutant (H29A) Csy4 
in vitro assembly assays (as noted in (a)). (c) SYBR Gold-stained 15% denaturing PAGE showing 
phenol:chloroform extracted nucleic acids from superose 6 fractions (from (a)). 

 

We observe that the G20 ribose in the wild-type Csy4 active site adopts the C2′-endo 
sugar pucker. The C2′-endo conformation is generally rare in double-stranded RNA but is 
overrepresented in catalytic active sites and RNA tertiary interactions (Mortimer and Weeks, 
2009). In the Csy4 active site, Ser148 and Tyr176 likely interact directly with the 2′-hydroxyl 
nucleophile via hydrogen bonding, restraining the ribose ring in the C2′-endo conformation. 
Mutation of Ser148 to alanine slows cleavage nearly 8,000-fold and allows the G20 ribose to 
retain the C3′-endo conformation. We propose that this significant cleavage rate defect may arise 
from a particularly slow rate of C2′-endo/C3′-endo interconversion at the G20 ribose in the 
absence of the Ser148 side chain. While most RNA sugars interconvert between the C2′- and 
C3′-endo conformations on a microsecond to millisecond time scale (Johnson and Hoogstraten, 
2008), a discrete set of C2′-endo nucleotides has been observed to experience local dynamics 
with half-lives on the order of 10-100 seconds, significantly slower than other local RNA 
conformational changes (Gherghe et al., 2008; Mortimer and Weeks, 2009). For example, the 
folding rate of bacterial RNase P RNA is limited by the sugar pucker interconversion of a single 
RNA nucleotide from C3′-endo to C2′-endo, which occurs at a rate of ~0.24 min-1 (Mortimer and 
Weeks, 2009). Consistent with the observation that members of this class of slow interconverting 
C2′ endo-containing ribonucleotides are partially constrained by hydrogen-bonding or base-
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stacking interactions (Gherghe et al., 2008), the G20 nucleotide base pairs with C6, hydrogen-
bonds with Arg102 on the major groove face, and stacks below A19 and above Phe155. We 
hypothesize that G20 belongs to this unusual class of C2′-endo containing nucleotides and 
propose that the ~8,000-fold defect in observed cleavage rate of the S148A mutant is due in large 
part to the extremely slow sugar pucker interconversion dynamics of the G20 nucleotide. 
However, we cannot rule out that the hydrogen bonding interaction between Ser148 and the 2′-
hydroxyl also contributes to nucleophile activation.  

The observed rate of cleavage for wild-type Csy4 (~3 min-1) is orders of magnitude 
slower than that of other well-characterized RNases. For example, RNase A enzymes from a 
variety of organisms cleave RNA substrates with apparent single-turnover rate constants of 910 
to 40,500 min-1 (Katoh et al., 1986), and the colicin E5 ribonuclease from E. coli cleaves 
minimal substrates with a kcat of ~5,000 min-1 (Ogawa et al., 2006). In fact, Csy4 has an observed 
cleavage rate similar to ribozyme-catalyzed RNA cleavage rate constants, which are typically <2 
min-1 (Zamel et al., 2004). Ribozymes perform the same transesterification reaction as protein 
RNases (Cochrane and Strobel, 2008), but are thought to be significantly slower because they 
typically lack general acids and bases with pKa values close to neutral pH (Yang, 2011). The well 
characterized metal-independent RNase families of RNase A, RNase T1, and RNase T2 contain 
catalytic cores composed of a histidine pair; a glutamate and histidine; and a glutamate, lysine, 
and three histidines, respectively (Yang, 2011). Like many of these protein RNases, the Csy4 
active site contains a histidine general base, but it appears to lack a general acid as there is no 
chemically appropriate residue positioned proximal to the 5′-hydroxyl leaving group. Consistent 
with this observation is the sigmoidal shape of the Csy4 pH-rate profile (Fig. 3.1d). Whereas 
RNase A exhibits a bell-shaped pH-rate profile indicative of a cleavage mechanism that relies on 
two titratable residues (Raines, 1998), the Csy4 pH-rate profile is consistent with only a single 
titratable residue that is likely to be His29. 

An additional hallmark of metal ion-independent RNases is stabilization of the 
pentacovalent transition state by one or more positively charged residues (Cochrane and Strobel, 
2008). Like ribozymes, which lack functional groups that are positively charged at a neutral pH, 
Csy4 does not have any positively charged residues in or surrounding the active site. We 
hypothesize that Csy4 compensates for a lack of stabilizing positive charges by making 
additional hydrogen bonds to the transition state, analogous to the hairpin ribozyme, which 
makes 2-3 more contacts to the transition state than precursor or product RNAs (Cochrane and 
Strobel, 2008; Rupert and Ferré-D'Amaré, 2001; Rupert et al., 2002). This is consistent with the 
~350-fold effect on cleavage observed for alanine substitution of Ser150 or Thr151, which lie in 
the active site loop and participate in a hydrogen bonding network that can include Ser148 and 
the scissile phosphate (Fig. 3.9). Through this network, Ser150 and Thr151 may aid in the 
stabilization of the pentacovalent transition state. 

Using an in vivo assembly assay, we found that crRNA processing by the 
endoribonuclease Csy4 is essential to the stable formation of crRNA-containing targeting 
complexes that bind to complementary nucleic acids and trigger their degradation. Because Csy 
complexes do not stably form on unprocessed pre-crRNA, we hypothesize that the formation of 
the mature Csy crRNP requires a free 5′ terminus generated by Csy4-catalyzed cleavage. Mature 
crRNAs across multiple CRISPR types contain 8-nts of repeat-derived sequence at the 5’ end 
(Brouns et al., 2008; Carte et al., 2008a; Hale et al., 2009; Marraffini and Sontheimer, 2008), and 
it has been proposed that these sequences, termed the 5’ handle, may serve as Cas protein 
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binding sites (Terns and Terns, 2011; Wiedenheft et al., 2012). For example, the 5’ handle forms 
a hook-like structure in the crRNP from E. coli K12 (Cascade) that correlates with termination of 
the ribonucleoprotein filament (Wiedenheft et al., 2011a). We speculate that the 5′ handle of the 
mature crRNA in P. aeruginosa recruits one or more Csy proteins to the nascent RNP. The 
requirement for a free crRNA 5′ terminus during complex formation would therefore point to 
specific recognition of the 5′ handle in the assembly of Cas protein complexes. 

Figure 3.9 | Active site loop residues have the potential to form a hydrogen bonding network with one another 
and the bound RNA. Detailed view of the active site loops from the (a) substrate (PDB ID 2XLK) and (b) product 
complexes. Dashed lines indicate hydrogen-bonding interactions. 

 
These observations, along with recent work demonstrating a very tight crRNA binding 

affinity by Csy4 (50 pM) (Sternberg et al., 2012), have led us to conclude that Csy4 evolved as a 
finely tuned RNA binding protein while retaining only modest cleavage kinetics. Similarly, the 
CRISPR type I-E endoribonuclease (referred to as Cas6e, Cse3, or CasE) exhibits relatively slow 
cleavage kinetics (~5 min-1) and tight substrate and product binding (Kd ≈ 3nM) (Sashital et al., 
2011). Both Csy4 and Cse3 retain their crRNA products and are members of the crRNPs that 
target invading nucleic acids. Evolution of these two CRISPR systems has likely selected for 
CRISPR endoribonucleases whose highly accurate substrate selection ensures incorporation of 
the appropriate RNA into the targeting complex, while the lack of substrate turnover has 
contributed no selective pressure for rapid cleavage kinetics. 
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Chapter 4 

 
 

DNA interrogation by the CRISPR 
RNA-guided endonuclease Cas9 

 
 
 
 

 
 

 
 

† Part of the work presented in this chapter has previously been published in the following 
research article: Sternberg, S.H.*, Redding, S.*, Jinek, M., Greene, E.C., and Doudna, J.A. 
(2014). DNA interrogation by the CRISPR RNA-guided endonuclease Cas9. Nature 507, 62–67. 
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4.1 Abstract 
The CRISPR-associated enzyme Cas9 is an RNA-guided endonuclease that uses 

RNA:DNA base-pairing to target foreign DNA in bacteria. Cas9:guide RNA complexes are also 
effective genome engineering agents in animals and plants. Here we use single-molecule and 
bulk biochemical experiments to determine how Cas9:RNA interrogates DNA to find specific 
cleavage sites. We show that both binding and cleavage of DNA by Cas9:RNA require 
recognition of a short trinucleotide protospacer adjacent motif (PAM). Non-target DNA binding 
affinity scales with PAM density, and sequences fully complementary to the guide RNA but 
lacking a nearby PAM are ignored by Cas9:RNA. Competition assays provide evidence that 
DNA strand separation and RNA:DNA heteroduplex formation initiate at the PAM and proceed 
directionally towards the distal end of the target sequence. Furthermore, PAM interactions 
trigger Cas9 catalytic activity. These results reveal how Cas9 employs PAM recognition to 
quickly identify potential target sites while scanning large DNA molecules, and to regulate 
double-stranded DNA scission.  

 
4.2 Introduction 

RNA-mediated adaptive immune systems in bacteria and archaea rely on Clustered 
Regularly Interspaced Short Palindromic Repeats (CRISPRs) and CRISPR-associated (Cas) 
proteins that function together to provide protection from invading viruses and 
plasmids(Wiedenheft et al., 2012). Bacteria harboring CRISPR-Cas loci respond to viral and 
plasmid challenge by integrating short fragments of the foreign nucleic acid (protospacers) into 
the host chromosome at one end of the CRISPR array (Barrangou et al., 2007). Transcription of 
the CRISPR array followed by enzymatic processing yields short CRISPR RNAs (crRNAs) that 
direct Cas protein-mediated cleavage of complementary target sequences within invading viral or 
plasmid DNA (Brouns et al., 2008; Deltcheva et al., 2011; Garneau et al., 2010). In Type II 
CRISPR-Cas systems, Cas9 functions as an RNA-guided endonuclease that uses a dual-guide 
RNA consisting of crRNA and trans-activating crRNA (tracrRNA) for target recognition and 
cleavage by a mechanism involving two nuclease active sites that together generate double-
stranded DNA breaks (DSBs) (Gasiunas et al., 2012; Jinek et al., 2012). 

RNA-programmed Cas9 has proven to be a versatile tool for genome engineering in 
multiple cell types and organisms (Bassett et al., 2013; Cong et al., 2013; Friedland et al., 2013; 
Gratz et al., 2013; Hwang et al., 2013; Jinek et al., 2013; Li et al., 2013; Mali et al., 2013c; 
Nekrasov et al., 2013; Shan et al., 2013; Wang et al., 2013b; Xie and Yang, 2013). Guided by 
either a natural dual-RNA complex or a chimeric single-guide RNA (Jinek et al., 2012), Cas9 
generates site-specific DSBs that are repaired either by non-homologous end joining (NHEJ) or 
homologous recombination (HR), providing a facile means of modifying genomic information. 
In addition, catalytically inactive Cas9 alone or fused to transcriptional activator or repressor 
domains can be used to alter transcription levels at sites targeted by guide RNAs (Bikard et al., 
2013; Gilbert et al., 2013; Maeder et al., 2013; Mali et al., 2013a; Perez-Pinera et al., 2013; Qi et 
al., 2013). Despite the remarkable ease in applying this technology, the fundamental mechanism 
that enables Cas9:RNA to locate specific 20 base-pair (bp) DNA targets within the vast sequence 
space of bacterial and eukaryotic genomes remains unknown. 
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4.3. Materials and Methods 
 

4.3.1 Cas9 and RNA preparation 
Wild-type Cas9 and D10A/H840A dCas9 from S. pyogenes were purified as described 

(Jinek et al., 2012), and a 3x-FLAG tag was cloned onto the C-terminus of Cas9 for single-
molecule experiments. crRNAs (42 nucleotides in length) were either ordered synthetically 
(Integrated DNA Technologies) or transcribed in vitro with T7 polymerase using single-stranded 
DNA templates (Extended Data Table 1), as described (Sternberg et al., 2012). tracrRNA was 
also transcribed in vitro and contained nucleotides 15–87 following the numbering scheme used 
previously (Jinek et al., 2012). crRNA:tracrRNA duplexes were prepared by mixing equimolar 
concentrations of each RNA in Hybridization Buffer (20 mM Tris-HCl pH 7.5, 100 mM KCl, 5 
mM MgCl2), heating to 95 °C for 30 seconds, and slow-cooling.  

 
4.3.2 DNA curtains post-steady state binding measurements 

Post steady-state binding assays were performed with single-tethered DNA curtains 
(Fazio et al., 2008; Visnapuu and Greene, 2009). First, 100 nM 3x-FLAG-tagged dCas9 was 
reconstituted with 1 µM crRNA:tracrRNA targeting the desired region of λ-DNA by incubating 
for ~10 min at 37 °C in Reaction Buffer (20 mM Tris-HCl pH 7.5, 100 mM KCl, 5 mM MgCl2, 
5% glycerol, 1 mM DTT). 10 nM dCas9:RNA was then incubated with λ-DNA (100 pM) for 
~15 min at 37 ˚C in 40 mM Tris-HCl pH 7.5, 25 mM KCl, 1 mg mL-1 BSA, 1 mM MgCl2, and 1 
mM DTT, before being diluted to 1 nM and injected into the flow cell. The flow cell was then 
washed with 3–5 mL of Imaging Buffer containing 40 mM Tris-HCl, 25 mM KCl, 1mg mL-1 
BSA, 1 mM MgCl2, 1 mM DTT, 0.75 nM YOYO1 (Life Technologies), 0.8% glucose, and 0.2X 
glucose oxidase/catalase. Finally, 0.5 nM anti-FLAG antibody-coated QDs were incubated in the 
flow cell for 5 min, followed by a wash of 1–2 mL of Imaging Buffer. Curtains were imaged and 
dCas9:RNA positions determined by fitting a 2D Gaussian to individual molecules (Gorman et 
al., 2012; Wang et al., 2013a). The data from all six dCas9:RNA complexes (λ1–λ6) were 
combined, and error bars for the combined set were generated by bootstrap methods (Gorman et 
al., 2012; Wang et al., 2013a).  
 

4.3.3 DNA curtains equilibrium binding measurements 
Binding position and lifetime measurements were performed using the λ2 

crRNA:tracrRNA and double-tethered DNA curtains (Gorman et al., 2012; Wang et al., 2013a). 
Cas9 was reconstituted with a 10X excess of crRNA:tracrRNA and incubated with anti-FLAG 
antibody-coated QDs for ~10 min. Cas9:RNA was then diluted to 2 nM in Imaging Buffer 
containing 0–100 mM KCl as indicated, and injected into the flow cell. The approximate ionic 
strength for Imaging Buffer containing 0, 25, and 100 mM KCl is 32, 57, and 132 mM, 
respectively, given the expected ionization of Tris-HCl at pH 7.5 and presence of 1 mM MgCl2. 
Videos were recorded at 50, 25, or 10 Hz, and the position of each binding event was determined 
from the y-coordinate within kymographs generated for each DNA molecule. The lifetime of 
each binding event was defined as the difference between the first frame and last frame in which 
the QD-tagged Cas9:RNA was observed. To analyze lifetimes, all binding events were 
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synchronized, and the probability that a binding event survived up to a particular time was 
determined as the number of Cas9:RNA complexes bound at time t divided by the number 
initially bound. Position data were pooled to generate the binding distribution histogram, which 
was binned at 1,078 bp per bin (Visnapuu and Greene, 2009). Error bars for the binding 
distributions and survival probabilities were determined by bootstrap methods (Gorman et al., 
2012; Wang et al., 2013a). 

To test for cleavage in our single molecule assays, Cas9:RNA bound to double-tethered 
DNA was exposed to a 7 M urea wash in the presence of flow. Similar experiments were 
conducted on single-tethered curtains in the absence of YOYO1, and 42% (N = 150) of target-
bound molecules remained bound to the upstream DNA product following the urea wash. The 
remaining 58% (N = 206) either remained bound to the downstream product containing the 
PAM, dissociated from the DNA altogether, or remained bound to the upstream fragment but lost 
their florescent tag. 
 

4.3.4 Bulk binding and cleavage experiments 
The plasmid DNA substrate contained a λ2 target sequence cloned into the EcoRI and 

BamHI sites on pUC19. Oligoduplex DNA substrates were 55-bp in length and were prepared by 
mixing together complementary synthetic oligonucleotides (Integrated DNA Technologies) in 
Hybridization Buffer, heating to 95 °C for 1–2 min followed by slow-cooling, and purifying on a 
5% native polyacrylamide gel (0.5X TBE buffer with 5 mM MgCl2) run at 4 °C. When assayed 
directly, DNA substrates were 5'-radiolabeled using [γ-32P]-ATP (Promega) and T4 
polynucleotide kinase (New England Biolabs) or 3'-radiolabeled using [α-32P]-dATP (Promega) 
and terminal transferase (New England Biolabs). In some cases, substrates were prepared by 5'-
radiolabeling only the target strand, hybridizing it to a 10X excess of the indicated unlabeled 
complementary strand, and gel purifying the partial/full duplex by 10% native gel 
electrophoresis.  

Cas9:RNA complexes were reconstituted prior to cleavage and binding experiments by 
incubating Cas9 and the crRNA:tracrRNA duplex for 10 min at 37 °C in Reaction Buffer. 
Binding experiments used dCas9 (except as indicated) and either equimolar crRNA:tracrRNA or 
a 10X molar excess of crRNA:tracrRNA over dCas9. Binding reactions contained 0.1–1 nM 
DNA and increasing apo-dCas9 or dCas9:RNA concentrations, and were incubated at 37 °C for 
one hour before being resolved by 5% native polyacrylamide gel electrophoresis (0.5X TBE 
buffer with 5 mM MgCl2) run at 4 °C. DNA was visualized by phosphorimaging, quantified with 
ImageQuant (GE Healthcare), and analyzed with Kaleidagraph (Synergy Software). 

Cleavage assays were conducted in Reaction Buffer at room temperature and analyzed by 
1% agarose gel electrophoresis and ethidium bromide staining or 10% denaturing 
polyacrylamide gel electrophoresis and phosphorimaging. Aliquots were removed at each time 
point and quenched by the addition of gel loading buffer supplemented with 25 mM EDTA (at 
1X). Reactions contained ~1 nM radiolabeled DNA substrate and 10 nM Cas9:RNA 
(competition experiments) or 100 nM Cas9:RNA. Competition experiments used λ1 target DNA 
and were supplemented with 500 nM unlabeled competitor DNAs or an extended concentration 
range of competitor DNAs. All oligoduplex DNA cleavage experiments were visualized by 
phosphorimaging and quantified with ImageQuant (GE Healthcare) 
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4.3.5 Analysis of cleavage competition assays 
The competition experiments were analyzed to determine the survival probability of the 

radiolabeled target DNA, S(t). In principle, the survival probability should begin at 1 and go to 0, 
but in practice the reaction rarely proceeds to completion. Therefore, we conditioned the survival 
against the probability of a particular amount of target DNA being cleaved. This conditional 
survival probability, S*(t), relates to the survival probability as follows: 

𝑆∗ 𝑡 =   
𝑆 𝑡 − 𝑆 ∞
1− 𝑆 ∞  

All reactions in the presence of competitor DNA that reached ~90% completion were 
conditioned against their final values, whereas reactions uncompleted after 2 hrs were 
conditioned to the reaction in the absence of competitor DNA. For each reaction, we then 
obtained the change in the survival probability of the target DNA, ΔPs(t), in the presence of 
competitor DNA. Finally, ΔPs(t) was integrated over the 2 hr reaction time. For reactions that 
reached completion in the presence of competitor within 2 hrs, this analysis yields the change in 
the mean relaxation time of the reaction (or the inverse of the average reaction rate). In cases 
where the reaction did not reach completion by the 2 hr time point, this analysis instead yields a 
mean time spent on competitor DNA during the 2 hr reaction. Notably, this analysis makes no 
assumptions about the nature of the reaction or the dynamic changes in the reactive species.  

The reduction in cleavage rate in the presence of competitor DNA is directly proportional 
to the time that Cas9:RNA spends bound to each competitor. In each reaction, Cas9:RNA 
encounters competitor DNA on average more frequently than the target DNA, and the time 
Cas9:RNA spends interrogating a competitor has the cumulative effect of slowing the overall 
reaction. The presented models merely state that the amount of time spent on competitor DNA 
will be proportional to the “observed” complementarity between crRNA and bound DNA, i.e. the 
number of canonical Watson-Crick base-pairs that can be formed. It then directly follows that in 
the case where the R-loop is randomly nucleated (regardless of nucleation size), the time bound 
to competitor DNA will simply scale with the total amount of complementarity between 
competitor DNA and crRNA. However, in the case where the R-loop is nucleated from a 
particular site, i.e. the 3' end of the target sequence directly adjacent to the PAM, the time bound 
to competitor DNA will scale proportionally to the length of contiguous complementarity 
between the crRNA and DNA beginning from the nucleation site.  
 

4.4. Results 
 

4.4.1 Single-molecule visualization of Cas9 
To determine how Cas9:RNA complexes locate targets, we used a single-tethered DNA 

curtain assay and total internal reflection fluorescence microscopy (TIRFM) to visualize the 
binding site distribution of single Cas9:RNA molecules on λ-DNA substrates (48,502 bp) (Fig. 
4.1a) (Fazio et al., 2008; Visnapuu and Greene, 2009). We purified S. pyogenes Cas9 containing 
a C-terminal 3x-FLAG tag that enabled fluorescent labeling using anti-FLAG antibody-coated 
quantum dots (QDs) (Ilya J Finkelstein, 2010; Visnapuu and Greene, 2009), and generated guide 
RNAs (dual crRNA:tracrRNA) bearing complementarity to six different 20-bp sites within the λ-
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DNA (Fig. 4.1b & Table 4.1). Control experiments confirmed that neither the 3x-FLAG tag nor 
QD inhibited DNA cleavage by Cas9:RNA, and that all guide RNAs were functional (Fig. 4.2). 
Initial experiments were conducted with a nuclease-inactive version of Cas9 containing 
D10A/H840A mutations (dCas9) that binds but does not cleave DNA (Jinek et al., 2012). QD-
tagged dCas9:RNA localized almost exclusively to the expected target site in the DNA curtain 
assay (Fig. 4.1c). Furthermore, Cas9 could be directed to any desired region of the phage DNA 
by redesigning the RNA guide sequence (Fig. 4.1d & 4.3), as anticipated (Cong et al., 2013; 
Jinek et al., 2012; Mali et al., 2013c). These results demonstrate that DNA targeting by 
Cas9:RNA is faithfully recapitulated in the DNA curtain assays.   
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Figure 4.1 | DNA curtains assay for target binding by Cas9:RNA. (a) Schematic of a single-tethered DNA 
curtain. (b) Wild-type Cas9 or dCas9 was programmed with crRNA–tracrRNA targeting one of six sites. (c) 
YOYO1-stained DNA (green) bound by QD-tagged dCas9 (magenta) programmed with λ2 guide RNA. (d) 
dCas9:RNA binding distributions; error bars represent 95% confidence intervals obtained through bootstrap 
analysis. (e) Image of apo-Cas9 bound to DNA curtains. (f) Binding distribution of apo-Cas9 (n = 467); error bars 
represent 95% confidence intervals. g, Lifetimes of DNA-bound apo-Cas9 (n = 205) and Cas9:RNA (n = 104) after 
injection of 10 mg ml-1 heparin, and of apo-Cas9 (n = 233) after injection of 100 nM λ2 crRNA–tracrRNA. 

 

Figure 4.2 | Activity assays of reagents used in single-molecule experiments. (a) Cleavage assays were 
conducted using radiolabeled 55-base-pair (bp) DNA substrates that contained the six λ-DNA sequences targeted in 
Fig. 4.1d. Each DNA substrate (~1 nM) was incubated with 100 nM Cas9:RNA complex reconstituted using the 
corresponding guide RNA, and reaction products were resolved by 10% denaturing polyacrylamide gel 
electrophoresis (PAGE). Reactions contained 3x-FLAG-tagged Cas9 (where indicated) or untagged, wild-type Cas9. 
* denotes further trimming of the non-target strand. (b) Cleavage assay of λ-DNA under conditions identical to 
those used in single-molecule experiments. Full-length λ-DNA (25 ng µl-1) was incubated with 10 nM Cas9:RNA 
reconstituted using the λ6 guide RNA, and reaction products were resolved by agarose gel electrophoresis. 
Successful cleavage is expected to generate DNA products that are 42,051 and 6,451 bp in length. When present, 
imaging components included anti-FLAG antibody-coated quantum dots, YOYO1, BSA, glucose, and glucose 
oxidase/catalase.  

 
We next conducted controls using apo-Cas9 protein to verify that the binding observed in 

DNA curtain assays was due to Cas9:RNA and not apo-Cas9 lacking guide RNA. Interestingly, 
apo-Cas9 also bound DNA but exhibited no apparent sequence specificity (Fig. 4.1e,f). Attempts 
to measure the dissociation rate of DNA-bound apo-Cas9 were hampered by their exceedingly 
long lifetimes, placing a lower limit of at least 45 min on the actual lifetime (Fig. 4.1g). 
Biochemical experiments revealed an upper limit of ~25 nM for the equilibrium dissociation 
constant (Kd) of this apo-Cas9:DNA complex, compared to ~0.5 nM for the Cas9:RNA complex 
bound to a bona fide target site (Fig. 4.4).  

We next asked whether DNA-bound apo-Cas9 could be distinguished from Cas9:RNA 
based on a differential response to chases with free guide RNAs. To test this, we measured the 
lifetime of apo-Cas9 on DNA curtains before and after injection of crRNA:tracrRNA or heparin. 
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Apo-Cas9 rapidly dissociated from non-specific sites in the presence of either competitor, and 
this result was verified with bulk biochemical assays (Fig. 4.1g & 4.4). In contrast, target-bound 
Cas9:RNA was unaffected by heparin or excess crRNA:tracrRNA (Fig. 4.1g and Fig. 4.4). These 
findings show that non-specifically bound apo-Cas9 has properties distinct from those of 
Cas9:RNA complexes bound to their cognate targets. 

Figure 4.3 | Binding histograms and Gaussian fits for λ-DNA target binding, and analysis of off-target 
binding. (a) Binding distributions for dCas9 programmed with λ1-λ6 guide RNAs were measured as described in 
the Materials and Methods, and the data for each individual experiment was then bootstrapped and fit with a 
Gaussian curve. Shown in number of base pairs is the mean, µ, and standard deviation, σ, obtained from each fit, as 
well as the expected location of each target site in λ-DNA. (b) Distribution of Cas9:RNA binding events for λ2 
crRNA (n = 2,330, top) and spacer 2 crRNA (n = 2,190, bottom). The density of PAM sites throughout the λ-DNA 
substrate is shown in red. (c) Survival probabilities for non-target binding events with λ2 and spacer 2 crRNA. Data 
were collected at 25 mM KCl.   
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Figure 4.4 | DNA binding by apo-dCas9 and dCas9:RNA. (a) Electrophoretic mobility gel shift assay (left) with 
radiolabeled 55-bp target DNA and increasing concentrations of dCas9:RNA, using a 10X excess of 
crRNA:tracrRNA over dCas9. The quantified data (right) were fit with a standard binding isotherm (solid line), and 
data from three such experiments yielded a equilibrium dissociation constant (Kd) of 0.49 ± 0.21 nM. (b) Results for 
apo-dCas9 shown as in (a). Data from three independent experiments yielded a Kd of 26 ± 15 nM. (c) 
crRNA:tracrRNA duplex and heparin dissociate apo-dCas9 bound to non-specific DNA, but not dCas9:RNA 
complexes bound to target DNA. 55-bp DNA substrates were pre-incubated with the indicated reagent for 15 
minutes at 37 °C, at which point non-targeting crRNA:tracrRNA duplex (10–1000 nM) or heparin (0.01–100 µg  
mL-1) was added. Reactions were incubated an additional 15 minutes at 37 °C and then resolved by 5% native 
PAGE. Reactions at the far right show that apo-dCas9 pre-bound to target DNA can be dissociated by 
complementary crRNA:tracrRNA and re-bind the same DNA in complex with RNA. Note the distinct mobilities of 
DNA in complex with apo-dCas9 versus DNA in complex with dCas9:RNA.  

 
Our initial experiments used catalytically inactive dCas9 to avoid DNA cleavage. 

Surprisingly, experiments performed with wild-type Cas9 also failed to reveal DNA cleavage. 
Rather, Cas9:RNA molecules remained bound to their target sites, yielding identical results to 
those obtained using dCas9:RNA (Fig. 4.5a). We confirmed that the imaging conditions did not 
inhibit Cas9:RNA cleavage activity (Fig. 4.2). These results suggested that Cas9:RNA might 
cleave DNA but remain tightly bound to both cleavage products, a hypothesis that was 
confirmed with biochemical gel shift assays using 72-bp duplex DNA substrates (Fig. 4.6). To 
determine whether stable product binding would prevent Cas9:RNA from performing multiple 
turnover cleavage, we conducted plasmid DNA cleavage assays at varying molar ratios of 
Cas9:RNA and target DNA and measured the rate and yield of product formation. Surprisingly, 
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the amount of product rapidly plateaued at a level proportional to the molar ratio of Cas9:RNA to 
DNA, indicating that Cas9:RNA does not follow Michaelis-Menten kinetics (Fig. 4.5b). Control 
experiments indicated that turnover also does not occur with short duplex DNA substrates and is 
not stimulated by either elevated temperature or an excess of free crRNA:tracrRNA (Fig. 4.7).   
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Figure 4.5 | Cas9:RNA remains bound to cleaved products and localizes to PAM-rich regions during the 
target search. (a) Wild-type Cas9:RNA bound to DNA curtains. (b) Cleavage yield of 25 nM plasmid DNA is 
proportional to [Cas9:RNA]. (c) Schematic of a double-tethered DNA curtain. (d) Liberation of the cleaved DNA 
with 7 M urea; asterisks denote QDs that are attached to the lipid bilayer but not bound to the DNA. (e) Kymographs 
illustrating distinct binding events. (f) Survival probabilities for non-target binding events; solid lines represent 
double-exponential fits. Inset: survival probabilities of DNA-bound apo-Cas9 and target DNA-bound Cas9:RNA. 
(g) Distribution of Cas9:RNA binding events (n = 2,330) and PAM density. Color-coding reflects the binding dwell 
time (𝑡!) relative to the mean dwell time (𝑡). (h) Correlation of PAM distribution and non-target Cas9:RNA binding 
for λ2 (blue) and spacer 2 (green) guide RNAs. 

Figure 4.6 | Target DNA cleavage products remain bound to Cas9:RNA. (a,b) DNA substrates 72 nucleotides 
(nt) in length were radiolabeled at either their 5' or 3' ends and annealed to an unlabeled complementary strand, 
where indicated (top). The non-target strand contains the PAM (yellow box), whereas the target strand contains the 
sequence complementary to crRNA (red). Each DNA substrate (~1 nM) was incubated with 100 nM Cas9:RNA 
complex for 30 minutes at room temperature, using nuclease-inactive D10A/H840A Cas9 (d), both nickase mutants 
(D10A, n1; H840A, n2), and wild-type (WT). Half the reaction volume was quenched in formamide gel-loading 
buffer containing 25 mM EDTA and analyzed by 10% denaturing PAGE to verify the expected cleavage pattern of 
each sample (a). The other half of each reaction was analyzed by 5% native PAGE to determine whether the 
radiolabeled DNA fragment remained bound to Cas9:RNA (b). Aside from an apparent reduced affinity for the 
single-stranded target strand after cleavage, WT Cas9:RNA shows an affinity for all four possible radiolabeled DNA 
products that is indistinguishable from the affinity of dCas9:RNA for uncleaved DNA substrates. Note that the order 
of samples in (a) and (b) is identical. The additional band present for double-stranded DNA substrates in (a) results 
from incomplete denaturation and partial migration of intact duplex into the gel (*).  
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Figure 4.7 | Cas9:RNA acts as a single-turnover enzyme. (a) Agarose gel electrophoresis (1%, TBE buffer) was 
used to assess cleavage of plasmid DNA containing a λ2 target sequence as a function of Cas9:RNA concentration. 
DNA (25 nM) was incubated with the indicated concentration of Cas9:RNA, and aliquots were removed at each 
time point and quenched with gel loading buffer containing 25 mM EDTA. The gel was stained with ethidium 
bromide, and the quantified data is presented in Fig. 4.5b. (b) Similar turnover experiments were conducted with 25 
nM radiolabeled λ2 oligoduplex substrates and increasing concentrations of Cas9:RNA. Cleavage data were 
visualized by phosphorimaging, and * denotes further trimming of the non-target strand. (c) Turnover experiments 
with 25 nM Cas9:RNA were repeated at 37 °C and with a 10X excess of crRNA:tracrRNA over Cas9. Neither 
condition significantly stimulates turnover. (d) Quantified data from experiments in (b) and (c) show that each 
reaction reaches its maximum yield after ~1 minute and does not increase with further incubation time, 
demonstrating that Cas9:RNA exhibits single-turnover activity. Note that the observed requirement for a slight 
stoichiometric excess of Cas9:RNA over DNA to reach reaction completion is likely a result of our enzyme 
preparations not being 100% active. While modest turnover (2.5-fold) was observed at a single enzyme:substrate 
stoichiometry in Jinek et al. (Jinek et al., 2012), our results clearly demonstrate that the reaction yield remains 
proportional to the molar ratio between Cas9:RNA and DNA across a range of concentrations.  

 
We next used a double-tethered DNA curtain (Fig. 4.5c) (Gorman et al., 2010a; 2010b; 

Wang et al., 2013a) to confirm that Cas9:RNA catalyzed DNA cleavage in the single-molecule 
assays. Remarkably, when bound to target sites on λ-DNA, Cas9:RNA failed to dissociate from 
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the DNA even in the presence of heparin (10 µg ml-1) (Fig. 4.1g) or up to 0.5 M NaCl (not 
shown). However, injection of 7 M urea caused Cas9:RNA to release the downstream end of the 
cleaved DNA containing the PAM, confirming that the DNA was cleaved at the expected target 
site (Fig. 4.5d). These findings show that Cas9:RNA remains tightly bound to both ends of the 
cleaved DNA, thus acting as a single-turnover enzyme. 
 

4.4.2 Cas9:RNA locates targets by 3D diffusion 
To determine how Cas9:RNA locates DNA targets, we visualized the target search 

process using double-tethered DNA curtains. Site-specific DNA-binding proteins can locate 
target sites by three-dimensional (3D) collisions or through facilitated diffusion processes 
including one-dimensional (1D) sliding, hopping, and/or intersegmental transfer (Hippel and 
Berg, 1989), and these mechanisms can be distinguished by single-molecule imaging (Gorman et 
al., 2010b; 2012; Wang et al., 2013a). For these assays, Cas9 programmed with λ2 guide RNA 
was injected into the sample chamber, buffer flow was terminated, and reactions were visualized 
in real-time. These experiments revealed long-lived binding events at the target site and transient 
binding events at other sites on the DNA (Fig. 4.5e,f). We saw no evidence of Cas9:RNA 
associating with target sites through mechanisms involving facilitated diffusion (either 1D 
sliding and/or hopping); instead, all target association appeared to occur directly from solution 
through 3D collisions (Fig. 4.5e). 

The shorter-lived, non-specific binding events exhibited complex dissociation kinetics, 
and the simplest model that describes the data is double-exponential decay with lifetimes of ~3.3 
and ~58 seconds (at 25 mM KCl) (Fig. 4.5f). These lifetimes were readily distinguished from the 
long lifetimes of apo-Cas9 (Fig. 4.5f, inset). Furthermore, the experiments were conducted in the 
presence of a saturating (10-fold) molar excess of crRNA:tracrRNA to exclude contamination 
from apo-Cas9. This result indicates that at least two and possibly more binding intermediates 
exist on the pathway towards cognate target recognition. Non-specific DNA binding typically 
involves electrostatic interactions with the phosphate backbone, and therefore non-specific 
lifetimes tend to decrease rapidly with increasing ionic strength (Hippel and Berg, 1986). 
Interestingly, the lifetimes of Cas9:RNA bound at non-specific DNA sites were not appreciably 
affected by salt concentration (Fig. 4.5f). One remarkable implication of this finding is that the 
Cas9:RNA non-target binding events have characteristics more commonly attributed to site-
specific association (Hippel and Berg, 1986; Rohs et al., 2010). 

To gain further insight into the nature of the Cas9:RNA target search mechanism, we 
measured the locations and corresponding lifetimes of all binding events (Fig. 4.5g). The off-
target binding lifetime distributions did not vary substantially at different regions of the DNA. 
However, the number of observed binding events was not uniformly distributed along the 
substrate, suggesting that some underlying feature of the λ-DNA might be influencing the target 
search. The λ phage genome contains a total of 5,677 PAM sites (~1 PAM per 8.5 bp), but it also 
has an unusual polar distribution of A/T- and G/C-rich sequences (Visnapuu and Greene, 2009), 
which leads to an asymmetric distribution of PAMs (5'-NGG-3' for S. pyogenes Cas9) (Fig. 
4.5g). Pearson correlation analysis revealed that the Cas9:RNA binding site distribution was 
positively correlated with the PAM distribution (r = 0.59, P < 0.05) (Fig. 4.5h). When we 
repeated this experiment using a guide RNA having no complementary target sites within λ-
DNA (spacer 2 crRNA, as described previously (Jinek et al., 2012)), we found no change in the 
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observed binding lifetimes and an even stronger correlation with the PAM distribution (Fig. 4.5h 
& 4.3b,c). These results, together with the insensitivity of short-lived binding events to ionic 
strength, suggested that Cas9:RNA might bind specifically to PAMs and minimize interactions 
with non-PAM DNA while searching for potential targets.  

 
4.4.3 A PAM is required for DNA interrogation 

To test the hypothesis that Cas9:RNA uses PAM recognition as an obligate precursor to 
interrogation of flanking DNA for potential guide-RNA complementarity, we used competition 
assays to monitor the rate of Cas9:RNA-mediated DNA cleavage (Fig. 4.8a,b). From these data 
we could extract the average amount of time that Cas9:RNA spends sampling each competitor 
DNA prior to locating and cleaving a radiolabeled substrate (Fig. 4.9). In control experiments, 
reaction kinetics were not perturbed by the presence of an unlabeled competitor DNA lacking 
PAMs and bearing no sequence relationship to the crRNA, whereas a competitor containing a 
PAM and fully complementary target sequence substantially reduced the rate at which the 
radiolabeled substrate was cleaved (Fig. 4.8b). 

Figure 4.8 | Cas9:RNA searches for PAMs and unwinds double-stranded DNA in a directional manner. (a) 
Schematic of the competition cleavage assay. (b) Cleavage assay with and without competitor DNAs. (c) 
Quantitation of competition data  (mean ± s.d.). Competitor cartoon representations show PAMs (yellow) and 
regions complementary to the crRNA (red). (d) Predicted data trends for the random nucleation or sequential 
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unwinding models aligned with the corresponding data in (e). (e) Competition assays using substrates with variable 
degrees of crRNA complementarity, shown as in (c). Numeric descriptions of the competitor DNAs indicate the 
regions of complementarity (red) or mismatches (black) to the crRNA sequence.  

 
Next, a series of competitors were tested that bore no complementarity to the crRNA 

guide sequence (Table 4.1) but contained increasing numbers of PAMs (Fig. 4.8c). There was a 
direct correspondence between the number of PAMs and the ability of a DNA competitor to 
interfere with target cleavage, indicating that the lifetime of Cas9:RNA on competitor DNA 
increased with PAM density (Fig. 4.8c). This result held true over a range of competitor DNA 
concentrations (Fig. 4.9), and the same pattern of competition was observed for DNA binding by 
dCas9:RNA (Fig. 4.10). These results demonstrate that the residence time of Cas9:RNA on non-
target DNA lacking PAMs is negligible, and support the hypothesis that the transient, non-target 
DNA binding events observed on the DNA curtains likely occurred at PAM sequences. While 
Cas9:RNA complexes undoubtedly sample DNA lacking PAMs, these rapid binding events are 
neither detectable in single-molecule assays and bulk binding experiments (Fig. 4.10), nor do 
they appreciably influence overall reaction kinetics in bulk biochemical assays.  

Figure 4.9 | Analysis of competition cleavage assays. (a) Representative cleavage assays as a function of 
competitor DNA concentration, using a competitor containing 12 PAM sites. Radiolabeled λ1 target DNA (1 nM) 
was incubated with 10 nM Cas9:RNA and increasing concentrations of the competitor, and reaction products at each 
time point were resolved by 10% denaturing PAGE. Cleavage data were visualized by phosphorimaging, and * 
denotes further trimming of the non-target strand. (b) Shown are the conditional survival probabilities for the 
radiolabeled target DNA at each concentration of 12-PAM competitor. (c) Shown is the change in survival 
probability of the target DNA, ΔPs(t), as a function of 12-PAM competitor concentration. The area under each curve 
represents the amount of time that Cas9:RNA spent on the competitor DNA during the reaction. (d) Competition 
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data with a panel of substrates that have no complementarity to the guide RNA and variable numbers of PAMs, and 
a perfect target sequence with single base-pair mutation in the PAM. The data are presented similarly to Fig. 4.8c, 
but the time bound to competitor is shown for all five concentrations of competitor tested.  

Figure 4.10 | PAM sites in non-target DNA are bound specifically by dCas9:RNA. (a) None of the competitors 
from Fig. 4.8c can be cleaved, including one that bears full complementarity to the crRNA but contains a single 
base-pair mutation in the PAM. Radiolabeled competitor DNAs and target DNA (1 nM) were incubated with 100 
nM WT Cas9:RNA for the indicated time, and reaction products were assessed by 10% denaturing PAGE. * denotes 
further trimming of the non-target strand. (b) PAM-rich competitor DNAs interfere with target DNA binding by 
dCas9:RNA. The same radiolabeled 55-bp target DNA from Fig. 4.8b,c was pre-mixed with increasing 
concentrations of the indicated competitor DNA and then incubated with 10 nM dCas9:RNA for 60 minutes at 37 
°C. Binding reactions were resolved by 5% native PAGE. (c) dCas9:RNA has increased affinity for non-target DNA 
containing multiple PAM sequences. The indicated radiolabeled DNA substrates (~0.02 nM) were incubated with 
increasing concentrations of dCas9:RNA for 60 minutes at 37 °C, and reactions were resolved by 5% native PAGE. 
The observed well-shifting at high concentrations may result from multiple dCas9:RNA molecules binding the same 
DNA substrate. 

 
We next repeated the competition assay with a competitor bearing perfect 

complementarity to the crRNA, but with a single point mutation in the adjacent PAM (5'-TCG-
3'). Like similarly mutated substrates (Jinek et al., 2012), this competitor cannot be cleaved by 
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Cas9:RNA (Fig. 4.10). This competitor failed to inhibit DNA cleavage by Cas9:RNA and 
behaved comparably to the non-target competitor DNA lacking PAMs, despite the fact that it 
contained perfect complementarity to the crRNA (Fig. 4.8c). Together, these results demonstrate 
that PAM recognition is an obligate first step during target recognition by Cas9:RNA, as was 
previously hypothesized (Jinek et al., 2012). 

 
Table 4.1 | RNA and DNA substrates used in this study. 

Description Sequencea 

λ1 target sequence: 
12,128 bp in λ-DNA 

5'-GGCGCATAAAGATGAGACGCTGG-3' 
3'-CCGCGTATTTCTACTCTGCGACC-5' 

λ2 target sequence: 
18,071 bp in λ-DNA 

5'-GTGATAAGTGGAATGCCATGTGG-3' 
3'-CACTATTCACCTTACGGTACACC-5' 

λ3 target sequence: 
24,200 bp in λ-DNA 

5'-CTGGTGAACTTCCGATAGTGCGG-3' 
3'-GACCACTTGAAGGCTATCACGCC-5' 

λ4 target sequence: 
30,520 bp in λ-DNA 

5'-CAGATATAGCCTGGTGGTTCAGG-3' 
3'-GTCTATATCGGACCACCAAGTCC-5' 

λ5 target sequence: 
35,894 bp in λ-DNA 

5'-GGCAATGCCGATGGCGATAGTGG-3' 
3'-CCGTTACGGCTACCGCTATCACC-5' 

λ6 target sequence: 
42,035 bp in λ-DNA 

5'-GGTGTGAAAGAACACCAACAGGG-3' 
3'-CCACACTTTCTTGTGGTTGTCCC-5' 

Oligo for preparing 
dsDNA T7 promoter, in 

vitro transcription 
5'-TAATACGACTCACTATA-3' 

ssDNA T7 templateb: 
λ1-targeting crRNA 5'-CAAAACAGCATAGCTCTAAAACGCGTCTCATCTTTATGCGTCTATAGTGAGTCGTATTA-3' 

λ1-targeting crRNAc 5'-GACGCAUAAAGAUGAGACGCGUUUUAGAGCUAUGCUGUUUUG-3' 

λ2-targeting crRNA 5'-GUGAUAAGUGGAAUGCCAUGGUUUUAGAGCUAUGCUGUUUUG-3' 

λ3-targeting crRNA 5'-CUGGUGAACUUCCGAUAGUGGUUUUAGAGCUAUGCUGUUUUG-3' 

λ4-targeting crRNA 5'-CAGATATAGCCTGGTGGTTCGUUUUAGAGCUAUGCUGUUUUG-3' 

ssDNA T7 templateb: 
λ5-targeting crRNA 5'-CAAAACAGCATAGCTCTAAAACCTATCGCCATCGGCATTGCCTATAGTGAGTCGTATTA-3' 

λ5-targeting crRNA 5'-GGCAAUGCCGAUGGCGAUAGGUUUUAGAGCUAUGCUGUUUUG-3' 

ssDNA T7 templateb: 
λ6-targeting crRNA 

5'-CAAAACAGCATAGCTCTAAAACTGTTGGTGTTCTTTCACACCTATAGTGAGTCGTATTA-3' 

λ6-targeting crRNA 5'-GGUGUGAAAGAACACCAACAGUUUUAGAGCUAUGCUGUUUUG-3' 

ssDNA T7 templateb: 
tracrRNA 

5'-AAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTAT 
GCTGTCCTATAGTGAGTCGTATTA-3' 

tracrRNA (nt 15-87) 5'-GGACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGU 
GCUUUUU-3' 
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λ1 target duplexd 5'-AGCAGAAATCTCTGCTGACGCATAAAGATGAGACGCTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGACTGCGTATTTCTACTCTGCGACCTCATGTTTGCAGTCGA-5' 

λ2 target duplex 5'-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3' 
3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCG-5' 

λ3 target duplex  5'-AACGTGCTGCGGCTGGCTGGTGAACTTCCGATAGTGCGGGTGTTGAATGATTTCC-3' 
3'-TTGCACGACGCCGACCGACCACTTGAAGGCTATCACGCCCACAACTTACTAAAGG-5' 

λ4 target duplex  5'-TCACAACAATGAGTGGCAGATATAGCCTGGTGGTTCAGGCGGCGCATTTTTATTG-3' 
3'-AGTGTTGTTACTCACCGTCTATATCGGACCACCAAGTCCGCCGCGTAAAAATAAC-5' 

λ5 target duplex  5'-GAATGAACGATGCAGAGGCAATGCCGATGGCGATAGTGGGTATCATGTAGCCGCT-3' 
3'-CTTACTTGCTACGTCTCCGTTACGGCTACCGCTATCACCCATAGTACATCGGCGA-5' 

λ6 target duplex  5'-AATCGATGGTGTCTCCGGTGTGAAAGAACACCAACAGGGGTGTTACCACTACCGC-3' 
3'-TTAGCTACCACAGAGGCCACACTTTCTTGTGGTTGTCCCCACAATGGTGATGGCG-5' 

λ2 target duplex: 
cloned into pUC19e 

5'-AATTGAAAGTGATAAGTGGAATGCCATGTGGAAAC    -3' 
3'-    CTTTCACTATTCACCTTACGGTACACCTTTGCTAG-5' 

λ1 Competitor: 
Mutated PAM  

5'-AGCAGAAATCTCTGCTGACGCATAAAGATGAGACGCTCGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGACTGCGTATTTCTACTCTGCGAGCTCATGTTTGCAGTCGA-5' 

Competitor: 
0 PAMs  

5'-AGCTGCATAACGCGAAAAAATATATTTATCTGCTTGATCTTCAAATGTTGTATTG-3' 
3'-TCGACGTATTGCGCTTTTTTATATAAATAGACGAACTAGAAGTTTACAACATAAC-5' 

Competitor: 
1 PAM  

5'-AGCAGAAATCTCTGCTCTGCGTATTTCTACTCTGCGTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGAGACGCATAAAGATGAGACGCACCTCATGTTTGCAGTCGA-5' 

Competitor: 
4 PAMs  

5'-AGCTGCATAACGCGGGAAAATCCATTTATCTGCTTGATCTTCGGATGTTCCATTG-3' 
3'-TCGACGTATTGCGCCCTTTTAGGTAAATAGACGAACTAGAAGCCTACAAGGTAAC-5' 

Competitor: 
8 PAMs  

5'-GGCTGCACCACGCGGGAAAATCCATTTAGGTGCTTCCTCTTCGGATGTTCCATTG-3' 
3'-CCGACGTGGTGCGCCCTTTTAGGTAAATCCACGAAGGAGAAGCCTACAAGGTAAC-5' 

Competitor: 
12 PAMs  

5'-GGCTGGACCACGCGGGAAAATCCACCTAGGTGGTTCCTCTTCGGATGTTCCATCC-3' 
3'-CCGACCTGGTGCGCCCTTTTAGGTGGATCCACCAAGGAGAAGCCTACAAGGTAGG-5' 

λ1 Competitor: 
16–4–PAM  

5'-AGCAGAAATCTCTGCTCTGCGTATTTCTACTCACGCTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGAGACGCATAAAGATGAGTGCGACCTCATGTTTGCAGTCGA-5' 

λ1 Competitor: 
12–8–PAM  

5'-AGCAGAAATCTCTGCTCTGCGTATTTCTTGAGACGCTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGAGACGCATAAAGAACTCTGCGACCTCATGTTTGCAGTCGA-5' 

λ1 Competitor: 
8–12–PAM  

5'-AGCAGAAATCTCTGCTCTGCGTATAAGATGAGACGCTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGAGACGCATATTCTACTCTGCGACCTCATGTTTGCAGTCGA-5' 

λ1 Competitor: 
4–16–PAM  

5'-AGCAGAAATCTCTGCTCTGCCATAAAGATGAGACGCTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGAGACGGTATTTCTACTCTGCGACCTCATGTTTGCAGTCGA-5' 

λ1 Competitor: 
4–4–12–PAM  

5'-AGCAGAAATCTCTGCTGACGGTATAAGATGAGACGCTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGACTGCCATATTCTACTCTGCGACCTCATGTTTGCAGTCGA-5' 

λ1 Competitor: 
8–4–8–PAM  

5'-AGCAGAAATCTCTGCTGACGCATATTCTTGAGACGCTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGACTGCGTATAAGAACTCTGCGACCTCATGTTTGCAGTCGA-5' 

λ1 Competitor: 
12–4–4–PAM  

5'-AGCAGAAATCTCTGCTGACGCATAAAGAACTCACGCTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGACTGCGTATTTCTTGAGTGCGACCTCATGTTTGCAGTCGA-5' 
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λ1 Competitor: 
16–4–PAM  

5'-AGCAGAAATCTCTGCTGACGCATAAAGATGAGTGCGTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGACTGCGTATTTCTACTCACGCACCTCATGTTTGCAGTCGA-5' 

λ1 Competitor: 
18–2–PAM  

5'-AGCAGAAATCTCTGCTGACGCATAAAGATGAGACCGTGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGACTGCGTATTTCTACTCTGGCACCTCATGTTTGCAGTCGA-5' 

λ1 Competitor: 
18–2b–PAM  

5'-AGCAGAAATCTCTGCTGACGCATAAAGATGAGAC
GC

TGGAGTACAAACGTCAGCT-3' 
3'-TCGTCTTTAGAGACGACTGCGTATTTCTACTCTGGCACCTCATGTTTGCAGTCGA-5' 

λ2 target (55-nt): 
dsDNA  

5'-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3' 
3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCG-5' 

λ2 target (55-nt): 
ssDNA target strand  

3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCG-5' 

λ2 target (55-nt): 
partial dsDNA without 

PAM  

5'-                                       GCTGTCAAAATTGAGC-3' 
3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCG-5' 

λ2 target (55-nt): 
partial dsDNA with PAM  

5'-                                    TGGGCTGTCAAAATTGAGC-3' 
3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCG-5' 

λ2 target (72-nt): 
dsDNA  

5'-TTCGAAAGAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGCAGAC 
CAAAGA-3' 
3'-AAGCTTTCTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCGTCTG 
GTTTCT-5' 

λ2 target (72-nt): 
ssDNA  

3'-AAGCTTTCTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCGTCTG 
GTTTCT-5' 

λ2 target (72-nt): 
partial dsDNA without 

PAM  

5'-GCTGTCAAAATTGAGCAGACCAAAGA-3' 
3'-AAGCTTTCTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCGTCTG 
GTTTCT-5' 

λ2 target (72-nt): 
partial dsDNA with PAM  

5'-TGGGCTGTCAAAATTGAGCAGACCAAAGA-3' 
3'-AAGCTTTCTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCGTCTG 
GTTTCT-5' 

a Guide crRNA sequences and complementary DNA target strand sequences are shown in red. PAM sites (5'-NGG-
3') are highlighted in yellow on the non-target strand when adjacent to the target sequence, except for PAM 
competitors in which case all PAMs are highlighted. 

b The reverse complement of the T7 promoter is indicated in bold. 
c The second nucleotide of the λ1-targeting crRNA was mutated from G to A to match the λ1 target duplex 

sequence. 
d The underlined base-pairs were mutated relative to the wild-type λ-DNA sequence in order to remove all PAM 

sites from the substrate other than the PAM immediately adjacent to the target sequence. The crRNA was 
mutated accordingly, as were the λ1 competitor DNAs.  

e The duplex was cloned into EcoRI and BamHI sites on pUC19.  
NA, not applicable. 

 

4.4.4 Mechanism of RNA:DNA heteroduplex formation 
After PAM recognition, Cas9:RNA must destabilize the adjacent duplex and initiate 

strand separation to enable base-pairing between the target DNA strand and the crRNA guide 
sequence. Because Cas9 has no energy-dependent helicase activity, the mechanism of local DNA 
unwinding has been enigmatic, but must rely upon thermally available energy. One possibility is 
that PAM binding could induce a general destabilization of the duplex along the length of the 
entire target sequence, leading to random nucleation of the RNA:DNA heteroduplex (Fig. 4.8d, 
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top). Alternatively, PAM binding may cause only local melting of the duplex, with the 
RNA:DNA heteroduplex nucleating at the 3' end of the target sequence next to the PAM and 
proceeding sequentially towards the distal 5' end of the target sequence (Fig. 4.8d, bottom).  

To distinguish between these two models, we conducted cleavage assays with a panel of 
DNA competitors in which the length and position of complementarity to the guide RNA was 
systematically varied (Table 4.1). These competitors were designed to distinguish between the 
random nucleation and sequential unwinding models for heteroduplex formation based upon the 
predicted patterns of cleavage inhibition for each model (Fig. 4.8d). The ability of a competitor 
DNA to inhibit substrate cleavage by Cas9:RNA increased as the extent of complementarity 
originating at the 3' end of the target sequence adjacent to the PAM increased (Fig. 4.8e). 
Inhibition increased dramatically when 12 or more base-pairs were complementary to the crRNA 
guide sequence, which agrees with the requirement for an 8-12 nucleotide seed sequence for the 
Cas9:RNA DNA cleavage reaction (Jiang et al., 2013; Jinek et al., 2012). Strikingly, although 
competitors containing mismatches to the crRNA at the 5' end of the target sequence competed 
effectively for Cas9:RNA binding, competitors containing mismatches to the crRNA at the 
extreme 3' end immediately adjacent to the PAM were completely inert to binding (Fig. 4.8e). 
This was true even with a 2-bp mismatch followed by 18 bp of contiguous sequence 
complementarity to the crRNA. Therefore, when mismatches to the crRNA are encountered 
within the first two nucleotides of the target sequence, Cas9:RNA loses the ability to interrogate 
and recognize the remainder of the DNA. The pattern of inhibition observed with the different 
competitor DNAs indicates that sequence homology adjacent to the PAM is necessary to initiate 
target duplex unwinding until the reaction has proceeded sufficiently far (~12 bp, approximately 
one turn of an A-form RNA:DNA helix), such that the energy necessary for further propagation 
of the RNA:DNA heteroduplex falls below the energy needed for the reverse reaction. These 
findings suggest that formation of the RNA:DNA heteroduplex initiates at the PAM and 
proceeds through the target sequence by a sequential, step-wise unwinding mechanism consistent 
with a Brownian ratchet (Abbondanzieri et al., 2005). 

As a further test of this model, we used a DNA competitor that contained mismatches to 
the crRNA at positions 1-2 but was itself mismatched at the same two positions, forming a small 
bubble in the duplex. Despite the absence of sequence complementarity to the crRNA within the 
DNA bubble, this substrate was a robust competitor and bound Cas9:RNA with an affinity nearly 
indistinguishable from that of an ideal substrate (Fig. 4.8e & 4.11). Remarkably, this DNA could 
also be cleaved with near wild-type rates (Fig. 4.11). We speculate that the presence of the DNA 
bubble allowed Cas9:RNA to bypass the mismatches and reinitiate nucleation of the RNA:DNA 
heteroduplex downstream of the bubble, thereby propagating strand separation through the 
remainder of the target. 

 
4.4.5 The PAM triggers Cas9 nuclease activity 

The results presented above indicate that PAM recognition plays a central role in target 
recognition, and that introduction of a small bubble in the DNA target eliminates the need for 
RNA:DNA heteroduplex formation immediately adjacent to the PAM. One might expect PAM 
recognition to be dispensable for Cas9:RNA-mediated recognition and cleavage of a single-
stranded DNA (ssDNA) target. Surprisingly, however, a ssDNA substrate was cleaved more than 
two orders of magnitude slower than a double-stranded DNA (dsDNA) substrate (Fig. 4.12a,b), 
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despite the fact that dCas9:RNA bound both the dsDNA and ssDNA substrates with similar 
affinities (Fig. 4.12b & 4.13). 

Figure 4.11 | Cas9:RNA binds and cleaves bubble-containing DNA substrates with mismatches to the crRNA 
that are otherwise discriminated against within the context of perfect duplexes. (a) dCas9:RNA has weak 
affinity for a substrate containing a 2-bp mismatch to the crRNA (middle), whereas a substrate presenting the same 
mismatches within a small 2-nt bubble (right) is bound with an affinity nearly indistinguishable from a perfect target 
substrate (left), in agreement with data presented in Fig. 4.8e. The indicated DNA substrates were incubated with 
increasing concentrations of dCas9:RNA for 60 minutes at 37 °C, and reactions were resolved by 5% native PAGE. 
(b) The same bubble-containing substrate in (a) is cleaved with similar kinetics as a perfect substrate (compare right 
and left time courses), whereas a perfectly base-paired substrate with the same pattern of complementarity to the 
crRNA is cleaved with substantially reduced kinetics (middle). Radiolabeled DNA substrates (1 nM) were incubated 
with 100 nM WT Cas9:RNA for the indicated time, and reaction products were resolved by 10% denaturing PAGE. 
* denotes further trimming of the non-target strand.  

 

Importantly, Cas9:RNA recognizes the 5'-NGG-3' PAM on the non-target DNA strand 
(Jinek et al., 2012), so the ssDNA substrates did not contain a PAM but rather the complement to 
the PAM sequence. We hypothesized that the absence of the PAM on the ssDNA might explain 
why an otherwise fully complementary target is resistant to cleavage. To test this possibility, we 
prepared hybrid substrates with varying lengths of dsDNA at the 3' flanking sequence (Fig. 
4.12a). Cleavage assays revealed that the ssDNA target strand could be activated for cleavage in 
the presence of flanking dsDNA that extended across the PAM sequence, but that this activating 
effect was lost when the dsDNA was truncated immediately before the PAM (Fig. 4.12a,b & 
4.13). Binding experiments confirmed these results were not a consequence of discrimination at 
the level of binding (Fig. 4.12b). Rather, the presence of the 5'-NGG-3' PAM on the non-target 
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strand was critical for some step of the reaction that occurred after binding. These data suggest 
that the PAM acts as an allosteric regulator of Cas9:RNA nuclease activity. 

Figure 4.12 | PAM recognition regulates Cas9 nuclease activity. (a) Cleavage assay with single-stranded, double-
stranded, and partially double-stranded substrates. (b) Relative affinities and cleavage rates; (mean ± s.d.). (c) Model 
for target search, recognition and cleavage by Cas9:RNA. The search initiates through random 3D collisions.  
Cas9:RNA rapidly dissociates from non-PAM DNA, but binds PAMs for longer times and samples adjacent DNA 
for guide RNA complementarity, giving rise to a heterogeneous population of intermediates. At correct targets, 
Cas9:RNA initiates formation of an RNA:DNA heteroduplex, and R-loop expansion propagates via sequential 
unwinding. The DNA is cleaved and Cas9:RNA remains bound to the cleaved products.  

 
4.5 Discussion 

Our results suggest a model for target binding and cleavage by Cas9:RNA involving an 
unanticipated level of importance for PAM sequences at each stage of the reaction (Fig. 4.12c). 
Although details may differ, we hypothesize that PAM interactions may function similarly for 
other CRISPR RNA-guided surveillance complexes (Esvelt et al., 2013; Hou et al., 2013; 
Marraffini and Sontheimer, 2010b; Mojica et al., 2009; Sashital et al., 2012; Semenova et al., 
2011; Wiedenheft et al., 2011b). The Cas9:RNA target search begins with random collisions 
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with DNA. However, rather than sampling all DNA equivalently, Cas9:RNA accelerates the 
search by rapidly dissociating from non-PAM sites, thereby reducing the amount of time spent at 
off-targets. Only upon binding to a PAM site does Cas9:RNA interrogate the flanking DNA for 
guide RNA complementarity, as was previously hypothesized for Cas9 (Jinek et al., 2012) and a 
distinct CRISPR RNA-guided complex (Cascade) (Sashital et al., 2012). A requirement for 
initial PAM recognition also eliminates the potential for suicidal self-targeting, since perfectly 
matching targets within the bacterial CRISPR locus are not flanked by PAMs. Our results 
suggest that PAM recognition coincides with initial destabilization of the adjacent sequence, as 
evidenced from experiments using a bubble-containing DNA substrate, followed by sequential 
extension of the RNA:DNA heteroduplex. This mechanism explains the emergence of seed 
sequences, because mismatches encountered early in a directional melting-in process would 
prematurely abort target interrogation. Moreover, the complex dissociation kinetics observed on 
non-target λ-DNA would arise from heterogeneity in the potential target sites as Cas9:RNA 
probes sequences adjacent to PAMs for guide RNA complementarity. Binding to a correct target 
then leads to activation of both nuclease domains. This step also requires PAM recognition, 
providing an unanticipated level of PAM-dependent regulation that may ensure further 
protection against self-cleavage of the CRISPR locus. Interestingly, Cas9:RNA does not 
dissociate from the cleaved DNA except under extremely harsh conditions, suggesting that 
Cas9:RNA may remain bound to the cleaved site in vivo (Garneau et al., 2010) and require other 
cellular factors to promote recycling. Finally, our data indicate that efforts to minimize off-target 
effects during genome engineering using Cas9:RNA complexes need only consider off-targets 
adjacent to a PAM, because potential targets lacking a PAM are unlikely to be interrogated (Fu 
et al., 2013; Hsu et al., 2013; Jiang et al., 2013; Pattanayak et al., 2013). 

 

Figure 4.13 | PAM recognition activates the nuclease activity of Cas9. (a) DNA substrates were prepared using 
the λ2 target sequence as indicated (top), where the flanking region extending beyond the PAM was 16 bp (cleavage 
experiments) or 26 bp (binding experiments). (b) For cleavage experiments, substrates were prepared by annealing 
the radiolabeled target strand (i.e. substrate 2) to a 5X excess of cold complement, and 1 nM DNA was reacted with 
50 nM Cas9:RNA at room temperature. Reaction products were resolved by 10% denaturing PAGE, and the 
quantified data were fit with single-exponential decays (solid lines). Results from three independent experiments 
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yielded apparent pseudo-first order cleavage rate constants of 9.0 ± 2.0 min-1 (substrate 1), 0.067 ± 0.027 min-1 
(substrate 2), 0.066 ± 0.024 min-1 (substrate 3), and 7.3 ± 3.2 min-1 (substrate 4), and are presented as values relative 
to substrate 1 in Fig. 4.12b. Rate constants for substrates 2 and 3 are likely overestimates, since the reactions did not 
approach completion and the data were best fit with amplitudes well below 1. (c) For binding experiments, 
substrates were gel purified after annealing the radiolabeled target strand (i.e. substrate 2) to a 10X excess of cold 
complement. Binding reactions contained ~0.1 nM DNA and increasing concentrations of dCas9:RNA, and were 
incubated at 37 °C for one hour before being resolved by 5% native PAGE. The quantified data were fit with 
standard binding isotherms (solid lines). Results from three independent experiments yielded apparent Kd values of 
0.27 ± 0.14 nM (substrate 1), 0.28 ± 0.12 nM (substrate 2), 0.59 ± 0.18 nM (substrate 3), and 0.21 ± 0.06 nM 
(substrate 4), and are presented as values relative to substrate 1 in Fig. 4.12b.  
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Chapter 5 

 
 

Structures of Cas9 endonucleases 
reveal RNA-mediated 

conformational activation 
 

 
 

 
† Part of the work presented in this chapter has previously been published in the following 
research article: Jinek, M.*, Jiang, F.*, Taylor, D.W*., Sternberg, S.H.*, Kaya, E., Ma, E., 
Anders, C., Hauer, M., Zhou, K., Lin, S., Kaplan, M., Iavarone, A.T., Charpentier, E., Nogales, 
E., Doudna, J.A. (2014). Structures of Cas9 endonucleases reveal RNA-mediated conformational 
activation. Science 343, 1247997-1–11. (*These authors contributed equally.) 

 
‡ Martin Jinek, Enbo Ma, and Fuguo Jiang solved crystal structures of SpyCas9 and AnaCas9, 
with the assistance of Carolin Anders, Michael Hauer, Kaihong Zhou, Steven Lin, and 
Emmanuelle Charpentier. David Taylor performed all electron microscopy experiments. Samuel 
Sternberg prepared samples for electron microscopy experiments with the assistance of Matias 
Kaplan, conceived the UV-crosslinking experiments, and performed biochemical experiments. 
Emine Kaya performed biochemical and UV-crosslinking experiments. Anthony Iavarone 
performed mass spectrometry analysis. All authors were involved in designing various 
experiments. Eva Nogales and Jennifer Doudna supervised the project. 
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5.1 Abstract 
Type II CRISPR-Cas systems use an RNA-guided DNA endonuclease, Cas9, to generate 

double-strand breaks in invasive DNA during an adaptive bacterial immune response. Cas9 has 
been harnessed as a powerful tool for genome editing and gene regulation in many eukaryotic 
organisms. Here we report 2.6 and 2.2 Å resolution crystal structures of two major Cas9 enzymes 
subtypes, revealing the structural core shared by all Cas9 family members. The architectures of 
Cas9 enzymes define nucleic acid binding clefts, and single-particle electron microscopy 
reconstructions show that the two structural lobes harboring these clefts undergo guide RNA-
induced reorientation to form a central channel where DNA substrates are bound. The 
observation that extensive structural rearrangements occur before target DNA duplex binding 
implicates guide RNA loading as a key step in Cas9 activation. 
 

5.2 Introduction 
Bacteria and archaea target invasive DNA using RNA-guided adaptive immune systems 

encoded by CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-Cas 
(CRISPR-associated) genomic loci (Al-Attar et al., 2011; Sorek et al., 2013; Terns and Terns, 
2011; Wiedenheft et al., 2012). Following integration of short fragments of invader-derived 
DNA into a CRISPR array within the host chromosome (Barrangou et al., 2007), enzymatic 
processing of CRISPR transcripts produces mature CRISPR RNAs (crRNAs) that direct Cas 
protein-mediated targeting of DNA bearing complementary sequences (protospacers) to foreign 
nucleic acids (Brouns et al., 2008). While Type I and III CRISPR–Cas systems rely on multi-
protein complexes for crRNA-guided DNA targeting (Makarova et al., 2011b; Sorek et al., 2013; 
Wiedenheft et al., 2012), Type II systems employ a single RNA-guided endonuclease, Cas9, that 
requires both a mature crRNA and a trans-activating crRNA (tracrRNA) for target DNA 
recognition and cleavage (Jinek et al., 2012; Karvelis et al., 2013).  Both a seed sequence in the 
crRNA and conserved protospacer adjacent motif (PAM) sequence in the target are crucial for 
Cas9-mediated cleavage (Gasiunas et al., 2012; Jinek et al., 2012). 

Cas9 proteins are abundant across the bacterial kingdom, but vary widely in both 
sequence and size. All known Cas9 enzymes contain an HNH domain that cleaves the DNA 
strand complementary to the guide RNA sequence (target strand), and a RuvC nuclease domain 
required for cleaving the non-complementary strand (non-target strand), yielding double-strand 
DNA breaks (DSBs) (Gasiunas et al., 2012; Jinek et al., 2012). In addition, Cas9 enzymes 
contain a highly conserved arginine-rich (Arg-rich) region previously suggested to mediate 
nucleic acid binding (Sampson et al., 2013). Based on CRISPR-Cas locus architecture and 
protein sequence phylogeny, Cas9 genes cluster into three subfamilies: Type II-A, II-B, and II-C 
(Chylinski et al., 2013; Makarova et al., 2011a). Cas9 proteins found in II-A and II-C subfamilies 
typically contain ~1400 or ~1100 amino acids, respectively. 

The ability to program Cas9 for DNA cleavage at specific sites defined by guide RNAs 
has led to its adoption as a versatile platform for genome engineering (Mali et al., 2013b). When 
directed to target loci in eukaryotes by either dual crRNA:tracrRNA guides or chimeric single-
guide RNAs, Cas9 generates site-specific DSBs that are repaired either by non-homologous end 
joining (NHEJ) or homologous recombination (HR) (Cong et al., 2013; Jinek et al., 2013; Mali et 
al., 2013c), which can be exploited to modify genomic sequences in the vicinity of the Cas9-
generated DSBs. Furthermore, catalytically inactive Cas9 alone or fused to transcriptional 
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activation or repression domains can be used to control transcription at sites defined by guide 
RNAs (Gilbert et al., 2013; Mali et al., 2013a; Qi et al., 2013). Both Type II-A and Type II-C 
Cas9 proteins have been used in eukaryotic genome editing (Esvelt et al., 2013; Hou et al., 
2013). Smaller Cas9 proteins, encoded by more compact genes, are potentially advantageous for 
cellular delivery using vectors that have limited size such as adeno-associated virus (AAV) and 
lentivirus. 

Here we present the crystal structures of Cas9 enzymes from the two major enzyme 
subclasses (Type II-A and Type II-C). Both structures reveal the fundamental RNA-guided DNA 
endonuclease architecture, the locations of both active sites, and the likely nucleic acid binding 
clefts. Biochemical experiments show that PAM recognition occurs through a composite binding 
site that is disordered in the absence of guide RNA and substrate interactions. Single-particle 
electron microscopy structures demonstrate that guide RNA loading triggers a conformational 
change in Cas9 for productive DNA surveillance. Together these data provide insights into the 
function, regulation and evolution of the Cas9 enzyme family. 

 
5.3 Materials and Methods 

 
5.3.1 SpyCas9 expression and purification 

Streptococcus pyogenes Cas9 (SpyCas9) was cloned into a custom pET-based expression 
vector encoding an N-terminal His6-tag followed by Maltose-Binding Protein (MBP) and a TEV 
protease cleavage site (Jinek et al., 2012). Point mutations were introduced into SpyCas9 using 
site-directed mutagenesis and verified by DNA sequencing.  

For crystallization, wild-type (WT) and K848C mutant SpyCas9 proteins were expressed 
and purified essentially as described (Jinek et al., 2012). The protein was purified by a 
combination of Ni-NTA affinity, cation exchange (SP sepharose) and gel filtration (Superdex 
200) chromatography steps. The final gel filtration step was carried out in elution buffer 
containing 20 mM HEPES-KOH pH 7.5, 250 mM KCl and 1 mM TCEP. The protein was 
concentrated to 4-6 mg ml-1 and flash frozen in liquid N2. Selenomethionine (SeMet)-substituted 
SpyCas9 was expressed as described (Wiedenheft et al., 2009) and purified as for native 
SpyCas9, except that all chromatographic solutions were supplemented with 5 mM TCEP. 

For crosslinking and biochemical assays, WT and mutant SpyCas9 proteins were 
expressed as His10-MBP-TEV fusions and purified as described (Jinek et al., 2012), with the 
following modifications: All buffers contained 20 mM Tris-Cl pH 7.5, 5% glycerol, and 1 mM 
TCEP. The NaCl concentration was maintained at 500 mM during Ni-NTA chromatography and 
overnight dialysis with TEV protease. In order to remove TEV protease, His10-MBP, and any 
uncleaved His10-MBP-SpyCas9, the TEV-treated protein sample was run over Ni-NTA agarose 
resin again. SpyCas9 was dialyzed into Buffer A (20 mM Tris-Cl pH 7.5, 125 mM KCl, 5% 
glycerol, 1 mM TCEP) for 3 h at 4°C, and then applied onto a 5 ml HiTrap SP HP sepharose 
column (GE Healthcare). After washing with three column volumes of Buffer A, SpyCas9 was 
eluted using a linear gradient from 0-100% Buffer B (20 mM Tris-Cl pH 7.5, 1 M KCl, 5% 
glycerol, 1 mM TCEP) over 20 column volumes. The protein was further purified by gel 
filtration chromatography on a Superdex 200 16/60 column (GE Healthcare) in SpyCas9 Storage 
Buffer (20 mM Tris-Cl pH 7.5, 200 mM KCl, 5% glycerol, 1 mM TCEP). 
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5.3.2 SpyCas9 crystallization and structure determination 
SpyCas9 crystals were grown using the hanging drop vapor diffusion method at 20 °C by 

mixing equal volumes (1.5 ml + 1.5 ml) of protein solution and crystallization buffer (0.1 M 
Tris-Cl pH 8.5, 0.2-0.3 M Li2SO4 and 14-15% (w/v) PEG 3350). Crystal nucleation and growth 
was gradually improved using iterative microseeding. For diffraction experiments, the crystals 
were cryoprotected in situ by stepwise exchange into a solution containing 0.1 M Tris-Cl pH 8.5, 
0.1 M Li2SO4, 35% (w/v) PEG 3350, and 10% ethylene glycol in five steps executed at 5 min 
intervals. In each step, 0.5 ml of mother liquor was removed from the crystal drop and replaced 
with 0.5 ml cryoprotectant. After the final cryoprotectant addition, the crystals were incubated 
for an additional 5 min, transferred to a drop containing 100% cryoprotectant for 30 s, and then 
flash cooled in liquid N2. Diffraction data were measured at beamlines 8.2.1 and 8.2.2 of the 
Advanced Light Source (Lawrence Berkeley National Laboratory), and beamlines PXI and PXIII 
of the Swiss Light Source (Paul Scherer Institute) and processed using XDS (Kabsch, 2010). 
Data collection statistics are shown in Table 5.1. The crystals belonged to space group P21212 
and contained two molecules of SpyCas9 in the asymmetric unit related by pseudotranslational, 
non-crystallographic symmetry. High-resolution native data to 2.62 Å resolution were measured 
from an unusually large crystal cryoprotected in the presence of 1 mM MgCl2. A complete native 
data set was obtained by collecting four datasets (40° rotation per dataset) from different exposed 
parts of the crystal.  

Phasing was performed as follows. A 4.2 Å resolution single-wavelength anomalous 
diffraction (SAD) dataset was measured at the selenium peak wavelength using a SeMet-
substituted SpyCas9 crystal. However, due to small crystal size and low resolution, the 
anomalous signal in this dataset was too weak to locate the selenium sites. Additional phases 
were therefore obtained from SpyCas9 crystals soaked in sodium tungstate. The crystals were 
soaked by stepwise exchange of the lithium sulfate containing mother liquor with 0.1 M Tris-Cl 
pH 8.5, 0.1 M Na2WO4, 15% (w/v) PEG 3350, and then cryoprotected by stepwise exchange (as 
described above) of the soak solution with cryoprotectant solution supplemented with 10 mM 
Na2WO4. Using these crystals, a highly redundant SAD 3.9 Å dataset was measured at the 
tungsten L-III absorption edge (1.2149 Å), and 16 tungstate sites were located using SHELXD 
(Schneider and Sheldrick, 2002). Further phase information came from peak-wavelength SAD 
datasets obtained from a crystal of SpyCas9 K848C mutant soaked in 1 mM thimerosal for 6 hr 
prior to cryoprotection (thimerosal soak), a WT SpyCas9 crystal soaked with 10 mM CoCl2 
during the cryoprotection procedure (Co soak), and a WT SpyCas9 crystal grown in the presence 
of 1 mM Er(III)-acetate. Refinement of the substructures and phase calculations were performed 
using the MIRAS procedure in AutoSHARP (Vonrhein et al., 2007) by combining initial 
tungstate SAD phases with the additional SAD data sets (SeMet, Co, Er and thimerosal) and the 
high-resolution native data. Phases were improved by density modification and two-fold non-
crystallographic symmetry averaging using the Resolve module of the Phenix suite (Adams et 
al., 2010; Terwilliger, 2004). The resulting electron density maps were of excellent quality and 
allowed manual model building in COOT (Emsley and Cowtan, 2004). Selenium positions aided 
in assigning the sequence register. The atomic model of SpyCas9 was completed by iterative 
model building in COOT and refinement using Phenix.refine (Afonine et al., 2012). Refinement 
and model statistics are provided in Table 5.1. 

The final atomic model has Rwork and Rfree values of 0.253 and 0.286, respectively, and 
good stereochemistry, as assessed with MolProbity (Davis et al., 2007), with 96.6% of the 
residues in the most favored regions of the Ramachandran plot and no outliers. The model 
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contains two SpyCas9 molecules that superimpose with an overall rmsd of 1.1 Å over 1060 Ca 
atoms, the major difference being a ~5° hinge-like rotation of the HNH domain. In the atomic 
model, molecule A contains residues 4-102, 115-307, 314-447, 503-527, 540-567, 587-672, 677-
714, 718-764, 775-791, 799-859, 862-902, 908-1027, 1036-1102, 1137-1146, 1159-1186, 1192-
1242, and 1259-1363. Molecule B contains residues 4-103, 116-308, 310-447, 502-527, 539-570, 
587-673, 676-713, 718-764, 773-791, 800-859, 862-902, 908-1025, 1036-1102, 1137-1148, 
1160-1185, 1188-1241, and 1256-1363. The remaining residues do not appear ordered in 
electron density maps and could not be built. In the manuscript, the discussion of the SpyCas9 
structure is based on molecule B, which is better ordered. 

An additional dataset (at 3.1 Å resolution) was measured using a SpyCas9 crystal soaked 
in 20 mM MnCl2 during the cryoprotection procedure. Fo-Fc difference maps calculated using 
the high-resolution model revealed two Mn2+ ions bound in the RuvC domain active site and 4 
additional Mn2+ ions bound to each of the two SpyCas9 molecules. The HNH domain active site 
remained poorly ordered in this structure, and no Mn2+ binding was observed. The model was 
refined to an Rwork and Rfree of 0.252 and 0.278, respectively. 
 

5.3.3 Endonuclease cleavage assays with SpyCas9 
A synthetic 42-nt crRNA targeting a protospacer from the bacteriophage λ genome was 

purchased from Integrated DNA Technologies (IDT) and purified via 10% denaturing PAGE. 
tracrRNA was in vitro transcribed from a synthetic DNA template (IDT) using T7 RNA 
polymerase and corresponds to nucleotides 15-87 as described previously (Jinek et al., 2012). 
crRNA:tracrRNA duplexes (10 µM) were prepared by mixing equimolar amounts of crRNA and 
tracrRNA in Hybridization Buffer (20 mM Tris-Cl pH 7.5, 100 mM KCl, 5 mM MgCl2), heating 
at 95 °C for 30 sec, and slow-cooling on the benchtop. SpyCas9:RNA complexes were 
reconstituted by mixing SpyCas9 with a 2X molar excess of the crRNA:tracrRNA duplex in 
Reconstitution Buffer (20 mM Tris-Cl pH 7.5, 100 mM KCl, 5 mM MgCl2, 1 mM DTT) and 
incubating at 37°C for 10 minutes. 

A 55 base-pair (bp) DNA target derived from the bacteriophage λ genome was prepared 
by mixing equimolar amounts of individual synthetic oligonucleotides (IDT) in Hybridization 
Buffer supplemented with 5% glycerol, heating for 1-2 minutes, and slow-cooling on the 
benchtop. Duplexes were separated from single-stranded DNA by 6% native PAGE conducted at 
4°C, with 5 mM MgCl2 added to the gel and the running buffer. The DNA was excised, eluted 
into 10 mM Tris-Cl, pH 8 at 4°C overnight, ethanol precipitated, and resuspended in 
Hybridization Buffer. Br-dU containing ssDNAs used in analytical crosslinking reactions were 
radiolabeled and hybridized with a 5X molar excess of the unlabeled complementary strand. 
Cleavage reactions were performed at room temperature in Reaction Buffer (20 mM Tris-Cl pH 
7.5, 100 mM KCl, 5 mM MgCl2, 5% glycerol, 1 mM DTT) using 1 nM radiolabeled dsDNA 
substrates and 1 nM or 10 nM Cas9:RNA. Aliquots (10 µl) were removed at various time points 
and quenched by mixing with an equal volume of formamide gel loading buffer supplemented 
with 50 mM EDTA. Cleavage products were resolved by 10% denaturing PAGE and visualized 
by phosphorimaging (GE Healthcare). The sequences of DNA and RNA oligonucleotides used in 
this study are listed in Table 5.4. 
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5.3.4 Preparation of crosslinked peptide-DNA heteroconjugates for mass spectrometry 
200 pmol of catalytically inactive (D10A/H840A) Cas9 was reconstituted with 

crRNA:tracrRNA and incubated with a 10X molar excess of Br-dU containing dsDNA substrate 
for 30 min at room temperature in Reaction Buffer. Reactions were transferred into the lid of 
open PCR tubes and irradiated with UV-light (308 nm) for 30 min at room temperature. 
Crosslinked samples were denatured with 6 M urea for 1 h at 65°C, diluted to 0.5 M urea with 25 
mM ammonium bicarbonate, and digested with 1 ng trypsin overnight at room temperature. 
Samples were concentrated to a final volume of 50 µL and desalted with Illustra MicroSpin G-25 
Columns (GE Healthcare). Samples were then treated with 1,000 Units of Nuclease S1 (Sigma 
Aldrich) for 1 h at 37 °C in 30 mM ammonium acetate pH 5.7, 10 mM CaCl2 and 0.1 mM ZnCl2 
in a total volume of 60 µL. In order to remove remaining phosphate groups at the crosslink site, 
7 µL of 10X Antarctic Phosphatase buffer and 5 Units of Antarctic Phosphatase (New England 
BioLabs) were added to the reactions, and samples were incubated for an additional hour at 37 
°C. 

 
5.3.5 Liquid chromatography-tandem mass spectrometry (LS-MS/MS) 

Tryptic digests of crosslinked proteins were analyzed using a Dionex UltiMate3000 
RSLCnano liquid chromatograph that was connected in-line with an LTQ Orbitrap XL mass 
spectrometer equipped with a nanoelectrospray ionization source (nanoESI; Thermo Fisher 
Scientific). The LC was equipped with a C18 analytical column (Acclaim® PepMap RSLC, 150 
mm length × 0.075 mm inner diameter, 2 µm particles, 100 Å pores, Thermo) and a 1 µL sample 
loop.  Solvent A was 99.9% water/0.1% formic acid and solvent B was 99.9% acetonitrile/0.1% 
formic acid (v/v). Samples were placed in polypropylene autosampler vials with septa caps 
(Wheaton) and loaded into the autosampler compartment (maintained at 4 °C) prior to analysis. 
The elution program consisted of isocratic flow at 5% B for 4 min, a linear gradient to 35% B 
over 98 min, isocratic flow at 95% B for 6 min, and isocratic flow at 5% B for 12 min, at a flow 
rate of 300 nL min-1. The column exit was connected to the nanoESI emitter in the ion source of 
the mass spectrometer using polyimide-coated, fused-silica tubing (20 µm inner diameter × 280 
µm outer diameter, Thermo). 

Full-scan mass spectra were acquired in the positive ion mode over the range m/z = 350 
to 1500 using the Orbitrap mass analyzer, in profile format, with a mass resolution setting of 
60,000 (at m/z = 400, measured at full width at half-maximum peak height). Under these 
conditions, isotopic distributions of singly and multiply charged peptide ions were resolved in 
the full-scan mass spectra. Thus, a precursor ion’s mass and charge were determined 
independently, i.e. the ion charge was determined from the reciprocal of the spacing between 
adjacent isotope peaks in the m/z spectrum. In the data-dependent mode, the six most intense 
ions exceeding an intensity threshold of 30,000 counts were selected from each full-scan mass 
spectrum for tandem mass spectrometry (MS/MS) analysis using collision-induced dissociation 
(CID). MS/MS spectra were acquired using the linear ion trap, in centroid format, with the 
following parameters: isolation width 3 m/z units, normalized collision energy 28%, default 
charge state 2+, activation Q 0.25, and activation time 30 ms. Real-time charge state screening 
was enabled to exclude singly charged ions and unassigned charge states from MS/MS analysis. 
To avoid the occurrence of redundant MS/MS measurements, real-time dynamic exclusion was 
enabled to preclude re-selection of previously analyzed precursor ions, with the following 
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parameters: repeat count 2, repeat duration 10 s, exclusion list size 500, exclusion duration 60 s, 
and exclusion mass width 20 ppm (relative to mass). Data were analyzed using Xcalibur (version 
2.0.7 SP1, Thermo) and Proteome Discoverer (version 1.3, Thermo, SEQUEST algorithm) 
software. Validation of identified cross-linked peptides was by manual inspection of the MS/MS 
spectra, i.e. to verify the occurrence of b- and y-type fragment ions (67) that identify the peptide 
sequences. 

 
5.3.6 DNA binding experiments 

SpyCas9:crRNA:tracrRNA complexes (containing wild-type SpyCas9 or PAM loop 
mutants PWN475-477!AAA, DWD1125-1127!AAA , and PWN475-477/DWD1125-1127!AAA/AAA) 
were reconstituted for 10 min at 37 °C in Reaction Buffer before being incubated with ~1 nM 
radiolabeled DNA target for 60 minutes at 37 °C. Reactions were resolved by 5% native PAGE 
and visualized by phosphorimaging (GE Healthcare).   
 

5.3.7 AnaCas9 expression and purification 
Full-length Actinomyces naeslundii Cas9 (AnaCas9; residues 1-1101) was subcloned into 

a custom pET-based expression vector with an N-terminal His10-tag followed by Maltose-
Binding Protein (MBP) and a TEV protease cleavage site. The protein was overexpressed in 
Escherichia coli strain Rosetta (DE3) and was purified to homogeneity by immobilized metal ion 
affinity chromatography and heparin affinity chromatography. An additional gel filtration 
chromatography step (HiLoad 16/60 Superdex200, GE Healthcare) was added to further purify 
AnaCas9 and remove trace nucleic acid contaminants prior to crystallization. Purified AnaCas9 
protein in gel filtration buffer (50 mM HEPES 7.5, 300 mM KCl, 2 mM TCEP, 5% glycerol) 
was snap frozen in liquid nitrogen and stored at -80°C. Selenomethionine–labeled AnaCas9 
protein was expressed in Rosetta (DE3) cells grown in M9 minimal medium supplemented with 
50 mg ml-1 L-SeMet (Sigma) and specific amino acids to inhibit endogenous methionine 
synthesis. The SeMet-substituted protein was then purified using the same procedure as for the 
native AnaCas9 protein. 

 
5.3.8 AnaCas9 crystallization and structure determination 

Crystals of native and SeMet-substituted AnaCas9 were grown by the hanging drop vapor 
diffusion method at 20 °C. Aliquots (2.5 µl) of 4.5 mg ml-1 native AnaCas9 protein in 50 mM 
HEPES 7.5, 300 mM KCl, 2mM TCEP, 5% glycerol were mixed with 2.5 µl of reservoir 
solution containing 10% (w/v) PEG 8000, 0.25 M calcium acetate, 50 mM magnesium acetate 
and 5 mM spermidine. Crystals appeared after 1–2 days, and they grew to a maximum size of 
0.15 × 0.20 × 0.35 mm over the course of 6 days. SeMet-substituted AnaCas9 crystals were 
grown and optimized under the same conditions. For cryogenic data collection, crystals were 
transferred into crystallization solutions containing 30% (v/v) glycerol as the cryoprotectant and 
then flash-cooled at 100 K. Native and SeMet single-wavelength anomalous diffraction (SAD) 
datasets were collected at beamline 8.3.1 of the Advanced Light Source, Lawrence Berkeley 
National Laboratory. Data from manganese-soaked AnaCas9 crystals were collected at the 8.2.2 
beamline of the Advanced Light Source, Lawrence Berkeley National Laboratory. All diffraction 
data were integrated using Mosflm and scaled in SCALA (54, 55).  
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The AnaCas9 structure was solved using the single anomalous dispersion phasing 
method. Using SeMet data between 79.0 and 3.2 Å resolution, both SHELXD/HKL2MAP 
(Schneider and Sheldrick, 2002) and HySS in Phenix (Zwart et al., 2008) detected a total of 13 
out of 18 possible selenium sites in the asymmetric unit. Initial phases were calculated using 
SOLVE followed by solvent flattening with RESOLVE to produce an electron-density map into 
which most of the protein residues could be unambiguously built (Terwilliger, 2004). The initial 
model automatically generated from Phenix AutoBuild module was subjected to subsequent 
iterative rounds of manual building with COOT (Emsley and Cowtan, 2004) and refinement 
against the 2.2 Å native data in Refmac (Murshudov et al., 1997) and Phenix (Afonine et al., 
2012). The final model contains one zinc ion, two magnesium ions, AnaCas9 residues 8-49, 65-
98, 134-170, and 225-1101, and has Rwork and Rfree values of 0.19 and 0.23, respectively. The N 
terminus (residues 1–7), loop regions (residues 50-64), and a portion of the alpha-helical lobe 
(residues 99-133, 171-224) are completely disordered. Model validation showed 94% of the 
residues in the most favored and 5.8% in the allowed regions of the Ramachandran plot. The 
structure of Mn2+-bound AnaCas9 was obtained by molecular replacement using the program 
Phaser (McCoy et al., 2007), which revealed two unambiguously refined Mn2+ ions present in 
the RuvC active site. All statistics of the data processing and structure refinement of AnaCas9 
are summarized in Table 5.2. 

 
5.3.9 Complex reconstitution for negative-stain EM 

All samples for EM (10 µl volumes) were prepared in Reaction Buffer at a final Cas9 
concentration of 1 µM. Cas9:RNA complexes contained 2 µM crRNA:tracrRNA duplex and 
were incubated at 37 °C for 10 minutes before storing on ice until grid preparation. 
Cas9:RNA:DNA complexes were prepared by first generating Cas9:RNA as before and then 
adding the DNA duplex at 5 µM (unlabeled) or 2 µM (biotin labeled) and incubating an 
additional 10 minutes at 37 °C. When present, streptavidin (New England Biolabs) was added 
after formation of Cas9:RNA or Cas9:RNA:DNA complexes at a 2X unit excess over the 
biotinylated species, according to the manufacturer’s unit definition (~65 ng/µL in the final 
reaction volume), followed by an additional 10 minute incubation at 37 °C before storing on ice. 
Catalytically inactive Cas9 (D10A/H840A) was used to generate the following samples: 
unlabeled Cas9:RNA:DNA, Cas9:RNA:DNA containing biotin modifications on one or both 
ends of the duplex, and Cas9:RNA:DNA containing an N-terminal MBP. Wild-type Cas9 was 
used to generate apo-Cas9 and all Cas9:RNA complexes.  
 

5.3.10 Negative-stain electron microscopy 
We diluted Cas9 complexes for negative-stain EM to a concentration of ~25-60 nM in 20 

mM Tris-HCl pH 7.5, 200 mM KCl, 1 mM DTT, and 5% glycerol immediately before applying 
the sample to glow-discharged 400 mesh continuous carbon grids. After adsorption for 1 min, we 
stained the samples consecutively with six droplets of 2% (w/v) uranyl acetate solution, gently 
blotted off the residual stain, and air-dried the sample in a fume hood. Data were acquired using 
a Tecnai F20 Twin transmission electron microscope operated at 120  keV at a nominal 
magnification of either 80,000X (1.45 Å at the specimen level) or 100,000X (1.08 Å at the 
specimen level) using low-dose exposures (~20  e−Å−2) with a randomly set defocus ranging from 
−0.5 to −1.3  µm. A total of 300–400 images of each Cas9 sample were automatically recorded on 
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a Gatan 4k x 4k CCD camera using the MSI-Raster application within the automated 
macromolecular microscopy software LEGINON (Suloway et al., 2005). 

 
5.3.11 Single-particle pre-processing 

All image pre-processing and two-dimensional classification was performed in Appion as 
described previously (Wiedenheft et al., 2011a). The contrast transfer function (CTF) of each 
micrograph was estimated, and particles were selected concurrently with data collection using 
ACE2 (Mallick et al., 2005) and a template-based particle picker (Roseman, 2004), respectively. 
Micrograph phases were corrected using ACE2 (Mallick et al., 2005), and the negatively-stained 
Cas9 particles were extracted using a 288  ×  288-pixel box size. The particle stacks were binned 
by a factor of 2 for processing, and particles were normalized to remove pixels whose values 
were above or below 4.5-σ of the mean pixel value using XMIPP (Scheres et al., 2008).  

 
5.3.12 Random conical tilt reconstruction 

Initial models for reconstructions of both apo-Cas9 and Cas9:RNA:DNA samples were 
determined using random conical tilt (RCT) methodology (Radermacher et al., 1987). Briefly, 
tilt-pairs of micrographs were recorded manually at 0° and 55°, and ab initio models were 
generated using the RCT module (Voss et al., 2010) in Appion (Lander et al., 2009). Particles 
were correlated between tilt-pairs using TiltPicker (Voss et al., 2009), binned by 2, and extracted 
from raw micrographs. Reference-free class averages were produced from untilted particle 
images by iterative 2D alignment and classification using MSA-MRA in IMAGIC (van Heel et 
al., 1996). These class averages served as references for SPIDER (Frank et al., 1996) reference-
based alignment and classification, and RCT volumes were calculated for each class average 
using back-projection in SPIDER based on these angles and shifts. The RCT model from the 
most representative class (largest number of particles) was low-pass filtered to 60-Å resolution 
and used to assign Euler angles to the entire data set of reference-free class averages. The 
resulting low-resolution model was again low-pass filtered to 60-Å resolution and used as the 
initial model for refinement of the three-dimensional structure by iterative projection matching 
using the untilted particle images as previously described (Wiedenheft et al., 2011b), with 
libraries from EMAN2 and SPARX software packages (Hohn et al., 2007; Tang et al., 2007).  

 
5.3.13 Domain mapping and localization of RNA- and DNA-ends 

Particle stacks were binned by a factor of 2 and subjected to five rounds of iterative 
multivariate statistical analysis (MSA) and multi-reference alignment (MRA) using the IMAGIC 
(van Heel et al., 1996) software package, to generate two-dimensional class averages of each 
complex. The resulting set of class averages for each species was normalized using ‘proc2d’ in 
EMAN (Ludtke et al., 1999). The EMAN classification program ‘classesbymra’ was used to 
match the labeled class average to the best-matching unlabeled class average based on cross-
correlation coefficients. The difference maps were calculating by subtracting the unlabeled class 
average from the labeled class averages using ‘proc2d’ in EMAN. This same strategy was used 
to match the unlabeled class average to the best-matching reprojection of the corresponding 
structure. The Euler angles used for creating the reprojection were applied to the 3D electron 
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density using ‘proc3d,’ and the surface representation visualized in Chimera (Pettersen et al., 
2004) is shown along with its corresponding reprojection.  

 
5.3.14 3D reconstruction and analysis 

Three-dimensional reconstructions were all performed using an iterative projection-
matching refinement with libraries from the EMAN2 and SPARX software packages (Hohn et 
al., 2007; Tang et al., 2007). Refinement of the RCT starting models began using an angular 
increment of 25°, progressing down to 4° for all reconstructions. The resulting model was again 
low-pass filtered to 60-Å resolution and subjected to iterative projection-matching refinement to 
obtain the final structure. In an alternative approach for apo-Cas9 and Cas9:RNA:DNA, we used 
a low-pass filtered model of the other structure after initial refinement with untilted particles as 
an initial model for the above-mentioned projection matching refinement. This led to EM 
densities with similar structural features as the RCT models, and the structures converged to the 
final models presented. The resolution was estimated by splitting the particle stack into two 
equally sized data sets and calculating the Fourier shell correlation (FSC) between each of the 
back-projected volumes. The final reconstructions of Cas9, Cas9:RNA, and Cas9:RNA:DNA 
showed structural features to ~19-Å, ~21-Å, and ~19-Å resolution, respectively, based on the 0.5 
Fourier shell correlation criterion. Reprojections of the final three-dimensional reconstruction 
showed excellent agreement with the reference-free class averages and displayed a large 
distribution of Euler angles, despite some preferential orientations of the particles on the carbon 
film.  

The final reconstruction was segmented using Segger (Pintilie et al., 2010) in Chimera 
(Pettersen et al., 2004) based on inspection of the similarities between lobes in the apo-Cas9 and 
Cas9:RNA:DNA reconstructions. A modeled A-form duplex was manually docked into the map 
with Chimera, using information from the labeling experiments and map segmentation, and by 
accommodating the substrate within the channel in the EM reconstruction. While the absolute 
handedness of our apo-Cas9 reconstruction could be confirmed using the X-ray crystal structure, 
the relative handedness of our Cas9:RNA:DNA reconstruction is uncertain. Free hand tests 
performed on this sample failed, likely due to the small and/or dynamic nature of the enzyme. 
The model we present is based on the alpha-helical domain from the crystal structure having a 
more optimal CCC with the larger lobe of this reconstruction (0.83) than this lobe using the 
reconstruction of opposite handedness (0.74).  

 
5.3.15 Enzymatic footprinting experiments  

DNA targets (55 bp) were prepared by 5'-radiolabeling either the target or displaced non-
target strand and then hybridizing it to a 5X molar excess of unlabeled complementary strand. 
After incubating catalytically inactive (D10A/H840A) SpyCas9:crRNA:tracrRNA complexes 
(100 nM) with ~1 nM DNA substrate for 30 minutes at 37 °C in Reaction Buffer, 100 units of 
exonuclease III (NEB) or 1.2 µg nuclease P1 (Sigma) was added and reactions were incubated an 
additional 10 minutes at 37 °C before quenching with formamide gel loading buffer 
supplemented with 50 mM EDTA. Reaction products were resolved by 15% denaturing (7M 
urea) PAGE and visualized by phosphorimaging (GE Healthcare). Control reactions contained a 
non-targeting crRNA that is not complementary to the 55-bp DNA substrate. To define the 
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sequence register of enzymatic reaction products, a DNA ladder was generated by 5'-
radiolabeling the synthetic target or non-target strand without prior gel purification and 
compared to DNA cleavage products using active SpyCas9:RNA or FokI and BglI restriction 
enzymes (NEB). Note that we observed SpyCas9:RNA cleaving the non-target strand between 
nucleotides 4 and 5 from the PAM end, in contrast to the cleavage site observed previously 
(Jinek et al., 2012). 

 
5.4 Results 

 
5.4.1 S. pyogenes Cas9 structure reveals a two-lobed architecture with adjacent active sites  

Streptococcus pyogenes Cas9 (SpyCas9) is a prototypical Type II-A Cas9 protein 
consisting of well-conserved RuvC and HNH domains, and flanking regions lacking apparent 
sequence similarity to known protein structures (Fig. 5.1a). As the first biochemically 
characterized Cas9, SpyCas9 is used in the majority of current CRISPR-based genetic 
engineering methodologies (Mali et al., 2013b). To obtain structural insights into the architecture 
of SpyCas9, we determined the 2.6 Å resolution crystal structure of the enzyme (Table 5.1). The 
structure reveals that SpyCas9 is a crescent-shaped molecule with approximate dimensions of 
100 Å x 100 Å x 50 Å (Fig. 5.1b & 5.2). The enzyme adopts a distinct bi-lobed architecture 
comprising the nuclease domains and C-terminal domain in one lobe (the nuclease lobe) and a 
large alpha-helical domain in the other. The RuvC domain forms the structural core of the 
nuclease lobe, a six-stranded beta sheet surrounded by four alpha helices, with all three 
conserved motifs contributing catalytic residues to the active site (Fig. 5.2). The HNH and RuvC 
domains are juxtaposed in the SpyCas9 structure, with their active sites located ~25 Å apart. The 
HNH domain active site is poorly ordered in apo-SpyCas9 crystals, suggesting that the active site 
may undergo conformational ordering upon nucleic acid binding. The C-terminal region of 
SpyCas9 contains a b-b-a-b Greek key domain that bears structural similarity to a domain found 
in topoisomerase II (Berger et al., 1996) (hereafter referred to as the Topo-homology domain, 
residues 1136Spy-1200Spy). A mixed a/b region (C-terminal domain, residues 1201Spy -1363Spy) 
forms a protrusion on the nuclease domain lobe. The structural halves of SpyCas9 are connected 
by two linking segments, one formed by the Arginine-rich region (residues 59Spy -76Spy) and the 
other by a disordered linker comprising residues 714Spy -717Spy (Fig. 5.1b). The total surface area 
buried between the two structural lobes in SpyCas9 is 1034 Å2. 

 
5.4.2 SpyCas9 contains two putative nucleic acid binding grooves  

SpyCas9 contains two prominent clefts on one face of the molecule: a deep and narrow 
groove located within the nuclease lobe and a somewhat wider groove within the alpha-helical 
lobe (Fig. 5.1c). The nuclease lobe cleft is approximately 40 Å long, 15-20 Å wide and 15 Å 
deep, with the RuvC active site located at its bottom. The C-terminal domain forms one side of 
the cleft, while the HNH domain and a protrusion of the alpha-helical lobe forms the other. The 
concave surface of the alpha-helical lobe creates a wider, shallower groove that extends over 
almost its entire length (Fig. 5.1c). The groove is more than 25 Å across at its widest point, 
which would be sufficient to accommodate an RNA-RNA or DNA-RNA duplex. Its surface is 
highly positively charged (Fig. 5.1d), especially at the Arg-rich segment comprising R69Spy, 
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R70Spy, R71Spy, R75Spy and K76Spy. Multiple sulfate or tungstate ions are bound to the alpha-
helical lobe in the SpyCas9 crystals (Fig. 5.3), hinting at a possible role in nucleic acid binding. 
Amino acid residues located in both the nuclease and alpha-helical lobe clefts are highly 
conserved within Type II-A Cas9 proteins (Fig. 5.1e), suggesting that both clefts play important 
functional roles. Since the RuvC domain mediates cleavage of the non-target DNA strand 
(Gasiunas et al., 2012; Jinek et al., 2012), the nuclease domain cleft likely binds the displaced 
non-target strand. Conversely, the alpha-helical lobe, which contains the Arg-rich segment, 
might be involved in binding the crRNA:tracrRNA guide RNA and/or the crRNA-target DNA 
heteroduplex. This would be consistent with the observation that a mutation in the Arg-rich 
region in Francisella novicida Cas9 leads to loss of RNA-guided targeting in vivo (Sampson et 
al., 2013). 
 
Table 5.1 | X-ray data collection, refinement, and model statistics for SpyCas9. 

*Values in parentheses denote highest-resolution shell. 
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Figure 5.1 | Crystal structure of SpyCas9 reveals an open bi-lobed architecture and nucleic acid binding 
clefts. (a) Cartoon schematic of the polypeptide sequence and domain organization for the Type II-A Cas9 protein 
from S. pyogenes (SpyCas9). Cas9 is predicted to contain a single HNH nuclease domain and a single RuvC 
nuclease domain. The RuvC domain is made up of three discontinuous segments (RuvC-I-III), with the alpha-helical 
lobe inserted between the first and the second segments, and the HNH domain inserted between second and the third 
segments. Arg, arginine-rich region. Topo, Topo-homology domain. CTD, C-terminal domain. (b) Orthogonal views 
of the overall structure of SpyCas9 shown in ribbon and surface representations. Individual Cas9 domains are 
colored according to the scheme in (a). SpyCas9 consists of a nuclease domain lobe and an alpha-helical lobe. 
Disordered segments of the polypeptide chain are denoted with dotted lines. (c) Surface representation of SpyCas9 
depicting the two nucleic acid binding clefts on the molecular surface. (d) Surface electrostatic potential map of 
SpyCas9 colored from -10 kT/e (red) to +10 kT/e (blue) (Baker et al., 2001). (e) Surface representation of SpyCas9 
colored according to evolutionary conservation. The representation was generated using the Consurf server 
(Ashkenazy et al., 2010) based on the multiple sequence alignment of Type II-A Cas9 proteins shown in fig. S1. A 
disordered segment (residues 571Spy-586Spy, indicated with a black dashed line) covers the apparently conserved 
patch on the reverse convex surface of SpyCas9.  
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Figure 5.2 | Multiple sequence alignment of Cas9 proteins associated with Type II-A CRISPR loci. Primary 
sequences of Cas9 proteins from Streptococcus pyogenes (GI 15675041), Streptococcus thermophilus LMD-9 (GI 
11662823), Listeria innocua Clip 11262 (GI 16801805), Streptococcus agalactiae A909 (GI 76788458), 
Streptococcus mutans UA159 (GI 24379809), and Enterococcus faecium 1,231,408 (GI 257893735) were aligned 
using MAFFT (82). The alignment was generated in ESPript (83) using default settings. Strictly conserved residues 
are shown with white letters on red background. Residues with >70% similarity are shown in red and boxed in blue. 
The domain organization of SpyCas9 (as in Fig. 5.1a) and secondary structure are shown above the sequences. 
Disordered segments of the polypeptide chain are indicated with dashed lines. RuvC domain catalytic residues are 
denoted with red arrowheads. HNH domain active site residues are denoted with blue arrowheads. Tryptophan 
residues that crosslinked to nucleotides flanking the PAM are denoted with green arrowheads, and tryptophan-
containing motifs mutated in Fig. 5.5d are boxed in black.  

	  

	  

	  

	  



97 

Figure 5.3 | The helical lobe of SpyCas9 features a putative nucleic acid binding cleft. (a) Surface representation 
of SpyCas9, colored according to the scheme in Fig. 5.1a. The surface clefts located on the nuclease and alpha-
helical lobes of the protein are indicated with orange and black dashed lines, respectively. (b) Close-up view of the 
helical lobe of SpyCas9. Arg-rich region is depicted in purple. Conserved basic (Arg, Lys) residues lining the cleft 
are shown in stick format. Sulfate ions bound to the cleft are shown in ball-and-stick format. Anomalous difference 
electron density map (black mesh, contoured at 5.0 s) indicates positions of tungstate ions bound to SpyCas9 in 
crystals soaked with 10 mM Na2WO4.  

 

5.4.3 PAM recognition by SpyCas9 involves two tryptophan-containing flexible loops 
SpyCas9 recognizes a 5’-NGG-3’ PAM sequence located three base pairs to the 3’ side of 

the cleavage site on the non-complementary DNA strand, whereas other Cas9 orthologs have 
different PAM requirements (Esvelt et al., 2013; Fonfara et al., 2013; Garneau et al., 2010; 
Gasiunas et al., 2012; Jinek et al., 2012; Sapranauskas et al., 2011; Zhang et al., 2013). To gain 
insight into PAM binding by SpyCas9, we superimposed the SpyCas9 RuvC nuclease domain 
structure with that of the RuvC Holliday junction resolvase-substrate complex (Górecka et al., 
2013) (Fig. 5.4a), which enabled us to model the likely trajectory of the non-target DNA strand 
in the SpyCas9 holoenzyme (Fig. 5.4b,c & 5.5a). The DNA strand is located along the length of 
the nuclease lobe cleft in an orientation that would position the 3’ end of the DNA, and hence the 
PAM, at the junction of the two lobes, in the vicinity of the Arg-rich segment and the Topo-
homology domain (Fig. 5.5b). 

To directly identify regions of Cas9 involved in PAM binding, we reconstituted 
catalytically inactive SpyCas9 (D10A/H840A) with a crRNA:tracrRNA guide RNA and bound it 
to DNA targets carrying a photoactivatable 5-bromodeoxyuridine (Br-dU) nucleotide adjacent to 
either end of the GG PAM motif on the non-target strand (Fig. 5.5c). Following UV irradiation 
and trypsin digestion, covalent peptide-DNA crosslinks were detected (Fig. 5.5c & 5.6). DNA 
substrate containing Br-dU on the target strand opposite the PAM failed to produce a crosslink 
(Fig. 5.6). Following nuclease and phosphatase digestion of cross-linked DNA, nano-HPLC 
MS/MS was performed to identify tryptic peptides containing covalent dU or p-dU adducts (Fig. 
5.5c, 5.7 & 5.8). The nucleotide immediately 5’ to the GG motif cross-linked to residue 
W476Spy, whereas the residue immediately 3’ to the motif cross-linked to residue W1126Spy (Fig. 
5.7 & 5.8). Both tryptophans are located in disordered regions of SpyCas9 located ~30 Å apart. 
W476Spy resides in a 53-aa loop at the edge of the alpha helical lobe underneath the Arg-rich 
region, whereas W1126Spy is located in a 33-aa loop connecting the RuvC and Topo-homology 
domains (Fig. 5.5b). These tryptophan residues are conserved among Type II-A Cas9 proteins 
that utilize the same NGG PAM to cleave target DNA in vitro (Fonfara et al., 2013; Jinek et al., 
2012), but are absent from Type II-C Cas9 proteins, which are known to recognize different 
PAMs (Esvelt et al., 2013; Fonfara et al., 2013; Garneau et al., 2010; Zhang et al., 2013) (Fig. 
5.2 & 5.9). Interestingly, the Type II-B Cas9 protein from Francisella novicida , whose PAM 
was recently shown to be 5’-NG-3’, contains a tryptophan (W501Fno) at the position 
corresponding to W476Spy, but lacks an aromatic residue equivalent to W1126Spy (Fonfara et al., 
2013).  
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Figure 5.4 | Structural superposition of SpyCas9 with RuvC resolvase defines the directionality of non-target 
DNA strand in DNA-bound SpyCas9 holoenzyme. (a) Structural superposition of SpyCas9 with Thermus 
thermophilus RuvC resolvase bound to a Holliday junction substrate (PDB entry 4LD0) (28). The structures were 
superimposed using DALI (84) and are shown in the same orientation. The SpyCas9 RuvC domain is depicted in 
blue, and the RuvC resolvase is colored purple. Inset shows the superposition of the two structures. The proteins 
superimpose with an rmsd of 3.3 Å over 121 Ca atoms. (b) Close-up view of the SpyCas9 nuclease lobe cleft 
harbouring the RuvC active site. Six nucleotides of single stranded DNA are modeled in the cleft (stick format, 
colored orange) based on the superposition in (a). The position of the scissile phosphate is indicated with a yellow 
arrowhead. (c) Close-up views of the catalytic sites in SpyCas9 (left) and T. thermophilus RuvC (right). Active site 
residues are shown in stick format. Pink spheres represent two Mn2+ ions bound to the SpyCas9 RuvC domain in 
crystals soaked with 20 mM MnCl2. The DNA substrate is show in stick format, and the position of the scissile 
phosphate is indicated with a black arrowhead.  
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Figure 5.5 | Crosslinking identifies a PAM binding region adjacent to the active-site cleft. (a) Model of non-
complementary DNA strand bound to the RuvC domain based on a superposition with the DNA-bound complex of 
Thermus thermophilus RuvC Holliday junction resolvase (PDB entry 4LD0). The modeled DNA strand contains 
three nucleotides upstream and three nucleotides downstream of the scissile phosphate. Divalent ions in the RuvC 
active site are depicted as pink spheres. (b) Zoomed-in view of the modeled DNA binding site showing the modeled 
non-target DNA strand (stick format, scissile phosphate indicated with yellow arrowhead) and the predicted path of 
the downstream (3') sequence containing the PAM (orange ball and string). Disordered loops identified by 
crosslinking are denoted with dashed lines. (c) Cartoon (left) showing the design and workflow of crosslinking 
experiments with DNA substrates containing 5-bromodeoxyuridine (Br-dU) nucleotides for LC-MS/MS analysis. 
The guide/target sequence is depicted in red and the PAM is highlighted in yellow. The denaturing polyacrylamide 
gel (right) demonstrates the generation of covalent peptide-DNA adducts with Br-dU1 and catalytically inactive 
SpyCas9 (dCas9) following UV irradiation and trypsin digestion. (d) DNA cleavage activity assays with SpyCas9 
constructs containing mutations in residues identified by crosslinking and LC-MS/MS experiments. 
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Figure 5.6 | Br-dU containing dsDNA substrates are cleaved by WT SpyCas9 and crosslink to catalytically 
inactive dCas9. DNA cleavage assays were performed and analysed by denaturing PAGE to verify that modified 
dsDNA substrates do not impair cleavage by WT SpyCas9. Sequences for each substrate (Br-dU1, Br-dU2, and Br-
dU3) can be found in Table 5.4. Reactions with catalytically inactive (D10A/H840A) dCas9 that can bind but not 
cleave DNA showed an additional band of higher molecular weight following UV irradiation and trypsin digestion, 
providing evidence for the generation of a peptide-DNA heteroconjugate. Crosslinking reactions with Br-dU1, Br-
dU2, and Br-dU3 were analyzed by LC-MS/MS, but only reactions with Br-dU1 and Br-dU3 dsDNA substrates 
resulted in the identification of crosslinked peptides. 
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Figure 5.7 | Trp476Spy crosslinks to Br-dU1 dsDNA target. Tandem mass spectrum (MS/MS) and fragment ion 
list resulting from collision-induced dissociation (CID) of the 3+ ion occurring at mass-to-charge ratio m/z = 
1377.9835. This corresponds to the [M + 3H]3+ ion of the peptide, FAWMTRKSEETITP(W-
dU)NFEEVVDKGASAQSFIER, which corresponds to residues 462-494 of SpyCas9, in which Trp476Spy is 
crosslinked to deoxyuridine (dU) and Met468Spy is oxidized (i.e. methionine sulfoxide). (Crosslinking to 
deoxyuridine and oxidation result in exact, monoisotopic mass additions of 226.05896 Da and 15.994915 Da, 
respectively.) Fragment ions b15 through b32 and y19 through y32 exhibit the deoxyuridine mass addition. Detected 
b-ions are shown in red and y-ions are shown in blue.  

	  

	  



102 

Figure	   5.8	   |	   Trp1126Spy	   crosslinks	   to	   Br-‐dU3	   dsDNA	   target.	   MS/MS	   spectrum	   and	   fragment	   ion	   list	  
resulting	  from	  CID	  of	  the	  5+	  ion	  occurring	  at	  m/z	  =	  830.6273.	  This	  corresponds	  to	  the	  [M	  +	  5H]5+	  ion	  of	  the	  
peptide,	   KTEVQTGGFSKESILPKRNSDKLIARKKD(W-‐pdU)DPK,	  which	   corresponds	   to	   residues	   1097-‐1129	   of	  
SpyCas9,	   in	   which	   Trp1126Spy	   is	   crosslinked	   to	   deoxyuridine	   monophosphate	   (pdU)	   and	   Lys1121Spy	   is	  
carbamylated.	   	   (Cross-‐linking	   to	   deoxyuridine	   monophosphate	   and	   carbamylation	   result	   in	   exact,	  
monoisotopic	  mass	  additions	  of	  306.02529	  Da	  and	  43.005814	  Da,	  respectively.)	  	  Fragment	  ions	  b30	  through	  
b32	  and	  y4	  through	  y32	  exhibit	  the	  deoxyuridine	  monophosphate	  mass	  addition.	  Detected	  b-‐ions	  are	  shown	  
in	  red	  and	  y-‐ions	  are	  shown	  in	  blue. 
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Figure 5.9 | Multiple sequence alignment of Type II-A and II-C Cas9 orthologs. The primary sequences of Type 
II-C Cas9 orthologs from Actinomyces naeslundii (Ana), Neisseria meningitidis (Nme) and Campylobacter jejuni 
(Cje), together with type II-A Cas9 orthologs from Treponema denticola (Tde), Streptococcus thermophilus (Sth), 
Streptococcus mutans (Smu), Streptococcus agalactiae (Sag) and Streptococcus pyogenes (Spy) were aligned using 
CLUSTALW (85). The alignment was generated in ESPript (83) using default settings. Absolutely conserved 
residues are shown as white text on a red background, while similar residues are shown as red text with a white 
background. Red triangles indicate conserved residues in the RuvC active site, whereas conserved residues located 
in the HNH active site are denoted with a blue triangle. Green triangles indicates the tryptophan residues involved in 
PAM binding based on SpyCas9 crosslinking assay. The secondary structure of AnaCas9 derived from the crystal 
structure is marked on the top of the sequence alignment, whereas the secondary structure of SpyCas9 is shown at 
the bottom. Accession numbers for each Cas9 ortholog are as follows: Ana (Actinomyces naeslundii str. Howell 279, 
EJN84392.1), Nme (Neisseria meningitidis, WP_019742773.1), Cje (Campylobacter jejuni, WP_002876341.1), Tde 
(Treponema denticola, WP_002676671.1), Sth (Streptococcus thermophilus LMD-9, YP_820832.1), Smu 
(Streptococcus mutans, WP_019803776.1), Sag (Streptococcus agalactiae, WP_001040088.1), and Spy 
(Streptococcus pyogenes, YP_282132.1). 
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To test the roles of both loops in DNA target recognition and cleavage, we made triple 
alanine substitutions of residues 475Spy-477Spy (P-W-N) and 1125Spy-1127Spy (D-W-D) and 
performed cleavage assays with double-stranded DNA targets (Fig. 5.5d & 5.10). SpyCas9 
mutated in residues 1125Spy -1127Spy showed wild-type cleavage activity, whereas mutations in 
residues 475Spy-477Spy caused a subtle but reproducible decrease in activity (Fig. 5.11). 
Remarkably, mutating both loops simultaneously almost completely abolished SpyCas9 activity, 
indicating that at least one tryptophan-containing segment is necessary to promote DNA 
cleavage (Fig. 5.5d & 5.12). The distance of both tryptophan residues from either nuclease 
domain argue against their direct catalytic role in DNA cleavage, instead suggesting that the 
residues are involved in PAM recognition. Consistent with this, DNA binding assays showed 
that each triple-mutant protein is moderately defective in DNA binding, whereas the dual triple-
mutant protein has markedly reduced DNA binding affinity (Fig. 5.13).  

Figure 5.10 | Size exclusion chromatogram of SpyCas9 PWN475-477/DWD1125-1127!AAA/AAA mutant. All 
SpyCas9 mutants in this study showed the same properties during purification as observed for the wild-type 
SpyCas9. The retention time during gel filtration chromatography on a Superdex 200 16/60 column (GE Healthcare) 
is comparable to WT SpyCas9 (8).  
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Figure 5.11 | Quantification of DNA cleavage experiments with PAM-binding mutants. For cleavage 
experiments, 1 nM radiolabeled 55-bp dsDNA substrate was incubated with equimolar Cas9:RNA variants 
(wildtype, PWN475-477!AAA and/or DWD1125-1127!AAA/AAA) at room temperature. The reactions were quenched 
at various time points and resolved by 10% denaturing PAGE. DNA was visualized by phosphorimaging, quantified 
with ImageQuant (GE Healthcare), and analyzed with Kaleidagraph (Synergy Software). The results presented here 
show a decreased cleavage activity for the PWN475-477!AAA mutant, whereas SpyCas9 mutated in both regions 
leads to a severe defect in dsDNA cleavage. 

 

Figure 5.12 | SpyCas9 PWN475-477/DWD1125-1127!AAA/AAA mutant is impaired in dsDNA substrate cleavage. 
In addition to equimolar cleavage conditions (Fig. 5.5d), reconstituted SpyCas9 variants were also tested at a 10-
fold molar excess over dsDNA substrate concentration. Reactions contained 1 nM radiolabeled DNA substrate and 
10 nM Cas9:RNA complex, and were conducted at room temperature. Aliquots were removed at 0.25, 0.5, 1, 10, 
and 30 minutes, quenched by mixing with formamide gel loading buffer containing 50 mM EDTA, and resolved by 
10% denaturing PAGE. Reaction products were visualized by phosphorimaging. 
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Figure 5.13 | SpyCas9 PWN475-477/DWD1125-1127!AAA/AAA mutant is impaired in dsDNA binding. Target 55-
bp dsDNA was incubated with increasing concentrations of the indicated Cas9:RNA mutants for 60 min before 
being resolved by 5% native PAGE. SpyCas9 mutated individually at PWN475-477!AAA or DWD1125-

1127!AAA/AAA binds dsDNA with an affinity similar to catalytically inactive dCas9 (D10A/H840A), whereas 
SpyCas9 mutated in both regions is defective in dsDNA binding. Note that unbound DNA cleavage products exhibit 
a distinct mobility from intact substrate DNA.  

 

5.4.4 A. naeslundii Cas9 structure reveals the architecture of a smaller Cas9 variant  
Although most genome engineering methodologies currently utilize SpyCas9, there is 

considerable interest in exploiting more compact Cas9 enzymes for such applications (Esvelt et 
al., 2013; Hou et al., 2013). To understand how the large and small Cas9 variants are related and 
how they carry out similar catalytic functions, we determined the 2.2 Å resolution crystal 
structure of the Type II-C Cas9 enzyme from Actinomyces naeslundii (AnaCas9) (Table 5.2). 
AnaCas9 also folds into a bi-lobed structure with approximate dimensions of 105 Å x 80 Å x 55 
Å. The RuvC and HNH nuclease domains, a Topo-homology domain, and the C-terminal domain 
form an extended nuclease lobe with the RuvC domain located at its center (Fig. 5.14a,b). 
Similar to SpyCas9, the RuvC and HNH domains comprise a compact catalytic core, with the 
two active sites positioned ~30 Å apart. In contrast to SpyCas9, an additional domain (residues 
822Ana-924Ana, hereafter referred to as the beta-hairpin domain) is found between the RuvC and 
Topo-homology domains, and adopts a novel fold composed primarily of three anti-parallel beta-
hairpins. As in SpyCas9, the polypeptide sequence found between the RuvC-I and RuvC-II 
motifs forms an alpha-helical lobe. However, the AnaCas9 alpha-helical lobe is much smaller in 
size, and its orientation relative to the nuclease lobe is different (Fig. 5.14c & 5.15a-c). 
Comparison of the helical lobes in AnaCas9 and SpyCas9 reveals that regions 95Ana-251Ana and 
77Spy-447Spy are highly divergent and do not align in sequence and structure (Fig. 5.9). 
Moreover, the 95Ana-251Ana region is poorly ordered (Fig. 5.16a), and only parts of it could be 
modeled. By contrast, residues 252Ana-468Ana and 502Spy-713Spy, which share ~32% sequence 
identity, superimpose well with a root mean square deviation (rmsd) of ~3.6 Å over 149 Cα 
atoms (Fig. 5.14c & 5.15a-h). Intriguingly, the position and orientation of this portion of the 
alpha-helical domain with respect to the RuvC domain in the AnaCas9 and SpyCas9 structures 
are substantially different, with a large displacement of ~70 Å towards the RuvC domain and an 
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approximately 35° rotation about the junction between two domains in AnaCas9 (Fig. 5.15c). 
 

Table 5.2 | X-ray data collection, refinement, and model statistics for AnaCas9. 

*Values in parentheses denote highest-resolution shell. 
†Rpim = precision-indicating (multiplicity-weighted) Rmerge. 
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Figure 5.14 | Crystal structure of AnaCas9 defines the conserved structural core of Cas9 enzymes. (a) Cartoon 
schematic of the polypeptide sequence and domain organization for the Type II-C Cas9 protein from A. naeslundii 
(AnaCas9). The dotted-line box represents the disordered region in the alpha-helical lobe. (b) Orthogonal views of 
the overall structure of AnaCas9 shown in ribbon representation. Individual Cas9 domains are colored according to 
the scheme in (a). A disordered segment connecting a RuvC motif and Arg-rich region is denoted with a dashed line. 
A green sphere denotes a bound zinc ion in the HNH domain. (c) Superposition of AnaCas9 (colored as in panel (a)) 
with SpyCas9 (colored in light orange). (d) Close-up view of the active site of AnaCas9 HNH domain (yellow) 
superimposed with the structure of I-HmuI-DNA complex (PDB entry 1U3E). The DNA cleavage product in I-
HmuI-DNA complex is colored in orange, and I-HmuI and its bound Mn2+ ion are colored gray. (e) Close-up view 
of the AnaCas9 RuvC active site (marine, bound Mn2+ ions shown as purple spheres) overlaid with the structure of 
RNase H and its bound Mn2+ ions (gray) complexed with a DNA/RNA duplex (orange) (PDB entry 3O3H). (f) 
Surface representations of SpyCas9 (left panel) and AnaCas9 (right panel) with conserved RuvC, HNH, Arg-rich, 
Topo-homology, and the conserved cores of the C-terminal domains, colored as in Fig. 5.1a. The structurally 
preserved portion of the alpha-helical lobe is colored green. The non-conserved regions of each protein are colored 
in gray.  

Figure 5.15 | Pairwise structural comparisons of SpyCas9 and AnaCas9. (a) Overall structural alignment of 
AnaCas9 (purple) and SpyCas9 (cyan) showing a good alignment of the nuclease lobe but distinct structural features 
in the alpha-helical lobe. The superpositions were generated using the jCE algorithm 
(http://source.rcsb.org/jfatcatserver/). (b) Superposition of the catalytic core. For clarity, the alpha-helical lobe is not 
shown. (c) Superposition of the alpha-helical lobe, revealing structural similarity between 252Ana-468Ana and 502Spy-
713Spy, with a large displacement of 69.4 Å towards the RuvC domain and an approximately 35° rotation about the 
junction between two domains in AnaCas9. The putative domain centers are labeled with yellow circles. (d-h) 
Individual domains of AnaCas9 superimposed onto the corresponding domains in SpyCas9 with root mean square 
deviation (rmsd) values for the equivalent alpha-carbons indicated. 
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Figure	  5.16	  |	  Analysis	  of	  disordered	  regions	  and	  HNH	  domain	  of	  AnaCas9.	  (a)	  AnaCas9	  displayed	  by	  B-‐
factor	  putty.	  Thin	  blue	  loops	  represent	  low	  B-‐values,	  while	  broad	  red	  tubes	  represent	  high	  B-‐values.	  The	  Arg-‐
rich	   region	   and	   the	   neighboring	   alpha-‐helical	   part	   (box)	   have	   the	   highest	   B-‐factors	   in	   the	   structure,	  
suggesting	  high	  flexibility	  in	  these	  regions.	  The	  hinge	  connecting	  the	  RuvC	  domain	  and	  the	  Arg-‐rich	  region	  is	  
drawn	  as	  a	  dotted	  line.	  (b)	  Close-‐up	  view	  of	  the	  zinc-‐binding	  site	  in	  the	  HNH	  domain	  of	  AnaCas9.	  The	  zinc	  site	  
is	   coordinated	  by	   residues	  C566Ana,	   C569	   Ana,	   C602Ana	   and	  C605Ana,	   and	  may	   serve	   to	   stabilize	   the	  AnaCas9	  
HNH	  domain	  architecture	  (ββα-‐Me	  fold). 
 

The higher resolution of the AnaCas9 structure provides insights into active-site 
chemistries for both nuclease domains. The well-defined AnaCas9 HNH domain contains a two-
stranded antiparallel β-sheet flanked by two α-helices on each side, as well as a non-conserved 
non-catalytic zinc binding site (Fig. 5.14c & 5.16b). The HNH active site reveals D581Ana and 
N606Ana coordinating a hydrated magnesium ion that would be involved in binding the scissile 
phosphate in the target DNA strand (Fig. 5.14d), and the general base residue H582Ana 
(corresponding to H840Spy) involved in deprotonating the attacking water nucleophile, in 
agreement with a one-metal-ion catalytic mechanism for the endonucleases containing the ββα-
Metal motif (Yang, 2008). In the RuvC domain, two Mn2+ ions, spaced 3.8 Å apart and 
coordinated by the invariant residues D17Ana, E505Ana, H736Ana and D739Ana, are consistent with 
a two-metal ion mechanism, as observed in other nucleases containing the RNase H fold (Fig. 
5.14e) (Yang, 2011; Yang et al., 2006).  

 
5.4.5 A common Cas9 functional core suggests structural plasticity that supports RNA-
guided DNA cleavage 

Comparison of the SpyCas9 and AnaCas9 structures reveals a conserved functional core 
consisting of the RuvC and HNH domains, the Arg-rich region, and the Topo-homology domain, 
with divergent C-terminal and alpha-helical domains (Fig. 5.14f). In both SpyCas9 and 
AnaCas9, the Arg-rich region connects the nuclease and helical lobes of the proteins. The central 

	  

	  



114 

position of the Arg-rich segment and its proximity to the PAM-binding loops in SpyCas9 
suggests that this region may be involved in guide RNA and/or target DNA binding and could 
function as a hinge to enable conformational rearrangements in the enzyme. 

Although the helical lobes of SpyCas9 and AnaCas9 share a common region (residues 
252Ana-468Ana versus 502Spy-713Spy), the orientation of this region relative to the nuclease lobe 
varies in the two structures (Fig. 5.14f). Differences between SpyCas9 and AnaCas9 thus 
illustrate the structural divergence likely responsible for the diversity of guide RNA structures 
and PAM specificities within the Cas9 superfamily. The PAM-interacting regions identified in 
SpyCas9 are located in loops that are highly variable within Cas9 enzymes (Chylinski et al., 
2013; Makarova et al., 2011a). In AnaCas9, the beta-hairpin domain (residues 822Ana-924Ana) is 
inserted at a position corresponding to one of the SpyCas9 PAM loops (1102Spy-1136Spy), 
suggesting that AnaCas9 employs a distinct mechanism of PAM recognition (Fig. 5.14c & 5.9). 
The beta-hairpin domain is not conserved in all Type II-C Cas9 proteins (Fig. 5.9 & 5.17), 
further underscoring the notion that the sequence- and structurally-divergent regions of Cas9 
proteins may have co-evolved with specific guide RNA structures and PAM sequences 
(Chylinski et al., 2013; Fonfara et al., 2013).   
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Figure 5.17 | Surface features of SpyCas9 and AnaCas9 based on sequence conservation and electrostatic 
potential. (a) Surface conservation of AnaCas9 (left) and SpyCas9 (right), with the same orientation as in Fig. 5.14. 
The surface is colored according to amino acid conservation among the Type-II Cas9 proteins shown in Fig. 5.9 by 
the Consurf Server (61), where purple/red represents highly conserved residues, while yellow/light green denotes the 
most variant residues in Type-II Cas9 orthologs. Notably, AnaCas9 harbors a β-hairpin domain insertion, whereas 
SpyCas9 has a large insertion in  the alpha-helical lobe. (b) The same molecular surface representations of AnaCas9 
(left) and SpyCas9 (right) are color-coded by electrostatic potential, as calculated by APBS (60) electrostatics in 
PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC).  

 

5.4.6 SpyCas9 and AnaCas9 adopt auto-inhibited conformations in the apo state  
Target DNA cleavage by Cas9 RuvC and HNH domains is thought to occur upon base-

pairing between the crRNA guide and the target DNA (Gasiunas et al., 2012; Ivancic-Bace et al., 
2012; Jinek et al., 2012). Although SpyCas9 and AnaCas9 adopt distinct conformations in their 
helical lobes, the relative orientations of the RuvC and HNH active sites within the nuclease 
lobes are very similar (Fig. 5.14c & 5.15). In both structures, the HNH active site faces 
outwards, away from the putative nucleic acid binding clefts (Fig. 5.1b & 5.3b). Structural 
superpositions with the DNA-bound complex of the HNH homing endonuclease I-HmuI (Shen et 
al., 2004) suggest that this orientation is unlikely to be compatible with target DNA binding and 
cleavage (Fig. 5.18a). In SpyCas9, the HNH domain active site is blocked by a beta-hairpin 
formed by residues 1049Spy-1059Spy of the RuvC domain. The RNA-DNA heteroduplex would 
additionally clash sterically with the C-terminal domain (Fig. 5.18a,b). In AnaCas9, the bound 
crRNA-target DNA heteroduplex would conversely make few contacts with the protein outside 
of the HNH domain in the absence of HNH domain reorientation (Fig. 5.18a, right panel). The 
finding that two highly divergent Cas9 orthologs exhibit similar inactive states suggests that this 
may be a general property of Cas9 enzymes and not a consequence of crystallization. It is also 
consistent with the observation that Cas9 enzymes are inactive as nucleases in the absence of 
bound guide RNAs (Jinek et al., 2012; Karvelis et al., 2013). Taken together, these observations 
suggest that the enzymes undergo a conformational rearrangement upon guide RNA and/or target 
DNA binding. 
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Figure 5.18 | Both SpyCas9 and AnaCas9 adopt auto-inhibited conformations in the apo state. (a) Models of 
substrate binding by the HNH domains in SpyCas9 (left) and AnaCas9 (right), based on the superposition of the 
Cas9 structures with the product-bound complex of the homing endonuclease I-HmuI (PDB entry 1U3E). Shown is 
a 17-base pair B-form DNA duplex that covers three base pairs 5’ and 14 base pairs 3’ of the scissile phosphate, 
respectively. The Cas9 proteins are shown in the same orientation, based on superposition of the respective HNH 
domains. The HNH domains are depicted in yellow, the RuvC domains are depicted in blue, and residues 1049Spy-
1059Spy of the RuvC domain are shown in black. (b) Zoomed-in view of the HNH domain (yellow) active site in 
SpyCas9 occluded by the 1049Spy-1059Spy beta-hairpin (black).  

 

5.4.7 RNA loading rearranges the two lobes of SpyCas9 to form a central channel 
To visualize conformational states adopted by Cas9 upon guide RNA and target DNA 

binding, we determined the molecular architectures of SpyCas9 without guide RNA (apo-
SpyCas9), in complex with crRNA:tracrRNA (SpyCas9:RNA), and bound to target DNA 
(SpyCas9:RNA:DNA) using negative-stain electron microscopy. Raw micrographs of the ~160-
kDa apo-SpyCas9 enzyme show mono-disperse, globular particles with approximate dimensions 
of 120 Å x 140 Å, and two-dimensional (2D) reference-free class averages reveal that the 
enzyme has a two-lobed morphology in agreement with the crystal structure (Fig. 5.19). We used 
the random conical tilt (RCT) method (Radermacher et al., 1987) to obtain an initial, ab initio 
three-dimensional (3D) model of the complex (Fig. 5.19). Using multiple refinement procedures 
(see Materials and Methods), we arrived at a final reconstruction of apo-SpyCas9 at ~19-Å 
resolution (using the 0.5 Fourier Shell Correlation (FSC) criterion) that reveals a clam-shaped 
morphology with one large, globular lobe connected to a smaller lobe (Fig. 5.20a). Using SITUS 
(Chacón and Wriggers, 2002), we were able to computationally dock the alpha-helical and 
nuclease domain lobes of the SpyCas9 crystal structure as rigid bodies into the larger and smaller 
lobes, with cross-correlation coefficients (CCC) of 0.74 and 0.66, respectively (Table 5.3 & Fig. 
5.21). To further support our lobe assignment, we generated a 3D reconstruction of Cas9 
containing an N-terminal maltose-binding protein (N-MBP) fusion directly upstream of the 
RuvC-I motif; N-MBP-Cas9 retains full DNA cleavage activity (Fig. 5.21). By 3D difference 
mapping, the additional density observed in this reconstruction was found to localize to the 
smaller lobe containing the RuvC nuclease domain (Fig. 5.21).  
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Figure 5.19 | Molecular architecture of apo-SpyCas9. (a) Representative untilted (left) and tilted (right) 
micrographs of negatively stained apo-SpyCas9. Scale bar indicates 50 nm. (b) Reference-free 2D class averages of 
apo-SpyCas9. The width of the boxes is ~316 Å. (c) Random conical tilt (RCT) class volume showing the ab initio 
structure of apo-SpyCas9. (d) Initial model generated by assigning Euler angles of the reference-free class averages 
with respect to the RCT volume. This initial model was used for refinement of the raw particle images of apo-
SpyCas9. (e) Euler angle distribution for the final reconstruction. (f) Fourier shell correlation (FSC) curve for the 
final reconstruction, showing the resolution to be ~19 Å using the 0.5 FSC criterion. (g) Reference-free 2D class 
averages of apo-SpyCas9 (first and third columns) matched to reprojections of the final reconstruction (second and 
fourth columns). The width of the boxes is ~316 Å. (h) Final reconstruction of apo-SpyCas9 using the map in (d) as 
the initial model for refinement. The final map is segmented and colored as in Fig. 5.20a.  
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Figure 5.20 | RNA loading positions the two major lobes of SpyCas9 around a central channel. (a-c) Single 
particle EM reconstructions of negatively stained apo-SpyCas9 (a), SpyCas9:RNA:DNA (b), and SpyCas9:RNA (c) 
at 19-, 19-, and 21-Å resolution (using the 0.5 FSC criterion), respectively. Cartoon representations of the structures 
are shown (left). The structures are aligned based on the optimal cross-correlation coefficients between the 
independent alpha-helical lobes (grey). The smaller RuvC lobe (blue) in SpyCas9:RNA:DNA and SpyCas9:RNA 
rotates by ~100° (arrow in (b)) with respect to this lobe in the apo-Cas9 structure (transparent mesh) to form a 
central channel (black dashed line). There is a ~50° rotation (arrow in (c)) of the smaller lobe of SpyCas9:RNA 
along an axis perpendicular to this channel relative to SpyCas9:RNA:DNA. 

 

 
Table 5.3 | Cross-correlation coefficient (CCC) analysis of docking results using SITUS. 
 

apo-‐SpyCas9	  EM	  density	   	  	  	  SpyCas9:RNA:DNA	  EM	  density	  
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Figure 5.21 | Structural similarities between the apo-SpyCas9 EM structure and X-ray crystal structure. (a) 
The X-ray crystal structure of SpyCas9 was split into the alpha-helical lobe (residues 66-713) and the RuvC 
nuclease-containing lobe (residues 1-65 and 744-1363). Both lobes were computationally docked into the apo-
SpyCas9 EM density as separate rigid bodies using SITUS (86), due to flexibility in the RuvC nuclease-containing 
lobe (blue) in the absence of bound nucleic acids (see Fig. S1B, blurry, smaller lobe in class averages). The HNH 
domain was excluded from docking for the same reason. (b) Activity assay with WT and N-MBP SpyCas9. DNA 
cleavage experiments were performed and resolved by 10% denaturing polyacrylamide gel electrophoresis (left). 
The data were plotted (right) and fit with single-exponentials (solid lines); error bars represent the standard deviation 
from three independent experiments and are not always visible. (c,d) 3D difference maps (> 7-σ) (red density) 
between the N-terminal MBP-labeled and unlabeled reconstructions of apo-SpyCas9 (c) and SpyCas9:RNA:DNA 
(d) were mapped onto the corresponding unlabeled reconstructions. (e) The X-ray crystal structure of SpyCas9 was 
again split into the alpha-helical lobe and nuclease-containing lobe and both lobes were computationally docked into 
the SpyCas9:RNA:DNA EM density as separate rigid bodies using SITUS (86) (top). This docking result is 
consistent with a 100° rigid body rotation of the nuclease lobe toward the alpha-helical lobe and places the two 
nucleic acid binding clefts across from one another (electrostatic surface potential, below). Further experiments 
and/or higher-resolution structures will be required to verify this working model. 

 

We next prepared ribonucleoprotein complexes containing catalytically inactive 
D10A/H840A-SpyCas9 mutant, full-length crRNA and tracrRNA (SpyCas9:RNA) and bound 
these complexes to a 55 base-pair (bp) double-stranded DNA substrate at substrate 
concentrations expected to saturate Cas9, given an equilibrium dissociation constant of ~4 nM 
(Fig. 5.22). Reference-free 2D class averages of the DNA-bound complex (SpyCas9:RNA:DNA) 
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hinted at a large-scale conformational change, with both lobes separating from one another into 
discrete structural units (Fig. 5.22). Using the apo-SpyCas9 structure low-pass filtered to 60 Å as 
a starting model, we obtained a 3D reconstruction of SpyCas9:RNA:DNA at ~19 Å resolution 
(using the 0.5 FSC criterion) that further reveals a substantial reorganization of the major lobes 
(Fig. 5.20b). An independently determined ab initio 3D structure using the RCT method 
(Radermacher et al., 1987) yielded similar results (Fig. 5.22). The shape of the larger lobe 
remains relatively unchanged from that in apo-Cas9 (CCC of 0.78), but the smaller lobe rotates 
by ~100° with respect to its position in the apo structure (Fig. 5.20b). An alternative model, 
assuming opposite handedness, also shows a large conformational change relative to the apo-
Cas9 structure (Fig. 5.23). A reconstruction of SpyCas9:RNA:DNA using the N-terminal MBP 
fusion (Fig. 5.22) confirmed that the nuclease domain-containing lobe is rearranged with respect 
to the alpha-helical lobe in this complex. In this rearrangement, the nuclease domain lobe closes 
over the putative nucleic acid binding cleft on the alpha-helical lobe, forming a central channel 
with a width of ~25-Å that spans the length of both lobes (Fig. 5.21). Because nucleic acids 
cannot be visualized directly in EM structures of negatively stained complexes, this channel 
could be occupied by RNA and/or DNA.  
 

Figure 5.22 | Molecular architecture of SpyCas9:RNA:DNA. (a) Electrophoretic mobility gel shift assay (left) 
with radiolabeled target DNA and increasing concentrations of catalytically inactive (D10A/H840A) SpyCas9:RNA 
complex. Fitting of the quantified data with a standard binding isotherm (solid line, right) yields an equilibrium 
dissociation constant (Kd) of 4.0 ± 0.4 nM. (b) Representative untilted (left) and tilted (right) micrographs of 
negatively stained SpyCas9:RNA:DNA. Scale bar indicates 50 nm. (c) Reference-free 2D class averages of 
SpyCas9:RNA:DNA. The width of the boxes is ~316 Å. (d) Random conical tilt (RCT) class volume showing the 
ab initio structure of SpyCas9:RNA:DNA. (e) Initial model generated by assigning Euler angles of the reference-
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free class averages with respect to the RCT volume. This initial model was used for refinement of the raw particle 
images of SpyCas9:RNA:DNA. (f) Euler angle distribution for the final reconstruction. (g) Fourier shell correlation 
(FSC) curve for the final reconstruction, showing the resolution to be ~19 Å using the 0.5 FSC criterion. (h) 
Reference-free 2D class averages of SpyCas9:RNA:DNA (first and third columns) matched to reprojections of the 
final reconstruction (second and fourth columns). The width of the boxes is ~316 Å. (i) Final reconstruction of 
SpyCas9:RNA:DNA using the map in (e) as the initial model for refinement. The final map is segmented and 
colored as in Fig. 5.20b.  

 

Figure	   5.23	   |	   Alternative	   model	   for	   the	   conformational	   change	   in	   SpyCas9:RNA:DNA	   complex	  
considering	   the	  opposite	  handedness.	   (a,b)	  Single	  particle	  EM	  reconstructions	  of	  negatively	  stained	  apo-‐
SpyCas9	   (a)	   (as	   in	   the	  main	   text)	   and	   SpyCas9:RNA:DNA	   (b)	   with	   opposite	   handedness	   as	   the	   structure	  
presented	   in	   Fig.	   5.20b.	   Cartoon	   representations	   are	   shown	   on	   the	   left.	   In	   this	   alternative	   model,	   the	  
movement	  of	  the	  smaller	  lobe	  with	  respect	  to	  the	  larger	  one	  is	  subtler.	  The	  blue	  lobe	  rotates	  in	  towards	  the	  
larger	   lobe	   and	   reorganizes	   to	   form	   the	   central	   channel	   spanning	   the	   length	   of	   the	   enzyme	   (black	   dashed	  
line).	  Note	  that	  the	  grey	  lobes	  of	  the	  two	  structures	  are	  aligned	  differently	  than	  the	  alignment	  in	  the	  main	  text,	  
to	  maintain	   the	  blue	   lobe	   in	  a	   similar	   relative	  position	   for	   the	   two	  structures.	   (c)	  From	   left	   to	   right:	   the	  α-‐
helical	  lobe	  of	  SpyCas9:RNA:DNA	  from	  Fig.	  5.20b	  (purple),	  apo-‐Cas9	  (grey),	  and	  Cas9:RNA:DNA	  with	  opposite	  
handedness	  from	  (b)	  (gold),	  aligned	  to	  one	  another	  based	  on	  optimal	  cross	  correlation	  coefficient	  (CCC).	  The	  
favored	  model	  presented	  in	  Fig.	  5.20b	  of	  the	  main	  text	  is	  based	  on	  the	  more	  obvious,	  direct	  correspondence	  
between	   the	   features	   of	   the	   apo-‐SpyCas9	   α-‐helical	   lobe	   (grey)	   and	   the	   SpyCas9:RNA:DNA	   α-‐helical	   lobe	  
(purple).	  Additionally,	  the	  α-‐helical	  domain	  from	  the	  crystal	  structure	  exhibits	  a	  higher	  CCC	  with	  the	  α-‐helical	  
lobe	   from	   the	  model	   presented	   in	   Fig.	   5.20b	   of	   the	  main	   text	   (purple)	   than	   the	   α-‐helical	   lobe	   of	   opposite	  
handedness	  (gold)	  (0.83	  versus	  0.74). 
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We next wondered whether guide RNA alone induces the observed conformational 
rearrangements in SpyCas9, or whether both RNA and DNA are required for this structural 
change. To distinguish between these possibilities, we examined the architecture of 
SpyCas9:RNA in the absence of a bound target DNA molecule. Strikingly, reference-free 2D 
class averages of the SpyCas9:RNA showed a clear central channel similar to 
SpyCas9:RNA:DNA (Fig. 5.24). Using the 3D reconstruction of SpyCas9:RNA:DNA low-pass 
filtered to 60 Å as a starting model, we obtained a reconstruction of SpyCas9:RNA at ~21 Å 
resolution (using the 0.5 FSC criterion), which reveals a conformation similar to that of the 
DNA-bound complex (CCC of 0.89 with DNA-bound versus 0.81 with apo), with a central 
channel extending between the two lobes (Fig. 5.20c & 5.24). Both the SpyCas9:RNA and 
SpyCas9:RNA:DNA complexes were more resistant to limited proteolysis by trypsin than apo-
SpyCas9 and displayed similar digestion patterns, in agreement with these nucleic acid-bound 
complexes occupying a similar structural state (Fig. 5.25). While the smaller lobe appears to 
undergo an additional ~50° rotation along an axis perpendicular to the channel in the DNA-
bound complex compared to SpyCas9:RNA, the same ~100° rotation around the channel is 
observed in both structures. Thus, loading of crRNA and tracrRNA alone is sufficient to convert 
the endonuclease into an active conformation for target surveillance.  

Figure 5.24 | Molecular architecture of SpyCas9:RNA. (a) Representative untilted micrograph of negatively 
stained SpyCas9:RNA. Scale bar indicates 100 nm. (b) Reference-free 2D class averages of SpyCas9:RNA. The 
width of the boxes is ~316 Å. (c) Fourier shell correlation (FSC) curve for the final reconstruction, showing the 
resolution to be ~21 Å using the 0.5 FSC criterion. (d) Reference-free 2D class averages of SpyCas9:RNA (first and 
third columns) matched to reprojections of the final reconstruction (second and fourth columns). The width of the 
boxes is ~316 Å. (e) Euler angle distribution for the final reconstruction. 
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Figure 5.25 | Limited proteolysis of SpyCas9 with and without nucleic acid substrates suggests that nucleic 
acid-bound complexes adopt similar structural states. Apo-SpyCas9, SpyCas9 bound to full-length crRNA and 
tracrRNA (SpyCas9:RNA), or RNA-programmed SpyCas9 in complex with target DNA (SpyCas9:RNA:DNA) 
were prepared at a concentration of 2.5 µM and incubated with 2 ng/µl trypsin at 37 °C for the indicated time before 
quenching with 2X SDS gel-loading buffer. Samples were resolved by SDS-PAGE on a 4-20% gradient 
polyacrylamide gel (Bio-Rad). Apo-SpyCas9 is rapidly proteolyzed, whereas both SpyCas9:RNA and 
SpyCas9:RNA:DNA complexes are resistant to digestion by trypsin, suggesting that SpyCas9 undergoes similar 
structural rearrangements in both cases that mitigate proteolysis. Complexes were prepared with catalytically 
inactive D10A/H840A-SpyCas9 under the same conditions used to prepare samples for electron microscopy 
imaging.  
 
5.4.8 The central channel in SpyCas9 accommodates bound target DNA and guide-RNAs  

Based on the dimensions of the channel and the requirement for SpyCas9:RNA to 
recognize ~23 bps of its DNA substrate, we hypothesized that target DNA spans the central 
channel. To test this, we reconstituted SpyCas9:RNA:DNA complexes using DNA substrates 
containing 3'-biotin modifications (Table 5.4) to visualize the duplex ends via streptavidin 
labeling. Negative-stain EM analysis of samples labeled at either the PAM-distal (non-PAM) 
end, or both ends, showed additional circular density below, or both above and below the 
complex, respectively, along the central channel positioned between the two structural lobes (Fig 
5.26a,b). These data support the conclusion that the major lobes of SpyCas9 enclose the target 
DNA, positioning the RNA:DNA heteroduplex along the central channel with the PAM oriented 
near the top. Interestingly, the additional streptavidin densities in the double-end labeled class 
averages are not completely parallel with the channel and instead wrap around the nuclease lobe 
(Fig. 5.26b), consistent with some degree of bending of the target DNA. Finally, we determined 
the orientation of RNA within SpyCas9:RNA complexes using streptavidin labeling of crRNA 
and tracrRNA containing biotin at their 3' termini, after ensuring that SpyCas9 retains full 
activity with these modified RNAs (Fig. 5.27). Using the same 2D and 3D difference mapping 
approach, we pinpointed the 3' end of the crRNA to the top of the channel (Fig. 5.26c), while the 
3' end of the tracrRNA is extended roughly perpendicular to the central channel from the side of 
the nuclease domain lobe (Fig. 5.26d). The finding that the 3' end of the crRNA localizes to a 
similar position above the channel as the PAM-proximal side of the target suggests that the 
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crRNA:DNA heteroduplex may be oriented roughly in parallel with the crRNA:tracrRNA 
duplex. 

The channel between the lobes of SpyCas9:RNA:DNA can easily accommodate ~25 bps 
of a modeled A-form helix (Fig. 5.28a). Corroborating this, exonuclease III footprinting 
experiments indicated that Cas9 protects a ~26-bp segment of the target DNA (Fig. 5.28b). 
Additionally, P1 nuclease mapping experiments reveal that the displaced non-target strand is 
susceptible to degradation towards the 5' end of the protospacer, while the target strand that 
hybridizes to crRNA is protected along nearly its entire length. These results are consistent with 
the formation of an R-loop structure (Fig. 5.28b), as observed for other CRISPR-Cas targeting 
complexes (Jore et al., 2011b). 

 

Figure 5.26 | Bound target DNA and guide RNAs span the central channel. (a,b) Biotinylated DNA duplexes 
were labeled with streptavidin (SA) at either the end distal to the PAM ((a), non-PAM) or at both ends (b). From left 
to right: schematic of structures and labels, five representative, reference-free 2D class averages, the corresponding 
reference-free 2D class average of unlabeled SpyCas9:RNA:DNA, a 2D difference map between the unlabeled and 
labeled structures, and the corresponding reprojection of the SpyCas9:RNA:DNA structure. The 
SpyCas9:RNA:DNA reconstruction is shown on the right with superimposed 3D difference density at ≥ 5-σ (green) 
between the SpyCas9:RNA:DNA reconstruction and the SA-labeled reconstruction. (c,d) Single particle EM 
analyses of SpyCas9:RNA labeled with SA at the 3' end of the crRNA (c) or tracrRNA (d). Data are shown as in (a), 
with the 3D difference density at ≥ 6-σ depicted in orange. The width of the boxes is ~316 Å. 
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Figure 5.27 | Activity assays with biotin-RNA and biotin-DNA substrates used in streptavidin labeling 
experiments. (a) Schematic depicting the attachment of biotin (orange and green circles) to each nucleic acid 
substrate. Note that the crRNA and each strand of the DNA target are covalently linked to biotin at their 3' ends, 
whereas tracrRNA is hybridized to a short biotinylated DNA oligonucleotide at its 3' end. (b) DNA cleavage assays 
were conducted with biotin-labeled nucleic acids to verify that the modification does not perturb DNA recognition 
and cleavage. Data from representative time courses were plotted and fit with single-exponentials (solid line) to 
yield first-order rate constants for the DNA cleavage reaction. Note that the steep part of the curve (<15 seconds) 
could not be well defined due to the rapid reaction rate, limiting the accuracy of these measurements. (c) Three 
independent DNA cleavage time courses were conducted for each SpyCas9 construct, and the averaged rate 
constants are shown in the bar graph. The fitting error for individual single-exponential fits was greater than the 
standard deviation in rate constants between independent replicates, and so error bars represent the fitting error 
averaged from three independent experiments.  
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Figure 5.28 | SpyCas9 wraps around target DNA. (a) The central channel of the SpyCas9:RNA:DNA 
reconstruction (transparent surface) can easily accommodate ~25 bp of an A-form duplex (red). (b) Footprinting 
experiment with target DNA bound by SpyCas9:RNA. A 55-bp DNA substrate was 5'-radiolabeled on either the 
target or non-target strand and incubated with catalytically inactive SpyCas9:RNA containing a complementary 
crRNA (targeting) or a mismatched control crRNA (non-targeting), before being subjected to exonuclease III (left) 
or nuclease P1 (right) treatment. Reaction products were resolved by denaturing polyacrylamide gel electrophoresis; 
markers generated via digestion with BglI and FokI restriction enzymes and WT SpyCas9:RNA are labeled. The 
borders of the DNA target protected by SpyCas9:RNA are indicated in red next to the gel and with a grey box 
(bottom), and nucleotides susceptible to P1 digestion are indicated in red next to the gel and with hash tags in the 
schematic at the bottom.   
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Table 5.4 | List of nucleic acid reagents used in this study. 
 

# Description Sequence (5'!3') 

1 tracrRNA (nts 15-87) GGACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCA
CCGAGUCGGUGCUUUUU 

2 Targeting crRNA GUGAUAAGUGGAAUGCCAUGGUUUUAGAGCUAUGCUGUUUUG 

3 55-bp DNA substrate, 
non-target stranda 

GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC 

4 55-bp DNA substrate, 
target stranda 

GCTCAATTTTGACAGCCCACATGGCATTCCACTTATCACTGGCATCCTTCCACTC 

5 Br-dU1 containing 55 nt DNA 
substrate, non-target stranda 

GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATG(Br-
dU1)GGGCTGTCAAAATTGAGC 

6 Br-dU2 containing 55 nt DNA 
substrate, target stranda 

GCTCAATTTTGACAGCCC(Br-
dU2)CATGGCATTCCACTTATCACTGGCATCCTTCCACTC 

7 reverse complement for # 6a GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGAGGGCTGTCAAAATTGAGC 

8 Br-dU3 containing 55 nt DNA 
substrate, non-target stranda 

GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGG(Br-
dU3)CTGTCAAAATTGAGC 

9 reverse complement for #8a GCTCAATTTTGACAGACCACATGGCATTCCACTTATCACTGGCATCCTTCCACTC 

10 tracrRNA_extb GGACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUC
GGUGCUUUUUUUGCUCGUGCGC 

11 Biotinylated DNA oligo to 
hybridize to tracrRNA_extb 

Biotin-TTGCGCACGAGCAAA 

12 Non-targeting crRNA (control, 
Fig. 7b) 

GACGCAUAAAGAUGAGACGCGUUUUAGAGCUAUGCUGUUUUG 

13 3'-Biotinylated DNA,    non-
target strandc 

GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-Biotin 

14 3'-Biotinylated DNA,  target 
strandc 

GCTCAATTTTGACAGCCCACATGGCATTCCACTTATCACTGGCATCCTTCCACTC-Biotin 

15 ssDNA template for 
transcribing tracrRNAc 

AAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGC
TATGCTGTCCTATAGTGAGTCGTATTA 

16 ssDNA template for 
transcribing tracrRNA_extc 

GCGCACGAGCAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTT
ATTTTAACTTGCTATGCTGTCCTATAGTGAGTCGTATTA 

17 Oligo for preparing double-
stranded T7 promoters for in 
vitro transcription 

TAATACGACTCACTATA 

 
a The protospacer is depicted in red. The PAM is underlined. 
b Nucleotides hybridizing between the tracrRNA_ext and biotin-DNA oligo are in blue. 
c The reverse complement of the T7 promoter is indicated in bold. 
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5.5 Discussion 
The crystal structures of Type II-A and II-C Cas9 proteins described here highlight the 

features in Cas9 enzymes that support their function as RNA-guided endonucleases. Cas9 
enzymes adopt a bi-lobed architecture composed of a nuclease lobe containing juxtaposed RuvC 
and HNH nuclease domains and a variable alpha-helical lobe likely to be involved in nucleic 
acid binding. The identification of variable regions appended to a conserved Cas9 structural core 
provides a rationale for the diversity of crRNA:tracrRNA guide structures recognized by Cas9 
enzymes and outlines a framework for protein engineering approaches aimed at altering catalytic 
function, guide RNA specificity, or PAM requirements. 

Crosslinking experiments conducted in this study suggest that two unstructured 
tryptophan-containing loops in SpyCas9 contact the PAM in the target-bound complex. The 
location of the PAM-binding loops suggests that Cas9 interrogates DNA using flexible regions 
that may form an ordered binding site upon engaging target DNA. It is tempting to speculate that 
the two tryptophan residues in SpyCas9 mediate base-stacking interactions with the GG 
dinucleotide PAM. Alternatively, the tryptophan residues could be involved in extrahelical base 
extrusion of the PAM motif, in a manner similar to the mechanisms of numerous DNA 
modification and repair enzymes (Crenshaw et al., 2012; Qi et al., 2009; Song et al., 2011; Yang 
et al., 2008). It is also possible that the tryptophan residues are not directly involved in PAM 
binding, but instead reside near the PAM-binding pocket in the enzyme. We note, however, that 
the involvement of aromatic loop regions in SpyCas9 is highly reminiscent of the mechanism 
employed by the Cascade complex in Type I CRISPR-Cas systems (Sashital et al., 2012). The 
lack of conservation of the PAM binding region in Type II-C Cas9 enzymes is consistent with 
different PAM specificities observed for these endonucleases and points to distinct mechanisms 
of PAM recognition across the Cas9 enzyme family.  

Single-molecule and biochemical experiments underscore the singular importance of 
PAM binding in both DNA interrogation and cleavage by Cas9 (Sternberg et al., 2014). The 
observed prevalence of PAM mutation as a mechanism of viral escape from CRISPR/Cas9 
targeting (Semenova et al., 2011; 2009) has presumably spurred the evolution of Cas9 proteins 
with a variety of PAM specificities. It will be interesting to elucidate how PAM binding couples 
to Cas9 activation across the Cas9 superfamily, which has important implications for the use of 
these enzymes in genome engineering applications. 

Both SpyCas9 and AnaCas9 structures support the conclusion that Cas9 enzymes 
maintain an autoinhibited conformation in the absence of nucleic acid ligands that requires 
restructuring upon guide RNA and target DNA binding. Consistent with this finding, electron 
microscopic reconstructions of SpyCas9-nucleic acid complexes show that the two lobes of the 
protein reorient substantially upon guide RNA association.  Based on these observations, we 
propose a model for Cas9 function in which RNA loading drives structural rearrangements of the 
enzyme to enable productive encounters with target DNA (Fig. 5.29). Binding of 
crRNA:tracrRNA to Cas9 causes a substantial rotation of the small nuclease lobe relative to the 
larger lobe. This RNA-induced conformational change could occur either through direct 
interactions between the RNA and both lobes, or indirectly through allosteric effects. This 
reorganization may position the two major catalytic centers of the enzyme on opposite sides of 
the central channel, where the two separated strands are threaded into either active site.  
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While Type I and III CRISPR-Cas RNA-guided surveillance complexes form helical 
architectures that wrap around the crRNA (Rouillon et al., 2013; Spilman et al., 2013; Staals et 
al., 2013; Wiedenheft et al., 2011a), Cas9 instead forms a central channel. The helical 
morphology in these other systems may have evolved to accommodate the topological 
requirements of a longer crRNA:DNA heteroduplex, and the open helical arrangement exhibited 
by the Type I multi-subunit Cascade complex likely facilitates recruitment of the trans-acting 
Cas3 nuclease for target cleavage (Sinkunas et al., 2013). In contrast, Cas9 functions alone to 
both bind and cleave the DNA target, which could be facilitated by sequestering the substrate 
within the interior surface of the channel formed by both lobes. Although we do not observe 
extensive connecting density between the two lobes, we hypothesize that only one face will 
enable dsDNA to enter the central channel during 3D target search. While further experiments 
will be necessary to elucidate the precise search and recognition mechanisms used by Cas9, our 
structural analysis shows that RNA-loading serves as a key conformational switch in the 
activation and regulation of Cas9 enzymes. 

 

Figure 5.29 | Model for RNA-induced conversion of Cas9 into a structurally activated DNA surveillance 
complex. Upon binding the crRNA:tracrRNA guide, the two structural lobes of Cas9 reorient such that the two 
nucleic acid binding clefts face each other. This generates a central DNA binding channel, which allows access to 
double stranded DNA. Target DNA binding in the central channel and PAM-dependent R-loop formation result in a 
further structural rearrangement. Here, the nuclease domain lobe undergoes further rotation relative to the alpha-
helical lobe, fully enclosing the DNA target, and the two nuclease domains engage both DNA strands for cleavage. 
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Chapter 6 

 
 

Programmable RNA recognition 
and cleavage by CRISPR/Cas9 

 
 

 
 

 
 

 
† Part of the work presented in this chapter has previously been published in the following 
research article: O’Connell, M.R., Oakes, B.L., Sternberg, S.H., East-Seletsky, A., Kaplan, M., 
Doudna, J.A. (2014). Programmable RNA recognition and cleavage by CRISPR/Cas9. Nature, 
doi:10.1038/nature13769. 
 

‡ Mitchell O’Connell and Samuel Sternberg conceived the project. Mitchell O’Connell and 
Benjamin Oakes designed experiments, performed Cas9 binding and cleavage assays, and 
conducted pull-down experiments. Samuel Sternberg helped design experiments and performed 
biochemical assays. Alexandra East-Seletsky assisted with experimental design and performed 
cell-based experiments. Matias Kaplan generated biotin-Cas9 with the assistance of Samuel 
Sternberg. Jennifer Doudna supervised the project. 
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6.1 Abstract 
The CRISPR-associated protein Cas9 is an RNA-guided DNA endonuclease that uses 
RNA:DNA complementarity to identify target sites for sequence-specific double-stranded DNA 
(dsDNA) cleavage. In its native context, Cas9 acts on DNA substrates exclusively because both 
binding and catalysis require recognition of a short DNA sequence, the protospacer adjacent 
motif (PAM), next to and on the strand opposite the 20-nucleotide target site in dsDNA. Cas9 
has proven to be a versatile tool for genome engineering and gene regulation in many cell types 
and organisms, but it has been thought to be incapable of targeting RNA. Here we show that 
Cas9 binds with high affinity to single-stranded RNA (ssRNA) targets matching the Cas9-
associated guide RNA sequence when the PAM is presented in trans as a separate DNA 
oligonucleotide. Furthermore, PAM-presenting oligonucleotides (PAMmers) stimulate site-
specific endonucleolytic cleavage of ssRNA targets, similar to PAM-mediated stimulation of 
Cas9-catalyzed DNA cleavage. Using specially designed PAMmers, Cas9 can be specifically 
directed to bind or cut RNA targets while avoiding corresponding DNA sequences, and we 
demonstrate that this strategy enables the isolation of a specific endogenous mRNA from cells. 
These results reveal a fundamental connection between PAM binding and substrate selection by 
Cas9, and highlight the utility of Cas9 for programmable and tagless transcript recognition.  
 

6.2 Materials and Methods 
 

6.2.1 Cas9 and nucleic acid preparation 
Wild-type Cas9 and catalytically inactive dCas9 (D10A/H840A) from S. pyogenes were 

purified as previously described (Jinek et al., 2012). crRNAs (42 nt) were either ordered 
synthetically (Integrated DNA Technologies) or transcribed in vitro with T7 polymerase using 
single-stranded DNA templates, as described (Sternberg et al., 2012). tracrRNA was transcribed 
in vitro and contained nucleotides 15–87 following the numbering scheme used previously (Jinek 
et al., 2012). λ-targeting sgRNAs were in vitro transcribed from linearized plasmids and contain 
full-length crRNA and tracrRNA connected via a GAAA tetraloop insertion. GAPDH mRNA-
targeting sgRNAs were in vitro transcribed from dsDNA PCR products based on an optimized 
sgRNA design (Chen et al., 2013). Target ssRNAs (55–56 nt) were in vitro transcribed using 
single-stranded DNA templates. Sequences of all nucleic acid substrates used in this study can be 
found in Table 6.1.  

All RNAs were purified using 10–15% denaturing polyacrylamide gel electrophoresis 
(PAGE). crRNA–tracrRNA duplexes were prepared by mixing equimolar concentrations of each 
RNA in hybridization buffer (20 mM Tris-HCl pH 7.5, 100 mM KCl, 5 mM MgCl2), heating to 
95 °C for 30 s and slow cooling. Fully double-stranded DNA/RNA substrates were prepared by 
mixing equimolar concentrations of each nucleic acid strand in hybridization buffer, heating to 
95 °C for 30 s, and slow cooling. RNA, DNA, and chemically modified PAMmers were 
synthesized commercially (Intergrated DNA Technologies). DNA and RNA substrates were 5’-
radiolabeled using [γ-32P]-ATP (PerkinElmer) and T4 polynucleotide kinase (New England 
Biolabs). dsDNA and dsRNA substrates were 5’-radiolabeled on both strands, whereas only the 
target ssRNA was 5’-radiolabeled in other experiments. 
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6.2.2 Cleavage assays 
Cas9–gRNA complexes were reconstituted before cleavage experiments by incubating 

Cas9 and the crRNA–tracrRNA duplex for 10 min at 37 °C in reaction buffer (20 mM Tris-HCl 
pH  7.5, 75 mM KCl, 5 mM MgCl2, 1 mM dithiothreitol (DTT), 5% glycerol). Cleavage reactions 
were conducted at 37 °C and contained ~1 nM 5′-radiolabeled target substrate, 100  nM Cas9–
RNA, and 100 nM PAMmer, where indicated. Aliquots were removed at each time point and 
quenched by the addition of RNA gel loading buffer (95% deionized formamide, 0.025% (w/v) 
bromophenol blue, 0.025% (w/v) xylene cyanol, 50 mM EDTA (pH 8.0), 0.025% (w/v) SDS). 
Samples were boiled for 10 min at 95 °C prior to being resolved by 12% denaturing PAGE. 
Reaction products were visualized by phosphorimaging and quantified with ImageQuant (GE 
Healthcare). 
 

6.2.3 RNA cleavage site mapping 
A hydrolysis ladder (OH-) was obtained by incubating ~25 nM 5′-radiolabeled λ2 target 

ssRNA in hydrolysis buffer (25 mM CAPS (N-cyclohexyl-3-aminopropanesulfonic acid), pH 
10.0, 0.25 mM EDTA) at 95 °C for 10 min, before quenching on ice. An RNase T1 ladder was 
obtained by incubating ~25 nM 5′-radiolabeled λ2 target ssRNA with 1 Unit RNase T1 (NEB) 
for 5 min at 37 °C in RNase T1 buffer (20 mM sodium citrate, pH 5.0, 1 mM EDTA, 2 M urea, 
0.1 mg mL-1 yeast tRNA). The reaction was quenched by phenol/chloroform extraction before 
adding RNA gel loading buffer. All products were resolved by 15% denaturing PAGE. 

 
6.2.4 Electrophoretic mobility shift assays 

In order to avoid dissociation of the Cas9–gRNA complex at low concentrations during 
target ssRNA binding experiments, binding reactions contained a constant excess of dCas9 (300 
nM), increasing concentrations of sgRNA, and 0.1–1  nM of target ssRNA. The reaction buffer 
was supplemented with 10 µg ml-1 heparin in order to avoid non-specific association of apo-
dCas9 with target substrates (Sternberg et al., 2014). Reactions were incubated at 37 °C for 45 
min before being resolved by 8% native PAGE at 4  °C (0.5× TBE buffer with 5 mM MgCl2). 
RNA and DNA were visualized by phosphorimaging, quantified with ImageQuant (GE 
Healthcare), and analyzed with Kaleidagraph (Synergy Software). 

 
6.2.5 Cas9 biotin labeling 

To ensure specific labeling at a single residue on Cas9, two naturally occurring cysteine 
residues were mutated to serine (C80S and C574S) and a cysteine point mutant was introduced at 
residue M1. To attach the biotin moiety, 10 µM WT Cas9 or dCas9 was reacted with a 50-fold 
molar excess of EZ-Link Maleimide-PEG2-Biotin (Thermo Scientific) at 25 °C for 2 h. The 
reaction was quenched by the addition of 10 mM DTT, and unreacted Maleimide-PEG2-Biotin 
was removed using a Bio-Gel P-6 column (Bio-Rad). Labeling was verified using a streptavidin 
bead binding assay, where 8.5 pmol of biotinylated Cas9 or non-biotinylated Cas9 was mixed 
with either 25 µL streptavidin-agarose (Pierce Avidin Agarose; Thermo Scientific) or 25 µL 
streptavidin magnetic beads (Dynabeads MyOne Streptavidin C1; Life Technologies). Samples 
were incubated in Cas9 reaction buffer at RT for 30 minutes, followed by three washes with 
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Cas9 reaction buffer and elution in boiling SDS-PAGE loading buffer. Elutions were analysed 
using SDS-PAGE. Cas9 M1C biotinylation was also confirmed using mass spectroscopy 
performed in the QB3/Chemistry Mass Spectrometry Facility at UC Berkeley. Samples of intact 
Cas9 proteins were analyzed using an Agilent 1200 liquid chromatograph equipped with a Viva 
C8 (100 mm × 1.0 mm, 5 µm particles, Restek) analytical column and connected in-line with an 
LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific).  Mass spectra were recorded in 
the positive ion mode.  Mass spectral deconvolution was performed using ProMass software 
(Novatia).   

 
6.2.6 GAPDH mRNA pull-down 

HeLa-S3 cell lysates were prepared as previously described (Lee et al., 2013). Total RNA was 
isolated from HeLa-S3 cells using Trizol reagent according to the manufacturer’s instructions 
(Life Technologies). Cas9–sgRNA complexes were reconstituted before pull-down experiments 
by incubating a two-fold molar excess of Cas9 with sgRNA for 10 min at 37 °C in reaction 
buffer. HeLa total RNA (40 µg) or HeLa lysate (~5×106 cells) was added to reaction buffer with 
40U RNasin (Promega), PAMmer (5 µM) and the biotin-dCas9 (50 nM):sgRNA (25 nM) in a 
total volume of 100 µL and incubated at 37 °C for 1 h. This mixture was then added to 25 µL 
magnetic streptavidin beads (Dynabeads MyOne Streptavidin C1; Life Technologies) pre-
equilibrated in reaction buffer and agitated at 4 °C for 2 h. Beads were then washed six times 
with 300 µL wash buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 5mM MgCl2, 0.1% Triton X-
100, 5% glycerol, 1mM DTT, 10 µg ml-1 heparin). Immobilized RNA was eluted by heating 
beads at 70 °C in the presence of DEPC-treated water and a phenol/chloroform mixture. Eluates 
were then treated with an equal volume of glyoxal loading dye (Life Technologies) and heated at 
50 °C for 1 h before separation via 1% BPTE agarose gel (30 mM Bis-Tris, 10 mM PIPES, 10 
mM EDTA, pH 6.5). Northern blot transfers were carried out according to Chomczynski et al. 
(Chomczynski, 1992). Following transfer, membranes were crosslinked using UV radiation and 
incubated in pre-hybridization buffer (UltraHYB Ultrasensitive Hybridization Buffer; Life 
Technologies) for 1 h at 46 °C prior to hybridization. Radioactive Northern probes were 
synthesized using random priming of GAPDH and β-actin partial cDNAs (for cDNA primers, 
see Table 6.1) in the presence of [α-32P]-dATP (PerkinElmer), using a Prime-It II Random 
Primer Labeling kit (Agilent Technologies). Hybridization was carried out for 3 h in pre-
hybridization buffer at 46 °C followed by two washes with 2×SSC (300mM NaCl, 30 mM 
trisodium citrate, pH 7, 0.5% (w/v) SDS) for 15 min at 46 °C. Membranes were imaged using a 
phosphorscreen.  

 
6.3. Results and Discussion 

CRISPR–Cas immune systems must discriminate between self and non-self to avoid an 
autoimmune response (Marraffini and Sontheimer, 2010b). In type I and II systems, foreign 
DNA targets which contain adjacent PAM sequences are targeted for degradation, whereas 
potential targets in CRISPR loci of the host do not contain PAMs and are avoided by RNA-
guided interference complexes (Garneau et al., 2010; Gasiunas et al., 2012; Mojica et al., 2009; 
Sashital et al., 2012). Single-molecule and bulk biochemical experiments showed that PAMs act 
both to recruit Cas9–guide RNA complexes (Cas9–gRNA) to potential target sites and to trigger 
nuclease domain activation (Sternberg et al., 2014). Cas9 from Streptococcus pyogenes 
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recognizes a 5’-NGG-3’ PAM on the non-target (displaced) DNA strand (Jinek et al., 2012; 
Mojica et al., 2009), suggesting that PAM recognition may stimulate catalysis through allosteric 
regulation. Moreover, the HNH nuclease domain of Cas9, which is responsible for target strand 
cleavage (Gasiunas et al., 2012; Jinek et al., 2012), is homologous to other HNH domains shown 
previously to cleave RNA substrates (Hsia et al., 2004; Pommer et al., 2001). Based on the 
observation that single-stranded DNA (ssDNA) targets can be activated for cleavage by a 
separate PAMmer oligonucleotide (Sternberg et al., 2014), and that similar HNH domains can 
cleave RNA, we wondered whether a similar strategy would enable Cas9 to bind and cleave 
ssRNA targets in a programmable fashion (Fig. 6.1a). 

Figure 6.1 | RNA-guided Cas9 cleaves ssRNA targets in the presence of a short PAM-presenting DNA 
oligonucleotide (PAMmer). (a) Schematic depicting the approach used to target ssRNA for programmable, 
sequence-specific cleavage. (b) The panel of nucleic acid substrates examined in this study. Substrate elements are 
colored as follows: DNA (grey), RNA (black), guide RNA target sequence (red), DNA PAM (yellow), mutated 
DNA PAM (blue), RNA PAM (orange). (c) Representative cleavage assay for 5’-radiolabeled nucleic acid 
substrates using Cas9–gRNA, numbered as in (b). (d) Cas9–gRNA cleavage site mapping assay for substrate 3. T1 
and OH- denote RNase T1 and hydrolysis ladders, respectively; the sequence of the target ssRNA is shown at right. 
(e) Representative ssRNA cleavage assay in the presence of PAMmers of increasing length, numbered as in (b).    
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Using S. pyogenes Cas9 and dual-guide RNAs (Methods), we performed in vitro cleavage 
experiments using a panel of different RNA and DNA targets (Fig. 6.1b). Deoxyribonucleotide-
comprised PAMmers specifically activated Cas9 to cleave ssRNA (Fig. 6.1c), an effect that 
required a 5’-NGG-3’ or 5’-GG-3’ PAM. RNA cleavage was not observed using ribonucleotide-
based PAMmers, suggesting that Cas9 may recognize the local helical geometry and/or 
deoxyribose moieties within the PAM. Consistent with this idea, dsRNA targets were not 
cleavable, and RNA–DNA heteroduplexes could only be cleaved when the non-target strand was 
composed of deoxyribonucleotides. Interestingly, we found that Cas9 cleaved the ssRNA target 
strand between positions 4 and 5 of the base-paired guide RNA-target RNA hybrid (Fig. 6.1d), 
in contrast to the cleavage between positions 3 and 4 observed for dsDNA (Garneau et al., 2010; 
Gasiunas et al., 2012; Jinek et al., 2012) likely due to subtle differences in substrate positioning. 
However, we did observe a significant reduction in the pseudo-first order cleavage rate constant 
of PAMmer-activated ssRNA as compared to ssDNA (Sternberg et al., 2014) (Fig. 6.2).  

Figure 6.2 | Quantified data for cleavage of ssRNA by Cas9–gRNA in the presence of a 19-nt PAMmer. 
Cleavage assays were conducted as described in the Materials and Methods, and the quantified data were fit with 
single-exponential decays. Results from four independent experiments yielded an average apparent pseudo-first 
order cleavage rate constant of 0.032 ± 0.007 min-1. This is slower than the rate constant determined previously for 
ssDNA in the presence of the same 19-nt PAMmer (7.3 ± 3.2 min-1) (Sternberg et al., 2014).  
 

We hypothesized that PAMmer nuclease activation would depend on the stability of the 
hybridized PAMmer–ssRNA duplex and tested this by varying the PAMmer length. As expected, 
ssRNA cleavage was lost when the predicted melting temperature for the duplex decreased 
below the temperature used in our experiments (Fig. 6.1e). In addition, large molar excesses of 
di- or tri-deoxyribonucleotides in solution were poor activators of Cas9 cleavage (Fig. 6.3). 
Collectively, these data demonstrate that hybrid substrate structures composed of ssRNA and 
deoxyribonucleotide-based PAMmers that anneal upstream of the RNA target sequence can be 
efficiently cleaved by RNA-guided Cas9. 

We next investigated the binding affinity of catalytically inactive (dCas9; D10A/H840A) 
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dCas9–gRNA for ssRNA targets with and without PAMmers using native gel mobility shift 
experiments. Intriguingly, while our previous results showed that ssDNA and PAMmer-activated 
ssDNA targets are bound with indistinguishable affinity (Sternberg et al., 2014), PAMmer-
activated ssRNA targets were bound >500-fold tighter than ssRNA alone (Fig. 6.4a,b). A recent 
crystal structure of Cas9 bound to a ssDNA target revealed deoxyribose -specific van der Waals 
interactions between the protein and the DNA backbone (Nishimasu et al., 2014), suggesting that 
energetic penalties associated with ssRNA binding must be attenuated by favorable 
compensatory binding interactions with the provided PAM. The equilibrium dissociation 
constant measured for a PAMmer–ssRNA substrate was within 5-fold of that for dsDNA (Fig. 
6.4b), and this high-affinity interaction again required a cognate deoxyribonucleotide-comprised 
5’-GG-3’ PAM (Fig. 6.4a). Tight binding also scaled with the PAMmer length (Fig. 6.4c), 
consistent with the cleavage data presented above.  

Figure 6.3 | RNA cleavage is marginally stimulated by di- and tri-deoxyribonucleotide PAMmers. Cleavage 
reactions contained ~1 nM 5′- radiolabelled target ssRNA and no PAMmer (left), 100 nM 18-nt PAMmer (second 
from left), or 1 mM of the indicated di- or tri-nucleotide (remaining lanes). Reaction products were resolved by 12% 
denaturing polyacrylamide gel electrophoresis (PAGE) and visualized by phosphorimaging. 

 

To verify the programmable nature of PAMmer-mediated ssRNA cleavage by Cas9–
gRNA, we prepared three distinct guide RNAs (λ2, λ3, and λ4) and showed that their 
corresponding ssRNA targets could be efficiently cleaved using complementary PAMmers 
without any detectable cross-reactivity (Fig. 6.5a). This result indicates that complementary 
RNA–RNA base-pairing is critical in these reactions. Surprisingly, though, dCas9 programmed 
with the λ2 guide RNA bound all three PAMmer–ssRNA substrates with similar affinity (Fig. 
6.5b). This observation suggests that high-affinity binding in this case may not require correct 
base-pairing between the guide RNA and the ssRNA target, particularly given the compensatory 
role of the PAMmer. 
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Figure 6.4 | dCas9–gRNA binds ssRNA targets with high affinity in the presence of PAMmers. (a) 
Representative electrophoretic mobility shift assay for binding reactions with dCas9–gRNA and a panel of 5’-
radiolabeled nucleic acid substrates, numbered as in Fig. 6.1b. (b) Quantified binding data for substrates 1–4 from 
(a) fit with standard binding isotherms. Measured dissociation constants from three independent experiments (mean 
± s.d.) were 0.036 ± 0.003 nM (1), >100 nM (2), 0.20  ± 0.09 nM (3), and 0.18 ± 0.07 nM (4). (c) Relative binding 
data for 1nM dCas9–gRNA and 5’-radiolabeled ssRNA with a panel of different PAMmers. The data are normalized 
to the amount of binding observed at 1 nM dCas9–gRNA with a 19 nt PAMmer; error bars represent the standard 
deviation from three independent experiments.  
 

During dsDNA targeting by Cas9–gRNA, duplex melting proceeds directionally from the 
PAM and strictly requires formation of complementary RNA–DNA base-pairs to offset the 
energetic costs associated with dsDNA unwinding (Sternberg et al., 2014). We therefore 
wondered whether binding specificity for ssRNA substrates would be recovered using PAMmers 
containing 5’-extensions that create a partially double-stranded target region requiring unwinding 
(Fig. 6.5c). Indeed, we found that use of a 5’-extended PAMmer enabled dCas9 bearing the λ2 
guide sequence to bind sequence-selectively to the λ2 PAMmer–ssRNA target. The λ3 and λ4 
PAMmer–ssRNA targets were not recognized under these conditions (Fig. 6.5d & 6.6), although 
we did observe a 10-fold reduction in overall ssRNA substrate binding affinity. By 
systematically varying the length of the 5’ extension, we found that PAMmers containing 2–8 
additional nucleotides upstream of the 5’-NGG-3’ offer an optimal compromise between gains in 
binding specificity and concomitant losses in binding affinity and cleavage efficiency (Fig. 6.7).   
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Figure 6.5 | 5’-extended PAMmers are required for specific target ssRNA binding. (a) Cas9 programmed with 
either λ2, λ3, or λ4-targeting gRNAs exhibits sequence-specific cleavage of 5’-radiolabeled λ2, λ3, and λ4 target 
ssRNAs, respectively, in the presence of cognate PAMmers. (b) dCas9 programmed with a λ2-targeting gRNA 
exhibits similar binding affinity to λ2, λ3, and λ4 target ssRNAs in the presence of cognate PAMmers. Dissociation 
constants from three independent experiments (mean ± s.d.) were 0.20 ± 0.09 nM (λ2), 0.33 ± 0.14 nM (λ3), and 
0.53 ± 0.21 nM (λ4). (c) Schematic depicting the approach used to restore guide RNA-mediated ssRNA binding 
specificity, which involves 5’-extensions to the PAMmer that cover part of the target sequence. (d) dCas9 
programmed with a λ2-targeting gRNA specifically binds the λ2 ssRNA but not λ3 and λ4 ssRNAs in the presence 
of 5’-extended PAMmers. Dissociation constants from three independent experiments (mean ± s.d.) were 3.3 ± 1.2 
nM (λ2) and >100 nM (λ3 and λ4).  
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Figure 6.6 | Representative binding experiment demonstrating guide-specific ssRNA binding with 5’-extended 
PAMmers. Gel shift assays were conducted as described in the Materials and Methods. Binding reactions 
contained Cas9 programmed with λ2-gRNA and either λ2 (on-target), λ3 (off-target) or λ4 (off-target) ssRNA in the 
presence of short cognate PAMmers or cognate PAMmers with complete 5’-extensions, as indicated. The presence 
of a cognate 5’-extended PAM- mer abrogates off-target binding. Three independent experiments were conducted to 
produce the data shown in Fig. 6.5b,d. 
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Figure 6.7 | Exploration of RNA cleavage efficiencies and binding specificity using PAMmers with variable 
5’-extensions. (a) Cleavage assays were conducted as described in the Materials and Methods. Reactions 
contained Cas9 programmed with λ2-gRNA and λ2 ssRNA target in the presence of PAMmers with 5’-extensions of 
variable length. The ssRNA cleavage efficiency decreases as the PAMmer extends further into the target region, as 
indicated by the fraction RNA cleaved after 1 h. (b) Binding assays were conducted as described in the Materials 
and Methods, using mostly the same panel of 5’-extended PAMmers as in (a). Binding reactions contained Cas9 
programmed with λ2-gRNA and either λ2 (on-target) or λ3 (off-target) ssRNA in the presence of cognate PAMmers 
with 5’-extensions of variable length. The binding specificity increases as the PAMmer extends further into the 
target region, as indicated by the fraction of λ3 (off-target) ssRNA bound at 3 nM Cas9-gRNA. PAMmers with 5’ 
extensions also cause a slight reduction in the relative binding affinity of λ2 (on-target) ssRNA.  
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Next we investigated whether nuclease activation by PAMmers requires base-pairing 
between the 5’-NGG-3’ and corresponding nucleotides on the ssRNA. Prior studies showed that 
DNA substrates containing a cognate PAM that is mismatched with the corresponding 
nucleotides on the target strand are cleaved as efficiently, under some conditions, as a fully base-
paired PAM (Jinek et al., 2012). Importantly, this could enable targeting of RNA while 
precluding binding or cleavage of corresponding genomic DNA sites lacking PAMs (Fig. 6.8a). 
To test this possibility, we first demonstrated that Cas9–gRNA cleaves PAMmer–ssRNA 
substrates regardless of whether or not the PAM is base-paired (Fig. 6.8b,c). When Cas9–RNA 
was incubated with both a PAMmer–ssRNA substrate and the corresponding dsDNA template 
containing a cognate PAM, both targets were cleaved. In contrast, when a dsDNA target lacking 
a PAM was incubated together with a PAMmer-ssRNA substrate bearing a mismatched 5’-NGG-
3’ PAM, Cas9–gRNA selectively targeted the ssRNA for cleavage (Fig. 6.8c). The same result 
was obtained using a mismatched PAMmer with a 5’ extension (Fig. 6.8c), demonstrating that 
this general strategy enables the specific targeting of RNA transcripts while effectively 
eliminating any targeting of their corresponding dsDNA template loci. 

We next explored whether Cas9-mediated RNA targeting could be applied for tagless 
transcript isolation from HeLa cells (Fig. 6.8d). To immobilize Cas9 on a solid-phase resin, we 
mutagenized Cas9 to remove both wild-type cysteine residues and introduced a unique cysteine 
at the N-terminus distal from any nucleic acid binding surfaces. Chemical labeling of purified 
Cas9 at this position with a biotin moiety was specific and robust, and the resulting biotin-Cas9 
protein was fully active and could be quantitatively retained by magnetic streptavidin beads (Fig. 
6.9). 

As a proof of concept, we first isolated GAPDH mRNA from HeLa total RNA using 
biotinylated dCas9, gRNAs and PAMmers that target four non-PAM-adjacent sequences within 
exons 5–7 (Fig. 6.8e). We observed a substantial enrichment of GAPDH mRNA relative to a 
control β-actin mRNA by Northern blot analysis, but saw no enrichment using a non-targeting 
gRNA or dCas9 alone (Fig. 6.8f).  
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Figure 6.8 | RNA-guided Cas9 can target non-PAM sites on ssRNA and isolate GAPDH mRNA from HeLa 
cells in a tagless manner. (a) Schematic of the approach designed to avoid cleavage of template DNA by targeting 
non-PAM sites in the ssRNA target. (b) The panel of nucleic acid substrates tested in (c). (c) Cas9–gRNA cleaves 
ssRNA targets with equal efficiency when the 5’-NGG-3’ of the PAMmer is mismatched with the ssRNA. This 
strategy enables selective cleavage of ssRNA in the presence of non-PAM target dsDNA; at cognate PAM sites, 
Cas9–gRNA cleaves both ssRNA and dsDNA. (d) Schematic of the dCas9 RNA pull-down expriment. (e), GAPDH 
mRNA transcript isoform 3 shown schematically, with exons common to all GAPDH protein-coding transcripts in 
red and gRNA/PAMmer targets 1-4 indicated. (f) Northern blot showing that gRNAs and 5’-extended PAMmers 
enable tagless isolation of GAPDH mRNA from HeLa total RNA; β-actin mRNA is shown as a control. (g) 
Northern blot showing tagless isolation of GAPDH mRNA from HeLa cell lysate with varying 2’-OMe-modified 
PAMmers. RNase H cleavage is abrogated with v4 and v5 PAMmers; β-actin mRNA is shown as a control. (h) 
Sequences of unmodified and modified GAPDH PAMmers used in (g); 2’-OMe-modified nucleotides are shown in 
red.  
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Figure 6.9 | Site-specific biotin labeling of Cas9. (a) In order to introduce a single biotin moiety on Cas9, the 
solvent accessible, non-conserved N- terminal methionine was mutated to a cysteine (M1C; red text) and the 
naturally occurring cysteine residues were mutated to serine (C80S and C57S; bold text). This enabled cysteine-
specific labeling with EZ-link Maleimide-PEG2-biotin through an irreversible reaction between the reduced 
sulfhydryl group of the cysteine and the maleimide group present on the biotin label. dCas9 mutations are also 
indicated in the domain schematic. (b) Mass spectrometry analysis of the Cas9 biotin labeling reaction confirmed 
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that successful biotin labeling only occurs when the M1C mutation is present in the Cys-Free background 
(C80S,C574S). The mass of the Maleimide- PEG2-biotin reagent is 525.6 Da. (c) Streptavidin bead binding assay 
with biotinylated (biot.) or non-biotinylated (non-biot.) Cas9 and streptavidin agarose or streptavidin magnetic 
beads. Cas9 only remains specifically bound to the beads after biotin labeling. (d) Cleavage assays were conducted 
as described in the Materials and Methods and resolved by denaturing PAGE. Reactions contained 100 nM Cas9 
programmed with λ2-gRNA and ~1 nM 5′-radiolabelled λ2 dsDNA target. (e) Quantified cleavage data from 
triplicate experiments were fit with single-exponential decays to calculate the apparent pseudo-first order cleavage 
rate constants (average ± standard deviation). Both Cys-Free and Biotin-M1C Cas9 retain WT activity. 
 

We then used this approach to isolate endogenous GAPDH transcripts from HeLa cell 
lysate under physiological conditions. In initial experiments, we found that Cas9–gRNA 
captured two GAPDH-specific RNA fragments rather than the full-length mRNA (Fig. 6.8g). 
Based on the sizes of these bands, we hypothesized that RNA:DNA heteroduplexes formed 
between the mRNA and PAMmer were cleaved by cellular RNase H. Previous studies have 
shown that modified DNA oligonucleotides can abrogate RNase H activity (Wu et al., 1999), and 
therefore we investigated whether Cas9 would tolerate chemical modifications to the PAMmer. 
We found that a wide range of modifications still enabled PAMmer-mediated nuclease 
activation, including locked nucleic acids, 2’-OMe and 2’-F ribose moieties (Fig. 6.10). 
Importantly, by varying the pattern of 2’-OMe modifications in the PAMmer, we could 
completely eliminate RNase H-mediated cleavage during the pull-down experiment and 
successfully isolate intact GAPDH mRNA (Fig. 6.8g,h). Interestingly, we consistently observed 
specific isolation of GAPDH mRNA in the absence of any PAMmer, albeit with lower 
efficiency, suggesting that Cas9–gRNA can bind to GAPDH mRNA through direct RNA:RNA 
hybridization (Fig. 6.8f,g & 6.11). Taken together, these experiments demonstrate that RNA-
guided Cas9 can be used to purify endogenous untagged RNA transcripts. In contrast to current 
oligonucleotide-mediated RNA-capture methods, this approach works well under physiological 
salt conditions and doesn't require crosslinking or large sets of biotinylated probes (Chu et al., 
2011; Engreitz et al., 2013; Simon et al., 2011).  

Figure 6.10 | RNA-guided Cas9 can utilize chemically modified PAMmers. 19-nt PAMmer derivatives 
containing various chemical modifications on the 5’ and 3’ ends (capped) or interspersed still activate Cas9 for 
cleavage of ssRNA targets. These types of modification are often used to increase the in vivo half-life of short 
oligonucleotides by preventing exo- and endonuclease-mediated degradation. Cleavage assays were conducted as 
described in the Methods. PS, phosphorothioate bonds; LNA, locked nucleic acid. 
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Figure 6.11 | Cas9 programmed with GAPDH-specific gRNAs can pull-down GAPDH mRNA in the absence 
of PAMmer. (a) Northern blot showing that, in some cases, Cas9-gRNA is able to pull down detectable amounts of 
GAPDH mRNA from total RNA without requiring a PAMmer. (b) Northern blot showing that Cas9-gRNA 1 is also 
able to pull-down quantitative amounts of GAPDH mRNA from HeLa cell lysate without requiring a PAMmer. s: 
standard; v: 2’-OMe-modified PAMmers. 

 
Table 6.1 | RNA and DNA substrates used in this study 

Description Sequencea 

Oligo for preparing 
dsDNA T7 promoter, 
in vitro transcription 

5’-TAATACGACTCACTATA-3’ 

λ2-targeting crRNA 5’-GUGAUAAGUGGAAUGCCAUGGUUUUAGAGCUAUGCUGUUUUG-3’ 

λ3-targeting crRNA 5’-CUGGUGAACUUCCGAUAGUGGUUUUAGAGCUAUGCUGUUUUG-3’ 

λ4-targeting crRNA 5’-CAGATATAGCCTGGTGGTTCGUUUUAGAGCUAUGCUGUUUUG-3’ 

ssDNA T7 
templateb: 
tracrRNA 

5’-AAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATGCTG 
TCCTATAGTGAGTCGTATTA 

tracrRNA (nt 15-87) GGACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUU 

λ2-targeting sgRNA 
T7 templatec 

5’TAATACGACTCACTATAGGTGATAAGTGGAATGCCATGGTTTTAGAGCTATGCTGTTTTGGAAACAAAACA
GCATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT-3’ 

λ2-targeting sgRNA 5’-GGUGAUAAGUGGAAUGCCAUGGUUUUAGAGCUAUGCUGUUUUGGAAACAAAACAGCAUAGCAAGUUAAAA 
UAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU-3’ 

λ2 target 
dsDNA duplex 

5'-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3' 
3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCG-5' 

λ2 ssDNA target 
strand 

(used to make 
heteroduplex 
DNA:RNA) 

3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTAACTCG-5' 
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λ2 ssDNA non-
target strand 

(used to make 
heteroduplex 
DNA:RNA) 

5'-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3' 

λ2 ssRNA target 
strand 

T7 template 

5’-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGCCTATAGTGAGTCGTA 
TTA-3’ 

λ2 ssRNA target 
strand 

3'-CUCACCUUCCUACGGUCACUAUUCACCUUACGGUACACCCGACAGUUUUAACUCGG-5' 

λ2  ssRNA non-
target strand 
T7 template 

5’-GCTCAATTTTGACAGCCCACATGGCATTCCACTTATCACTGGCATCCTTCCACTCCTATAGTGAGTCGTA 
TTA-3’ 

λ2  ssRNA non-
target strand 

(used to make 
dsRNA) 

5’-GGAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3’ 

19 nt   λ2 DNA 
PAMmer 

5'-TGGGCTGTCAAAATTGAGC-3' 

18 nt  λ2 “GG” 
PAMmer 

5'-GGGCTGTCAAAATTGAGC-3' 

19 nt   λ2 DNA 
mutated PAMmer 

5'-ACCGCTGTCAAAATTGAGC-3' 

16 nt   λ2 DNA 
“PAM-less” PAMmer 

5'-GCTGTCAAAATTGAGC-3' 

18 nt  λ2 RNA 
PAMmer	  

5'-GGGCUGUCAAAAUUGAGC-3' 

5 nt   λ2 DNA 
PAMmer 

5'-TGGGC-3' 

10 nt   λ2 DNA 
PAMmer 

5'-TGGGCTGTCA-3' 

15 nt   λ2 DNA 
PAMmer 

5'-TGGGCTGTCAAAATT-3' 

λ3 ssRNA target 
strand 

T7 template 

5’-AACGTGCTGCGGCTGGCTGGTGAACTTCCGATAGTGCGGGTGTTGAATGATTTCCTATAGTGAGTCGTAT 
TA-3’ 

λ3 ssRNA target 
strand 

 
3'-UUGCACGACGCCGACCGACCACUUGAAGGCUAUCACGCCCACAACUUACUAAAGG-5' 

λ4 ssRNA target 
strand 

T7 template 

5’-TCACAACAATGAGTGGCAGATATAGCCTGGTGGTTCAGGCGGCGCATTTTTATTGCCTATAGTGAGTCGT 
ATTA-3’ 

λ4 ssRNA target 
strand 

3'-AGUGUUGUUACUCACCGUCUAUAUCGGACCACCAAGUCCGCCGCGUAAAAAUAACGG-5' 
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λ3 ssDNA non-
target strand 

 
5'-AACGTGCTGCGGCTGGCTGGTGAACTTCCGATAGTGCGGGTGTTGAATGATTTCC-3' 

λ4 ssDNA non-
target strand 

5'-TCACAACAATGAGTGGCAGATATAGCCTGGTGGTTCAGGCGGCGCATTTTTATTG-3' 

19 nt   λ3 DNA 
PAMmer 

5’-CGGGTGTTGAATGATTTCC-3’ 

19 nt   λ4 DNA 
PAMmer 

5’-AGGCGGCGCATTTTTATTG-3’ 

21 nt  λ2 5’-
extended DNA 

PAMmer 
5’-TGTGGGCTGTCAAAATTGAGC-3’ 

21 nt  λ3 5’-
extended DNA 

PAMmer 
5’-TGCGGGTGTTGAATGATTTCC-3’ 

24 nt  λ2 5’-
extended DNA 

PAMmer 
5’-CCATGTGGGCTGTCAAAATTGAGC-3’ 

24 nt  λ3 5’-
extended DNA 

PAMmer 
5’-TAGTGCGGGTGTTGAATGATTTCC-3’ 

27 nt  λ2 5’-
extended DNA 

PAMmer 
5’-ATGCCATGTGGGCTGTCAAAATTGAGC-3’ 

27 nt  λ3 5’-
extended DNA 

PAMmer 
5’-CGATAGTGCGGGTGTTGAATGATTTCC-3’ 

30 nt  λ2 5’-
extended DNA 

PAMmer 
5’-GGAATGCCATGTGGGCTGTCAAAATTGAGC-3’ 

30 nt  λ3 5’-
extended DNA 

PAMmer 
5’-TTCCGATAGTGCGGGTGTTGAATGATTTCC-3’ 

33 nt  λ2 5’-
extended DNA 

PAMmer 
5’-AGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3’ 

33 nt  λ3 5’-
extended DNA 

PAMmer 
5’-AACTTCCGATAGTGCGGGTGTTGAATGATTTCC-3’ 

36 nt  λ2 5’-
extended DNA 

PAMmer 
5’-ATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3’ 

39 nt  λ2 5’-
extended DNA 

PAMmer 
5’-GTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3’ 
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39 nt  λ3 5’-
extended DNA 

PAMmer 
5’-CTGGTGAACTTCCGATAGTGCGGGTGTTGAATGATTTCC-3’ 

non-PAM  λ2 dsDNA 5'-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGACCGCTGTCAAAATTGAGC-3' 
3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACTGGCGACAGTTTTAACTCG-5' 

non-PAM  λ2 ssRNA 
target strand T7 

template 

5’-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGACCGCTGTCAAAATTGAGCCTATAGTGAGTCGTA 
TTA-3’ 

non-PAM  λ2 ssRNA 
target strand 

3'-CUCACCUUCCUACGGUCACUAUUCACCUUACGGUACTGGCGACAGUUUUAACUCGG-5' 

λ2 2’OMe capped 
PAMmerd 

5’-*UGGGCTGTCAAAATTGAG*C-3’ 

λ2 PS capped 
PAMmerd 5’-T*GGGCTGTCAAAATTGAG*C-3’ 

λ2 2’F capped 
PAMmerd 5’-*UGGGCTGTCAAAATTGAG*C-3’ 

λ2 LNA capped 
PAMmerd 5’-*TGGGCTGTCAAAATTGAG*C-3’ 

λ2 19 nt 2’OMe 
interspersed 

PAMmerd 
5’-*UGGGC*UGTCA*AAATT*GAG*C-3’ 

GAPDH-targeting 
sgRNA 1 

T7 templatee 

5’-TAATACGACTCACTATAGGGGCAGAGATGATGACCCTGTTTAAGAGCTATGCTGGAAACAGCATAGCAAG 
TTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT-3’ 

GAPDH-targeting 
sgRNA 1 

5’-GGGGCAGAGAUGAUGACCCUGUUUAAGAGCUAUGCUGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAGUC 
CGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU-3’ 

GAPDH-targeting 
sgRNA 2 

T7 templatee 

5’-TAATACGACTCACTATAGGCCAAAGTTGTCATGGATGACGTTTAAGAGCTATGCTGGAAACAGCATAGCA 
AGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT-3’ 

GAPDH-targeting 
sgRNA 2 

5’-GGCCAAAGUUGUCAUGGAUGACGUUUAAGAGCUAUGCUGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAG 
UCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU-3’ 

GAPDH-targeting 
sgRNA 3 

T7 templatee 

5’-TAATACGACTCACTATAGGCCAAAGTTGTCATGGATGACGTTTAAGAGCTATGCTGGAAACAGCATAGCA 
AGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT-3’ 

GAPDH-targeting 
sgRNA 3 

5’-GGAUGUCAUCAUAUUUGGCAGGGUUUAAGAGCUAUGCUGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAG 
UCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU-3’ 

GAPDH-targeting 
sgRNA 4 

T7 templatee 

5’-TAATACGACTCACTATAGGATGTCATCATATTTGGCAGGGTTTAAGAGCTATGCTGGAAACAGCATAGCA 
AGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT-3’ 

GAPDH-targeting 
sgRNA 4 

5’-GGATGTCATCATATTTGGCAGGGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAG 
TCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT-3’ 

GAPDH PAMmer 1 5’-ATGACCCTTGGGGCTCCCCCCTGCAAA-3’ 

GAPDH PAMmer 2 5’-TGGATGACCGGGGCCAGGGGTGCTAAG-3’ 

GAPDH PAMmer 3 5’-TTGGCAGGTGGTTCTAGACGGCAGGTC-3’ 
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GAPDH PAMmer 4 5’-CCCCAGCGTGGAAGGTGGAGGAGTGGG-3’ 

GAPDH PAMmer 1 
2’OMe v1 

5’-A*UGACC*CTAGG*GGCTC*CCCCC*UGCAA*A-3’ 

GAPDH PAMmer 1 
2’OMe v2 

5’-*ATG*ACCC*UAGG*GGCT*CCCC*CCTG*CAA*A-3’ 

GAPDH PAMmer 1 
2’OMe v3 

5’-*ATG*ACC*CU*AGG*GGC*UCC*CCC*CTG*CAA*A-3’ 

GAPDH PAMmer 1 
2’OMe v4 

5’-*AT*GA*CC*CT*AGG*GG*CT*CC*CC*CC*UG*CA*AA-3’ 

GAPDH PAMmer 1 
2’OMe v5 

5’-*AT*GA*CC*CT*AG*GG*GC*TC*CC*CC*CU*GC*AA*A-3’ 

GAPDH cDNA 
primer Fwd 

5’-CTCACTGTTCTCTCCCTCCGC-3’ 

GAPDH cDNA 
primer Rev 

5’-AGGGGTCTACATGGCAACTG-3’ 

β-actin cDNA primer 
Fwd 

5’-AGAAAATCTGGCACCACACC-3’ 

β-actin cDNA primer 
Rev 

5’-GGAGTACTTGCGCTCAGGAG-3’ 

 

a Guide crRNA sequences and complementary DNA target strand sequences are shown in red. PAM sites (5'-NGG-
3') are highlighted in yellow on the non-target strand when adjacent to the target sequence or in the PAMmer 
oligonucleotides. 

b The T7 promoter is indicated in bold (or reverse complement of), as well as 5’ G or GG included in the ssRNA 
product by T7 polymerase. 

NA, not applicable. 
c sgRNA template obtained in pIDT, subsequently linearised by AflII for run-off transcription. 
d Positions of modifications depicted  with asterisks preceding each modified nucleotide in each case (except for PS 

linkages which are depicted between bases) 
PS: phosphorothioate bond 
LNA: locked nucleic acid 
e sgRNAs for GAPDH were designed according to (Chen et al., 2013). 
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Here we have demonstrated the ability to re-direct the dsDNA targeting capability of 
CRISPR/Cas9 for RNA-guided ssRNA binding and/or cleavage (RCas9). Programmable RNA 
recognition and cleavage has the potential to transform the study of RNA function much as site-
specific DNA targeting is changing the landscape of genetic and genomic research (Mali et al., 
2013b) (Fig. 6.12). Although certain engineered proteins such as PPR proteins and Pumilio/FBF 
(PUF) repeats show promise as platforms for sequence-specific RNA targeting (Filipovska and 
Rackham, 2011; Mackay et al., 2011; Wang et al., 2013c; Yagi et al., 2014; Yin et al., 2013), 
these strategies suffer from the need to re-design the protein for every new RNA sequence of 
interest. While RNA interference has proven useful for manipulating gene regulation in certain 
organisms (Kim and Rossi, 2008), there has been a strong motivation to develop orthogonal 
nucleic acid-based RNA recognition systems, such as the CRISPR/Cas Type III-B  Cmr complex 
(Hale et al., 2009; 2012; Spilman et al., 2013; Staals et al., 2013; Terns and Terns, 2014) and the 
atypical Cas9 from Francisella novicida (Sampson and Weiss, 2014; Sampson et al., 2013). In 
contrast to these systems, the molecular basis for RNA recognition by RCas9 is now clear and 
requires only the design and synthesis of a matching gRNA and complementary PAMmer. The 
ability to recognize endogenous RNAs within complex mixtures with high affinity and in a 
programmable manner paves the way for direct transcript detection, analysis and manipulation 
without the need for genetically encoded affinity tags. 

 

Figure 6.12 | Potential applications of RCas9 for untagged transcript analysis, detection, and manipulation. 
(a) Catalytically-active RCas9 could be used to target and cleave RNA, particularly those for which RNAi-mediated 
repression/degradation is not possible. (b) Tethering the eukaryotic initiation factor eIF4G to a catalytically inactive 
dRCas9 targeted to the 5’ untranslated region of an mRNA could drive translation. (c) dRCas9 tethered to beads 
could be used to specificially isolate RNA or native RNA:protein complexes of interest from cells for downstream 
analysis or assays including identification of bound protein complexes, probing of RNA structure under native 
protein-bound conditions, and enrichment of rare transcripts for sequencing analysis. (d) dRCas9 tethered to RNA 
deaminase or N6-mA methylase domains could direct site-specific A-to-I editing or methylation or RNA, 
respectively. (e) dRCas9 fused to a U1 recruitment domain (arginine- and serine- rich (RS) domain) could be 
programmed to recognize a splicing enhancer site and thereby promote the inclusion of a targeted exon. (f) dRCas9 
tethered to a fluorescent protein such as GFP could be used to observe RNA localization and transport in living 
cells. 
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Chapter 7 

 
 

Expanding the biologist’s toolkit 
with CRISPR-Cas9 

 
 
 
 

 
 

 
 

 
 

 
 

 
† Part of the work presented in this chapter has recently been submitted for publication in the 
following review article: Sternberg, S.H., Doudna, J.A. Expanding the biologist’s toolkit with 
CRISPR-Cas9.  
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7.1 Abstract 
Few discoveries transform a discipline overnight, but biologists today can manipulate 

cells in ways never possible before, thanks to a peculiar form of prokaryotic adaptive immunity 
mediated by CRISPRs (clustered regularly interspaced short palindromic repeats). From elegant 
studies that deciphered how these immune systems function in bacteria, researchers quickly 
uncovered the technological potential of Cas9, an RNA-guided DNA cleaving enzyme, for 
genome engineering. Here we highlight the recent explosion in visionary applications of 
CRISPR-Cas9 that promises to usher in a new era of biological understanding and control. 

 
7.2 Introduction 

It was only six years ago that a fledgling group of international scientists met at the 
University of California, Berkeley, for the first annual meeting on CRISPRs. A diverse range of 
expertise was represented—microbiology, biochemistry, metagenomics, food science—allowing 
the mystery of CRISPR immune system function to be unraveled collectively from multiple lines 
of experimentation. Each subsequent conference boasted more breakthrough discoveries, and the 
increasing rate of CRISPR-related publications reflected an intensifying interest in the topic. A 
description of the molecular function of Cas9 and suggestion of its use for genome engineering, 
presented at the 2012 meeting, foreshadowed an explosion of research using CRISPR-Cas9 that 
was soon to come. 

Beginning in January 2013, a flurry of studies demonstrated that site-specific DNA 
editing in eukaryotic cells could be achieved through the heterologous expression of Cas9 
together with a guide RNA. Two years and >500 publications later (Fig. 7.1a), the technology 
has gone viral. The genomes of virtually all model plants and animals have been modified with 
CRISPR-Cas9, and creative new tools continue to expand the capabilities of this system. While 
CRISPR biology remains an active area of study, the memorable acronym is now more 
commonly associated with genome engineering than it is with prokaryotic adaptive immunity. 

In this perspective, we provide a concise summary of how the CRISPR-Cas9 technology 
emerged and is enabling remarkable innovations in the biological sciences. We encourage the 
reader to consult the recent literature for more comprehensive reviews (Doudna and Charpentier, 
2014; Hsu et al., 2014; Mali et al., 2013b). Detailed protocols for the numerous applications 
involving CRISPR-Cas9 can be found in a recent volume of Methods in Enzymology (Doudna 
and Sontheimer, 2014). Finally, we apologize to our many colleagues whose work we could not 
mention or discuss due to length constraints.  
 

7.3 “The biological significance of these sequences is not known” 
So concluded a study published in 1987, in which the authors inadvertently discovered 

the first genomic CRISPR locus in Escherichia coli while sequencing the iap gene (Ishino et al., 
1987). CRISPRs have since been found in roughly 40% and 90% of all bacterial and archaeal 
species, respectively (Grissa et al., 2007b), and are characterized by short direct repeats 
interrupted at regular intervals by unique spacer sequences. Yet it wasn’t until 2005 that a 
potential connection between CRISPRs and antiviral immune defense was established, when 
multiple laboratories reported that spacers derive from foreign genetic elements (Bolotin et al., 
2005; Mojica et al., 2005; Pourcel et al., 2005). A landmark study in 2007 from Barrangou and 
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colleagues provided the definitive link: working in Steptococcus thermophilus, the authors 
demonstrated that CRISPR spacers confer potent resistance to bacterial viruses (bacteriophage) 
bearing matching DNA sequences, and that bacteria could actively vaccinate themselves against 
bacteriophage by integrating new spacers into the pre-existing CRISPR locus (Barrangou et al., 
2007). The central role of noncoding CRISPR RNA (crRNA) in this pathway was revealed 
shortly thereafter by pioneering work from the van der Oost laboratory (Brouns et al., 2008).   

CRISPRs function together with CRISPR-associated (cas) genes that typically flank 
CRISPR loci in the genome, and the entire pathway is consequently referred to as CRISPR-Cas. 
Adaptive immunity proceeds in three stages: acquisition (or adaptation), CRISPR RNA 
biogenesis, and interference (for recent reviews see (Barrangou and Marraffini, 2014; van der 
Oost et al., 2014)). During acquisition, new spacers are selected from foreign nucleic acids and 
integrated at one end of the CRISPR locus. RNA precursors are then transcribed from the 
CRISPR locus and enzymatically processed into mature crRNAs, which are bound by one or 
more Cas proteins to form ribonucleoprotein targeting complexes that each contain a single 
spacer (guide) sequence. Finally, Cas nucleases cleave target nucleic acids that are marked for 
degradation via complementary base pairing to the crRNA. 

CRISPR-Cas immune systems have been classified into three types and numerous 
subtypes based primarily on cas gene phylogeny (Makarova et al., 2011b), and while many 
mechanistic features are widely conserved, significant differences exist. For example, Type I and 
III systems require only crRNA for targeting, while Type II systems also use trans-activating 
CRISPR RNA (tracrRNA) (Deltcheva et al., 2011). In addition, the protein composition of 
crRNA-Cas targeting complexes is highly variable, with complexes in Type I and III systems 
typically comprising >8 subunits (Brouns et al., 2008; Hale et al., 2009). In contrast, Type II 
systems require only a single polypeptide: Cas9 (Sapranauskas et al., 2011).  

 
7.4 RNA-guided DNA targeting by Cas9 

Cas9 is a DNA endonuclease that generates double-strand breaks (DSBs) in DNA target 
sequences identified through base pairing to the guide RNA (Fig. 7.1b) (Gasiunas et al., 2012; 
Jinek et al., 2012). Cas9 functions naturally with a dual-guide RNA composed of crRNA and 
tracrRNA (Jinek et al., 2012); the 5’ end of the crRNA base-pairs with target DNA, whereas the 
3’ end forms a double-stranded stem with the tracrRNA to facilitate Cas9 recruitment. Because 
DNA targets are recognized via RNA-DNA base pairing, changing the sequence of the guide 
RNA easily alters DNA specificity. 

Efficient targeting also requires the presence of a short sequence motif proximal to the 
DNA target sequence, known as the protospacer adjacent motif (PAM) (Mojica et al., 2009). 
PAM recognition enables CRISPR-Cas immune systems to discriminate between self and non-
self sequences, since only targets found in foreign DNA contain a PAM; matching targets in the 
CRISPR locus itself, from which the crRNA is transcribed, do not contain a PAM and are 
thereby avoided. Cas9 from Streptococcus pyogenes, which has been the focus of most studies to 
date, recognizes a 5’-NGG-3’ PAM sequence (Jinek et al., 2012; Mojica et al., 2009). 

The ability to edit genomic DNA inside cells has been limited by the dearth of effective 
tools to introduce site-specific DSBs. Earlier methods relied on protein-only systems such as zinc 
finger nucleases (ZFNs), and transcription activator-like effector nucleases (TALENs), but the 
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feasibility of engineering these designer enzymes to recognize new sequences was limited. In 
contrast, the CRISPR-Cas system has the distinct advantage of relying on RNA for specificity. 
And while Cas9 shares molecular capabilities with other CRISPR-Cas systems, its compositional 
simplicity has been paramount to its successful application. Not only does it encompass only a 
single polypeptide, but remarkably, it retains full activity with a chimeric single-guide RNA 
(sgRNA), generated by connecting the 3’ end of the crRNA to the 5’ end of the tracrRNA (Jinek 
et al., 2012).  

Figure 7.1 | Development of CRISPR-Cas9 for genome engineering. (a) The surge in CRISPR-Cas9 applications 
is highlighted by the exponential growth (red line) of publications with “CRISPR” in the title or abstract. Data were 
taken from PubMed. (b) Cas9 functions together with a single-guide RNA (sgRNA) to identify DNA target 
sequences adjacent to a PAM (yellow box) using RNA-DNA base pairing (red). Both strands of the target DNA are 
cleaved, generating a double-strand break (DSB) that is repaired by either non-homologous end joining (NHEJ) or 
homology-directed repair (HDR). (c) Programmable RNA-guided DNA targeting by Cas9 has been exploited in 
numerous diverse applications, some of which are shown. 
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7.5 Genome editing with CRISPR-Cas9 
Six months after the first description of the molecular function of Cas9 (Jinek et al., 

2012), six studies demonstrated that Cas9 together with sgRNA can be used to specifically edit 
the genomes of human cells (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2013; Mali et al., 
2013c), zebrafish embryos (Hwang et al., 2013), and bacteria (Jiang et al., 2013). The technology 
was rapidly extended to other model organisms, and by May of 2013, the Jaenisch laboratory 
reported the one-step generation of mice mutated at multiple alleles via zygotic injection of Cas9 
mRNA and sgRNAs (Wang et al., 2013b). What had once been laborious and time-consuming 
was now facile and rapidly achievable.  

In the simplest embodiment of the CRISPR-Cas9 technology (Fig. 7.1c), the sgRNA 
guide sequence is designed to target a complementary 20-base pair (bp) site flanked by NGG 
within the gene of interest. Heterologous expression of Cas9 together with sgRNA may be 
accomplished by stable lentiviral transfection, transient plasmid transfection, direct DNA or 
RNA injection, or transfection with purified ribonucleprotein complex, with the optimal strategy 
depending on the desired application and the cell or organism being edited. After trafficking to 
the nucleus through an appended nuclear localization signal, Cas9 targets the locus of interest 
and induces a DSB that is repaired by the cell’s endogenous machinery via non-homologous end 
joining (NHEJ). Because NHEJ is an error-prone repair pathway that results in small insertions 
or deletions (indels), the open reading frame is disrupted and the gene becomes inactivated. 
While the editing efficiency with CRISPR-Cas9 can be as high 80% (Kim et al., 2014; Zuris et 
al., 2014), it is cell- and site-specific and depends on the delivery method. In addition, the 
resulting cell population will be inherently heterogeneous, both in the percentage of cells that 
were edited and in the specific genotype of the edited cells. 

The genome can also be edited in a more precise manner using homology-directed repair 
(HDR). By combining Cas9–sgRNA delivery with a donor DNA that bears homology to 
sequences flanking the targeted site, DSBs are repaired using the donor DNA as a template. 
Importantly, this strategy enables new sequences to be introduced into the gene of interest, such 
as epitope tags, and specifically defined mutations to be installed, such as those that might mimic 
or correct disease-causing alleles. However, efficiencies of HDR are significantly lower than 
NHEJ, and more work is needed to develop strategies that bias the cell’s natural DNA repair 
machinery towards the desired outcome. 

Genome editing with CRISPR-Cas9 is now a routine procedure for virtually all model 
plants and animals, and recent progress has pushed the technology into ever more interesting 
directions. A unique advantage of CRISPR-Cas9 over earlier genome editing methods is that 
multiplexable targeting is easily achieved by co-expressing Cas9 with multiple sgRNAs 
simultaneously. In addition to editing multiple chromosomal loci in a single experiment with this 
approach, entire chromosomal deletions can be achieved by using two sgRNAs to induce DSBs 
at sites that flank the region of interest (Xiao et al., 2013). Furthermore, large-scale chromosomal 
rearrangements resembling those found in specific tumors can be introduced (Choi and 
Meyerson, 2014; Torres et al., 2014). Indeed, CRISPR-Cas9 offers great promise in transforming 
the tools available to recreate, model, and treat human cancers (Maddalo et al., 2014; Platt et al., 
2014; Sánchez-Rivera et al., 2014).  
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7.6 Leveraging CRISPR-Cas9 as a versatile DNA-binding system 
Cas9 generates DSBs using two conserved nuclease domains (HNH and RuvC) that 

cleave both strands of DNA target sequences. Inactivating both catalytic active sites via point 
mutations results in catalytically inactive Cas9 (dCas9), which remains fully active for 
programmable, RNA-guided DNA binding (Jinek et al., 2012). Numerous studies have taken 
advantage of this discovery to develop powerful new tools for regulating gene expression.  

When expressed in bacteria, dCas9 together with sgRNA can sterically occlude RNA 
polymerase from binding promoter sequences and thereby down-regulate the expression of 
specific transcripts (Bikard et al., 2013; Qi et al., 2013). More robust gene expression control in 
eukaryotes becomes possible by fusing Cas9 to specific effector domains, such as transcriptional 
repressors and activators, which are recruited to specific genomic loci via the sgRNA (Gilbert et 
al., 2013; Maeder et al., 2013; Perez-Pinera et al., 2013). Recent developments continue to 
increase the efficiency and dynamic range of gene regulation by CRISPR-Cas9. In addition to 
improvements in the sgRNA design (Chen and Huang, 2014), newer methods involve recruiting 
multiple effector proteins through engineered molecular scaffolds fused to Cas9 (Gilbert et al., 
2014; Tanenbaum et al., 2014) or RNA aptamers fused to sgRNA (Konermann et al., 2014; Mali 
et al., 2013a).  

dCas9 can also be used to probe and manipulate the genome in other ways that ultimately 
rely on specific nucleic acid targeting. For example, DNA loci can be imaged in live cells using 
dCas9-GFP fusions (Chen et al., 2013), offering new insights into the dynamics and 
conformation of genomic loci. dCas9 fusions to effector domains that install epigenetic markers 
may enable specific perturbation of epigenetic regulation. Finally, a recent report demonstrated 
that dCas9 can bind single-stranded RNA targets (O'Connell et al., 2014), suggesting that 
programmable manipulation of cellular RNA transcripts may become possible in the near future. 

 
7.7 High-throughput screening using CRISPR-Cas9  

CRISPR-Cas9 enables facile, targeted perturbation of specific genes in the cell, either 
through permanent genome editing or temporary gene regulation. A systematic investigation of 
gene function, however, requires this level of control to be extended across the genome. A 
number of recent studies have harnessed the programmable nature of CRISPR-Cas9 to conduct 
powerful genome-scale screens. Importantly, this approach enables the hypothesis-free discovery 
of novel pathways that underlie a given biological process.  

Using lentiviral sgRNA libraries and catalytically active Cas9, loss-of-function gene 
knockout screens were performed in both human and mouse cells (Koike-Yusa et al., 2014; 
Shalem et al., 2014; Wang et al., 2014a; Zhou et al., 2014). Deep sequencing of the sgRNA pool 
after either positive or negative selection revealed genes essential for cell viability, as well as 
genes involved in resistance to specific small-molecule drugs. While focused libraries will prove 
useful for targeted screens in which the candidate genes are selected by the researcher, genome-
wide libraries that query all protein-coding genes will have a greater likelihood of discovering 
novel hits that were not previously identified (Koike-Yusa et al., 2014; Shalem et al., 2014).  

Catalytically inactive dCas9 has also been co-opted for genome-scale screening by 
directly up- or down-regulating gene expression (Gilbert et al., 2014; Konermann et al., 2014). In 
comparison to the indels generated by active Cas9, which may be insufficient to inactivate non-
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coding RNAs or disrupt a given open reading frame, transcriptional silencing by dCas9 can more 
effectively block gene expression in some contexts. However, the ability to perform gain-of-
function screens using dCas9-mediated recruitment of transcriptional activators is arguably the 
most significant advantage of this approach over active Cas9, and has not been possible with 
earlier technologies.  
 

7.8 Off-target effects of CRISPR-Cas9 
The success of any genome engineering technique, either as a basic research tool or in 

therapeutic applications, will ultimately be limited by its specificity. Early reports warned that 
CRISPR-Cas9 causes frequent off-target editing events (Fu et al., 2013), leading many 
laboratories to analyze cleavage specificity more thoroughly using different approaches (Hsu et 
al., 2013; Mali et al., 2013a; Pattanayak et al., 2013). While positions throughout the 20-bp target 
sequence affect specificity, mismatches encountered proximal to the PAM, within a seed 
sequence of ~8-12 nucleotides, have the largest impact on cleavage accuracy. These findings are 
consistent with the mechanism of DNA interrogation by Cas9, in which the duplex is unwound 
beginning at the PAM, in a directional manner that depends on RNA-DNA complementarity 
(Sternberg et al., 2014; Szczelkun et al., 2014).  

A number of strategies have been developed that reduce off-target effects. Requiring two 
independent Cas9 binding events for genome editing effectively increases the length of DNA 
being recognized and has been accomplished in two ways. First, a nickase variant of Cas9 can be 
used, in which only one active site is mutated (Mali et al., 2013a; Ran et al., 2013). Pairs of 
sgRNAs then direct Cas9 to nick two closely spaced target sites to mimic a DSB; off-target 
nicking events with just a single sgRNA are precisely repaired without indel formation. Second, 
dCas9-FokI fusions can be used, similarly to ZFNs and TALENs (Guilinger et al., 2014; Tsai et 
al., 2014). Pairs of sgRNAs direct dCas9-FokI to two adjacent target sites, and a DSB is 
generated upon FokI dimerization; off-target binding events with a Cas9-FokI monomer do not 
result in cleavage. Finally, truncated sgRNAs have been shown to reduce off-target cleavage 
events without largely affecting on-target editing efficiencies (Fu et al., 2014). While most 
specificity studies to date have restricted their analysis to predicted off-target sites, two recent 
reports applied unbiased, whole-genome sequencing to carefully assess the incidence of off-
target mutations (Smith et al., 2014; Veres et al., 2014). 

Recent ChIP-seq studies have revealed that DNA binding by Cas9 is far more 
promiscuous than DNA cleavage (Cencic et al., 2014; Duan et al., 2014; Kuscu et al., 2014; Wu 
et al., 2014). The relevance of these findings for gene regulation applications involving dCas9 
remains unclear, since off-target binding events may be too transient to affect transcription. 
Notably, a careful analysis of dCas9-mediated transcriptional repression found minimal off-
target activity from properly designed sgRNAs (Gilbert et al., 2014). Nevertheless, in vitro 
experiments confirm that off-target DNAs with mismatches distal from the cleavage site can be 
tightly bound but not cleaved (Sternberg et al., 2014). The molecular cues that regulate catalytic 
activity have yet to be fully determined.  
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7.9 Future directions of CRISPR-Cas9 technologies  
Cas9 holds great promise as a therapeutic strategy to treat human genetic diseases, as 

evidenced by the recent emergence of numerous companies dedicated to this cause. In proof-of-
concept experiments, a disease-causing Fah mutation was successfully corrected in adult mice 
by hydrodynamic injection of a donor DNA template and plasmid DNA encoding Cas9 and 
sgRNA (Yin et al., 2014), and Duchenne muscular dystrophy was prevented by direct injection 
of Cas9 mRNA, sgRNA, and donor DNA template into the mouse germline (Long et al., 2014). 
Significant hurdles exist before similar experiments can be performed on human patients, but 
successes in ZFN-based human clinical trials demonstrate the exciting potential of general 
approaches using programmable nucleases (Tebas et al., 2014).  

A number of recent studies have highlighted the ability of CRISPR-Cas9 to specifically 
alter ecological populations. Within microbial communities, Cas9 was packaged in 
bacteriophage and programmed to selectively kill virulent bacteria by targeting virulence genes, 
while leaving other bacteria unaffected (Bikard et al., 2014; Citorik et al., 2014). In animal 
populations that undergo sexual reproduction, Cas9-based gene drives could be used to rapidly 
spread altered traits and control invasive species (Esvelt et al., 2014). Finally, CRISPR-Cas9 can 
be used to genetically improve major staple crops such as bread wheat (Wang et al., 2014b). 
Many of these applications will require renewed attention to existing and future regulatory 
challenges (Oye et al., 2014; Voytas and Gao, 2014). 

Finally, there is still significant room for basic tool development in the CRISPR-Cas9 
technology space. Recent high-resolution structures of Cas9 in both unbound and DNA-bound 
states have been particularly insightful for the rational design of new Cas9–sgRNA variants and 
will surely inform future protein engineering efforts (Anders et al., 2014; Jinek et al., 2014; 
Nishimasu et al., 2014). Advances in our biochemical understanding of DNA recognition by 
CRISPR-Cas9 have inspired strategies to target new nucleic acids substrates such as single-
stranded RNA (O'Connell et al., 2014). And an exciting avenue of future research will be the 
characterization and application of naturally occurring Cas9 homologs for genome engineering 
beyond those already described (Esvelt et al., 2013; Hou et al., 2013). For example, smaller 
variants may be more easily delivered with viral vectors, and orthogonal sgRNA and PAM 
specificities will enable a wider range of multiplexable outputs, including the simultaneous up- 
and down-regulation of gene expression.  

 

7.10 Conclusions 
The remarkable speed at which the CRISPR-Cas9 technology has spread throughout the 

biological community attests to its substantial impact in transforming our ability to manipulate 
cells (Fig. 7.1c). Genome engineering with Cas9 and sgRNA has become so routine that soon, 
the CRISPR-Cas9 method for editing chromosomal sites in model organisms will require no 
more attention in research articles than that accorded to PCR and molecular cloning. Indeed, the 
ease with which this technology can be practiced, and its tremendous utility, suggests that 
CRISPR-Cas9 will increasingly become a tool of choice for the next generation of biologists.  
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