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ABSTRACT 
 

Cracking the Cas: Investigations into CRISPR RNA-guided bacterial immunity 
 

By 
 

Megan Lara Hochstrasser 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor Jennifer A. Doudna, Chair 
 

In bacteria, the clustered regularly interspaced short palindromic repeats (CRISPR)–
associated (Cas) DNA-targeting complex Cascade (CRISPR-associated complex for 
antiviral defense) uses CRISPR RNA (crRNA) guides to bind complementary DNA targets 
at sites adjacent to a trinucleotide signature sequence called the protospacer adjacent 
motif (PAM). The Cascade complex then recruits Cas3, a nuclease-helicase that 
catalyzes unwinding and cleavage of foreign double-stranded DNA (dsDNA) bearing a 
sequence matching that of the crRNA. Cascade comprises several Cas proteins and one 
crRNA, forming a structure that binds and unwinds dsDNA to form an R-loop in which the 
target strand of the DNA base pairs with the RNA guide sequence. 
 
Single-particle electron microscopy reconstructions of dsDNA-bound Escherichia coli 
Cascade with and without Cas3 reveal that Cascade positions the PAM-proximal end of 
the DNA duplex at the CasA subunit and near the site of Cas3 association. The finding 
that the DNA target and Cas3 co-localize with CasA implicates this subunit in a key target-
validation step during DNA interference. We show biochemically that base pairing of the 
PAM region is unnecessary for target binding but critical for Cas3-mediated degradation. 
In addition, the L1 loop of CasA, previously implicated in PAM recognition, is essential for 
Cas3 activation following target binding by Cascade. Together, these data show that the 
CasA subunit of Cascade functions as an essential partner of Cas3 by recognizing DNA 
target sites and positioning Cas3 adjacent to the PAM to ensure cleavage.  
 
Though the E. coli Cascade complex is well-studied, other Type I systems remain 
relatively mysterious. We wondered how Desulfovibrio vulgaris Cascade/I-C could form 
and function with just three distinct subunits, fewer than any other Type I or III interference 
complex. Cas5c recognizes and cleaves the crRNA repeat via interactions with the 5′ 
handle region to which it remains associated. Cas5c binds to Cas7, which oligomerizes 
cooperatively along the crRNA, capped by the crRNA stem-loop. Interactions with Cas5c, 
Cas7, and the crRNA facilitate incorporation of Cas8c, a fusion of the large and small 
subunits found in other systems. Subnanometer resolution cryo-electron microscopy 
reconstructions of Cascade/I-C with and without target DNA reveal the dynamic role of 
Cas8c, structural rearrangements for PAM recognition, the path of the displaced strand, 
and a dramatic bend in the target duplex.
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Chapter 1 
 
 
 

Introduction: The CRISPR-Cas system of 
adaptive immunity in prokaryotes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*A portion of the content presented in this chapter has been previously published as part 
of the following review article: Hochstrasser, M.L., and Doudna, J.A. (2015). Cutting it 
Close: CRISPR-associated endoribonuclease structure and function. Trends in 
Biochemical Sciences 40, 58-66. 
 
*Megan Hochstrasser and Jennifer Doudna wrote the manuscript.  
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1.1 CRISPR-Cas systems 
 Bacteria and archaea live under the constant threat of viral invasion. As a result, 
they have evolved many innate immune mechanisms to fend off phage (Figure 1.1) 
(Westra et al., 2012a). In addition, most prokaryotes employ an RNA-based adaptive 
immune system known as CRISPR-Cas to identify and eliminate genetic parasites, 
reviewed in (Reeks et al., 2013a; Sorek et al., 2013; van der Oost et al., 2014; Westra et 
al., 2012a; Wiedenheft et al., 2012). 
 

 
Figure 1.1 Mechanisms of prokaryotic defense. Summary of bacterial and archaeal methods 
of immunity. Abbreviations: C, Cas protein; M, methyltransferase; R, restriction endonuclease; R-
M, restriction-modification. Adapted from (Westra et al., 2012a). 
 
 Upon detecting viral or plasmid DNA in the cell, bacteria and archaea with active 
CRISPR systems respond by integrating short fragments of foreign DNA into the host 
chromosome at one end of the CRISPR locus (Figure 1.2) (Barrangou et al., 2007; 
Garneau et al., 2010; Heler et al., 2014). Such loci serve as molecular vaccination cards 
by maintaining a genetic record of prior encounters with foreign transgressors. The 
defining feature of CRISPR loci is a series of direct repeats (~20-50 bp) separated by 
unique spacer sequences of a similar length (Figure 1.2) (Grissa et al., 2007; Kunin et al., 
2007; Makarova et al., 2006). Following transcription, CRISPR sequences are processed 
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into short CRISPR-derived RNAs (crRNAs) (Brouns et al., 2008; Carte et al., 2008; 
Deltcheva et al., 2011; Gesner et al., 2011; Hatoum-Aslan et al., 2011; Haurwitz et al., 
2010a; Jore et al., 2011; Lintner et al., 2011; Nam et al., 2012; Richter et al., 2012; 
Sashital et al., 2011). An interference complex of CRISPR-associated (Cas) proteins uses 
the mature crRNA as a guide to target and destroy foreign nucleic acids bearing sequence 
complementarity (Brouns et al., 2008; Garneau et al., 2010; Hale et al., 2008; Jinek et al., 
2012; Marraffini and Sontheimer, 2008). In addition to providing adaptive immunity, the 
CRISPR pathway can also play a role in endogenous gene regulation (Westra et al., 
2014). CRISPR systems have evolved into many distinct types, which are classified into 
two broad classes containing five types and several subtypes (Makarova et al., 2015), 
diagrammed in Figure 1.3.  
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Figure 1.2 Comparison between CRISPR–Cas interference systems. There are three main 
pathways of CRISPR adaptive immunity (Types I–III) and several subtypes, each typified by a 
different set of Cas proteins. The first stage of the CRISPR–Cas system is acquisition, in which a 
foreign DNA sequence is incorporated into the host CRISPR locus. Next, the entire repeat-spacer 
array is transcribed into a long precursor crRNA (pre-crRNA). A single cleavage within each 
repeat sequence generates shorter, mature crRNAs. Some crRNAs undergo an additional 
trimming step. The enzymes responsible for catalysis and exact mode of crRNA processing differ 
in each system. The crRNA is loaded into an interference complex where it serves as a guide for 
targeting invasive DNA, or in Type III systems, both DNA and RNA. Abbreviations: R, repeat; S, 
spacer. 
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Figure 1.3 Classification and nomenclature of CRISPR systems. Summary of the typical 
operon architecture of known CRISPR-Cas subtypes. Genes in the same family or that are 
functionally analogous are colored the same. The brown boxes indicate genes that form part of 
an interference complex. Adapted from (Makarova et al., 2015). 
 
1.2 Spacer acquisition 
 The first step of CRISPR immunity, sometimes called ‘adaptation,’ is the acquisition 
of new spacers into the host’s genomic CRISPR array. A short segment of foreign DNA, 
termed a ‘protospacer,’ is captured by the Cas1–Cas2 complex (Nuñez et al., 2015a; 
2014), and integrated after the ‘leader sequence’ in a process that duplicates the first 
repeat (Figure 1.2) (Barrangou et al., 2007). The mechanism of spacer integration 
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resembles the classic retroviral integrase model, involving direct, nucleophilic 
transesterification reactions between the 3′ OH ends of each strand of the new spacer 
and the ends of the CRISPR repeat (Nuñez et al., 2015b). 
 The acquisition machinery typically select new spacer sequences based on the 
presence of a short sequence next to the potential protospacer, called the protospacer 
adjacent motif, or PAM (Deveau et al., 2008; Mojica et al., 2009). This selectivity is crucial 
for avoiding autoimmunity in the downstage steps of CRISPR interference. Most crRNA-
guided targeting complexes will only bind or cleave targets without a correct PAM 
sequence (Hochstrasser et al., 2014; S. H. Sternberg et al., 2014). This sequence is never 
found in the host’s genomic CRISPR array, so self-targeting is thereby avoided. The 
mechanism by which protospacers with an appropriate PAM are selected is not entirely 
understood, but is likely carried out by Cas1 in Type I and III systems (J. Wang et al., 
2015) and by Cas9 in Type II systems (Heler et al., 2015; Wei et al., 2015). 
 
1.3 crRNA biogenesis  
 CRISPR loci are flanked by a diverse set of cas genes that define three major 
CRISPR-types (Type I-III) based on gene conservation and locus organization (Makarova 
et al., 2011b). The cas6 gene family encodes a set of RNA endonucleases responsible 
for crRNA processing in Type I and Type III CRISPR systems (Carte et al., 2008). Type 
II systems use a trans-activating RNA (tracrRNA) together with endogenous RNase III for 
crRNA maturation (Deltcheva et al., 2011) (Figure 1.2). The first Cas protein to be 
crystallized was a Cas6 enzyme from Thermus thermophilus (Ebihara et al., 2006).The 
initial functional characterization of Cas6 was performed in Pyrococcus furiosus, where it 
acts as a CRISPR-specific endoribonuclease (endoRNase) that binds and cleaves within 
each repeat sequence of the precursor crRNA (pre-crRNA) transcript, generating a library 
of crRNAs wherein each contains a unique spacer sequence flanked by portions of the 
adjacent repeats (Carte et al., 2008). 
 Further work revealed the basic characteristics of Cas6 endoRNases. Despite 
minimal sequence homology, Cas6s have several conserved structural features that 
facilitate binding of both the pre-crRNA and their crRNA product with high affinity (Carte 
et al., 2008; Niewoehner et al., 2014; Sashital et al., 2011; S. H. Sternberg et al., 2012). 
In most CRISPR systems, due to the pseudo-palindromic nature of the repeat sequence, 
the pre-crRNA adopts a stem-loop structure that is bound sequence- and shape-
specifically and cleaved at its base (Carte et al., 2008; Haurwitz et al., 2010b). Some pre-
crRNAs are predicted to be unstructured in solution and thus may be bound differently, 
although base-pairing may be stabilized by protein interactions (Kunin et al., 2007; Shao 
and Li, 2013; R. Wang et al., 2011). In Type I-B, I-C, I-E, and I-F systems, Cas6 stays 
bound to the crRNA and assembles into a complex with other Cas proteins for 
downstream targeting (Brendel et al., 2014; Brouns et al., 2008; Nam et al., 2012; 
Wiedenheft et al., 2011b), while in Type I-A and III systems, the crRNA alone is loaded 
into the targeting complex and Cas6 dissociates (Hale et al., 2009; Hatoum-Aslan et al., 
2013; Lintner et al., 2011; Plagens et al., 2014; Rouillon et al., 2013; Zhang et al., 2012). 
The Type I interference complex is known as Cascade (CRISPR-associated complex for 
antiviral defense), and as recently proposed by van der Oost and colleagues (van der 
Oost et al., 2014), the CRISPR subtype from which it derives is denoted with a slash (e.g. 
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the Cascade complex from a Type I-E CRISPR system is known as Cascade/I-E). Type 
III-A and III-B systems use the Csm and Cmr complex, respectively (Figure 1.2). 
 Cas6 cleavage generates a mature crRNA containing a single spacer sequence 
with fragments of the CRISPR repeat on either side. The remaining repeat sequence at 
the 5′ end of the mature crRNA is known as the “5′ handle” or “5′ tag,” and in Type III and 
most Type I systems it is 8 nucleotides (nts) in length (Figure 1.2) (Brouns et al., 2008; 
Carte et al., 2008). The leftover repeat segment at the 3′ end of the crRNA, which is more 
variable in length and structure, is sometimes known as the “3′ handle” or “3′ stem-loop.” 
Intriguingly, Cas5, which serves a structural role in the interference complex of most 
CRISPR subtypes, has evolved to serve as the dedicated endoribonuclease of Type I-C 
systems, where it generates mature crRNAs with an 11-nt 5′ handle (Garside et al., 2012; 
Koo et al., 2013; Nam et al., 2012; Punetha et al., 2014). In Type III and at least one Type 
I-A system, further processing by an unknown trimming nuclease removes 3′ portions of 
the crRNA (Figure 1.2) (Hale et al., 2008; Marraffini and Sontheimer, 2010; Plagens et 
al., 2014; 2012; Zhang et al., 2012). Currently, very little is known about Type I-D CRISPR 
systems, though crRNA expression, processing into a mature species with an 8-nt 5′ 
handle, and possible 3′ trimming were recently demonstrated in vivo in Synechocystis sp. 
PCC6803 (Scholz et al., 2013). Thus, we speculate that Type I-D crRNA maturation may 
be most similar to that which occurs in Type III systems. 
 Subsequent research has defined the scope and mechanism of Cas5 and Cas6 
enzyme RNA recognition and cleavage, as well as their roles in CRISPR-based immunity. 
Despite the growing body of work on these enzymes, many aspects of their structure, 
mechanism, and biological functions remain unaddressed. 
 
 
1.3.1 Core structural elements of CRISPR endoribonucleases 
 Cas6 family members share surprisingly limited sequence homology. 
Nevertheless, the many Cas6 crystal structures reveal a common overall fold as well as 
specific structural features important for crRNA binding. Cas6 enzymes consist solely of 
two RAMP (repeat-associated mysterious protein) domains that form ferredoxin-like or 
RRM (RNA recognition motif) folds, a common feature of Cas proteins (Haft et al., 2005; 
Makarova et al., 2011b; 2006; Reeks et al., 2013a). Each domain has a βαββαβ 
secondary structure arrangement, forming a four-stranded antiparallel β-sheet with the 
two α-helices on one side (Figure 1.4). The α-helices of the two RRM folds form one face 
of the protein, which makes the majority of the crRNA contacts (Gesner et al., 2011; 
Haurwitz et al., 2010b; Jackson et al., 2014; Mulepati et al., 2014; Niewoehner et al., 
2014; Sashital et al., 2011; Shao and Li, 2013; R. Wang et al., 2011; 2012; Zhao et al., 
2014). The active site is typically located between the two domains, and residues from 
both can participate in catalysis, as described later (Carte et al., 2008; Ebihara et al., 
2006; Gesner et al., 2011; Haurwitz et al., 2010b; Niewoehner et al., 2014; Reeks et al., 
2013b; Sashital et al., 2011; Shao and Li, 2013; R. Wang et al., 2011). 

The C-terminal RRM features three additional elements that are easily identifiable 
in all Cas6 structures. The first, the glycine-rich loop (G-loop), is the only sequence motif 
conserved between Cas6 enzymes (Makarova et al., 2006; 2002). It typically follows the 
pattern GhGxxxxxGhG, where ‘h’ represents a hydrophobic residue and xxxxx contains 
at least one arginine or lysine (Haft et al., 2005). The G-loop is located between α2′ and 
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β4′ (prime indicates features in the C-terminal RAMP domain), and is positioned between 
the two RRM folds in Cas6 tertiary structure (Figure 1.4) (Carte et al., 2008; Ebihara et 
al., 2006; Gesner et al., 2011; Haurwitz et al., 2010b; Jackson et al., 2014; Mulepati et 
al., 2014; Niewoehner et al., 2014; Park et al., 2012; Sashital et al., 2011; Shao and Li, 
2013; R. Wang et al., 2012; 2011; Zhao et al., 2014). It typically functions in binding and 
stabilizing the crRNA, sometimes sequence-specifically. In the case of a Cas6 protein 
from T. thermophilus (TthCas6B), it contacts the 2′ hydroxyl immediately upstream of the 
scissile phosphate, suggesting that this motif participates in the RNA cleavage reaction 
(Niewoehner et al., 2014). 

 

 
 
Figure 1.4 Fundamental structural features of CRISPR endoRNases. (A) Topology diagram 
of a typical Cas6 C-terminal RRM fold with key structural features labeled. (B) Two views of 
Thermus thermophilus Cas6e (PDB: 2Y8W) colored as in (A). For clarity, the N-terminal RRM fold 
has been omitted in the left panel. (C) Comparison of structures of Cas6 and Cas5c enzymes 
associated with different CRISPR subtypes (in parentheses), highlighting shared structural 
elements, colored as in (A) and (B), with the Cas5 ‘thumb’ in black (PDB: 4ILL, 2XLK, 3UFC, 
4F3M). Note that no active site residues are shown for Pyrococcus furiosus Cas6-3nc because 
this protein is non-catalytic. Abbreviations: RRM, RNA recognition motif.  

 
The second structural element that is present in all Cas6 structures is a β-hairpin 

formed by β2′ and β3′ (Reeks et al., 2013a). Compared to those of the N-terminal domain, 
these two β-hairpin strands are significantly longer, extending far past the other strands 
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in the β-sheet. This β2′-β3′ hairpin, abbreviated β-HP, inserts into the base of the crRNA 
stem-loop and helps position the scissile phosphate in the active site, sometimes 
providing catalytic residues (Haurwitz et al., 2010b; Shao and Li, 2013). 

The third notable Cas6 structural feature in the second RRM fold is an element 
that probes the crRNA major groove and often interacts sequence-specifically with these 
nucleotides. This groove-binding element (GBE) is generally located between β1′ and α1′ 
in primary sequence and varies in secondary structure. It forms an α-helix in the 
Pseudomonas aeruginosa Cas6 (PaeCas6f, also commonly known as Csy4) (Haurwitz 
et al., 2010b), a loop in Cas6 enzymes from Sulfolobus solfataricus and Escherichia coli 
(SsoCas6-1B and EcoCas6e, formerly known as CasE) (Jackson et al., 2014; Mulepati 
et al., 2014; Shao and Li, 2013; Zhao et al., 2014), and a β-hairpin in all three Cas6 
proteins from T. thermophilus (TthCas6e, formerly known as Cse3, TthCas6A, TthCas6B) 
(Gesner et al., 2011; Niewoehner et al., 2014; Sashital et al., 2011). It appears disordered 
in the catalytic P. furiosus Cas6 enzyme (PfuCas6-1) (R. Wang et al., 2011) but forms a 
β-hairpin in a non-catalytic paralogue (PfuCas6-3nc) (Park et al., 2012). 

Most Cas6 enzymes fit this same basic structure, sometimes missing a few 
elements or possessing additional helices or β-strands. One somewhat anomalous 
protein is PaeCas6f, which has an intact N-terminal RRM fold but a very different C-
terminal domain. While it retains a G-loop, GBE, and β-HP, the C-terminus appears to 
have lost most characteristics of a typical RRM fold (Figure 1.4) (Haurwitz et al., 2010b). 
Another notable structural variation is the dimerization of some Cas6 proteins, mostly 
from thermophilic organisms. Cas6s associated with the I-A and I-B CRISPR systems in 
Petrobacterium atrosepticum, Pyrococcus horikoshii, Sulfolobus solfataricus, 
Methanococcus maripaludis, and Thermus thermophilus are believed to form and/or 
function as dimers, though the mechanistic effects of dimerization are not clear (Haft et 
al., 2005; Niewoehner et al., 2014; Przybilski et al., 2011; Reeks et al., 2013b; Richter et 
al., 2013; Shao et al., 2016). 

The Cas5 family of CRISPR endoRNases is less understood, though several 
structures are now available (Garside et al., 2012; Koo et al., 2013; Nam et al., 2012). 
Originally known as Cas5d, we herein refer to this enzyme as Cas5c as previously 
suggested (Reeks et al., 2013a), because it is found in the Type I-C CRISPR system. 
Cas5 proteins from other Type I systems are non-catalytic and serve as structural 
subunits in interference complexes (Jackson et al., 2014; Mulepati et al., 2014; Zhao et 
al., 2014). Interestingly, Cas5c appears to have evolved enzymatic activity in the I-C 
subtype, which lacks a Cas6 homologue (Makarova et al., 2011b). Like Cas6, catalytic 
Cas5 enzymes have an N-terminal RRM fold, but their C-terminal domain is smaller, 
consisting of just three antiparallel β-strands, two of which form a β-hairpin, and 
disordered regions (Figure 1.4). Suggestively, the Cas5c active site is not located in the 
same place as that of Cas6 enzymes, indicating that the catalytic centers may have 
evolved independently (Figure 1.4). Furthermore, Cas5c proteins have a glycine-rich loop 
in their RAMP domain that does not match the consensus sequence of the Cas6 G-loop. 
Another notable feature of the N-terminal RRM is a “thumb” between β2 and β3 that is 
highly variable in length and structure (Jackson et al., 2014; Mulepati et al., 2014; Zhao 
et al., 2014). It forms a β-hairpin in the Bacillus halodurans Cas5 (BhaCas5c) (Nam et al., 
2012), two α-helices in Xanthomonas oryzae (XorCas5c) (Koo et al., 2013), and is 
disordered in structures from Mannheimia succinoproducens (MsuCas5) (Garside et al., 
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2012) and Streptococcus pyogenes (SpyCas5c) (Koo et al., 2013). Interestingly, the Cas5 
thumb may be structurally related to a similar feature found in the Cas7 subunit of 
Cascade/I-E (Jackson et al., 2014; Mulepati et al., 2014; Zhao et al., 2014). The possible 
roles of this structural element and the contributions of other conserved motifs involved 
in RNA binding are discussed in the next section. 
 
1.3.2. Structural basis of RNA binding and specificity 
 A hallmark feature of Cas6 enzymes is the high affinity and specificity with which 
they bind RNA. Binding affinity appears substantially lower for Cas5c enzymes, and there 
are currently no available structures of Cas5c proteins bound to substrate or product RNA 
(Nam et al., 2012). The structural basis of sequence- and structure-specific pre-crRNA 
binding by Cas6 enzymes, however, has been well characterized. The RNA-binding 
regions of Cas6s are positively charged, allowing the proteins to make extensive ionic 
interactions with the phosphate backbone of the crRNA. A massive network of hydrogen 
bonds with 2′ hydroxyl groups, bases, and other parts of the crRNA contribute to non-
specific RNA binding as well as sequence-specific recognition (Gesner et al., 2011; 
Haurwitz et al., 2010b; Niewoehner et al., 2014; Sashital et al., 2011; Shao and Li, 2013; 
R. Wang et al., 2011). Cas6e and Cas6f exhibit extremely high (picomolar) affinities for 
the cleavage product containing the stem-loop and exhibit single-turnover kinetics as a 
result (Carte et al., 2010; Niewoehner et al., 2014; Sashital et al., 2011; S. H. Sternberg 
et al., 2012). Substrate binding and cleavage cause little change in the overall structure 
of Cas6 enzymes (Figure 1.5, compare first two structures) (Niewoehner et al., 2014; 
Sashital et al., 2011; Shao and Li, 2013; R. Wang et al., 2012). In some cases, regions 
that are disordered in the apo form of the protein undergo conformational ordering upon 
RNA binding, particularly in the active site (Niewoehner et al., 2014; Sashital et al., 2011).  

As described earlier, the G-loop, GBE, and β-HP provide critical interactions that 
facilitate RNA binding. All three structural features make non-specific RNA contacts, while 
the number of sequence-specific contacts made by each element varies from protein to 
protein (Figure 1.5). Many of the critical contacts made by Cas6 enzymes occur in the 
crRNA stem-loop and rely upon both sequence and geometry (Gesner et al., 2011; 
Haurwitz et al., 2010b; Jackson et al., 2014; Mulepati et al., 2014; Niewoehner et al., 
2014; Sashital et al., 2011; Shao and Li, 2013; R. Wang et al., 2011; Zhao et al., 2014). 
PaeCas6f, for example, interacts specifically with multiple base-pairs within the stem-
loop, and both binding and cleavage are severely impaired if the length of the stem is 
altered (Haurwitz et al., 2010b; S. H. Sternberg et al., 2012). Interactions with all four 
base-pairs are important for TthCas6A and three are bound base-specifically 
(Niewoehner et al., 2014). It also sequence-specifically recognizes two nucleotides on 
either side of the stem-loop. TthCas6e binds the three nucleotides downstream of the 
cleavage site sequence-specifically (Gesner et al., 2011; Sashital et al., 2011). Thus, 
Cas6 enzymes bind structured pre-crRNAs via contacts both within and directly adjacent 
to the stem-loop.  

In some Cas6 crystal structures, nucleotides at the 5′ end of the crRNA 3′ handle, 
(upstream of the stem-loop in structured crRNAs) are bound in a distal, positively-charged 
cleft between the two RRM folds (Figure 1.5, last image) (Niewoehner et al., 2014; R. 
Wang et al., 2012; 2011). The first example of this mode of substrate recognition was 
observed in a Type III-B system in P. furiosus and led to the “wrap-around” model, 
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whereby PfuCas6-1 specifically recognizes the first 8 nucleotides of the repeat, and tight 
binding of this segment tethers the pre-crRNA while directing the downstream scissile 
phosphate into the distal cleavage site (Carte et al., 2008; R. Wang et al., 2011). crRNA 
wrapping is also seen in Cas6 proteins from P. hirokoshii and T. thermophilus, where 
several of the nucleotides 5′ of the stem-loop are recognized base-specifically, and 
deletions or mutations in this region lead to significant binding and cleavage defects 
(Niewoehner et al., 2014; R. Wang et al., 2012). As seen in several recently published 
crystal structures of the Cascade/I-E targeting complex from E. coli, the Cas6e subunit 
makes sequence-specific contacts with several repeat-derived nucleotides 5′ of the stem-
loop (Jackson et al., 2014; Mulepati et al., 2014; Zhao et al., 2014). Thus, in addition to 
sequence- and structure-specific binding of the stem-loop itself, both ionic contacts and 
base-specific recognition of the 5′ region of the crRNA 3′ handle are critical for some 
Cas6s. 

 

 
 
Figure 1.5 Structure- and sequence-specific RNA binding by Cas6 enzymes. (A) First two 
images: Thermus thermophilus Cas6A in the apo form and bound to its product CRISPR RNA 
(crRNA) (PDB: apo – 4C97, product-bound – 4C8Z). Second two images: electrostatic surface 
potential rendering of the same enzyme in two views with the first eight nucleotides of the 
Pyrococcus furiosus crRNA 30 handle (PDB: 3PKM) modeled onto the structure based on 
alignment of the two proteins, as in (Niewoehner et al., 2014). For simplicity, only one subunit of 
the non-crystallographic dimer is shown. (B) Pseudomonas aeruginosa Cas6f bound to its 
cognate RNA (PDB: 2XLK). Close-up views highlight the active site and sequence-specific 
interactions by the groove-binding element. (C) Sulfolobus solfataricus Cas6-1A bound to its pre-
crRNA substrate (PDB: 4ILL). The active site- and sequence-specific contacts made by the 
glycine-rich loop are shown in detail. For simplicity, only one subunit of the SsoCas6-1A dimer is 
shown. 
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Extensive interactions with the 5′ end of the 3′ handle may be most important for 
systems in which the CRISPR repeat sequence is non-palindromic and the crRNA is 
predicted to be unstructured. While most CRISPR repeats are predicted to form highly 
stable stem-loops, some crRNAs do not appear to possess any secondary structure 
(Kunin et al., 2007). Remarkably, the crystal structure of the S. solfataricus Cas6-1 family 
member encoded by SSO2004 (hereafter referred to as SsoCas6-1A) revealed that this 
protein stabilizes an otherwise unstable stem-loop structure, consisting of as little as two 
base-pairs, just upstream of the cleavage site (Figure 1.5) (Shao and Li, 2013). Thus, 
extensive crRNA base-pairing may not be necessary for recognition and cleavage by 
some Cas6 proteins, as enzyme-stabilized secondary structure could be a feature of 
many non-palindromic repeat-derived crRNAs, which do not adopt a stable fold in 
solution. PfuCas6-1 and the non-catalytic P. hirokoshii Cas6 (PhiCas6nc) are thought to 
recognize unstructured crRNAs, but only the first 8-12 nucleotides are observed in these 
crystal structures (R. Wang et al., 2012; 2011). In light of the SsoCas6-1A study and the 
potential groove-binding β-hairpin in the structure of the non-catalytic paralogue PfuCas6-
3nc (Figure 1.4), it is possible that a short stem-loop may form when these proteins bind 
the crRNA. 

The mechanism of RNA binding by Cas5c proteins is largely unknown. In the apo 
Cas5c structures, it is difficult to identify which structural features may interact with the 
pre-crRNA, and how these interactions compare to those of Cas6 enzymes. One side of 
the protein (shown in Figure 1.4) is conserved, positively charged, and contains the active 
site, so it is most likely the primary RNA-binding face (Nam et al., 2012). The C-terminal 
β-hairpin in Cas5c may be positioned at the base of the crRNA stem-loop, as in Cas6 
structures, or the RNA may be bound entirely differently. 

As described earlier, the region between β2 and β3 is variable in length and 
structure. In the non-catalytic Cas5e subunit of Cascade/I-E, it forms a β-hairpin with a 
long loop that acts as a “thumb,” docking it into the complex through protein-protein 
interactions and, importantly, with the 5′ handle (Jackson et al., 2014; Mulepati et al., 
2014; Zhao et al., 2014). If this mode of crRNA binding is common to all Cas5 proteins, 
then rather than recognizing the stem-loop and upstream nucleotides as Cas6 does, 
interactions with the nucleotides downstream of the stem-loop and cut site may be most 
critical for this family of endonucleases (Figure 1.2) (Jackson et al., 2014). In keeping with 
this idea, Cas5c binding and cleavage activity are sensitive to mutation or truncation of 
this region of the crRNA (Garside et al., 2012; Nam et al., 2012). 
 The many contacts made by CRISPR endoRNases with both their substrate and 
product RNAs lead to exquisite binding specificity and affinity. These extensive binding 
interactions help to position the scissile phosphate in the enzyme active site for cleavage. 
The mechanism of catalysis by Cas5c and Cas6 enzymes by their variable active site 
residues is described in detail in the next section. 
 
1.3.3 Mechanism of cleavage and active site plasticity 

In addition to highly specific RNA binding, Cas5c and Cas6 enzymes cleave RNA 
exclusively because their catalytic mechanism requires nucleophilic attack of the scissile 
phosphate by the 2′ hydroxyl group of the 5′ upstream nucleotide (Carte et al., 2010; 
Haurwitz et al., 2010b; 2012; S. H. Sternberg et al., 2012). Structured pre-crRNAs are 
cleaved 3′ of the stem-loop, at or near its base. Replacing the upstream nucleotide with 
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a deoxyribonucleotide prevents cleavage but permits tight binding, making a singly deoxy-
substituted pre-crRNA substrate ideal for enzyme crystallography (Gesner et al., 2011; 
Haurwitz et al., 2010b; Niewoehner et al., 2014; Sashital et al., 2011; Shao and Li, 2013; 
R. Wang et al., 2011). In a manner analogous to the tRNA-splicing endonuclease (Xue et 
al., 2006), this metal-independent cleavage reaction typically generates products with 5′-
hydroxyl and 2′,3′-cyclic phosphate groups (Carte et al., 2008; Garside et al., 2012; Jore 
et al., 2011; Nam et al., 2012). In contrast, mature crRNAs in the P. aeruginosa I-F system 
have a 3′ phosphate, possibly as a result of 2′,3′-cyclic phosphate opening via hydrolysis 
by water (Haurwitz et al., 2012; Wiedenheft et al., 2011b). In the S. epidermidis III-B 
system, processed crRNAs have a 3′ hydroxyl group, a currently unexplained observation 
that potentially suggests a distinct catalytic mechanism (Hatoum-Aslan et al., 2011). 

Most Cas6 and possibly Cas5c enzymes employ a general acid-base mechanism 
in which one residue acts as a general base to deprotonate the 2′ hydroxyl group and 
another acts as a general acid in protonation of the leaving group. However, there is great 
variability in their active sites and the catalytic residues are not always conserved, though 
catalytic histidines are common. For many Cas6 enzymes, mutation of this histidine 
dramatically reduces cleavage efficiency, but activity can be rescued by addition of 
imidazole (a histidine mimic), a trick that has been utilized in the development of Cas6-
based applications discussed later (Lee et al., 2013; Niewoehner et al., 2014). 

By further analogy to the tRNA splicing endonuclease, BhaCas5c, PfuCas6-1, and 
TthCas6e have a catalytic triad of histidine, tyrosine and lysine, where these residues 
may function as a general base, a general acid, and in stabilizing the pentacovalent 
phosphate intermediate, respectively (Figure 1.4) (Carte et al., 2008; Gesner et al., 2011; 
Nam et al., 2012; Sashital et al., 2011). PaeCas6f uses a catalytic dyad of histidine and 
serine (Figure 1.5) (Haurwitz et al., 2012; 2010b). TthCas6A also has only two catalytic 
residues, histidine and arginine (Niewoehner et al., 2014). TthCas6B and the Cas6b 
enzyme from M. maripaludis each possess two histidine residues and a tyrosine that are 
important for cleavage (Niewoehner et al., 2014; Richter et al., 2012). Interestingly, 
mutation of either histidine alone does not abrogate enzyme activity, as it does for Cas6 
proteins with single catalytic histidines, suggesting that Cas6b enzymes may have more 
flexible active sites. 

Two recently described endoribonucleases from S. solfataricus, Cas6-1A and 
Cas6-1B (encoded by SSO1437), have a very different arrangement of their catalytic core 
(Reeks et al., 2013b; Shao and Li, 2013). These enzymes possess three lysine residues 
and an arginine in their active site (Figures 1.4 and 1.5). This positively-charged center 
must position the scissile phosphate and carry out catalysis through a distinct mechanism. 
A detailed understanding of this class of CRISPR endonucleases will require further 
study. 

Cas6 and Cas5c endonucleases have diverse active site arrangements that 
facilitate cleavage of pre-crRNAs through a metal-independent, general acid-base 
mechanism. Some of these enzymes have such high affinity for their RNA product that 
the cleavage reaction is single-turnover, while others may dissociate more readily. These 
properties have an important influence on the next step in the CRISPR pathway, 
supplying the mature crRNA to a complex for interference. 
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1.3.4 Interference complex assembly and crRNA loading 
 In the extensively studied Type I-E and I-F systems, Cas6 is an integral subunit of 
the targeting complex, Cascade. Recently, work on the Type I-B system showed that 
Cas6 is also part of the Cascade/I-B complex (Brendel et al., 2014). Cas6e and Cas6f 
remain tightly bound to the crRNA stem-loop after cleavage, serving as a nucleation point 
for subsequent complex assembly (Carte et al., 2010; Niewoehner et al., 2014; Sashital 
et al., 2011; S. H. Sternberg et al., 2012). In the P. aeruginosa Type I-F system, pre-
crRNA processing is the requisite first step in Cascade/I-F formation (Haurwitz et al., 
2012; Wiedenheft et al., 2011b). In Cascade/I-E, a helix from Cas7 tethers the first 
backbone subunit to Cas6e, fitting snugly into a cleft between the two RRM folds, thereby 
initiating complex assembly (Jackson et al., 2014; Mulepati et al., 2014; Zhao et al., 2014). 
 Unlike most Type I systems, Cas6 does not associate stably with archaeal 
Cascade/I-A or with the Type III targeting complexes (Hale et al., 2009; Hatoum-Aslan et 
al., 2013; Lintner et al., 2011; Plagens et al., 2014; Rouillon et al., 2013; Zhang et al., 
2012). Instead, it cleaves the pre-crRNA and appears to dissociate before assembly of 
the Cascade/I-A, Csm, or Cmr complexes is completed. In line with this idea, PfuCas6-1 
of the Type III-B system co-purifies with a partially processed crRNA that has not yet been 
trimmed, known as the 1× intermediate, but does not associate with the mature crRNA 
(Figure 1.2) (Carte et al., 2010). It was recently shown that Type I-A SsoCas6-1B is 
capable of robust multiple-turnover pre-crRNA processing (Sokolowski et al., 2014), an 
activity that had never before been experimentally observed. Multiple-turnover cleavage 
may indeed be a general property of Cas6 enzymes that do not associate with 
interference complexes, though confirmation of this idea awaits further in vitro enzymatic 
studies. 
 Another hallmark characteristic of Type III CRISPR systems is trimming of the 
crRNA from the 3′ end (Hale et al., 2008; Marraffini and Sontheimer, 2010; Zhang et al., 
2012). It was recently demonstrated that trimming also occurs in the Type I-A system from 
Thermoproteus tenax (Plagens et al., 2014; 2012), but it was not observed in the S. 
solfataricus I-A system (Lintner et al., 2011) and thus may not be a general feature of the 
subtype. Exactly how and when this maturation step occurs remain open questions. The 
trimming nuclease is entirely unknown, and is not likely to be CRISPR-specific. Some 
evidence suggests that 3′ trimming happens after targeting complex assembly. In S. 
epidermidis and Sulfolobus islandicus, multiple Type III interference complex subunits are 
necessary for the accumulation of mature crRNAs, but the complexes themselves do not 
trim crRNAs in vitro (Deng et al., 2013; Hatoum-Aslan et al., 2013). This suggests that 
Csm/Cmr complexes assemble around an incompletely processed crRNA, unprotected 
regions are trimmed by a cellular nuclease, and complex size thereby serves as the 
determinant of mature crRNA length. Trimming may occur specifically in Type I-A and III 
CRISPR systems because when Cas6 does not stably associate with the interference 
complex, the 3′ end of the crRNA is accessible to nuclease activity. 
 A lingering question in crRNA biogenesis and interference complex loading is how 
these processes take place in organisms with multiple CRISPR-Cas systems. Many 
prokaryotes encode more than one Cas6 protein and/or possess CRISPR loci with 
different repeat sequences. Does a single Cas6 cleave multiple repeat sequences, does 
each repeat have a dedicated Cas6 enzyme responsible for its processing, or is it 
variable? In some cases, there has been tight co-evolution between each Cas6 and its 
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cognate repeat sequence. Examples include Synechocystis sp. PCC6803 and S. 
thermophilus, in which each expressed Cas6 specifically processes one distinct family of 
repeats (Carte et al., 2014; Scholz et al., 2013). Some organisms have more promiscuous 
Cas6 proteins. In S. islandicus, a single Cas6 protein generates crRNA species for three 
different interference complexes (Deng et al., 2013). Methanosarcina mazei has two 
CRISPR repeat sequences that can be cleaved by either of the two Cas6 enzymes it 
encodes (Nickel et al., 2013). TthCas6e cleaves only one of the three repeat sequences, 
while TthCas6A and TthCas6B can efficiently cleave either of the other two repeats 
(Gesner et al., 2011; Niewoehner et al., 2014; Sashital et al., 2011). Similarly, SsoCas6-
1B cleaves one repeat specifically, while substrate selection by SsoCas6-3 is less 
stringent (Sokolowski et al., 2014). Intriguingly, there is a biased distribution of spacers 
between the three different interference complexes in this system (Rouillon et al., 2013; 
Sokolowski et al., 2014; Zhang et al., 2012). Certain crRNAs are preferentially 
incorporated into the Csm or Cmr complexes, suggesting some sort of coordinated hand-
off between each Cas6 and a specific complex. In addition to the general process of 
crRNA loading into Type I-A and III complexes, the mechanism by which specific crRNAs 
are sorted into different interference complexes will be an exciting topic to explore in future 
research. 
 
1.4 Foreign nucleic acid target interference 
 Once CRISPR RNAs are generated, they are used as guides to identify and 
destroy foreign nucleic acids by either a single nuclease (Type II) or a large complex of 
proteins that cleaves targets by either recruiting an effector nuclease-helicase (Type I) or 
using its intrinsic nucleolytic abilities (Type III). The nucleic acid-binding mechanisms and 
structural knowledge of these three systems are illustrated in Figure 1.6.  
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Figure 1.6 Comparison of interference complex structures and nucleic acid recognition. 
(A) The cas operon organization and general structure of targeting complexes. (B) Crystal 
structures from each Type, colored as in (A). (C) Diagram of crRNA:target nucleic acid 
basepairing and cleavage activities of each complex. Adapted from (Jackson and Wiedenheft, 
2015). 
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1.4.1 Type I – Cascade 
As described in the previous section, crRNA processing is typically carried out by the 
Cas6 endoribonuclease through recognition of the sequence and structure of the CRISPR 
repeat sequence, which folds into a hairpin or stem-loop (Carte et al., 2008; Haurwitz et 
al., 2012). After cleavage, Cas6 stays bound to the crRNA stem-loop assembles with 
other Cas proteins into a surveillance complex called Cascade (CRISPR-associated 
complex for antiviral defense) (Figure 1.6, top). The 400 kDa Cascade/I-E from 
Escherichia coli is composed of a ‘large subunit’ (Cse1), a dimer of ‘small subunits’ 
(Cse2), six oligomerized copies of a ‘backbone’ subunit (Cas7), a subunit that caps the 5′ 
end of the crRNA (Cas5e), and the afore-mentioned 3′ stem-loop cap (Cas6e) (Hayes et 
al., 2016; Jore et al., 2011; Wiedenheft et al., 2011a).	

Double-stranded DNA (dsDNA) target recognition by this complex requires a short 
sequence upstream of the target known as the protospacer adjacent motif (PAM), which 
is critical for distinguishing foreign DNA from the CRISPR locus in the host genome 
(Mojica et al., 2009; Sashital et al., 2012). When a bona fide target is identified, the duplex 
is unwound through basepairing between the complementary or ‘target’ strand and the 
crRNA, and the non-complementary or ‘non-target’ strand is displaced, forming an ‘R-
loop’ structure. Stable R-loop formation and conformational changes within the complex 
recruit the Cas3 effector nuclease-helicase to cleave the target DNA (Blosser et al., 2015; 
Hochstrasser et al., 2014; Mulepati and Bailey, 2013; Sinkunas et al., 2013; Szczelkun et 
al., 2014; Westra et al., 2012b). 	
 
1.4.2 Type II – Cas9 
 Type II systems are the most streamlined, requiring only the Cas9 protein, a 
crRNA, and a trans-activating crRNA called the tracrRNA (Figure 1.6, bottom) (Deltcheva 
et al., 2011; Gasiunas et al., 2012; Jinek et al., 2012). The most extensively characterized 
Cas9 is the 160 kDa protein from Streptococcus pyogenes. It has a bi-lobed architecture 
and two nuclease domains, HNH and RuvC (Makarova et al., 2011b). If there is a proper 
PAM sequence next to the protospacer, Cas9 will bind and the HNH domain will cleave 
the target strand, while RuvC cleaves the non-target strand (Jinek et al., 2012). The 
simplicity of this system has led to its widespread adoption as a potent genome editing 
tool in a variety of cell types (Doudna and Charpentier, 2014). 
 
1.4.3 Type III – Csm and Cmr 
 The Type III-A (Csm) and Type III-B (Cmr) complexes are architecturally similar to 
the Cascade complex (Figure 1.6, middle). Like in Type I, these large assemblies of Cas 
proteins contain a helical backbone made of repeating subunits oligomerized along the 
crRNA, proteins capping each end of the RNA, small subunits, and a large subunit (Staals 
et al., 2014; Taylor et al., 2015). Intriguingly, Type III targeting is thought to occur co-
transcriptionally, and these systems target both RNA (recognized via basepairing to the 
crRNA and cleaved by the backbone subunits) and DNA (cleaved by the large subunit) 
(Hale et al., 2009; Marraffini and Sontheimer, 2008; Samai et al., 2015). Additionally, 
another nuclease encoded in Type III operons but not associated with the complex, 
Csm6/Csx1, serves as an RNase through an unknown targeting mechanism (W. Jiang et 
al., 2016; Niewoehner et al., 2014; Sheppard et al., 2015). 
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Foreign DNA recognition and destruction in 
the Escherichia coli Type I-E CRISPR 
system 
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of the following paper: Hochstrasser, M.L., Taylor, D.W., Bhat, P., Guegler, C.K., 
Sternberg, S.H., Nogales, E., and Doudna, J.A. (2015). CasA mediates Cas3-catalyzed 
target degradation during CRISPR RNA-guided interference. PNAS 111, 6618-6623. 
 
*Megan Hochstrasser, David Taylor, Eva Nogales, and Jennifer Doudna designed 
research; Megan Hochstrasser and Prashant Bhat performed biochemical assays and in 
vitro reconstitution of complexes for EM; David Taylor performed electron microscopy and 
determined 3D structures; Megan Hochstrasser, Prashant Bhat, Chantal Guegler, and 
Samuel Sternberg purified protein complexes; Megan Hochstrasser, David Taylor, 
Prashant Bhat, Chantal Guegler, Samuel Sternberg, Eva Nogales, and Jennifer Doudna 
analyzed data; and Megan Hochstrasser, David Taylor, Eva Nogales, and Jennifer 
Doudna wrote the paper. 
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2.1 Introduction 
Bacteria and archaea target invasive DNA from viruses and plasmids using RNA-

guided adaptive immune systems encoded by CRISPR (clustered regularly interspaced 
short palindromic repeats)-Cas (CRISPR-associated) loci (Wiedenheft et al., 2012). Short 
segments of foreign DNA are integrated into the host genome within the CRISPR locus, 
transcribed into long RNAs, and enzymatically processed into mature CRISPR RNAs 
(crRNAs). A defining feature of CRISPR-Cas systems is the use of Cas proteins in 
complex with crRNAs to identify and degrade target sequences (known as protospacers) 
that are complementary to the crRNA guide, preventing successful phage infection or 
plasmid transformation (Barrangou et al., 2007; Brouns et al., 2008; Garneau et al., 2010). 
Target recognition requires both crRNA–DNA base pairing and the presence of a 
conserved sequence element proximal to the target site called the protospacer adjacent 
motif (PAM), which enables discrimination between self and non-self DNA (Mojica et al., 
2009). In Type I and III CRISPR systems, multi-subunit Cas targeting complexes 
assemble with crRNAs to recognize complementary DNA or RNA sequences (Brouns et 
al., 2008; Hale et al., 2009; 2012; Jore et al., 2011; Staals et al., 2013). In contrast, Type 
II systems rely on a single crRNA-guided enzyme, Cas9, to both recognize and cleave 
DNA substrates (Gasiunas et al., 2012; Jinek et al., 2012). Recently, Cas9 has been 
repurposed for genome engineering applications in a variety of animals, plants, and other 
organisms (Doudna and Charpentier, 2014).  

In the extensively studied Type I-E CRISPR-Cas system in Escherichia coli, five 
Cas proteins assemble along with the crRNA into a targeting complex known as Cascade 
(CRISPR-associated complex for antiviral defense) (Brouns et al., 2008) (Figure 2.1A). 
Recognition of double-stranded DNA (dsDNA) by Cascade leads to formation of an R-
loop as a result of base pairing between the crRNA and complementary DNA target strand 
(TS) and displacement of the non-target strand (NTS) (Jore et al., 2011) (Figure 2.1A). 
Following sequence recognition, Cascade recruits a trans-acting effector nuclease-
helicase, Cas3, for target degradation (Mulepati and Bailey, 2013; Sinkunas et al., 2013; 
Westra et al., 2012b). Cryo-electron microscopy (cryo-EM) reconstructions of E. coli 
Cascade (Wiedenheft et al., 2011a) revealed a helical backbone formed by six copies of 
the CasC subunit that cradles the crRNA and is capped on each end by unique 
interactions with the other Cas components. When bound to a complementary single-
stranded RNA (ssRNA) oligonucleotide, Cascade undergoes a structural rearrangement 
as a result of base pairing along the length of the crRNA sequence (Wiedenheft et al., 
2011a). However, Cascade targets dsDNA rather than ssRNA in vivo (Brouns et al., 2008) 
and must recruit the Cas3 nuclease for CRISPR-mediated interference. The positioning 
of dsDNA within the Cascade complex as well as the mechanism of subsequent Cas3 
recruitment and activation are unknown. 

We determined the cryo-EM structure of Cascade bound to a 72 base pair dsDNA 
target in order to visualize the process of natural target recognition. In addition, we 
investigated the mechanism of Cas3-mediated target degradation by both direct 
visualization of the Cas3 attachment site on Cascade and analysis of Cas3-Cascade-
mediated dsDNA cleavage using various DNA substrates and Cascade mutants. Along 
with recent structural studies of Type II (Jinek et al., 2014; Nishimasu et al., 2014) and III 
(Rouillon et al., 2013; Spilman et al., 2013; Staals et al., 2013) CRISPR-Cas systems, 
these findings have important implications for our understanding of the emerging 
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similarities and differences between CRISPR-associated surveillance complexes. In 
addition, mechanistic insights will continue to guide efforts to harness their capabilities as 
both research and therapeutic tools. 
 

 
Figure 2.1 Cascade binding to dsDNA positions the PAM near CasA. (A) Subunit organization 
of Cascade and schematic of crRNA (green) and target DNA (sky blue). The PAM and 
protospacer of the target are depicted in orange and dark blue, respectively. The subunits of 
Cascade are colored as follows: purple, CasA (Cse1); yellow, CasB (Cse2); light blue and gray, 
CasC (Cas7); orange, CasD (Cas5e); and red, CasE (Cas6e). We use the Cas protein 
nomenclature from (Brouns et al., 2008), but the more recent protein names are included in 
parentheses (Makarova et al., 2011b). (B) CryoEM reconstruction of dsDNA target-bound 
Cascade at 9-Å resolution (0.5 FSC criterion) with subunits and target labeled and colored as in 
A. (Right) A larger distance between CasC5 (C5) and CasC6 (C6) relative to that between C4 
and C5 allows the accommodation of the target DNA duplex. (C) Docking of the CasA crystal 
structure (Sashital et al., 2012) (purple) and a modeled 17-bp B-form dsDNA (sky blue) into the 
EM density. The L1 loop of CasA is labeled. 
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2.2 Methods 
 
2.2.1 Cloning and protein purification 

The Cas3 gene from E. coli K12 was amplified using PCR primers containing KasI 
and XhoI restriction sites (Table 2.1) and cloned into the expression vector pSV272, 
encoding an N-terminal His6-MBP-tag followed by a tobacco etch virus (TEV) protease 
recognition site. 

 

 
Table 2.1 DNA oligomers used in this study. 

 
Cas3 was overexpressed in E. coli BL21(DE3). Cells were grown at 20 ºC to an OD600 of 
0.3, at which point protein expression was induced with 0.5 mM isopropyl-β-D-
thiogalactopyranoside (IPTG), similar to the purification described previously (Sinkunas 
et al., 2013). After overnight growth, the cells were harvested and lysed by sonication in 
1× His (15.5 mM Na2HPO4, 4.5 mM NaH2PO4, 500 mM NaCl), 10 mM imidazole (pH 7.5), 
5% glycerol, 1 mM TCEP, Roche protease inhibitors tablets, 0.01% Triton X-100, and 0.5 
mM PMSF. Lysate was clarified by centrifugation and purified using Ni-NTA affinity resin 
(QIAGEN). The resin was washed with buffer containing 1× His, 20 mM imidazole (pH 
7.5), 5% glycerol, and 1 mM TCEP, and protein was eluted with 1× His, 300 mM imidazole 
(pH 7.5), 5% glycerol, and 1 mM TCEP. The protein was dialyzed for 3 hr into Buffer A 
[50 mM HEPES (pH 7.5), 50 mM KCl, 1 mM TCEP, 0.1 mM EDTA, and 5% glycerol], 
loaded onto a 5 ml HiTrap Q HP anion exchange column (GE Healthcare), and eluted 
using a linear gradient from Buffer A to Buffer B [50 mM HEPES (pH 7.5), 1 M KCl, 1 mM 
TCEP, 0.1 mM EDTA, and 5% glycerol]. The protein was further purified on a HiLoad 
16/60 Superdex 200 size exclusion column (GE Healthcare) pre-equilibrated in gel 
filtration buffer containing 50 mM HEPES (pH 7.5), 200 mM KCl, 1 mM TCEP, 0.1 mM 
EDTA, and 5% glycerol. Most His6-MBP-Cas3 was flash-frozen and stored in gel filtration 
buffer at -80 ºC. The His6-MBP tag was removed from the remainder of the protein by 
incubation with TEV protease at 4 ºC for 4 hr. The cleaved sample re-purified by size 
exclusion, concentrated, flash-frozen, and stored at -80 ºC. 

WT and N131A CasA proteins were purified as previously described (Sashital et 
al., 2012). The CasB-E subcomplex and Cascade were initially purified using Strep-Tactin 
Superflow Plus resin (QIAGEN) using an N-terminal Strep-II tag on the CasB subunit, as 
previously described (Wiedenheft et al., 2011a). The Strep-II peptide was removed from 

Table S1. DNA oligomers used in this study 

Purpose Oligo Sequence (5’-3’) Description 

Structural studies; 

cleavage & binding assays 

MLH-46 CATGAGGTCCCTCGTTTAGTCTGTTGGCAAGCCAGGATCTGAACAATACCGTCATCGGAGGTACGATCAAGG R44 protospacer/ATG PAM target strand 

MLH-47 CCTTGATCGTACCTCCGATGACGGTATTGTTCAGATCCTGGCTTGCCAACAGACTAAACGAGGGACCTCATG R44 protospacer/ATG PAM non-target strand 

Cleavage & binding assays 

MLH-282 CATGAGGTCCCTCGTTTAGTCTGTTGGCAAGCCAGGATCTGAACAATACCGTCTTCGGAGGTACGATCAAGG R44 protospacer/AAG PAM target strand 

MLH-283 CCTTGATCGTACCTCCGAAGACGGTATTGTTCAGATCCTGGCTTGCCAACAGACTAAACGAGGGACCTCATG R44 protospacer/AAG PAM non-target strand 

MLH-284 CATGAGGTCCCTCGTTTAGTCTGTTGGCAAGCCAGGATCTGAACAATACCGTCCTCGGAGGTACGATCAAGG R44 protospacer/AGG PAM target strand 

MLH-285 CCTTGATCGTACCTCCGAGGACGGTATTGTTCAGATCCTGGCTTGCCAACAGACTAAACGAGGGACCTCATG R44 protospacer/AGG PAM non-target strand 

MLH-286 CATGAGGTCCCTCGTTTAGTCTGTTGGCAAGCCAGGATCTGAACAATACCGTCTCCGGAGGTACGATCAAGG R44 protospacer/GAG PAM target strand 

MLH-287 CCTTGATCGTACCTCCGGAGACGGTATTGTTCAGATCCTGGCTTGCCAACAGACTAAACGAGGGACCTCATG R44 protospacer/GAG PAM non-target strand 

MLH-249 CATGAGGTCCCTCGTTTAGTCTGTTGGCAAGCCAGGATCTGAACAATACCGTAGGCGGAGGTACGATCAAGG R44 protospacer/CCT PAM target strand 

MLH-250 CCTTGATCGTACCTCCGCCTACGGTATTGTTCAGATCCTGGCTTGCCAACAGACTAAACGAGGGACCTCATG R44 protospacer/CCT PAM non-target strand 

MLH-275 CATGAGGTCCCTCGTTTAGTCTGTTGGCAAGCCAGGATCTGAACAATACCGTCAGCGGAGGTACGATCAAGG R44 protospacer/CTG PAM target strand 

MLH-276 CCTTGATCGTACCTCCGCTGACGGTATTGTTCAGATCCTGGCTTGCCAACAGACTAAACGAGGGACCTCATG R44 protospacer/CTG PAM non-target strand 

Cas3 plasmid construction 
SHS-315 CGTAGCGGCGCCATGGAACCTTTTAAATATATATGCC KasI + Cas3 fragment forward primer 

SHS-316 CGTAGCCTCGAGTTATTTGGGATTTGCAGGG Cas3 fragment + XhoI reverse primer 
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Cascade by cleavage with PreScission protease. The complexes were then purified by 
size exclusion chromatography using a Superose 6 prep grade column (GE Life 
Sciences). CasB-E was stored in a buffer containing 20 mM Tris (pH 7.5), 100 mM NaCl, 
5% glycerol, and 1 mM TCEP and Cascade was stored in 50 mM HEPES (pH 7.5), 100 
mM KCl, 5% glycerol, 1 mM TCEP, and 0.1 mM EDTA. 
All proteins used in this study were analyzed for purity by SDS-PAGE, as depicted in 
Figure 2.2. 

 
Figure 2.2 SDS-PAGE depicting all proteins used in this study. 
 
2.2.2 DNA–Cascade complex reconstitution for cryo-EM. 

DNA oligomers were ordered from Integrated DNA Technologies (Table 2.1). The 
dsDNA target used for DNA–Cascade complex reconstitution was formed by annealing 
the target strand (MLH-46, Table 2.1) with a 2× molar excess of non-target strand (MLH-
47) in hybridization buffer containing 40 mM Tris (pH 8.0), 38 mM MgCl2, and 1 mM 
spermidine, heating at 95 ºC for 2 min, and cooling at room temperature for 1 hr. A 2× 
molar excess of the annealed dsDNA was incubated with Cascade at 37 ºC for 30 min in 
a buffer containing 50 mM HEPES (pH 7.5), 100 mM KCl, 5% glycerol, 0.1 mM EDTA, 
and 1 mM TCEP before running over a Superdex 200 10/300 size exclusion column (GE 
Healthcare). Fractions from the first peak (DNA–Cascade) were pooled and concentrated 
for analysis by cryo-EM. 
 
2.2.3 Cryo-electron microscopy 
dsDNA-bound Cascade complexes were frozen in vitreous ice as described previously 
(Wiedenheft et al., 2011a). 4 μl droplets of the sample (~2.3 mg ml−1) were placed onto 
C-flat grids containing 2 μm holes with 2 μm spacing between holes (Protochips Inc.) 
immediately after the grids were glow-discharged for 60 seconds using an Edwards 
carbon evaporator. Grids were rapidly plunged into liquid ethane using an FEI Vitrobot 
maintained at 4 °C and 100% humidity after being blotted for 4–4.5 seconds using a 
blotting offset of −1 mm. Data were acquired using a Tecnai F20 Twin transmission 
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electron microscope operating at 120 keV at a nominal magnification of ×100,000 (1.15 Å 
at the specimen level) using low-dose exposures (~20 e−Å−2) with a random defocus 
ranging from −1.0 to −2.8 μm. A total of 3,580 images of dsDNA–Cascade were 
automatically recorded on a Gatan 4k × 4k CCD camera using the MSI-Template 
application within the automated macromolecular microscopy software LEGINON 
(Suloway et al., 2005). 
 
2.2.4 Single-particle pre-processing 

All image processing and two-dimensional (2D) classification was performed in 
Appion (Lander et al., 2009) as described previously (Wiedenheft et al., 2011a). The 
contrast transfer function (CTF) of each micrograph was estimated, and particles were 
selected during data collection using ACE2 (Mallick et al., 2005) and a template-based 
particle picker (Roseman, 2004) using apo E. coli Cascade reference-free 2D class 
averages as templates (Wiedenheft et al., 2011a), respectively. Reference bias was 
assessed by an analysis of the similarities and differences between the reference-free 2D 
class average templates and the reference-free 2D class averages obtained in this study. 
Notably, many of the class averages from this study contain an additional density for the 
DNA duplex. Furthermore, since class averages were used as templates, the particle 
picking relied on low-resolution structural details. Phases of micrographs were corrected 
using ACE2 (Mallick et al., 2005), and both the dsDNA–bound Cascade and negatively-
stained Cas3–dsDNA–Cascade 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 (Sorzano et al., 2004).  
 
2.2.5 Image processing of cryo-EM data 
To remove contamination and other “junk” selections, particle stacks were decimated by 
a factor of 2 and subjected to five rounds of iterative multivariate statistical analysis (MSA) 
and multi-reference alignment (MRA) using the IMAGIC software package (van Heel et 
al., 1996). Two-dimensional class averages depicting properly assembled complexes 
were manually selected, and the non-decimated particles contributing to these class 
averages were extracted to create a new stack for further processing. 
 
2.2.6 3D reconstruction and analysis 

Both three-dimensional reconstructions were performed using iterative projection-
matching refinement with libraries from the EMAN2 and SPARX software packages 
(Hohn et al., 2007; Tang et al., 2007). Refinement of the starting model (Cascade–ssRNA, 
EMD-5315 (Wiedenheft et al., 2011a) low-pass filtered to 60 Å) began using an angular 
increment of 25°, progressing down to 4° or 0.8° for the reconstruction of Cas3–dsDNA–
Cascade or dsDNA–Cascade, respectively. 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 dsDNA–
Cascade and Cas3–dsDNA–Cascade showed structural features to ~9 Å and ~20 Å 
resolution, respectively, based on the 0.5 Fourier shell correlation criterion. Some α-
helices can be seen as “sausages” in our ~9 Å cryo-EM map that agree with those in the 
crystal structure of CasA. This confirms that the resolution of this map is in the 9-10 Å 
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range. 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 moderate preferential orientations of the particles on the carbon 
film. The reconstruction of dsDNA–Cascade and Cas3–dsDNA–Cascade has an obvious 
additional density for the target DNA and Cas3, respectively. Additionally, the 
conformational changes we observe upon target binding for the dsDNA–Cascade 
structure are distinct from the previous reconstruction. These results suggest that there 
is not significant reference-bias in our final models. 
The final reconstruction was segmented using Segger (Pintilie et al., 2010) in Chimera 
(Pettersen et al., 2004) based on inspection of the similarities between the previously 
determined Cascade structures (Wiedenheft et al., 2011a). A 17 bp modeled B-form 
duplex was manually docked into the map with Chimera based on the map segmentation 
and by accommodating the duplex within this additional helical density. The crystal 
structure of T. thermophilus CasA (PDB ID: 4AN8) (Sashital et al., 2012) is used for 
docking into E. coli CasA density. The nuclease and helicase domains from a structural 
model of E. coli Cas3 generated by Phyre2 (Kelley and M. J. E. Sternberg, 2009) based 
on 4BUJ, 4BGD, 4F92, 2EYQ, 2VA8, 2XGJ, and 3SKD are also modeled separately. 
 
2.2.7 Cas3–Cascade complex reconstitution and crosslinking for negative-stain 
EM. 

Cas3–dsDNA–Cascade complex reconstitution was performed in buffer containing 
20 mM HEPES (pH 7.5), 150 mM KCl, 5% glycerol, 1 mM NiCl2, and 1 mM MgCl2. A 1.5× 
molar excess of the gel-purified dsDNA target (MLH-46 + MLH-47) was pre-incubated 
with Cascade at 37 ºC for 30 min before cooling on ice for 5 min. A 2× molar excess of 
TEV-cleaved Cas3 was added, and the reaction was kept on ice for 1 hr. Glutaraldehyde 
was added to a final concentration of 0.15% and the crosslinking reaction was incubated 
on ice for 30 min prior to dilution to a final protein concentration of 55-110 nM and 
application to grids for negative-stain EM analysis. 
 Reactions were also performed in the absence of crosslinking agent. In this case, 
dsDNA–Cascade was prepared identically, while a 9.6× molar excess of Cas3 was 
incubated with Cascade on ice for 3 hr in a buffer containing 20 mM HEPES (pH 7.5), 
100 mM KCl, 5% glycerol, 1 mM NiCl2, and 1 mM MgCl2. Samples were diluted to a final 
protein concentration of about 85 nM. 
 
2.2.8 Negative-stain electron microscopy 

Cas3–dsDNA–Cascade complexes were prepared for negative-stain EM as 
described above in buffer containing 20 mM HEPES (pH 7.5), 150 mM KCl, 5% glycerol, 
1 mM NiCl2, and 1 mM MgCl2 and immediately applied to glow-discharged 400 mesh 
continuous carbon grids. After adsorption for 1 min, we stained the samples consecutively 
with five droplets of 2% (w/v) uranyl acetate solution, 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 
×80,000 (1.45 Å at the specimen level) using low-dose exposures (~20 e−Å−2) with a 
random defocus ranging from −0.5 to −1.3 μm. A total of 300–400 images of Cascade–
dsDNA–Cas3 were automatically recorded on a Gatan 4k × 4k CCD camera using the 
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MSI-Raster application within the automated macromolecular microscopy software 
LEGINON (Suloway et al., 2005). 
 
2.2.9 Localization of Cas3 by difference mapping. 
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 
map was calculating by subtracting the class average of the dsDNA-bound Cascade from 
the class average of the dsDNA-bound Cascade containing Cas3, using ‘proc2d’ in 
EMAN. 
 
2.2.10 Oligoduplex Preparation 

DNA oligomers were ordered from Integrated DNA Technologies (Table 2.1). 
Single-stranded oligos were purified on denaturing gels containing 10% 29:1 
polyacrylamide, 8 M urea, and 1× TBE. DNA bands were visualized by UV light, excised, 
and eluted by soaking gel pieces in deionized H2O. Gel pieces were removed, and DNA 
was ethanol precipitated and resuspended in deionized H2O. Duplexes were formed by 
mixing equimolar amounts of each strand in 20 mM HEPES (pH 7.5), 100 mM KCl, 5 mM 
MgCl2, and 5% glycerol; heating at 95 ºC for 2 min; and cooling at room temperature for 
at least 10 min. Duplexes were resolved on native gels containing 6% 29:1 
polyacrylamide and 1× TBE, and purified as described above. DNA samples were 5′ 
labeled with γ-[32P]-ATP using polynucleotide kinase (PNK, New England Biolabs) for 30 
min at 37 ºC. PNK was heat denatured at 65 ºC for 20 min, and excess ATP was removed 
using a G-25 spin column (GE Healthcare). 
 
2.2.11 Electrophoretic Mobility Shift Assays (EMSAs) 

All binding assays were performed in 1× reaction buffer, which contains 20 mM 
HEPES (pH 7.5), 100 mM KCl, 5% glycerol, 100 μM NiCl2, and 5 mM MgCl2. CasA and 
CasB-E were pre-incubated in 1× reaction buffer for 15 min at 37 ºC to ensure complex 
formation prior to addition of DNA. After diluting all reaction components into 1× reaction 
buffer, DNA was added to a final concentration of 0.1–0.5 nM. Samples were incubated 
at 37 ºC for 30 min, and then resolved at 4 ºC on a 6% 29:1 polyacrylamide gel containing 
1× TBE. Gels were dried and DNA was visualized by phosphorimaging and quantified 
using ImageQuant software (GE Life Sciences). The fraction of DNA bound (amount of 
bound DNA divided by the sum of free and bound DNA) was plotted versus concentration 
of Cascade and fit to a binding isotherm using Kaleidagraph software. Reported Kd values 
are the average of three independent replicates, and errors represent the standard 
deviation. 
 
2.2.12 DNA cleavage assays 

All cleavage assays were performed in 1× reaction buffer. CasB-E and WT or 
N131A CasA were pre-incubated in 1× reaction buffer for 15 min at 37 ºC to ensure 
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complex formation prior to addition of DNA. Cascade components were pre-bound to 
DNA by incubating at 37 ºC for 30 min. Samples were cooled on ice for 5 min prior to 
addition of ATP to a final concentration of 2 mM and His-MBP-Cas3 to 500 mM. The final 
concentration of DNA was 1 nM, Cascade was 1 μM, and CasA + CasB-E were 1 μM 
each. Reactions were incubated at 37 ºC for 30 min and then resolved on denaturing gels 
containing 10% 29:1 polyacrylamide, 8 M urea, and 1× TBE. Gels were dried and DNA 
was visualized by phosphorimaging and quantified using ImageQuant software (GE Life 
Sciences). The percentage of DNA cleaved was determined by dividing the amount of 
cleaved DNA (the entirety of the lane below the 72 nt uncleaved band) divided by the sum 
of uncleaved and cleaved DNA. The background percentage cleaved in control lanes 
containing only Cascade components or only Cas3 (whichever value was higher) was 
subtracted to generate the corrected percent cleaved. Reported values are the average 
of at least three independent replicates, and error bars represent the standard deviation. 
Values have been normalized to the WT percent cleaved (71 ± 3.0% for a substrate with 
WT PAM and 71 ± 1.1% when WT CasA is added back to CasB-E). 
 
2.3 Results 
 
2.3.1 The CasA subunit of Cascade directly contacts the PAM sequence in dsDNA  

We reconstituted a dsDNA-bound E. coli Cascade complex bearing the R44 crRNA 
(Jore et al., 2011; Mojica et al., 2005) with a 72 bp dsDNA target sequence containing the 
32 bp R44 protospacer with 20 bp flanking sequences and an ATG PAM directly 
preceding the target sequence (Figure 2.1A, Table 2.1). The binding reaction was 
followed by size-exclusion chromatography to remove unbound DNA (Figure 2.3). 

 

 
Figure 2.3 Size-exclusion chromatography to remove unbound DNA after reconstituting 
DNA–Cascade for EM. Cascade was incubated with a 2× molar excess of target dsDNA at 37 
°C before injection onto a Superdex 200 size-exclusion column. Free DNA elutes at about 12 mL 
and is easily separable from DNA–Cascade, which elutes after 10.4 mL. This peak was pooled, 
concentrated, and analyzed by cryoEM. mAU, milliabsorbance units. 
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Raw cryo-EM micrographs of the dsDNA-bound complex embedded in ice showed 
mono-disperse, easily identifiable particles (Figure 2.4). Using the automated 
macromolecular microscopy system LEGINON (Suloway et al., 2005), we acquired 
~3,500 micrographs and automatically picked >280,000 target-bound Cascade particles 
using the Appion image-processing pipeline (Lander et al., 2009). After projection-
matching refinement, we obtained a final target-bound Cascade structure at ~9 Å 
resolution (using the 0.5 Fourier Shell Correlation [FSC] criterion), which shows clear 
structural features comparable to the previously determined Cascade structures 
(Wiedenheft et al., 2011a) (Figures 2.1B and 2.4). 

 

 
Figure 2.4 Molecular architecture of dsDNA-bound Cascade. (A) Raw cryoEM micrograph of 
dsDNA-bound Cascade. (Scale bar, 100 nm.) (B) Representative reference-free 2D class 
averages of dsDNA-bound Cascade. The width of the boxes is ∼314 Å. (C) Fourier shell 
correlation (FSC) curve for the final re- construction, showing the resolution to be ∼9 Å using the 
0.5 FSC criterion. 



 28 

Notably, an additional rod-shaped density not attributable to Cascade proteins 
projects out from one end of Cascade. A 17 bp B-form DNA duplex corresponding to the 
17 bp preceding the PAM in the target dsDNA is readily accommodated within this 
additional density adjacent to the CasA subunit (Figure 2.1C). This places the PAM 
directly adjacent to the L1 loop of CasA, which we previously linked to PAM recognition 
(Sashital et al., 2012) (Figure 2.1C). One helical end of the double-stranded target DNA 
extends into CasA and is stabilized by the distal domains of CasC5 (C5) and CasC6 (C6) 
(Figure 2.1C). C5 and C6 have a different relative conformation (main body of C5 to C6 
distance is ~28 Å) compared to the other CasC subunits (C5 to C4 distance is ~15 Å), as 
observed in the apo Cascade structure (Wiedenheft et al., 2011a). This arrangement 
places these subunits in the appropriate orientation and spacing to engage the target 
DNA duplex (Figure 2.1B). We did not observe additional density for the other end of the 
target duplex, suggesting that this end may not be stably bound by Cascade. 

Cascade maintains its overall superhelical morphology after dsDNA target binding 
and the density for the crRNA doubles in size relative to that of apo-Cascade, similar to 
what was observed in the previous ssRNA-bound Cascade structure. This crRNA-DNA 
hybrid density can be fit with discontinuous segments of 4–5 bp of double-stranded DNA 
(Figure 2.5), as previously shown for the ssRNA-bound complex (Wiedenheft et al., 
2011a). Binding of the target dsDNA induces conformational changes in Cascade that 
are reminiscent, but distinct, from those observed in the ssRNA-bound Cascade. The 
beak of the Cascade structure, consisting of CasE and the 3′ stem-loop protrusion of the 
crRNA, remains relatively unchanged between the apo-Cascade and dsDNA-bound 
Cascade. The CasB subunits move ~17 Å along the crRNA binding groove towards the 
tail (Figure 2.5) and induce a ~30º rotation of the four-helix bundle of CasA towards the 
tail, similar to that observed upon ssRNA binding (Figure 2.5). However, in contrast to the 
ssRNA-bound structure, the position of the base of CasA in the DNA-bound complex 
remains similar to that occupied in apo-Cascade. While ssRNA binding results in a 
concerted rigid-body rotation of the entire CasA subunit, dsDNA binding induces a 
ratcheting of the two major lobes of CasA relative to one another (Figure 2.5). Thus, 
dsDNA binding triggers CasA to adopt a relative position within Cascade that is distinct 
from both apo-Cascade and ssRNA–Cascade. These differences are likely due to the 
extensive interactions between the target DNA and the base of CasA (Figure 2.1B). 

 



 29 

 
Figure 2.5 Comparison of subunits between Cascade structures. (A) CasB1 and CasB2 from 
the dsDNA-bound Cascade (DNA-CasBs, yellow) overlaid on CasB1 and CasB2 from apo-
Cascade (apo-CasBs, gray mesh) after alignment based on optimal cross-correlation between 
the CasC backbones of the two structures. The arrow denotes translation of the DNA–CasBs 
relative to apo-CasBs. CasA from the dsDNA-bound Cascade (purple surface) is shown for 
reference. (B) (Left) CRISPR (cr)RNA–DNA heteroduplex segmented from the dsDNA-bound 
Cascade structure showing several segments of double-stranded density marked by black lines. 
(Right) Five-base-pair segments of modeled dsDNA docked into this segmented crRNA–DNA 
heteroduplex density. (C) CasA density from the dsDNA-bound Cascade reconstruction (DNA–
CasA, purple surface) overlaid on the CasA density from the previously reported apo-Cascade 
cryoEM re- construction (apo-CasA, green mesh) after alignment based on optimal cross-
correlation between the CasC backbones of the two structures. Arrows denote rotation or 
translation of the four-helix bundle (4-helix bundle) and base (base) of DNA-CasA relative to those 
domains of apo-CasA. (D) The four-helix bundle of CasA from apo-Cascade (light green surface) 
was aligned to the four-helix bundle in the dsDNA-bound Cascade (light purple surface) based on 
optimal cross- correlation. The base of CasA from apo-Cascade (dark green mesh) was 
transformed based on these alignment parameters. Arrows denote the rotation and translation of 
the base of DNA–CasA (dark purple surface) still needed to optimally align the bases of these 
two structures. (E) The four-helix bundle of CasA from apo-Cascade (light green surface) was 
aligned to the four-helix bundle in the ssRNA-bound Cascade (light gray surface) based on 
optimal cross-correlation. The base of CasA from apo-Cascade (dark gray mesh) was 
transformed based on these alignment parameters. There is no additional translation or rotation 
needed to align the bases, indicating that the entire CasA subunit rotates as a rigid body.  
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2.3.2 The trans-acting Cas3 nuclease is recruited opposite the target on CasA 
 The manner in which Cascade recruits Cas3 has remained enigmatic in the 
CRISPR field. We formed Cas3–dsDNA–Cascade complexes and studied them by 
electron microscopy. Cas3–dsDNA–Cascade complexes dissociated under our initial 
conditions, with particles corresponding to Cascade and smaller particles with the 
predicted size of Cas3 easily recognizable in raw micrographs. Because of sample 
heterogeneity and the limiting amount of Cas3, we used negative-stain EM to provide us 
with the required contrast to build a reliable reconstruction. In order to prevent target 
cleavage from occurring before observing the sample by EM, we kept all samples on ice 
to inhibit Cas3 activity (Figure 2.6). 
 

 
 

Figure 2.6 Denaturing gel showing that Cas3 cleavage of a Cascade-bound DNA target is 
impaired when the reaction is kept on ice (0 °C). [32P]DNA (1 nM) was pre-incubated with 1 
μM Cascade at 37 °C before addition of 500 nM maltose-binding protein (MBP)-Cas3. 
Reactions were incubated either on ice or at 37 °C for 1 h before product resolution on a 10% 
urea-PAGE gel.  
 

To improve its stability, we examined the architecture of the complex after mild 
glutaraldehyde crosslinking following pre-binding of the same 72 bp target and 
reconstitution with Cas3. This procedure resulted in the appearance of class averages 
with clear extra density that could be ascribed to Cas3 (Figures 2.7A and 2.8). 
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Figure 2.7 Cas3 interacts with CasA. (A) (Left) Negative-stain reconstruction of TEV-cleaved 
Cas3-bound dsDNA–Cascade at 20-Å resolution (0.5 FSC criterion) with subunits and Cas3 
labeled. (Right) Reference-free 2D class average of the dsDNA–Cascade complex, the 
corresponding reference-free 2D class average of Cas3–dsDNA–Cascade, and the difference 
map between these structures. The width of the boxes is ∼288 Å. (B) Cas3 density (outlined 
semitransparent blue surface) from the negative-stain reconstruction (A) mapped onto the 
cryoEM reconstruction of dsDNA-bound Cascade. 

 
Importantly, we were able to localize Cas3 to the same region of Cascade in the 

absence of crosslinking agent by using a large (10×) molar excess of Cas3 over dsDNA-
bound Cascade during the reconstitution (Figure 2.8). To increase the proportion of stable 
complexes, we used the crosslinked sample for further structural studies. Using the 3D 
reconstruction of ssRNA–Cascade low-pass filtered to 60 Å as a starting model for 
projection matching refinement, we obtained a 3D reconstruction of Cas3–dsDNA–
Cascade from ~11,000 particles at a final resolution of ~20 Å (Figures 2.7B and 2.8). 
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Figure 2.8 Molecular architecture of Cas3–dsDNA–Cascade. (A) Representative raw untilted 
micrograph of negatively stained, cross-linked Cas3–dsDNA–Cascade. (Scale bar, 100 nm.) 
Several particles are outlined with yellow circles. (B) Reference-free 2D class averages of cross-
linked Cas3–dsDNA–Cascade include an additional globular density corresponding to Cas3. The 
width of the boxes is ∼404 Å. (C) Reference-free 2D class averages of cross-linked Cas3–
Cascade–dsDNA (second, fourth, and sixth columns) matched to reprojections of the final 
reconstruction (first, third, and fifth columns). The width of the boxes is ∼404 Å. (D) Representative 
reference-free 2D class averages of native Cas3–dsDNA–Cascade. The width of the boxes is 
∼404 Å. (E) FSC curve for the final reconstruction, showing the resolution to be ∼20 Å using the 
0.5 FSC criterion. (F) Euler angle distribution for the final reconstruction.  
 



 33 

This structure clearly features an extra globular density that can be assigned to 
Cas3 and is bound to CasA near the junction of its four-helix bundle and base (Figure 
2.7A). Interestingly, Cas3 interacts with CasA near the region of conformational changes 
induced by target DNA binding. While nucleic acids cannot be directly visualized in EM 
structures of negatively-stained complexes, we could easily map the Cas3 density onto 
our target-bound Cascade cryo-EM structure (Figure 2.7B). Based on the resulting model, 
Cas3 and the target duplex are engaged on opposite sides of CasA. The localization of 
Cas3 near CasA and CasD is consistent with naturally occurring fusions of Cas3 to both 
CasA (Westra et al., 2012b) and CasD (UniProtKB accession number D4CIN8). It is 
important to note that the density for Cas3 in our reconstruction is not large enough to 
account for the entire mass of the protein (Figure 2.9). We hypothesize that this density 
likely corresponds to one domain of the multi-domain Cas3 protein, while the other 
domains may be more flexible. 

 

 
Figure 2.9 Alternative segmentation and Cas3 domain modeling. (A) Cas3 density from the 
negative-stain reconstruction mapped onto the cryoEM reconstruction of dsDNA-bound Cascade 
as in Figure 2.7B. Notably, there is a long, tube-shaped density (non-target strand) extending 
from the duplex (dsDNA target) with only minor steric clashes with the crystal structure of CasA. 
It is difficult to determine unambiguously whether this segment is DNA or protein, so in the main 
text it is conservatively assigned as part of CasA. In this alternative segmentation, it has been 
assigned as part of the DNA. Additionally, a Phyre homology model of the Escherichia coli Cas3 
nuclease domain (Cas3 nuc) is docked into the experimental Cas3 density to show that the 
general size and shape of this domain agree well with the experimental density. (B) A Phyre 
homology model of the helicase domain (Cas3 hel) is modeled onto the structure for further size 
comparison, although its precise placement is entirely theoretical.  
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2.3.3 Cleavage of Cascade-bound dsDNA by Cas3 depends on base pairing 
potential of the PAM 

Because Cas3 localizes to CasA, the subunit responsible for PAM recognition 
during initial target binding, we wondered if mutations to the PAM sequence might affect 
target cleavage. To accomplish this, we performed in vitro Cas3 cleavage assays with 
Cascade and radiolabeled, double-stranded DNA substrates containing various 
mutations to the PAM region. Previous studies that tested cleavage of substrates with 
incorrect PAM sequences used low concentrations of Cascade and target DNAs that were 
bound either poorly or not at all under the test conditions (Mulepati and Bailey, 2013; 
Sinkunas et al., 2013). Thus, any defects in cleavage were easily explained by the 
absence of Cascade targeting. We sought to investigate the effects of PAM mutations on 
cleavage in a manner independent of binding. To ensure that any observed cleavage 
defects were not simply a result of low Cascade affinity for a dsDNA target, we only made 
mutations to the non-target strand (NTS), which do not significantly affect binding affinity 
(Sashital et al., 2012; Westra et al., 2012b) (Table 2.2). 

 

 
Table 2.2 Equilibrium dissociation constants between Cascade and duplexes tested in this 
study. Red text indicates a nucleotide mutation that changes the PAM to a sequence other than 
one of the four functional motifs. 

 
We used a saturating concentration of Cascade (1 μM) to ensure that all target 

DNA molecules were bound under cleavage conditions, as confirmed by native gel 
electrophoresis (Figure 2.10A). We pre-bound the DNA targets with Cascade, added ATP 
and Cas3 to the indicated reactions, and allowed cleavage to proceed for 30 minutes 
before quenching and analysis. We found that alterations to the target strand (TS) PAM 
led to highly reduced binding by Cascade that cannot be saturated even at high 
concentrations, characteristic of the non-specific binding behavior observed previously 
between Cascade and non-target DNA (Sashital et al., 2012) (Figure 2.11A), as well as 
negligible cleavage by Cas3 (Figure 2.11B). 
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Figure 2.10 Target cleavage by Cas3 requires base pairing within the PAM sequence and 
integrity of the PAM-binding loop in CasA. (A) Native gel electrophoretic mobility-shift assay 
showing that all dsDNA substrates tested for Cas3-mediated degradation are fully bound by 
Cascade under the conditions used in the cleavage assays. Red text indicates a nucleotide 
mutation that changes the PAM to a sequence other than one of the four functional motifs. 
Cascade (1 μM) was incubated with 0.1–0.5 nM [32P]dsDNA at 37 °C for 30 min before gel-shift 
analysis by 10% native PAGE. NTS, non-target strand; TS, target strand. (B) All four PAM 
sequences that function in vivo also permit target cleavage in vitro. DNA cleavage reactions were 
performed using target dsDNAs with different PAM sequences at a final concentration of 1 nM in 
1× reaction buffer. In the presence of 2 mM ATP, 1 μM targeting Cascade, and 500 nM MBP-
tagged Cas3, all four targets are cleaved after incubation at 37 °C for 30 min. (C) PAM base-pair 
mismatches prevent efficient target cleavage by Cas3. Targeting Cascade was pre-bound to each 
dsDNA before addition of ATP and MBP-Cas3. (D) Quantified cleavage percentages for each 
condition in the presence of Cas3 and ATP are the average of three (E) or four (C) independent 
replicates; error bars represent ±1 SD. All values have been normalized to the WT cleavage 
efficiency. (E) Denaturing polyacrylamide gel depicting the cleavage defect caused by mutation 
of Asn131 in the L1 loop of CasA. Wild-type or N131A CasA (1 μM) was added back to 1 μM 
Strep-tag II–tagged CasB–E to reconstitute the Cascade complex and pre-bound to a 1 nM 
dsDNA target with a functional PAM before addition of ATP and MBP-Cas3.  
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Figure 2.11 Altering the protospacer adjacent motif (PAM) sequence on the target strand 
causes severe binding and cleavage defects. (A) Native gel electrophoretic mobility-shift 
assays showing that dsDNA substrates with mutations to the target strand PAM sequence are 
poorly bound by Cascade compared with those with an intact PAM, even at high protein 
concentration. An increasing concentration of Cascade was incubated with 0.2–0.5 nM 32P-
labeled dsDNA at 37 °C for 30 min in 1× reaction buffer [20 mM HEPES (pH 7.5), 100 mM KCl, 
5% glycerol, 100 μM NiCl2, and 5 mM MgCl2]. Bound and unbound species were resolved at 4 
°C on a 6% native polyacrylamide gel. NTS, non-target strand; TS, target strand. (B) Denaturing 
gel showing that the dsDNA targets in A are not cleaved in the presence of 500 nM MBP-Cas3 
and 1 μM Cascade in the same buffer. The cleavage reaction proceeded for 30 min at 37 °C 
before analysis by 10% urea-PAGE.  

 
Using 72 bp radiolabeled duplexes, we found that Cas3 cleaves targets with any 

of the four E. coli PAM sequences shown to be functional for in vivo interference: ATG, 
AAG, AGG, and GAG (Westra et al., 2012b) (Figure 2.10B). Consistent with previous 
work (Mulepati and Bailey, 2013; Sinkunas et al., 2013), when a dsDNA target has a 
correct PAM and ATP is present, the action of Cas3 results in near-complete degradation, 
while in the absence of ATP, Cas3 nicks only the displaced, non-target strand between 
nucleotides 7 and 11 of the protospacer (Figure 2.10C). We next mutated the sequence 
of the non-target strand PAM to prohibit Watson-Crick base pairing. While single 
mismatches are somewhat tolerated, disrupting the base pairing potential of two or all 
three PAM nucleotides prevents target cleavage by Cas3 (Figure 2.10C and D). Even 
when the non-target strand PAM consists of a sequence known to be sufficient for in vitro 
cleavage and in vivo interference (e.g. GAG, the fourth substrate tested in Figure 2.10C), 
the target is not cleaved if it contains unpaired PAM nucleotides. Thus, the sequence on 
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the non-target strand can be altered without greatly affecting binding affinity or cleavage 
efficiency, but base pairing in this region must be retained for the target to be degraded. 
 
2.3.4 L1 loop of CasA is required for Cas3-mediated cleavage of a Cascade target 

The proximity of the PAM to CasA and Cas3 in the target-bound Cascade complex 
led us to hypothesize that the CasA subunit transmits information to Cas3 as a result of 
target recognition. To test this idea, we mutated the L1 loop of CasA and performed Cas3-
Cascade cleavage assays as described above, using the same target DNA duplex used 
to generate our EM structures. We reconstituted the Cascade complex by incubating wild-
type (WT) or N131A CasA with separately purified CasB-E, as described previously 
(Sashital et al., 2012). Although the N131A mutation does not substantially impact 
Cascade’s affinity for a target, we pre-bound the reconstituted Cascade to the 
radiolabeled dsDNA target at a high concentration to ensure all targets were bound under 
cleavage conditions, which we confirmed by native gel shift assays (Figure 2.10A). We 
observed efficient DNA degradation with WT CasA, while the N131A mutation resulted in 
target cleavage efficiencies that were drastically diminished (Figure 2.10D and E). Thus, 
despite complete binding by Cascade, Cas3 is unable to cleave the DNA duplex when 
the CasA L1 loop is perturbed. 
 
2.4 Discussion 

We propose a model for Cascade function in which binding to a dsDNA target with 
an intact PAM sequence drives critical rearrangements of the complex to enable 
productive encounters with Cas3 (Figure 2.12). Our cryo-EM reconstruction reveals that 
the target DNA duplex enters Cascade between CasC5 and C6 (Figure 2.1B), in 
agreement with our current and previous observations (Wiedenheft et al., 2011a) of a 
larger gap between these two proteins than between the other subunits of the helical 
backbone. Non-specific interactions between CasA, these CasC subunits, and dsDNA 
may facilitate the initial target search prior to PAM recognition (Figure 2.12A). The CasA 
L1 loop contacts the entering duplex at the approximate location of the PAM (Figure 
2.1C), where the target strand sequence is recognized (Figure 2.12B). We hypothesize 
that in addition to initial target identification via PAM recognition, CasA is responsible for 
subsequent stabilization and arrangement of the displaced strand to ensure cleavage by 
Cas3 (Figure 2.12C). The CasA L1 loop, as well as the base pairing potential of the PAM 
nucleotides, are crucial for degradation to occur (Figure 2.10). 

 



 38 

 
Figure 2.12 Model for target recognition and Cas3 recruitment by Cascade. (A) Cascade 
searches dsDNA for PAM sites. (B) CasA recognizes the PAM sequence via the L1 loop. (C) 
Once CasA has located a bona fide target, a rearrangement of Cascade facilitates crRNA–
protospacer DNA hybridization. (D) CasA positions the displaced, non-target strand for 
recruitment of the transacting Cas3 nuclease. (E) Following initial nicking of the displaced strand, 
Cas3 loads onto the newly formed ssDNA end and translocates along the substrate during 
processive degradation of the target dsDNA. 
 

Moreover, our cryo-EM structure of dsDNA-bound Cascade suggests the 
presence of single-stranded DNA that appears to be bound at the cleft between the four-
helix bundle and the base domains of CasA immediately following the clearly visible 
double-stranded DNA (Figure 2.9). While the limited resolution of our present structure 
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makes it hard to determine unequivocally whether this density is protein or DNA, the 
binding of ssDNA to this region of CasA would provide a structural link between the 
recognition of the PAM sequence and the site of Cas3 association. Higher resolution 
studies will be required to confirm this idea. 

Thus, we hypothesize that the non-target strand is looped around CasA such that 
binding of Cas3 at this site (Figure 2.7) positions the nuclease domain to make its first 
nick ~7–11 nt into the protospacer (Figure 2.12D). Our lab has shown previously that the 
non-target strand is particularly susceptible to hydroxyl radical cleavage in this region 
(Sashital et al., 2012). Intriguingly, this analysis revealed that the same CasA mutation 
that prevents target cleavage leads to a decrease in exposure of this particular site. 
Furthermore, it causes increased exposure of the nucleotides preceding the cut site, 
suggesting an overall weaker hold of the displaced strand. We predict that mutation of 
the L1 loop or disruption of PAM base pairing leads to improper binding of the non-target 
strand, inaccessibility of the Cas3 cleavage site, and failure of Cas3 to degrade the target 
DNA. When Cascade binds properly at target sites, Cas3 is recruited to the complex, 
nicks the displaced strand, and then processively unwinds and cleaves both strands to 
fully degrade the foreign DNA (Figure 2.12E). 
Together, these studies shed light on the mechanism by which Cascade binding to a 
dsDNA target leads to its degradation by the trans-acting nuclease-helicase Cas3. CasA 
links these two processes through physical interactions with DNA as well as with Cas3. 
We have shown that although target binding and degradation are linked, they have 
different requirements. Binding depends on sequence-specific recognition of the PAM on 
the target strand, whereas cleavage is influenced by the geometry of the PAM region, 
with a preference for a fully base-paired helix. Binding by Cascade alone does not 
necessarily lead to target degradation by Cas3, and previous observations indicate that 
reduced binding does not always lead to cleavage defects. Semenova et al. identified 
mutations to the protospacer sequence that decreased Cascade’s binding affinity 
substantially, but phage harboring these mutations were unable to escape interference in 
vivo (Semenova et al., 2011). Our results complement this finding and underscore the 
complexity of target interference in the E. coli CRISPR system. The subtle interplay 
between DNA binding by Cascade and Cas3-mediated degradation awaits further 
elucidation and represents an exciting avenue of future CRISPR research. 
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Chapter 3 
 
 
 

Assembly and architecture of the minimal 
CRISPR targeting complex in Desulfovibrio 
vulgaris 
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3.1 Introduction 
 Bacteria and archaea defend themselves against infection using adaptive immune 
systems comprising CRISPR (clustered regularly interspaced short palindromic repeats) 
arrays and CRISPR-associated (cas) genes. CRISPR interference is typically divided into 
three stages. First, spacers are acquired into the host CRISPR locus through an 
integration process mediated by Cas1, Cas2, and sometimes additional proteins (Amitai 
and Sorek, 2016). Next, the entire CRISPR array is transcribed into a long precursor 
crRNA, or pre-crRNA, which is processed into a mature form containing a single spacer 
and some amount of the flanking repeat sequences (Charpentier et al., 2015; 
Hochstrasser and Doudna, 2015; Li, 2014). Finally, the crRNA guide is used by a targeting 
protein or complex to identify a matching target sequence through base-pairing 
interactions with foreign nucleic acid and degrade it (van der Oost et al., 2014; Wright et 
al., 2016). 
CRISPR-Cas systems have undergone extensive diversification and have been classified 
into two broad classes, five types, and many subtypes based on the architecture of their 
cas gene loci (Makarova et al., 2015). While the Type II system has garnered attention 
for its straight-forward use in genome engineering and other applications, Type I CRISPR 
loci are the most abundant found in both the genomes of isolated bacteria and archaea 
as well as in microorganisms that have not been cultivated (Burstein et al., 2016; 
Makarova et al., 2015). 

In most Type I systems, crRNA processing is carried out by the Cas6 
endoribonuclease through recognition of the sequence and structure of the CRISPR 
repeat sequence, which folds into a hairpin or stem-loop (Carte et al., 2008; Haurwitz et 
al., 2012). After cleavage, Cas6 remains tightly bound to the stem-loop of the mature 
crRNA and series of other Cas proteins assemble along with it into a targeting complex 
known as Cascade (CRISPR-associated complex for antiviral defense). This complex 
binds to dsDNA targets via basepairing with the crRNA and depends on a short, three 
nucleotide sequence called the PAM (protospacer adjacent motif) (Mojica et al., 2009; 
Sashital et al., 2012). This motif, not found in the genomic CRISPR locus, prevents self-
targeting. Though this system has been studied extensively in E. coli, other Cascade 
complexes remain relatively mysterious. 

We chose to investigate the intriguing, minimal Type I-C CRISPR system. Of the 
abundant Type I systems, I-C is the second most abundant subtype (Makarova et al., 
2015). This system is notable for having only three subunits that form its targeting 
complex (Makarova et al., 2011b; Nam et al., 2012) and it is the only one in which crRNA 
processing is performed by Cas5c rather than Cas6 (Nam et al., 2012). While this 
endoribonuclease has confusingly been known as ‘Cas5d,’ we refer to it as Cas5c herein 
due its association with the I-C CRISPR system. While other Type I CRISPR loci encode 
Cas5 homologs, they are non-catalytic, and their role was only recently elucidated when 
crystal structures of Cascade/I-E revealed sequence-specific contacts between Cas5e 
and the crRNA 5′ handle (Jackson et al., 2014; Mulepati et al., 2014; Zhao et al., 2014). 
This led to the hypothesis that rather than stay bound to the crRNA stem-loop after 
cleavage, like Cas6 proteins, Cas5c remains bound to the 5′ handle in Cascade/I-C 
(Jackson et al., 2014). Another notable feature of the I-C system is the predicted fusion 
of the large and small subunits in the cas8c gene (formerly csd1) (Makarova et al., 2011a). 
In Cascade/I-E, the large subunit recognizes the PAM sequence and recruits the Cas3 
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nuclease-helicase for target degradation, while the small subunits stabilize basepairing 
between the crRNA and target strand (Hayes et al., 2016; Hochstrasser et al., 2014; 
Sashital et al., 2012). However, this arrangement is only found in the I-A and I-E subtypes, 
and it is unclear how these activities are performed in the majority of Type I subtypes, 
which lack a separately-encoded small subunit (Makarova et al., 2015). 
To determine how just three proteins can form a functional Cascade complex, we studied 
the binding interactions, assembly, and architecture of Desulfovibrio vulgaris Cascade/I-
C and its subunits. Biochemical studies and cryo-electron microscopy (cryo-EM) 
reconstructions reveal that Cas5c indeed stays bound to the crRNA 5′ handle after 
cleavage through low affinity interactions with the RNA sequence and other subunits. 
Cas7 (formerly Csd2) oligomerization along the crRNA is capped by the 3′ stem-loop. The 
architecture of the Cas8c subunit, which associates through a series of low affinity RNA-
protein and protein-protein interactions, resembles a large subunit fused to three small 
subunit domains. Furthermore, a reconstruction of Cascade/I-C bound to a target dsDNA 
includes a nearly-complete R-loop, establishes the previously unknown path of the non-
target strand, and shows a remarkable 60° angle between the duplexed ends of the target 
DNA. 
 
3.2 Methods 
 
3.2.1 Cloning 

Genomic DNA from Desulfovibrio vulgaris str. Hildenborough was obtained from 
the Joint Bioenergy Institute (JBEI). The Cas5c (YP_009170.1), Cas8c (YP_009171.1), 
and Cas7 (YP_009172.1) genes were PCR amplified as a single operon for Cascade/I-C 
expression as well as individually using primers (Table 3.1) that added ‘CACC’ 5′ of the 
start codon to allow TOPO cloning into the pENTR/D-TOPO entry vector (Invitrogen). The 
constructs were then cloned into the pHMGWA destination vector by LR recombination 
(Invitrogen) and sequence-verified. The pHMGWA expression vector encodes an N-
terminal His6-MBP (maltose binding protein) tag followed by a tobacco etch virus (TEV) 
protease recognition site. 

To generate a plasmid for expressing pre-crRNAs, pACYCDuet-1 was digested 
with EcoNI and KpnI and a series of partially overlapping oligos (Table 3.2) were mixed 
together, annealed, and ligated into this vector. The oligos contained appropriate sticky 
ends, a T7 promoter, and overlapping pieces of the D. vulgaris repeat and spacer #2 
sequences. Depending on how many copies of the repeat-spacer oligos happened to 
anneal and get ligated into the vector, different numbers of spacers ended up in the final 
plasmid. We sequenced several clones and picked one containing the T7 promoter 
sequence followed by three copies of the spacer sequence, each flanked by repeats. 
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ID Description Sequence (5′ à 3′) 
1 Cas5c TOPO forward primer CACCATGACACATGGGGCTGTTAAGACATACGGC 
2 Cas5c reverse primer TCATGCCCTCACCTCCGGTGACGTGCGC 
3 Cas8c TOPO forward primer CACCATGATCCTGCAGGCATTGCATGGCTATTACC 
4 Cas8c reverse primer CTAGTTCTCCTTGTTCTTCTTGGTGAAAAGGGCC 
5 Cas7 TOPO forward primer CACCATGACCGCCATTGCCAACAGATACGAGTTCG 
6 Cas7 reverse primer CTACAGCATCTCTTTGACCTCTACGCCTTCGG 

7 EcoNI sticky end-T7-repeat top ATTAGGTAATACGACTCACTATAGGGAGAGTCGCCCCCCACGCGGGGGCGTGGA
TTGAAAC 

8 EcoNI sticky end-T7-repeat bottom CCGCGTGGGGGGCGACTCTCCCTATAGTGAGTCGTATTACCTAA 

9 Spacer-repeat top GCCATGCTCAGGCTGGCGAGTGCGCCACTCATCAAGTCGCCCCCCACGCGGGGG
CGTGGATTGAAAC 

10 Repeat-spacer-repeat bottom CCGCGTGGGGGGCGACTTGATGAGTGGCGCACTCGCCAGCCTGAGCATGGCGTT
TCAATCCACGCCC 

11 Repeat-KpnI sticky end top GCCATGCTCAGGCTGGCGAGTGCGCCACTCATCAAGTCGCCCCCCACGCGGGGG
CGTGGATTGAAACGGTAC 

12 Repeat-KpnI sticky end bottom CGTTTCAATCCACGCCC 
13 Full-length repeat RNA GUCGCCCCCCACGCGGGGGCGUGGAUUGAAAC 
14 Full-length dG21 repeat RNA GUCGCCCCCCACGCGGGGGCdGUGGAUUGAAAC 
15 5′ fluorescein-dG21 repeat RNA Fluor-GUCGCCCCCCACGCGGGGGCdGUGGAUUGAAAC 
16 5′ fluorescein-dG21 ∆ 5′ nts Fluor-CGCCCCCCACGCGGGGGCdGUGGAUUGAAAC 
17 5′ fluorescein-dG21 stem ∆ 2 bp Fluor-GUCGCCCCACGCGGGCdGUGGAUUGAAAC 
18 5′ fluorescein-dG21 U-loop Fluor-GUCGCCCCCUUUUUGGGGGCdGUGGAUUGAAAC 
19 5′ fluorescein-dG21 SL ∆ 2 bp + U-loop Fluor-GUCGCCCUUUUUGGGCdGUGGAUUGAAAC 
20 5′ fluorescein-dG21 SL ∆ 4 bp + U-loop Fluor-GUCGCUUUUUGCdGUGGAUUGAAAC 

21 5′ fluorescein-dG21 ∆ 5′ nts + SL ∆ 2 bp + 
U-loop Fluor-CGCUUUUUGCdGUGGAUUGAAAC 

22 5′ fluorescein-dG21 SL+7 Fluor-GUCGCCCCCCACGCGGGGGCdGUGGAUUG 
23 5′ fluorescein-dG21 SL+5 Fluor-GUCGCCCCCCACGCGGGGGCdGUGGAU 
24 SL+5  GUCGCCCCCCACGCGGGGGCGUGGAU 
25 5′ fluorescein-dG21 SL+4  Fluor-GUCGCCCCCCACGCGGGGGCdGUGGA 
26 SL+4 GUCGCCCCCCACGCGGGGGCGUGGA 
27 5′ fluorescein-dG21 SL+3 Fluor-GUCGCCCCCCACGCGGGGGCdGUGG 
28 SL+3 GUCGCCCCCCACGCGGGGGCGUGG 
29 5′ fluorescein-dG21 SL+2 Fluor-GUCGCCCCCCACGCGGGGGCdGUG 
30 SL+2 GUCGCCCCCCACGCGGGGGCGUG 
31 SL+1 GUCGCCCCCCACGCGGGGGCGU 
32 5′ fluorescein-5′ handle Fluor-UGGAUUGAAAC 
33 5′ fluorescein-protospacer Fluor-GAGUAAAAUGUGAAUGAGGAGAGAAUAUAGGAAA 
34 5′ fluorescein 3′ stem-loop Fluor-GUCGCCCCCCACGCGGGGGCG 

35 crRNA UGGAUUGAAACGAGUAAAAUGUGAAUGAGGAGAGAAUAUAGGAAAGUCGCCCCC
CACGCGGGGGCG 

36 5′ fluorescein-crRNA 
Fluor-
UGGAUUGAAACGAGUAAAAUGUGAAUGAGGAGAGAAUAUAGGAAAGUCGCCCCC
CACGCGGGGGCG 

37 crRNA ∆ 5′ handle GAGUAAAAUGUGAAUGAGGAGAGAAUAUAGGAAAGUCGCCCCCCACGCGGGGGC
G 

38 5′ fluorescein-crRNA ∆ 5′ handle 
Fluor-
GAGUAAAAUGUGAAUGAGGAGAGAAUAUAGGAAAGUCGCCCCCCACGCGGGGGC
G 

39 crRNA ∆ 5′ handle, linearized (ssRNA) GAGUAAAAUGUGAAUGAGGAGAGAAUAUAGGAAAGUCGCCCCCC 
40 5′ fluorescein-crRNA ∆ 3′ stem-loop Fluor-UGGAUUGAAACGAGUAAAAUGUGAAUGAGGAGAGAAUAUAGGAAA 

41 ssRNA annealed to MLH-50 to make 
“dsRNA” UUUCCUAUAUUCUCUCCUCAUUCACAUUUUACUCGUUUCAAUCCA 

42 5′ fluorescein-ssDNA Fluor-TGGATTGAAACGAGTAAAATGTGAATGAGGAGAGAATATAGGAAA 

43 ssRNA annealed to MLH-386 to make 
“dsDNA” TTTCCTATATTCTCTCCTCATTCACATTTTACTCGTTTCAATCCA 

44 Sequence of crRNA co-purified with 
Cascade/I-C 

UGGAUUGAAACGCCAUGCUCAGGCUGGCGAGUGCGCCACUCAUCAAGUCGCCCC
CCACGCGGGGGCG 

45 
Cascade/I-C sp2 WT PAM non-target 
strand, annealed to MLH-41 to make target 
duplex 

AGCAGACTGGAGGAGTTTTCGCCATGCTCAGGCTGGCGAGTGCGCCACTCATCA
AGCCATGTGGGCTGTCAAAAT 

46 
Cascade/I-C sp2 WT PAM target strand, 
annealed to MLH-40 to make WT target 
duplex 

ATTTTGACAGCCCACATGGCTTGATGAGTGGCGCACTCGCCAGCCTGAGCATGG
CGAAAACTCCTCCAGTCTGCT 



 44 

47 
Cascade/I-C sp2 mutated PAM non-target 
strand, annealed to MLH-45 to make mut. 
PAM  target duplex 

AGCAGACTGGAGGAGTTATGGCCATGCTCAGGCTGGCGAGTGCGCCACTCATCA
AGCCATGTGGGCTGTCAAAAT 

48 
Cascade/I-C sp2 mutated PAM target 
strand, annealed to MLH-44 to make mut. 
PAM target duplex 

ATTTTGACAGCCCACATGGCTTGATGAGTGGCGCACTCGCCAGCCTGAGCATGG
CCATAACTCCTCCAGTCTGCT 

49 
Cascade/I-C sp2 WT PAM 5′ biotinylated 
target strand, annealed to MLH-40 to make 
PAM-distal-biotinylated duplex 

Biotin-
ATTTTGACAGCCCACATGGCTTGATGAGTGGCGCACTCGCCAGCCTGAGCATGG
CGAAAACTCCTCCAGTCTGCT 

50 
Cascade/I-C sp2 WT PAM 3′ biotinylated 
target strand, annealed to MLH-40 to make 
PAM-proximal-biotinylated duplex 

ATTTTGACAGCCCACATGGCTTGATGAGTGGCGCACTCGCCAGCCTGAGCATGG
CGAAAACTCCTCCAGTCTGCT-Biotin 

 

Table 3.1 Oligonucleotides used in this study. Bold indicates a deoxy-guanosine, red indicates 
a mutated region, blue indicates a protospacer, and underlining indicates a protospacer adjacent 
motif (PAM). 
 

 
Table 3.2 Plasmids used in this study. 
 
3.2.2 Protein purification 

Cas5c, Cas8c, and Cas7 were overexpressed in BL21(DE3) Rosetta pLysS cells. 
For purification of Cascade/I-C, its subunits (Cas5c-Cas8c-Cas7) and a synthetic 
CRISPR array containing three copies of D. vulgaris spacer #2 were co-expressed in 
BL21(DE3) cells. Cells were grown at 37 °C to an OD600 of approximately 0.5–0.8 prior to 
induction of protein expression by the addition of 0.5 mM isopropyl-β-D-
thiogalactopyranoside (IPTG). After overnight growth at 16 °C, cells were harvested and 
lysed by sonication in buffer containing 50 mM HEPES (pH 7.5), 500 mM KCl, 10 mM 
imidazole, 5% (vol/vol) glycerol, 1 mM tris(2-carboxyethyl)phosphine (TCEP), 1 mM 
EDTA, 0.01% Triton X-100, 0.5 mM PMSF, and Roche protease inhibitor tablets. Cas8c 
lysis buffer was identical except it contained 10% (vol/vol) glycerol and Cascade/I-C lysis 
buffer contained 100 mM KCl. Lysate was clarified by centrifugation at 27,000 × g and 
purified using Ni-NTA affinity resin (QIAGEN). The resin was washed with buffer 
containing 50 mM HEPES (pH 7.5), 500 mM KCl, 20 mM imidazole, 5% (vol/vol) glycerol, 
and 1 mM TCEP. Cas8c wash buffer was identical except it contained 10% (vol/vol) 
glycerol and 1 mM PMSF, and Cascade/I-C wash buffer contained 100 mM KCl. Protein 
was eluted with 50 mM HEPES (pH 7.5), 500 mM KCl, 300 mM imidazole, 5% (vol/vol) 
glycerol, and 1 mM TCEP. Cas8c elution buffer was identical except it contained 10% 
(vol/vol) glycerol and 1 mM PMSF, and Cascade/I-C elution buffer contained 100 mM 
KCl. Approximately 1 mg of TEV protease was added per 25 mg of protein and the 
protein-TEV mixture was dialyzed at 4 °C overnight against wash buffer. Cas8c was 
concentrated to <10 ml and incubated with TEV overnight at room temperature, and then 
buffer exchanged into wash buffer. Cleaved His-MBP tag, uncut protein, and His-TEV 
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were removed by ortho-Ni purification. For purification of the MBP–Cascade/I-C complex 
used to localize Cas5 by negative-stain electron microscopy, the TEV and ortho-Ni steps 
were skipped. 

Cas5 and Cas7 were further purified by size exclusion chromatography using a 
Superdex 75 16/60 or Superdex 200 10/300 GL column (GE Healthcare), respectively, 
pre-equilibrated in buffer containing 50 mM HEPES (pH 7.5), 500 mM KCl, 5% (vol/vol) 
glycerol, and 1 mM TCEP. Cascade/I-C was purified by size exclusion chromatography 
using a Superose 6 prep grade column pre-equilibrated in buffer containing 50 mM 
HEPES (pH 7.5), 500 mM KCl, 5% (vol/vol) glycerol, and 1 mM TCEP. Cas5c, Cas7, and 
Cascade/I-C were either buffer exchanged or dialyzed into storage buffer containing 20 
mM HEPES (pH 7.5), 100 mM KCl, 5% (vol/vol) glycerol, and 1 mM TCEP. Cas8c was 
concentrated after the ortho-Ni step and dialyzed into storage buffer containing 20 mM 
HEPES (pH 7.5), 300 mM KCl, 10% (vol/vol) glycerol, and 1 mM TCEP. Final protein 
stocks were concentrated, flash frozen, and stored at -80 °C. 
 
3.2.3 Oligonucleotide preparation 

RNA and DNA oligomers used in cleavage assays, gel shifts, and electron 
microscopy were ordered from Integrated DNA Technologies (IDT) (Table 3.1). 
Oligonucleotides were purified on denaturing gels containing 15% (vol/vol) 29:1 
polyacrylamide, 7M urea, and 1× Tris/Borate/EDTA (TBE). RNA or DNA bands were 
visualized by UV light, excised, and eluted by soaking gel pieces in deionized H2O. Gel 
pieces were filtered out, and DNA was ethanol-precipitated and resuspended in deionized 
H2O. DNA duplexes were formed by mixing equimolar amounts of each DNA strand in 40 
mM Tris (pH 8.0), 38 mM MgCl2, and 1 mM spermidine, heating at 95 °C for 2 min, and 
slow cooling at room temperature for at least 10 min. Duplexes were resolved on a native 
gel containing 6% (vol/vol) 29:1 polyacrylamide and 1× TBE and purified as described 
above. RNA and DNA samples were 5′ end labeled with [γ-32P] ATP using polynucleotide 
kinase (PNK, New England Biolabs) for 30 min at 37 °C. PNK was heat-denatured at 65 
°C for 20 min, and excess ATP was removed using a G-25 spin column (GE Healthcare). 
 
3.2.4 RNA cleavage assays 

All cleavage assays were performed in 1× cleavage buffer [20 mM HEPES (pH 
7.5), 100 mM KCl, 5% glycerol, and 1 mM TCEP]. 1 μM Cas5c was incubated with 0.2 
nM 5′ radiolabeled RNA at 37 °C for 30 min and then resolved on denaturing gels 
containing 15–20% (vol/vol) 29:1 polyacrylamide, 7 M urea, and 1× TBE. Gels were dried, 
RNA was visualized by phosphorimaging, and images were quantified using ImageQuant 
software (GE Healthcare). The percentage of RNA cleaved was determined by dividing 
cleaved RNA by the sum of uncleaved and cleaved RNA. The background percentage 
cleaved in control lanes containing no protein was subtracted to generate the corrected 
percent cleaved. Reported values are the average of at least three independent 
replicates, and error bars represent the SD. 
 
3.2.5 Cas5c cleavage site mapping 

The Cas5c cleavage reaction was performed in 1× cleavage buffer [20 mM HEPES 
(pH 7.5), 100 mM KCl, 5% glycerol, and 1 mM TCEP]. 1 μM Cas5c was incubated with 
10 nM 5′ radiolabeled repeat RNA at 37 °C for 30 min. The hydrolysis ladder was 
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generated by incubating 10 nM 5′ radiolabeled repeat RNA in 25 mM sodium bicarbonate 
and 0.25 mM EDTA at 95 °C for 10 min prior to quenching on ice. The RNase T1 digest 
was performed by incubating 1 unit of RNase T1 (ThermoFisher) with 10 nM 5′ 
radiolabeled repeat RNA in buffer containing 20 mM sodium citrate (pH 5), 400 mM EDTA, 
and 6.4 M urea at 37 °C for 30 min. Samples were resolved on a denaturing gel containing 
20% (vol/vol) 29:1 polyacrylamide, 7 M urea, and 1× TBE. Gel was dried and RNA was 
visualized by phosphorimaging. 
 
3.2.6 Fluorescence polarization 

Fluorescence polarization assays were performed in 1× binding buffer (20 mM 
HEPES pH 7.5, 100 mM KCl, 5% (vol/vol) glycerol, 1 mM TCEP, 10 ug/ml heparin, and 
0.01% Igepal CA-630). Cas8c assays were performed in 1× binding buffer containing 150 
mM KCl. 5′ fluorescein-labeled RNAs (IDT) were added to protein solution at a final 
concentration of 10–20 nM and the RNA-protein mixture was incubated at 37 °C for 30 
min. Measurements were made by excitation at 485 nm and monitoring emission at 535 
nm. All data analysis was performed using Prism software (GraphPad). 
Data reported as fraction RNA bound have been normalized by setting the the lowest 
anisotropy value to 0 and the highest value to 1. These data were fit using the full 
quadratic binding equation, shown below, to avoid any effects of protein depletion when 
[RNA] > KD. 

 
Y = ([RNA]+[protein]+KD) - √([RNA]+[protein]+KD)2 – (4*[RNA]*[protein]) 

                                        2*[RNA] 
 

Data reported in milli-Anisotropy units have been normalized to zero by subtracting 
average [0 nM] protein value from all points. These data were fit using a standard one-
site binding model, shown below. 
 

Y = Bmax*X 
      (KD+X) 

 
Cas7 data were fit using a one-site binding model with Hill slope to account for the 

apparent cooperativity observed in raw data, shown below. 
 

Y = Bmax*Xh 
       (KD

h+Xh) 
 

Each experiment was performed in at least triplicate and when included, error bars 
represent the standard deviation. 
 
3.2.7 Isothermal titration calorimetry (ITC) 

All ITC experiments were conducted on a MicroCal Auto-iTC200 system (GE 
Healthcare). Purified Cas5c and Cas7 were dialyzed at 4 °C against 20 mM HEPES–
NaOH (pH 7.5), 100 mM KCl, 5% (vol/vol) glycerol, and 1 mM TCEP. 100-150 μM Cas7 
was titrated into the cell containing 10-30 μM Cas5c using one 0.5 μl injection followed 
by twelve 3.1 μl injections at 37 °C. For Cas8c ITC experiments, all proteins were dialyzed 
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at 4 °C against 20 mM HEPES–NaOH (pH 7.5), 300 mM KCl, 10% (vol/vol) glycerol, and 
1 mM TCEP. 175 μM Cas8c was titrated into the cell containing 17.5-30 μM Cas5c and 
200 μM Cas8c was titrated into 20-35 μM Cas7 using one 0.5 μl injection followed by 
twelve 3.1 μl injections at 37 °C. Reported values for each interaction are the average of 
three independent experiments. Modified Origin software (GE Healthcare) was used for 
integration, baseline correction, and fitting to a one-site binding curve. Control 
experiments with each protein injected into buffer or buffer injected into each protein were 
performed to account for heats associated with buffer mismatch, oligomer dissociation, 
or other factors but only minor background heats were observed. 
 
3.2.8 Electrophoretic mobility shift assays 

Gel shift assays were performed in 1× binding buffer [20 mM HEPES (pH 7.5), 100 
mM KCl, 5% (vol/vol) glycerol, 1 mM TCEP, 10 ug/ml heparin, and 0.01% Igepal CA-630]. 
All reaction components were diluted into 1× binding buffer and radiolabeled DNA was 
added to a final concentration of 0.15–0.5 nM. Samples were incubated at 37 °C for 30 
min and resolved at 4 °C on 6% (vol/vol) 29:1 polyacrylamide gels containing 1× TBE. 
Gels were dried, DNA was visualized by phosphorimaging, and images were quantified 
using ImageQuant software (GE Healthcare). The fraction of DNA bound (amount of 
bound DNA divided by the sum of free and bound DNA) was plotted versus the 
concentration of Cascade/I-C and fit to standard one-site binding isotherm using Prism 
software (GraphPad), as described in the “Fluorescence polarization” analysis section. 
Reported KD values are the average of at least three independent experiments, and error 
bars represent the standard deviation. A binding curve is not depicted for a duplex with a 
mutated PAM because at 1 μM concentrations of Cascade/I-C and above, the mutated 
PAM duplex jumps to the fully bound state, as observed in E. coli Cascade/I-E 
(Hochstrasser et al., 2014), which is not fit well by a standard binding curve. 
 
3.2.9 Negative-stain electron microscopy sample preparation 

Purified Cas7 was added to RNA oligonucleotides ordered from Integrated DNA 
Technologies (IDT) at a 10:1 molar ratio of protein to RNA. The mixture was incubated at 
37 °C for 30 min in 1× storage buffer [20 mM HEPES pH 7.5, 100 mM KCl, 5% (vol/vol) 
glycerol, and 1 mM TCEP] and then kept on ice until grids were made.  
 
3.2.10 Cryo-electron microscopy sample preparation 

Apo Cascade/I-C was diluted in 1× cryo buffer [20 mM HEPES (pH 7.5), 100 mM 
KCl, and 1 mM TCEP]. dsDNA-bound Cascade/I-C was generated by mixing an 
approximately equimolar ratio of Cascade/I-C with gel-purified target dsDNA and 
incubating at 37 °C for 15 min in 1× cryo buffer. The sample was then centrifuged at 16 
× g for 5 min at 4 °C and transferred to a new tube to remove any precipitated material. 
Both apo and dsDNA-bound samples were kept on ice until grids were made. 
 
3.2.11 Negative-stain electron microscopy 

Cas7 samples were prepared as described and applied to glow-discharged 400-
mesh continuous carbon grids. After adsorption for 1 min, we stained the samples 
consecutively with five droplets of 2% (wt/vol) uranyl acetate solution, blotted off the 
residual stain, and air-dried the sample in a fume hood. Data were acquired using a 
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Tecnai F20 Twin transmission electron microscope operated at 120 keV at a nominal 
magnification of 80,000× (1.45 Å at the specimen level) using low-dose exposures 
(∼20 e−·Å−2) with a random defocus ranging from −0.5 to −1.3 μm. 
 
3.2.12 Cryo-electron microscopy 

Cascade/I-C complexes in 1× cryo buffer were frozen in vitreous ice. Immediately 
after glow-discharging for 8 seconds using a Solaris plasma cleaner, 4 μl droplets of the 
sample (~0.25 mgml-1) were placed onto C-flat grids containing 4 μm holes for apo-
Cascade/I-C and 2 μm holes for target-bound Cascade/I-C with 2 μm spacing between 
holes (Protochips Inc.) and a thin layer of carbon over the holes. The grids were rapidly 
plunged into liquid ethane using an FEI Vitrobot MarkIV maintained at 4 °C and 100% 
humidity after being blotted for 4 seconds with a blot force of 15-20. For the target bound 
complex, data were acquired using a FEI Titan Krios transmission electron microscope 
(at the HHMI Cryo-EM Shared Resource at Janelia Research Campus) operating at 300 
keV at a nominal magnification of ×29,000 (1.02 Å at the specimen level) with defocus 
ranging from −2.0 to −4.5 μm. For the apo complex, data were acquired using a FEI Titan 
electron microscope (at UC Berkeley/LBNL) operating at 300 keV at a nominal 
magnification of x17,000 (1.05 Å at the specimen level) with defocus ranging from -2.0 to 
-4.5 μm. A total of 166 and ~4,200 micrographs of apo-Cascade/I-C and dsDNA target-
bound Cascade/I-C, respectively, were automatically recorded on a Gatan K2 Summit 
direct electron detector operated in super resolution mode for apo-Cascade/I-C and 
counting mode for target-bound Cascade/I-C using the MSI-Template application within 
the automated macromolecular microscopy software LEGINON (Suloway et al., 2005). 
For apo complexes, we collected an 18 s exposure fractionated into 30, 600 ms frames 
with a dose of 10 e-Å-2s-1. For target-bound complexes, we collected a 6 s exposure 
fractionated into 20, 300 ms frames with a dose of 8 e-Å-2s-1. 
                                     
3.2.13 3D reconstruction and analysis 

All image pre-processing was performed in Appion (Lander et al., 2009). The 
contrast transfer function (CTF) of each micrograph was estimated using CTFFind3 
(Mindell and Grigorieff, 2003). Particles were selected concurrently with data collection 
with a template-based particle picker using reference-free 2D class averages of 
negatively stained Cmr complexes as templates (Staals et al., 2013). We selected 
~57,000 and ~203,000 apo- and target-bound Cascade/I-C complexes, respectively, 
using this approach. 

Individual movie frames were aligned and averaged using ‘dosef_gpu_driftcorr’ 
drift-correction software from UCSF. These drift-corrected micrographs were binned by 
8, and bad micrographs and bad regions of micrographs were removed using the ‘manual 
masking’ command within Appion (Lander et al., 2009). We used two different data 
processing pipelines for the apo- and target-bound Cascade/I-C datasets. For the apo 
dataset, we performed 3D classification within RELION (Scheres, 2012) with 3 classes, 
using a negative-stain apo-Cascade/I-C structure (unpublished) low-pass filtered to 60-Å 
as a reference, and selected the best model with the largest number of particles (~48,000) 
for further processing. The other two classes represented junk. We performed an 
additional round of 3D Classification on the class of ~48,000 particles to obtain a dataset 
of ~28,000 particles. Finally, we performed 3D autorefine in RELION on ~28,000 particles 
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of apo-Cascade/I-C using the corresponding class model low-pass filtered to 60-Å as a 
starting model to produce a structure at 6.7-Å resolution after post processing. For the 
target-bound dataset, reference-free 2D alignment and classification was performed in 
RELION using 100 classes to remove junk, leaving a starting stack of ~115,000 target-
bound Cascade/I-C particles. Using a negative-stain target-bound Cascade/I-C structure 
(unpublished) low-pass filtered to 60-Å as a reference, we performed 3D classification 
with 3 classes within RELION and selected the best model with the largest number of 
particles (~55,000) for further processing. The other two classes likely represented the 
apo complex and the elongated complex. We performed 3D autorefine in RELION on 
~55,000 particles of DNA-bound Cascade/I-C using the corresponding class model low-
pass filtered to 60-Å as a starting model to produce a structure at 7.6-Å resolution after 
post processing. To improve the density of the non-target strand and the dsDNA at the 
PAM-distal end, we performed two additional rounds of 3D classification. Finally, using 
the class of ~17,000 particles that showed the best density for the non-target strand and 
PAM-distal DNA duplex, we performed 3D autorefine in RELION. This produced a 
structure at 8.6-Å resolution after post processing. We used RELION to automatically 
calculate B-factors and apply them to all post-processed maps. The applied B-factors 
were from -400-750-Å2. All reported resolutions are based on the gold standard 0.143 
FSC criterion using two independent half maps. 
 
3.2.14 Docking and analysis 
The final reconstructions were segmented using Segger in Chimera (Pettersen et al., 
2004). based on inspection of the maps and available crystal structures (Hayes et al., 
2016; Nam et al., 2012). Structural basis for promiscuous PAM recognition in type I-E 
Cascade from E. coli) rigidly docked into the maps using Fit in Map (Pettersen et al., 
2004). To elucidate the path of the target and non-target DNA strands as well as visualize 
subunit level conformational changes, we performed 3D difference mapping between the 
apo- and target-bound Cascade/I-C structures. The difference mapping was performed 
by using a spider script that normalized the maps and subtracted the apo franken map 
from the target-bound complex. All figures were generated using UCSF Chimera. 
 
3.3 Results 
 
3.3.1 Cas5c binds the pre-crRNA repeat tightly via interactions with the 5′ handle 
 We chose We chose the prototypical Type I-C CRISPR system found on the pDV 
megaplasmid of Desulfovibrio vulgaris str. Hildenborough for our studies of this 
genetically compact system (Figure 3.1A). The slightly overlapping ORFs of cas5c, cas8c, 
and cas7, which encode the subunits of the Cascade/I-C interference complex (Nam et 
al., 2012) take up ~3.4 kilobases (kb). As observed in other I-C systems (Garside et al., 
2012; Koo et al., 2013; Nam et al., 2012; Punetha et al., 2014), the catalytic Cas5c protein 
cleaves the pre-crRNA repeat directly 3′ of the hairpin (Figure 3.2A) to generate 64–68 
nucleotide (nt) mature crRNAs, depending on the length of the spacer. 
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Figure 3.1 Tight binding of Cas5c to the pre-crRNA repeat is mediated by the first 4-5 
nucleotides of the 5′ handle region. (A) Overview of the Type I-C cas genes and CRISPR array 
found on the Desulfovibrio vulgaris str. Hildenborough megaplasmid. The length of the cas genes 
are drawn approximately to scale while the repeat-spacer array is drawn much larger for clarity. 
(B) At left, normalized florescence polarization (FP) measurements of Cas5c binding to the full-
length pre-crRNA repeat and several variant in which the 5′ end and stem-loop have been altered. 
Cas5c was incubated with each 5′ fluorescein-labeled RNA for 30 min. at 37 °C prior to FP 
measurement. Each point represents the average of at least three independent replicates and 
calculated dissociation constant values (KD) are listed along with the standard deviation (S.D.). 
Error bars representing ± 1 S.D. are omitted for clarity but can be found in Figure 3.2C. At right, 
graphical depictions of the modified repeat sequences tested. (C) Normalized fluorescence 
polarization binding data for Cas5c binding to pre-crRNA repeats in which the 5′ handle is 
progressively truncated. Data represent at least three independent replicates. Error bars 
representing ± 1 S.D. are omitted for clarity but can be found in Figure 3.2C. (D) Quantified 
cleavage efficiencies of several pre-crRNA variants by Cas5c after incubation for 1 hr at 37 °C. 
Each bar is the average of at least three independent replicates; error bars represent ± 1 S.D. 
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Figure 3.2 Cas5c cleaves the pre-crRNA repeat at the base of the stem-loop and deoxy 
substitution at that site abrogates cleavage. (A) The D. vulgaris I-C repeat consensus 
sequence and its predicted secondary structure (top). Denaturing PAGE comparing the product 
resulting from Cas5c incubation with the repeat RNA at 37 °C to a ladder generated by hydroxyl 
radical cleavage and RNase T1 digestion products (bottom). The Cas5c cleavage site identified 
is indicated on the repeat sequence with an arrow. (B) Denaturing PAGE analysis of radiolabeled 
pre-crRNA repeat RNAs after incubation with Cas5c at 37 °C shows that substitution of a 
deoxynucleotide 5′ of the cleavage site prevents processing. (C) Normalized fluorescence 
polarization binding data for Cas5c binding to variants of the pre-crRNA repeat as shown in 
Figures 1B and C, but showing all error bars representing ± 1 S.D. Data represent at least three 
independent replicates. 

We wondered how recognition of the pre-crRNA repeat by Cas5c might differ from 
that of Cas6, the endoribonuclease responsible for crRNA maturation in all other Type I 
and III systems. Using fluorescently labeled variants of the pre-crRNA repeat with a 
deoxyguanosine 5′ of the cleavage site to prevent cleavage (Figure 3.2B), we measured 
fluorescence polarization to quantify binding by DvuCas5c (Figure 3.1A). We observed 
tight (~3.5 nM) binding of Cas5c to the full-length repeat, a bit weaker than the picomolar 
affinities observed between Cas6 proteins and their cognate RNA substrates (Carte et 
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al., 2008; Niewoehner et al., 2014; Sashital et al., 2011; S. H. Sternberg et al., 2012). 
Intriguingly, Cas5c tolerated drastic mutations and/or deletions of the 5′ nucleotides, 
stem, and loop, which caused only modest defects in binding affinity. Next, we 
systematically truncated the repeat from the 3′ end. We found that this 11 nt segment, 
known as the 5′ handle for its eventual position in the mature crRNA, was extremely 
sensitive to truncation (Figure 3.1C). Trimming down to 5 nts after the stem-loop (SL+5) 
was tolerated, but each additional nucleotide deletion caused substantial losses in binding 
affinity. The same RNA substrates that were bound poorly by Cas5c were also cleaved 
less efficiently (Figure 3.1D). Thus, Cas5c functions conversely to Cas6, primarily 
recognizing the 5′ handle rather than the stem-loop. 

 
3.3.2 Distinct affinities of Cascade/I-C subunits for different regions of the crRNA 
direct complex assembly 
 
 Since Cas5c was sensitive to deletion of bases in the 5′ handle, had no apparent 
affinity for the 3′ stem-loop product, and the non-catalytic E. coli Cas5e protein makes 
sequence-specific contacts with the 5′ end of the crRNA in Cascade (Jackson et al., 2014; 
Mulepati et al., 2014; Zhao et al., 2014), we speculated that Cas5c would bind tightly to 
the 5′ handle. To test this idea, we quantified the binding affinity of Cas5c for its cleavage 
products alone or in the context of a mature crRNA using fluorescence polarization. 
Surprisingly, Cas5c has a dissociation constant (KD) of only 2–2.4 μM for the 5′ handle, 
crRNA, or crRNA lacking the 5′ stem-loop, over 500x weaker than its affinity for the pre-
crRNA repeat (Figures 3.3A and B). Deletion of the 5′ handle reduces binding affinity to 
~13 μM, the same affinity it exhibits for a random 34 nt ‘protospacer’ sequence. Hence, 
Cas5c binds preferentially to the 5′ handle region of the mature crRNA, though weaker 
than anticipated. 

We next asked whether Cas8c and Cas7, the other two subunits of Cascade/I-C, 
exhibit tight binding to any region of the crRNA. We found that Cas8c, the ‘large subunit,’ 
has low micromolar affinity for ssRNA with no apparent sequence specificity and does not 
detectably bind DNA or dsRNA under these assay conditions (Figures 3.3A and B), 
suggesting that although this subunit interacts with the crRNA, other contacts are 
responsible for its exact positioning in Cascade/I-C. In keeping with its role as the 
backbone protein in Cascade/I-C, Cas7 binds single-stranded RNA with a KD of ~200 nM. 
A binding equation that includes the Hill coefficient fits the raw anisotropy data best, 
yielding h values greater than 1.5 for all variants of the crRNA. An h value greater than 1 
indicates positive cooperativity in the assembly of Cas7 subunits, consistent with their 
long-established ability to oligomerize (Jore et al., 2011; Lintner et al., 2011) and 
comparison to RecA filaments (Chen et al., 2008; Sorek et al., 2013). Cas7 binds ssDNA 
to a lesser extent, but has unmeasurably low affinity for double-stranded nucleic acids. 
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Figure 3.3 Sequence-specific interactions with the 5′ handle, single-stranded RNA affinity, 
and cooperativity drive complex assembly, which is capped by the 3′ stem-loop. (A) 
Fluorescence anisotropy data showing binding of Cas5c (left), Cas8c (middle), and Cas7 (right) 
to different regions of a crRNA and various types of nucleic acid. Dotted lines indicate that binding 
has clearly not reached saturation so curve fitting is unreliable. Cas7 data were fit with a Hill 
equation to account for apparent cooperativity. Each point is the average of at least three 
independent replicates; error bars represent ± 1 S.D. (B) Legend for plots in (A) and summary of 
calculated dissociation constants (KD values) for all three proteins and Hill coefficients for Cas7 
data. (C) Representative electron micrographs from negative-stain electron microscopy analysis 
of RNA-induced Cas7 oligomerization. Scale bar = 500 Angstroms. 
 
 We hypothesized that because none of the Cascade/I-C subunits have high affinity 
for dsRNA, the 3′ stem-loop may serve as a way to ‘cap’ the complex, preventing addition 
of subunits at the 3′ end of the crRNA. This function is accomplished by the Cas6 subunit 
of Cascade/I-E (Sashital et al., 2011; Wiedenheft et al., 2011a), but the I-C subtype lacks 
Cas6, suggesting that another element must play this role. To test this notion, we used 
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negative-stain electron microscopy to assess the oligomerization state of Cas7 alone and 
incubated with various RNA constructs. By itself, DvuCas7 is monomeric (Figure 3.1C), 
consistent with the retention volume observed during size exclusion chromatography 
(Figure 3.4A). When incubated with either a full-length, 66 nt crRNA or a 55 nt crRNA 
missing the 5′ handle, we observed filaments of up to about 7–8 Cas7 subunits (Figures 
3.3C and 3.4B). However, when we mixed Cas7 with a 44 nt ssRNA, we observed the 
formation of long helical filaments (Figure 3.3C and 3.4B). Together, these data suggest 
that the hairpin serves to cap the 3′ end of the crRNA, preventing uncontrolled Cas7 
oligomerization, and determining the maximum length of Cascade/I-C. 
 

	
Figure 3.4 Cas7 elution profile and class averages from RNA-induced oligomerization EM 
studies. (A) Chromatogram depicting Cas7 elution from a Superdex 200 size exclusion column 
with typical retention volumes of size standards denoted for comparison. (B) Sample negative-
stain electron microscopy micrographs and class averages of Cas7 mixed with different RNA 
ligands. The width of the boxes in the class averages is 432 Angstroms. Micrograph scale bar = 
1000 Angstroms. 
	
3.3.3 Protein-protein contacts contribute to an interaction network interlocking all 
components of Cascade/I-C  
 Unlike the tight, cooperative binding by Cas7 subunits, Cas5c and Cas8c exhibited 
only weak binding to the crRNA. To understand how these subunits stay associated with 
the crRNA and stably form the Cascade/I-C complex, we decided to measure possible 
protein-protein interactions. We used isothermal titration calorimetry (ITC) to test binding 
between between each individual pair of Cascade/I-C subunits.  Our results indicate that 
all three proteins have low micromolar affinity for each other (Figure 3.5A) with binding 
that is both enthalpically and entropically driven, suggesting that each binding event 
involves the favorable formation of hydrophobic and electrostatic interactions. Heats 
resembling these binding interactions were not observed when buffer was substituted in 
place of any component in control experiments (Figure 3.6). 
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Figure 3.5 Cascade/I-C is connected by a network of protein-protein and protein-RNA 
interactions. (A) Representative isothermal titration calorimetry (ITC) thermograms showing that 
all three Cascade/I-C subunit exhibit low micromolar affinity for each other in the absence of 
crRNA. Three independent experiments for each interaction yielded the following values for 
Cas5c-Cas7: KD = 3.8 ± 1.3 μM, n = 0.59 ± 0.082, ∆H = -5100 ± 2200 cal/mol, ∆S = 8.6 ± 7.5 
cal/mol/deg; Cas5c-Cas7: KD = 3.9 ± 0.80 μM, n = 0.57 ± 0.14, ∆H = -4800 ± 520 cal/mol, ∆S = 
9.4 ± 1.7 cal/mol/deg; and Cas7-Cas8c: KD = 6.0 ± 1.9 μM, n = 1.0 ± 0.30, ∆H = -5200 ± 610 
cal/mol, ∆S = 7.4 ± 2.3 cal/mol/deg. (B) Map of all quantified interactions contributing to assembly 
and stability of the Cascade/I-C complex. 
 
 We compiled all the individually quantified protein-protein and protein-RNA 
affinities to map the network of interactions that govern assembly and stability of 
Cascade/I-C (Figure 3.5B). The resulting web of individually weak to moderate binding 
interactions suggests that the complex becomes increasingly stable as it assembles. 
Cas5c binds tightly to the pre-crRNA repeat and cleaves at the base of the stem-loop to 
generate a mature crRNA (Figures 3.1B and 3.2A). It remains bound to the 5′ handle, 
held in place by sequence-specific RNA binding (~2 μM) and its interaction with Cas7 (~4 
μM) (Figures 3.3A, 3.3B, and 3.5A). Cas7 associates with Cas5c and cooperatively 
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oligomerizes (h = 1.5–2.3) along the crRNA, stopped at the 3′ end by the stem-loop 
(Figure 3.3). This appears to be the tightest individual interaction (~200 nM) involved in 
Cascade/I-C complex assembly. The Cas8c subunit associates with the complex through 
a set of weak protein-protein interactions with Cas5c (~4 μM) and Cas7 (~6 μM), as well 
as non-sequence-specific association with the single-stranded region of the crRNA (~1.2–
3.4 μM) (Figures 3.3A, 3.3B, and 3.5A). The relatively lower affinity of the the ‘large 
subunit’ for the rest of the interference complex is consistent with observations of Cse1 
dissociation from the Cascade/I-E complex (Sashital et al., 2012). In summary, the 
sequence of the 5′ handle and structure of the 3′ stem-loop in the crRNA guide the 
localization and incorporation of subunits, which form hydrophobic and electrostatic 
interactions with each other that facilitate assembly of a stable targeting complex.  
 

 
Figure 3.6 Isothermal titration calorimetry control experiments. For each pair of binding 
partners analyzed in Figure 3.5, control experiments were performed in which one or the other 
component was swapped out with buffer. These data indicate that observed experimental heats 
are caused by binding between two Cascade/I-C subunits rather than mismatched buffers, heats 
of dilution, oligomer dissociation, or other misleading background signals. 
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3.3.4 Cryo-electron microscopy reveals the architecture of the minimal Type I-C 
surveillance complex 
 To further understand how this minimal system assembles into a fully functional 
RNA-guided surveillance complex, we purified Cascade/I-C by expressing His-MBP-
tagged Cas5c along with Cas8c, Cas7, and a repeat-spacer array containing three copies 
of the same spacer (Figure 3.7, top, Tables 3.1 and 3.2). We then turned to cryo-EM for 
structural studies of the purified complex. Aligned and averaged micrographs of apo-
Cascade/I-C complexes (containing a crRNA guide) frozen in vitreous ice showed 
particles measuring ~300 Å in the longest direction (Figure 3.8A). 

Using three-dimensional (3D) classification and refinement in RELION, we 
obtained a final 3D structure of apo-Cascade/I-C at 6.7-Å resolution (using the 0.143 gold-
standard Fourier Shell Correlation [FSC] criterion) from a final set of ~24,000 particles 
(Figure 3.8A). The most prominent feature of the structure is its repeating backbone of 
seven Cas7 subunits, which cradle the entire length of the crRNA, capped at 5′ end by a 
single Cas5c subunit (Figure 3.9A). The 3′ stem-loop is not resolved in our structure, likely 
because it is not held rigidly. Accordingly, the Cas7.1 subunit, which is presumably closest 
to the 3′ end of the crRNA, has regions of low resolution (Figures 3.8D and 3.8E).  In the 
‘belly’ of the complex opposite the Cas7 backbone, there is a large density for Cas8c that 
occupies a similar position as the densities for both the Cse1 and two Cse2 subunits of 
Cascade/I-E (Figure 3.10) (Jackson and Wiedenheft, 2015). This stoichiometry means 
the complex has a molecular weight of ~342 kDa, consistent with the retention volume 
measured by size exclusion chromatography  (Figure 3.7, top) and similar to the 
Cascade/I-F complex (350 kDa) (Wiedenheft et al., 2011b). 
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Figure 3.7 Cascade/I-C binds dsDNA targets in a PAM-dependent manner and exhibits 
some binding to non-complementary ssDNA. Top, chromatogram depicting Cascade/I-C 
elution from a Superose 6 10/300 GL size exclusion column with retention volumes of size 
standards denoted for comparison. Middle, electrophoretic mobility shift assay (EMSA) measuring 
binding of 0, 0.35, 1.1, 3.5, 11, 35, 110, and 350 nM Cascade/I-C to DNA duplexes containing a 
matching protospacer and a WT (TTC) PAM (5′ to 3′ on the non-target strand), the target strand, 
and the non-target strand after incubation at 37 °C for 30 min. Only the 0, 35, 110, and 350 nM 
Cascade/I-C concentrations are shown for a DNA duplex with a mutated (ATG) PAM. Bottom, 
quantification of gel shift data. Each point is the average of at least three independent replicates; 
error bars represent ± 1 S.D. A binding curve for the mutated PAM dsDNA data is omitted due to 
its poor fit. 
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Figure 3.8 Cryo-EM of Cascade/I-C ribonucleoprotein particles. (A) A drift-corrected cryo-EM 
micrograph of apo- (left) and dsDNA target-bound Cascade/I-C (right) recorded on a Gatan K2 
Summit direct electron detector. The scale bar indicates 100 nm. (B) Reference-free 2D class 
averages of apo-Cascade/I-C (left) and target-bound Cascade/I-C (right) showing the caterpillar-
like particles with some α-helices and DNA extensions clearly visible. The width of the boxes is 
~288 Å. (C) Fourier shell correlation (FSC) curves for the final reconstructions, showing the 
resolution to be ~6.7, ~7.6, and 8.6-Å for the apo-, 1x duplex target-bound, and 2x duplex target-
bound Cascade/I-C structures. (D–F) Local resolution analysis of apo- (D), 2x duplex end target-
bound (E) and 1x duplex end target-bound (F) Cascade/I-C structures. For D and E, 2 different 
thresholds are shown. (G) Cryo-EM reconstruction of 1x duplex target-bound Cascade/I-C at 7.6-
Å resolution (using the 0.143 gold standard Fourier Shell Correlation criterion), respectively. 
Subunits are segmented and colored as indicated in Figure 3.9. 
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Figure 3.9 Architecture of the native crRNA-bound (apo) and dsDNA target-bound 
Cascade/I-C. (A, B) Cryo-EM reconstructions of intact apo-Cascade/I-C (crRNA-bound) (A) and 
dsDNA target-bound Cascade/I-C (B) at 7.5- and 8.5-Å resolution (using the 0.143 gold standard 
Fourier Shell Correlation criterion), respectively. Subunits are segmented and colored as 
indicated. Details of these structures can be seen in Movie S1, S2.  
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Figure 3.10 Comparison of Type I-E, I-C, and III-B complex architecture. (A) EM structures 
of Cascade/I-E from E. coli (Hochstrasser et al., 2014), Cascade/I-C from D. vulgaris, and the 
Cmr complex from T. thermophilus (Taylor et al., 2015). (B) Diagrams of subunit composition in 
EM structures. 
 
3.3.5 Target dsDNA binding induces conformational changes in overall complex 
architecture and within distinct domains of the Cas8c subunit 
 To explore the structural basis for dsDNA targeting and R-loop formation by this 
minimal complex, we bound Cascade/I-C to a 75 base pair (bp) dsDNA target with 
matching protospacer and functional PAM (Figure 3.7, middle and bottom) (Leenay et al., 
2016; Mojica et al., 2009) and subjected this sample to cryo-EM. Two-dimensional (2D) 
alignment and classification of these target-bound complexes showed particles with 
additional density projecting out from the head and tail in an arc configuration (Figure 
3.8B). We obtained final structures of the dsDNA target-bound Cascade at 7.6- and 8.8-
Å resolution (using the 0.143 gold-standard FSC criterion) from two classes of particles 
(Figures 3.8C, 3.8E, 3.8F, 3.8G, and 3.11). The overall structures share many features 
with the apo-Cascade/I-C structure. Strikingly, we observed two rod-like densities for the 
ends of the dsDNA duplex and a tube-like density for the non-target strand connecting 
these two ends (Figure 3.9B). The PAM-proximal duplex is anchored between the bottom 
two Cas7 subunits (Cas7.6 and 7.7) and the bottom of the Cas8c subunit, while the PAM-



 62 

distal duplex extends from the top, alpha-helical domain of Cas8c. The non-target strand 
emerges from the duplexed PAM and snakes along the entire length of the Cas8c subunit, 
running prominently along the outside of the complex towards the top of Cas8c before 
rejoining with the target-strand to create the other end of the duplex. The other, higher-
resolution structure differs only in that it lacks the PAM-distal end of the target duplex 
(Figure 3.8G). 
 

 
Figure 3.11 Classification and refinement workflow for Cascade/I-C structures. A total 
starting stack of ~57,000 apo-Cascade/I-C particles (left) were subjected to 3D classification using 
3 classes and a negative stain target-bound Cascade/I-C structure low-pass filtered to 60-Å 
resolution as a reference. The class with the most particles (~48,000) was subjected to an 
additional round of 3D classification using its model as a reference. This yielded a final apo-
Cascade/I-C dataset of ~27,000 particles, which was subsequently refined to 6.7-Å resolution. A 
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total starting stack of ~203,000 target-bound Cascade/I-C particles (right) were subjected to 2D 
reference-free alignment and classification. A subset of ~115,000 particles from good 2D classes 
were selected for 3D classification using 3 classes and a negative stain target-bound Cascade/I-
C structure low-pass filtered to 60-Å resolution as a reference. The class with the most particles 
(~55,000) was subsequently refined to 7.6-Å resolution and showed clear density for the PAM-
proximal duplex. To obtain better density for the non-target strand and PAM-distal dsDNA, the 
same class was subjected to two additional rounds of 3D classification. This yielded a final target-
bound Cascade/I-C dataset of ~17,000 particles, which was subsequently refined to 8.8-Å 
resolution. All steps were performed in RELION (Scheres, 2012). 
 
 We next turned to dissecting the large, elongated Cas8c subunit. In both the apo- 
and target-bound Cascade structures, the top of Cas8c, in the ‘belly’ of the complex, can 
easily be separated into three, identical (cross-correlation coefficient of 0.97) sets of five 
alpha-helices (Figure 3.12A, left). This distinctive helical arrangement is structurally 
conserved in the small subunits of Type I and Type III surveillance complexes (Venclovas, 
2016). This intriguing finding confirms the bioinformatic prediction that Cas8c is a large 
subunit fused to a small subunit domain (Makarova et al., 2011a). Interestingly, the Type 
III targeting complexes have three copies of the small subunit (Csm2 or Cmr5) and the 
Type I-E targeting complex has two copies of its slightly larger small subunit (Cse2), and 
in this regard, the I-C system appears to resemble the Type III interference complex 
architecture (Figure 3.10). We refer to the three small subunit domains (displayed in 
Figure 3.12A in peach, gold, and yellow] as Cas8cSS1–3. The N-terminal domain of Cas8c, 
which we call Cas8cLS (large subunit), is more flexible, making it harder to unambiguously 
identify secondary structures for its features (Figure 3.12A, middle). The Cas8cLS is poorly 
resolved in the apo structure (Figure 3.8D), but it rearranges and becomes ordered upon 
dsDNA binding (Figure 3.12A, right). 
 To uncover possible conformational changes that occur during target binding, we 
aligned both structures based on the middle four Cas7 subunits that remain unchanged 
(cross-correlation coefficient of 0.95) and compared the positions and orientations of all 
other subunits. This superposition shows that the remaining subunits undergo a 
concerted structural rearrangement upon substrate binding. The Cas7.7 subunit at the 
top of the complex rotates by ~7° and translates up by an additional 10 Å towards the 
head (Figure 3.12B). The three Cas8c small subunit domains rotate (~25–35°) towards 
the center of the complex and move by ~20 Å towards the head (Figure 3.12B), creating 
a tight cleft to hold the crRNA:target DNA duplex away from the non-target strand. Cas5c 
rotates slightly and moves ~30 Å, presumably driven by the conformational changes in 
Cas8c. 
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Figure 3.12 Details of Cas8c subunit architecture, conformational changes induced by 
target binding, and R-loop structure. (A) The Cas8c subunit of the Cascade/I-C complex (inset) 
contains three identical sets of five helices (Cas8cSS1, Cas8cSS2, and Cas8cSS3) that are 
characteristic of small subunits (left). The remaining density of Cas8c in the apo structure (middle) 
shows similarities to a large subunit (Cas8cLS, purple). In the target-bound structure, the bottom 
region of Cas8cLS rearranges and becomes ordered (right). (B) Aligning apo-Cascade/I-C 
(transparent mesh) and the target-bound complex (surface) based on the Cas7.2–7.6 backbone 
(removed for clarity), reveals that complex undergoes concerted structural rearrangements 
involving the Cas5c, Cas7.1, and the Cas8c small subunit domains upon dsDNA binding. Inset, 
view of the target-bound structure used for this analysis. (C) Comparison of the PAM-proximal 
DNA interaction with the bottom two Cas7 subunits and Cas8cLS or Cse1 from the Type I-C (left) 
and Type I-E Cascade (right, PDB 5H9F) structures, respectively. (D) Architecture of the R-loop 
from the dsDNA target-bound structure. The DNA is bent 120° relative to a B-form DNA helical 
axis. Subunits are segmented and colored as in Figure 3.1A or as indicated. 
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3.3.6 The Cas8c subunit of Cascade/I-C is responsible for PAM recognition and R-
loop stabilization during DNA targeting 
 We compared the PAM-proximal DNA end in our Cascade/I-C structure to the 
recently published crystal structure of E. coli Cascade bound to a target strand and a 
portion of the non-target strand (Hayes et al., 2016). The PAM-proximal DNA end 
contacts the inside edge of Cas7.6, Cas7.7, and the Cas8cLS in our Cascade/I-C structure 
(Figure 3.12C, left), an arrangement distinct from that in the Cascade/I-E structure, where 
the PAM-proximal duplex is held rigidly between the bottom two Cas7 subunits by lysine-
rich helices (Figures 3.9B and 3.12C, right) (Hayes et al., 2016; Hochstrasser et al., 2014; 
van Erp et al., 2015). The conformational ordering of Cas8cLS upon binding to the region 
of the target DNA duplex containing the PAM and the similarity between the overall 
orientation of the duplex and non-target strand in the Type I-C and I-E structures show 
that Cas8c recognizes the PAM sequence, presumably in the same manner as Cse1, in 
duplexed form on the target strand via contacts in the minor groove (Hayes et al., 2016). 
By calculating the 3D difference map between the apo- and target-bound structures, we 
observed density for nearly the entire R-loop (Figure 3.12D). Cas8c contacts both ends 
of the duplex and is the only subunit to contact the non-target strand (Figure 3.9B), 
indicating that in addition to PAM recognition, it is the primary protein responsible for 
maintaining a stable R-loop structure. Additionally, the DNA is bent by about 120° relative 
to a B-form DNA helical axis (Figure 3.12D), consistent with the propensity of Cascade/I-
E to bend DNA (Westra et al., 2012b). This structural distortion likely facilitates unwinding 
of the target dsDNA and helps to hold the target and non-target strands apart after R-loop 
formation. 
 
3.4 Discussion 

In the most extensively characterized Class I CRISPR systems, foreign DNA 
recognition is accomplished by a surveillance complex of five or more Cas proteins guided 
by a crRNA. However, several Type I subtypes encode only 3-4 candidate interference 
complex subunits (Makarova et al., 2015). Our biochemical and structural studies of 
Desulfovibrio vulgaris I-C Cascade help explain how such a minimal complex, composed 
of only three subunits, is able to assemble and successfully target DNA. 

In all other Type I and III systems, Cas6 processes crRNAs into their mature form. 
The extensively-studied E. coli Cascade complex is capped by the Cas6e protein, which 
binds tightly to the stem-loop and provides a binding site for the adjacent Cas7 protein 
(Hayes et al., 2016; Jackson et al., 2014; Mulepati et al., 2014; Zhao et al., 2014). The 5′ 
end of the crRNA is bound by the non-catalytic Cas5e subunit. In the I-C subtype, which 
lacks Cas6, Cas5c serves as both the crRNA endoribonuclease (Nam et al., 2012) (Figure 
3.2A) and the 5′ handle cap (Figures 3.4 and 3.9). Additionally, the crRNA stem-loop itself 
plays the role of the 3′ cap, controlling Cas7 oligomerization (Figure 3.3C). It has been 
shown that in Type I-E, the Cas6e protein is not required for CRISPR interference as long 
as mature crRNAs are generated by other means (Semenova et al., 2015) and perhaps 
in the absence of Cas6e, the 3′ stem-loop caps Cas7 oligomerization. Aside from the 
cooperative assembly of Cas7 along the backbone (Figure 3.3), all the individual binding 
interactions are relatively weak, but together allow the formation of a stable Cascade 
complex (Figure 3.5B). 
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The Cas8c subunit appears to be the workhorse of the complex. It recognizes the 
PAM, stabilizes the R-loop, and guides the path of the non-target strand, roles traditionally 
thought to be divided between the large and small subunits of Cascade (Hayes et al., 
2016). By analogy to the Type I-E system, it likely recruits Cas3 for target degradation as 
well (Hochstrasser et al., 2014; Mulepati and Bailey, 2013; Sinkunas et al., 2013). Not 
only does the C-terminus of Cas8c functionally replace the small subunit, it has three 
distinct domains with architecture similar to a five-helix motif conserved across all Type I 
and III small subunits for which crystal structures are available (Figures 3.9 and 3.12). 
This finding confirms the hypothesis that the large and small subunits are fused in the I-
B, I-U, I-D, and I-F subtypes (Makarova et al., 2015), making this the most common gene 
arrangement in Type I systems. It will be interesting to see how many copies of the 
individual small subunit or fused small subunit domains exist in other systems. The 
presence of three small subunit domains in the Type I-C targeting complex raises 
questions about the evolution of such complexes. It may suggest that the ancestral 
interference complex that eventually split off into Type I and III complexes had three 
copies of its small subunit. Type I systems diverged further, becoming slightly larger until 
only two copies were needed in the I-E subtype, while the small and large subunits 
became fused in several other subtypes. 

Although several crystal and cryo-EM structures of the Cascade/I-E are available, 
none include the entire R-loop. Our target-bound Cascade/I-C structure shows that the 
non-target strand follows a similar path to that in the E. coli Cascade complex (Hayes et 
al., 2016), guided along the top of the Cas8c large subunit domain and emerging near 
the small subunits. Here, we show that the non-target strand continues along the outside 
of a ridge created by the small subunit domain of Cas8c (Figure 3.9B). We hypothesize 
that the non-target strand follows a similar path in all Type I Cascade complexes, and that 
actively guiding this strand is critical for recruitment of and cleavage by the Cas3 
nuclease-helicase (Blosser et al., 2015; Hayes et al., 2016; Hochstrasser et al., 2014; 
Mulepati and Bailey, 2013; Sinkunas et al., 2013; Szczelkun et al., 2014). The similarity 
between the orientation of the duplex end containing the PAM sequence in our structure 
to that in the Cascade/I-E structure suggests that both large subunits recognize the 
duplexed PAM in a similar manner (Figure 3.12C). The variability in PAM sequences 
tolerated by Cascade/I-C (Leenay et al., 2016) suggests a similar plasticity in PAM 
recognition to that in the I-E system, which is thought to be a consequence of reading in 
the minor groove (Hayes et al., 2016). Hence, we propose that minor groove recognition 
of a PAM in double-stranded form is likely a feature common to all Type I systems. 

It had previously been observed that Cascade/I-E induces bending in DNA, but the 
bend angle was not quantified (Westra et al., 2012b). Here, we show that the Type I-C 
Cascade surveillance complex causes an extreme bend in target dsDNA, distorting it from 
a linear helical axis by 120° (Figure 3.12D). Recently, we showed that the Type II Cas9 
protein also distorts its target dsDNA during recognition, albeit with a much smaller DNA 
bend angle (30° compared to 60°) (F. Jiang et al., 2016), indicating that target bending is 
conserved feature of DNA binding by both Type I and Type II systems. Additionally, 
Cascade complexes are guided by a crRNA with a longer spacer (~30–35 nts), while 
Cas9 uses only a 20 nt spacer sequence (Deltcheva et al., 2011). This suggests a 
relationship between the extent of DNA bending and the length of the DNA that must be 
unwound for basepairing. It is not clear whether DNA bending facilitates unwinding and 
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crRNA basepairing with the target strand, or if target distortion is actually a consequence 
of R-loop formation. Further studies are needed to more thoroughly understand the mode 
of DNA binding by Cascade prior to unwinding, basepairing, and R-loop ‘locking’ (Blosser 
et al., 2015; Szczelkun et al., 2014). 
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