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INTRODUCTION 

Prokaryotic cell is a subject for virus (phage) infection therefore 

prokaryotes have developed a multilayered defense barrier interfering with 

every step of the phage attack (Labrie et al., 2010; Samson et al., 2013). One of 

the layers is an adaptable defense system of prokaryotes which is comprised of 

clustered regularly interspaced short palindromic repeat (CRISPR) locus and 

CRISPR associated (cas) genes (Barrangou et al., 2007). CRISPR is an array 

of repetitive sequences (repeats) interspaced by unique non-repetitive 

sequences of extracellular origin called spacers (Bolotin et al., 2005; Mojica et 

al., 2005; Pourcel et al., 2005). A cluster of cas genes encode proteins that 

execute CRISPR-Cas immunity (Brouns et al., 2008; Gasiunas et al., 2012; 

Hale et al., 2009). 

Mechanism of CRISPR-Cas defense systems can be dissected into tree 

stages: (i) adaptation, (ii) expression and processing and (iii) interference (van 

der Oost et al., 2014). Cell intruder is recognized and its small DNA fragment 

is integrated into the CRISPR locus as a new spacer during the adaptation stage 

(Barrangou et al., 2007). In the expression and processing stage, small CRISPR 

RNA (crRNA) molecules are generated from a long transcript of CRISPR 

array that is cut within the repeat sequences (Carte et al., 2008; Deltcheva et 

al., 2011). In the interference stage, mature crRNA together with Cas proteins 

assemble into an effector complex that targets and destroys foreign nucleic 

acid containing a crRNA-complementary sequence termed protospacer 

(Brouns et al., 2008; Gasiunas et al., 2012; Hale et al., 2009; Jinek et al., 2012; 

Tamulaitis et al., 2014). 

Composition of cas genes as well as action mechanisms diverge between 

different CRISPR-Cas systems therefore these systems are classified into three 

major types, which are further subdivided into subtypes (Makarova et al., 

2011b). Type I and type II systems interfere with double-stranded (ds) DNA, 
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while single-stranded (ss) RNA is targeted by the type III system. Multiple Cas 

protein subunits assemble on the crRNA molecule, forming a 

ribonucleoprotein (RNP) complex termed Cascade, which is responsible for 

DNA target recognition in type I systems (Jore et al., 2011). However, an 

accessory Cas3 protein is required for DNA interference in the type I (Brouns 

et al., 2008). In contrast to type I, the effector complex of type II systems is 

formed by a single Cas9 protein and two RNA molecules: crRNA and 

tracrRNA (Jinek et al., 2012; Karvelis et al., 2013a). Similarly to type I, 

multisubunit RNP effector complexes, termed Csm and Cmr, are formed in 

type III-A and III-B systems, respectively (Rouillon et al., 2013; Staals et al., 

2013). In contrast to type I, effector complexes of type II and type III have 

intrinsic nucleases therefore they do not use accessory proteins to destroy 

target nucleic acids (Brouns et al., 2008; Sapranauskas et al., 2011; Tamulaitis 

et al., 2014). 

Besides complementary protospacer, DNA targets have a protospacer 

adjacent motif (PAM), which is the main determinant discriminating foreign 

from self DNA (Deveau et al., 2008). PAM sequences are diverse and in most 

cases specific for CRISPR-Cas system (Mojica et al., 2009). DNA target 

recognition leads to an R-loop formation where target DNA strand of the 

protospacer is base-paired with the crRNA while non-target strand is displaced 

as an ssDNA (Jore et al., 2011). The R-loop formation triggers target DNA 

destruction.  

Cascade complex together with the type I signature protein, Cas3, confers 

resistance against the target DNA (Brouns et al., 2008); however, molecular 

mechanism of DNA interference stage remained to be elucidated. Therefore, 

the main objective of this study was to establish the mechanistic details of 

DNA interference stage in type I CRISPR-Cas systems. Type I-E CRISPR4-

Cas from Streptococcus thermophilus DGCC7710 strain was used as a model 

system (Horvath & Barrangou, 2010). It is comprised of eight cas genes and a 

CRISPR region bearing twelve spacers. The cse1-cse2-cas7-cas5-cas6e gene 

cassette encodes proteins that form S. thermophilus Cascade (St-Cascade) 
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complex while cas3 gene encodes a large multidomain protein (St-Cas3), 

which contains both helicase/ATPase and nuclease motifs. 

The specific aims of this study were: 

(i). To identify the biochemical activities of the stand-alone St-Cas3 

protein; 

(ii). To determine the composition of the St-Cascade complex; 

(iii). To analyse the PAM preference of the St-Cascade; 

(iv). To analyse the mechanism of R-loops formation by single molecules of 

the Cascade; 

(v). To reconstitute DNA interference mechanism of the S. thermophilus 

type I-E CRISPR4-Cas system in vitro. 

Scientific novelty.  

In this work, we for the first time provide the biochemical characterization 

of the Cas3 protein that is a hallmark protein for type I systems. We show here 

that Cas3 combines both an ssDNA nuclease and ATPase/helicase catalytic 

activities. We have isolated and established the molecular composition of the 

S. thermophilus Cascade complex, and demonstrated that it binds DNA targets 

containing promiscuous PAM sequence. Furthermore, we provide the first 

experimental evidences for the R-loop formation by a single Cascade molecule 

that revealed the locking step of the stable R-loops. Last but not least, we show 

Cascade-triggered directional degradation of the DNA target by the Cas3 

protein. Summarising our results, we propose detailed mechanism of DNA 

interference stage for the type I CRISPR-Cas systems. 

Practical value.  

The Cas9-based CRISPR-Cas system recently came to prominence as a 

versatile molecular tool for genome editing. Due to the complex multisubunit 

structure, Cascade complexes of type I CRISPR-Cas systems are less suitable 

for genome editing applications. Nonetheless, they have been already 

employed for elimination of antibiotic resistant bacterial strains (Gomaa et al., 
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2014), engineering of a bacteriophage genome (Kiro et al., 2014) and 

regulation of gene repression (Luo et al., 2014). Cascade fusions with other 

proteins such as gene expression regulators or fluorescent proteins may provide 

programmable tools for analysis of gene expression or DNA labelling, 

respectively. Detailed understanding of the molecular mechanisms of the type I 

systems may open new application possibilities. 

The major findings presented for defense in this thesis: 

 St-Cas3 posesses both nuclease and ATPase/helicase activities 

localised on separate domains. 

 St-Cascade is composed of multiple Cas protein subunits and the 

mature crRNA molecule. 

 St-Cascade binds to DNA targets with a promiscuous PAM sequence 

generating the R-loop. 

 Complementarity at the PAM-distal end of the protospacer 

determines stability of the R-loops. 

 Cascade-mediated R-loop formation triggers directional target DNA 

degradation by the Cas3. 
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1. LITERATURE OVERVIEW 

1.1. Defense barriers in prokaryotes 

Prokaryotes are the most spread cellular life form on Earth. They populate 

diverse ecological niches and have to adapt to various abiotic stresses. 

Furthermore, they are constantly attacked by viruses (bacteriophages or 

archaeal phages) which outnumber prokaryotic cells by 10-fold (Bergh et al., 

1989). In order to propagate, phages adsorb to the surface of the cell and inject 

nucleic acids into the cytoplasm where cellular resources are hijacked for 

multiplication of phage particles (Sturino & Klaenhammer, 2006). The 

prokaryotes have developed multiple defense barriers to avoid the phage 

predation (Dy et al., 2014b; Labrie et al., 2010), however, the phages develop 

new strategies to overcome resistance of the host (Dy et al., 2014b; Samson et 

al., 2013) (Figure 1). Therefore, prokaryotes and phages are in continuous arms 

race which drives co-evolution of these species. 

To penetrate a cell, the phage has to attach to a specific receptor (protein, 

polysaccharide or lipopolysaccharide), which is localized at the surface of the 

host cell (Labrie et al., 2010). Prokaryotes use several strategies to inhibit the 

phage adsorption. First, phage adhesion receptors can be masked by a host 

protein. For example, the outer-membrane protein TraT masks an OmpA 

(outer-membrane protein A) protein that serves as the receptor for T-even-like 

Escherichia coli phages (Achtman et al., 1977; Riede & Eschbach, 1986). 

Moreover, mutations that alter OmpA surface can restrict the phage binding 

(Koebnik, 1999). Second, bacteria synthesize extracellular polymers, such as 

alginate and hyaluronan, which protect bacteria from abiotic stress and act as 

physical barriers against phage adsorption (Hanlon et al., 2001; Hynes et al., 

1995). Third, prokaryotes produce molecules that bind to the receptor, thus 

blocking the phage attachment site. Iron transporter FuhA is the receptor of E. 

coli phage T5. A small peptide, MccJ25 (Microcin J25), binds to FuhA and 
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competitively inhibits adsorption of T5 phage (Destoumieux-Garzon et al., 

2005). Last, cell surface protein (including phage receptors) content can be 

altered during a stochastic process termed phase variation (Hoskisson & Smith, 

2007). Bordetella species have a two-component regulatory system termed 

BvgAS, which turn-on or turn-off the expression of various genes. One of 

these genes encode the cell surface protein pertactin (Prn) that is expressed 

during the Bvg
+
 phase and serves as the receptor for the phage BPP-1 

adhesion. However, Prn is absent in the Bvg
-
 phase, thus susceptibility of 

phage infection is reduced by 10
6
 folds (Liu et al., 2002; Stibitz et al., 1989). 

 
Figure 1. Anti-phage barriers of prokaryotes. Prokaryotes possess diverse defense 

systems that interfere with every step of phage lytic life cycle. Modified from (Labrie 

et al., 2010; Sturino & Klaenhammer, 2006). 
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Despite diverse adsorption-inhibiting defense barriers, phages can 

overcome them by modifying their receptor binding proteins (RBPs). 

Mutations in the RBP can tune adsorption to the modified receptor; 

furthermore, some mutations in the RBP lead to targeting of a new receptor. 

Stochastic expression of RBPs helps counteract the phase variation. Moreover, 

phage-encoded hydrolases can “dig in” the extracellular polymers to reach the 

receptors (Samson et al., 2013). 

After attachment, the phage should inject its nucleic acid into the host. The 

entry of the phage DNA could be blocked by superinfection exclusion (Sie) 

systems (Dy et al., 2014b). Sie components are often encoded in prophages, 

thus Sie systems are important for phage-phage interactions rather than phage-

host interactions (Labrie et al., 2010). The best characterised Sie system is 

comprised of Sp and Imm proteins encoded in the E. coli phage T4. The Sp 

prevents degradation of peptidoglycan by inhibiting phage-encoded lysozyme, 

whereas Imm changes conformation of the injection site. These proteins block 

DNA injection of concomitant T4 or other T-even phage infections (Lu et al., 

1993).  

If the phage DNA penetrates the cell, it encounters host defense systems 

that recognize and destroy foreign DNA. These barriers are restriction-

modification (RM), CRISPR-Cas (clustered regularly interspaced short 

palindromic repeats – CRISPR associated) systems, and probably prokaryotic 

Argonautes (Dy et al., 2014b).  

RM systems are comprised of restriction and modification modules. The 

restriction module cuts unmodified DNA in a sequence-specific manner, 

whereas the modification module methylates both DNA strands at the same 

recognition sequence thus protecting the DNA from nuclease activity of the 

restriction module. RM systems are classified into four types (type I-IV) by 

subunit composition, DNA sequence recognition, cleavage position, cofactor 

requirements, and substrate specificity (Loenen et al., 2014b; Pingoud et al., 

2014). When phages inject unmethylated DNA, it encounters type I-III RM 
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systems. The DNA is either destroyed by nuclease or protected by 

methyltransferase (MTase) which methylates recognition sequence. The fate of 

the phage DNA depends on the rate of these reactions. In general, nuclease 

reaction is faster than methylation of unmodified DNA therefore foreign DNA 

is prone to be destroyed. Moreover, number of recognition sequences 

correlates with antiviral efficiency of RM system (Loenen et al., 2014a).  

Phages have evolved several strategies to prevail RM systems (Samson et 

al., 2013). One of them is elimination of recognition sites by point mutations 

(Meisel et al., 1992). Some phages encode MTase that modifies their own 

DNA (Drozdz et al., 2012), while other phages have proteins that increase 

reaction rate of the host MTase and promote its own DNA metylation, thus 

protecting phage DNA from cleavage by nuclease of RM system (Loenen & 

Murray, 1986). In addition, phages can incorporate modified nucleotides, such 

as hydroxymethylcytosine, in their genomes to prevent recognition by the RM 

systems. However, prokaryotes have evolved type IV RM systems that cleave 

modified instead of unmodified DNA (Loenen & Raleigh, 2014). On the other 

hand, phages may encode proteins that inhibit RM systems, for example by 

mimicking a double-stranded B-DNA structure (Walkinshaw et al., 2002). 

Finally, some phages inject DNA together with proteins that temporarily 

protect RM target sites from nuclease cleavage (Streiff et al., 1987). 

Recently, bacterial Argonautes were shown to interfere with invading 

foreign DNA. These Argonautes are homologous to eukaryotic counterpart that 

in association with small RNA molecules target destruction of complementary 

RNA in a process known as RNA interference (Swarts et al., 2014b). 

Prokaryotic Argonautes assemble with small RNA or DNA and cut 

complementary RNA or DNA, respectively (Sheng et al., 2014; Swarts et al., 

2014a). However, direct evidences for anti-phage resistance of Argonoutes in 

prokaryotes are still missing. 

When all other defense systems fail, infected cell can execute “molecular 

harakiri”. This altruistic act of one cell suicide may rescue population of the 
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same kin. Abortive infection (Abi) and toxin-antitoxin (TA) systems are 

responsible for suicide of the infected cell (Dy et al., 2014b; Labrie et al., 

2010). Although mechanisms of Abi systems differ, the common feature of 

these systems is a dormant protein which is activated by phage infection and 

then shuts down the essential metabolic pathways of the cell. Diversity of Abi 

mechanisms can be exemplified by four E. coli Abi systems. First, the RexAB 

system aborts T4 phage infection by depolarization of the cell membrane. 

RexA is an intracellular sensor, which is activated by intermediate of phage 

recombination and replication. Binding of the activated RexA to the ion 

channel RexB leads to ion flux across the membrane and consequent inhibition 

of ATP synthesis, causing the cell death (Parma et al., 1992). Second, T7 

phage proteins activate a transmembrane protein, PifA, that causes leakage of 

ATP molecules (Schmitt et al., 1991). Third, a capsid protein of T4 phage 

activates Lit protease, which cleaves the elongation factor-Tu of ribosom by 

stopping protein synthesis (Georgiou et al., 1998). Last, a T4 protein alters the 

interaction between EcoprrI and PrrC, releasing PrrC protein that cleaves 

tRNA
Lys

 anti-codon loop, thus inhibiting protein synthesis (Levitz et al., 1990). 

On the other hand, phages can escape the abortive infection by mutating 

proteins that activate Abi systems (Samson et al., 2013).  

TA systems are composed of a toxic molecule, which is neutralized by an 

antitoxic counterpart. Five types of TA systems are classified by the mode of 

toxin repression (Mruk & Kobayashi, 2014). The balance of TA systems is 

tightly regulated. However, particular stimulus may reduce the amount of 

antitoxin, thus liberating the toxin. Released toxin interferes with the vital 

cellular processes that lead to the cell death. In some cases such stimulus can 

be a phage infection (Dy et al., 2014a). The ToxIN system from 

Pectobacterium atrosepticum is the best characterized case for the TA-

mediated abortive infection. The cytotoxic endorybonuclease ToxN is 

neutralized by the repetitive noncoding ToxI RNA (Fineran et al., 2009). 

Various phages can activate ToxN, which degrades cellular and phage RNA, 

causing abortive infection. However, some phages manage to outwit ToxIN 
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defense system by encoding a pseudo-antitoxin or even hijacking the toxI gene 

(Blower et al., 2012). 

1.2. CRISPR-Cas systems 

The adaptable immunity system of prokaryotes is composed of clustered 

regularly interspaced short palindromic repeat (CRISPR) locus and CRISPR 

associated (cas) genes. CRISPR is an array of repetitive sequences interspaced 

by unique non-repetitive sequences of similar length called spacers (Figure 2).  

The repeat sequences within the CRISPR locus are conserved but sequence 

and length of the repeats in other CRISPR loci may vary greatly. Repeats are 

usually between 23 and 47 bp in length. CRISPRs are clustered into 12 

families based on sequence similarity of the repeats (Kunin et al., 2007). Some 

repeats have palindromic sequence elements and therefore generate RNAs 

with stable hairpin structures, whereas others are non-palindromic (Kunin et 

al., 2007). 

Bioinformatic analyzes of spacer sequences have traced them to mobile 

genetic elements (MGE), such as bacteriophages, plasmids, or transposons 

(Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005). Sequence 

stretch in the MGE, identical to the spacer sequence, is termed a protospacer.  

 

Figure 2. Schematic representation of CRISPR-Cas system. Cluster of cas genes 

(arrows) is usually localised in the vicinity of CRISPR region which is comprised of 

repeat sequences (R) interspaced with non-repetitive spacer sequences (S1-Sn). 

CRISPR locus is flanked by A/T-rich leader sequence (L). Spacer sequence is 

originated from invading DNA where it is termed a protospacer. Protospacer adjacent 

motive (PAM) is a short DNA sequence that is present in the vicinity of protospacer. 
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Usually, short DNA sequence of 2-5 bp is located near the protospacer and 

denoted as a protospacer adjacent motive (PAM); it plays important role in 

discrimination of foreign DNA (Deveau et al., 2008; Mojica et al., 2009; Shah 

et al., 2013) (Figure 2). It was shown that the phage challenge survivors had 

inserted new spacers into the CRISPR region. Furthermore, spacer sequences 

identical for the protospacer sequences conferred resistance to the phage 

(Barrangou et al., 2007). Hence, the CRISPR loci functions like a recordable 

memory storage which keeps track about invaders of previous infections. 

Spacer insertions are polarized (Barrangou et al., 2007) and occur at the 

CRISPR end, which is proximal to a 200–500 bp long adenine/thymine (AT)-

rich sequence named leader (Jansen et al., 2002) (Figure 2). It often has 

promoter elements (Hale et al., 2012; Lillestol et al., 2009; Pougach et al., 

2010; Pul et al., 2010) and binding sites for regulatory proteins (Pougach et al., 

2010; Pul et al., 2010). 

CRISPRs are widespread among prokaryotes. According to the CRISPRdb 

database (Grissa et al., 2007) 84% of archeal and 45% of bacterial genomes 

possess CRISPRs. Furthermore, often a single prokaryotic chromosome carries 

multiple CRISPR loci (e.g., 18 CRISPRs in Methanocaldococcus sp. FS406-22 

chromosome); the number of repeat-spacer units in the CRISPR locus may 

reach a few hundreds (e.g., Sulfolobus tokodaii str. 7 contains 458 units in a 

single CRISPR region). 

Cluster of cas genes is most frequently found adjacent to the CRISPR locus 

(Jansen et al., 2002) (Figure 2). These genes encode diverse proteins that 

contain helicase, nuclease, polymerase, or RNA-binding domains (Makarova et 

al., 2002). Cas proteins are the executors of microbial adaptive immunity and 

participate in each step of CRISPR-Cas action.  
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1.3. Nomenclature of Cas proteins and CRISPR-Cas 

systems 

More than a decade after the discovery of CRISPR arrays (Ishino et al., 

1987) four genes (cas1-cas4) associated with CRISPRs have been identified 

(Jansen et al., 2002). Accumulating data of sequenced genomes and 

implementation of more sophisticated sequence search engines led to 

identification of about 45 diverse protein families associated with CRISPR 

arrays (Haft et al., 2005). Six of them were widely distributed (Cas1-Cas6) 

among the CRISPR systems and thus classified as core Cas proteins. However, 

only Cas1 and Cas2 proteins were universally conserved (Jansen et al., 2002). 

Other genes of Cas proteins were distributed only in fraction of CRISPR-Cas 

systems. They were clustered into eight subtypes based on the phylogeny of 

Cas1 protein and the operonic organisation of cas genes. These subtype 

specific cas genes were named according to the reference organism of the 

cluster and numbered by the position in the operon of cas genes [e.g., 

Escherichia coli subtype was named cse1-5; other subtypes included 

Aeropyrum (csa), Desulfovibrio (csd), Haloarcula (csh), Mycobacterium 

(csm), Neisseria (csn), Thermotoga (cst), and Yersinia (csy)]. 

Later some of the Cas protein families were linked within the same 

“clusters of orthologous groups” (COG) (Makarova et al., 2006). Therefore, 

orthologous Cas protein families were combined, renamed, and classified into 

three types (which could be further subdivided into several subtypes) 

integrating phylogenies of the most common cas genes, the sequence and 

organization of CRISPR repeats, and the architecture of CRISPR-cas loci 

(Makarova et al., 2011b) (Figure 3). Current nomenclature extends list of the 

core cas genes to ten (cas1 – cas10) that are found in more than one subtype. 

In cases for which significant sequence similarity between Cas proteins is 

observed, but orthologous relationships cannot be definitively assigned, a letter 

derived from the subtype label is added (i.e., Cas6e, Cas6f, Cas8a, Cas8b, 

Cas8c and Cas10d). Previously assigned names are retained for less common  
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Figure 3. Diversity of CRISPR-Cas systems. Three types of CRISPR-Cas systems 

are subdivided into eleven subtypes. Each type is characterized by a hallmark gene: 

cas3 (red), cas9 (yellow) and cas10 (blue) are signature genes of type I, II and III, 

respectively. The most conserved genes throughout all CRISPR-Cas systems are cas1 

and cas2 (green). Genes (cas4, cas5, cas6, cas7 and cas8) coloured in orange are less 

conserved and distributed between several subtypes while subtype specific genes are 

coloured in grey. Modified form (Makarova et al., 2011b). 

 

genes that are associated with one subtype only (e.g., cse1 and cse2 are specific 

for the type I-E while csy1, csy2 and csy3 are found only in the type I-F) 

(Makarova et al., 2011b). 

Type I CRISPR-Cas systems are widely distributed among archaea and 

bacteria. Type I is divided into 6 subtypes (from type I-A to I-F). All Type I 

systems encode Cas3 protein, which has an HD phosphohydrolase domain and 

a DExH helicase domain (Jackson et al., 2014b; Makarova et al., 2002; 

Makarova et al., 2011b). Sometimes (as exemplified in subtypes A, B and D) 
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those domains are found as separate proteins (HD-protein termed Cas3  and 

helicase – Cas3 ) (Figure 3). Another crucial element of type I systems is a 

multioligomeric RNP complex named CRISPR-associated complex for 

antiviral defense (Cascade). Cascade complexes are assembled by subtype 

specific Cas proteins and/or core proteins (Cas7, Cas5) on the crRNA carcass 

(Jore et al., 2011; Makarova et al., 2011b). Both Cas3 and Cascade are required 

to confer resistance to DNA invader (Brouns et al., 2008). 

Type II CRISPR-Cas systems have been found only in bacteria. Fraction of 

these systems consists of only three genes: cas9, cas1 and cas2 genes (type II-

C) (Chylinski et al., 2014). Other type II systems has additional forth gene 

either csn2 (Type II-A) or cas4 (Type II-B) (Makarova et al., 2011b). cas9 

[previously known as csn1 (Haft et al., 2005) or cas5 (Barrangou et al., 2007)] 

is a hallmark gene of type II systems (Figure 3) that encodes a large 

multidomain protein. Cas9 in association with two additional RNA molecules 

forms effector complex, which destroys invading DNA (Gasiunas et al., 2012; 

Jinek et al., 2012). 

Two type III CRISPR-Cas systems have been identified (type III-A and III-

B) that are more common for archaea. Type III-B systems are usually found in 

conjugation with other CRISPR-Cas types. Cas10 is a signature protein of 

Type III (Figure 3), however, its function remains to be delineated (Makarova 

et al., 2011b). Proteins of these systems form Cascade-like effector complexes 

termed Csm in type III-A and Cmr in type III-B systems. It was shown that 

type III systems target RNA (Hale et al., 2009; Staals et al., 2013; Tamulaitis et 

al., 2014; Zhang et al., 2012b). 

1.4. Mechanism of CRISPR-Cas systems 

The CRISPR–Cas mechanism is arbitrarily divided into three main stages: 

(1) adaptation (spacer acquisition), (2) expression and processing (crRNA 

generation), and (3) interference (silencing) (Figure 4). During adaptation, the 

Cas proteins recognize invasive MGE and integrate short pieces of the foreign  
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Figure 4. Schematic representation of CRISPR-Cas mechanism. The CRISPR–

Cas mechanism is arbitrarily divided into three main stages: (1) adaptation or spacer 

acquisition, (2) expression and processing (crRNA generation), and (3) interference 

or silencing. During adaptation, Cas proteins recognize invasive nucleic acid (NA) 

and integrate short pieces of foreign DNA into the CRISPR region as new spacers 

(S1). Spacers are inserted at the leader (L) proximal end followed by duplication of 

the repeat (R). In the expression and processing stage, the CRISPR repeat-spacer 

array is transcribed into a long primary RNA transcript (pre-crRNA) that is further 

processed into a set of small crRNAs, containing a conserved repeat fragment and a 

variable spacer sequence (guide) complementary to the invading nucleic acid. 

crRNAs further combine with Cas proteins into an effector complex. In the 

interference or silencing stage, the effector complex recognizes the target sequence in 

the invasive nucleic acid by base pairing and induces sequence-specific cleavage, 

thereby preventing proliferation and propagation of foreign genetic elements. 

 

DNA into the CRISPR region as new spacers (Barrangou et al., 2007; 

Datsenko et al., 2012). Next, the CRISPR array is transcribed into a long 

primary RNA transcript that is further processed into a set of small CRISPR 

RNAs (crRNAs), containing a repeat fragment and a spacer sequence (guide), 

complementary to the invading nucleic acid (Carte et al., 2008; Deltcheva et 

al., 2011; Hale et al., 2008; Haurwitz et al., 2010). Lastly, crRNAs combine 

with Cas proteins into an effector complex which recognizes the target 

sequence in the invasive nucleic acid by base pairing to the complementary 

strand of double-stranded (ds) DNA (Gasiunas et al., 2012; Jinek et al., 2012; 



 25 

Jore et al., 2011) or single-stranded (ss) RNA (Hale et al., 2009; Zhang et al., 

2012b), and induces sequence-specific cleavage (Garneau et al., 2010), thereby 

preventing proliferation and propagation of foreign genetic elements. 

CRISPR-Cas system is a powerful weapon protecting prokaryotic cell from 

phages or other MGEs. However, phages evolve rapidly and they have 

developed some strategies to overcome CRISPR-Cas immunity. Firstly, phages 

escape CRISPR-targeting simply by mutating protospacer or PAM sequences 

in its genome (Barrangou et al., 2007; Semenova et al., 2011). On the other 

hand, CRISPR-Cas systems can overcome these mutants by new spacer 

acquisition; furthermore, in some CRISPR-Cas systems adaptation is 

stimulated by mutant protospacer, which serves as a priming site for new 

spacer acquisitions (Datsenko et al., 2012; Swarts et al., 2012). Next, some 

phages encode proteins, termed anti-CRISPR, that inhibit CRIPR interference 

stage (Bondy-Denomy et al., 2013; Pawluk et al., 2014). Even more, there are 

phages that embezzle CRISPR-Cas systems and use them to evade the host 

(Seed et al., 2013). 

1.4.1. Spacer acquisition stage 

When a microbe, that carries the CRISPR-Cas system, encounters 

extracellular invader, such as phage, for the first time, CRISPR-Cas system 

must create a record about the invader in order to overcome the attack. This 

record is made in form of a new spacer during spacer acquisition (adaptation) 

stage of CRISPR-Cas action mechanism (Fineran & Charpentier, 2012; Westra 

et al., 2012a). Spacer is a small fragment of foreign DNA that is incorporated 

into CRISPR region at the leader sequence proximal end mediating Cas 

proteins (Figure 4). Although increasing experimental evidences draw the 

contours of this stage, the mechanistic details remain shaded. 

1.4.1.1. Two pathways of spacer acquisition 

For the first time, the spacer acquisition was observed in the CRISPR 

region of the S. thermophilus DGCC7710 strain (type II-A) in the phage 
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challenge experiments (Barrangou et al., 2007; Deveau et al., 2008). Spacer 

acquisition has been later detected under laboratory conditions in the 

Haloarcula hispanica type I-B (Li et al., 2014), E. coli type I-E (Datsenko et 

al., 2012; Yosef et al., 2012; Swarts et al., 2012), Pseudomonas aeruginosa 

(Cady et al., 2012) and P. atrosepticum (Richter et al., 2014) type I-F, 

Streptococcus agalactiae type II-A (Lopez-Sanchez et al., 2012), and 

Sulfolobus solfataricus type I and III-B (Erdmann & Garrett, 2012) CRISPR-

Cas systems. E. coli type I-E CRISPR-Cas system remains the major model 

system for analysis of the spacer acquisition stage. 

Overexpression of Cas1 and Cas2 proteins in E. coli strain lacking the 

intrinsic cas genes led to expansion of the CRISPR region (Yosef et al., 2012). 

This result proved that Cas1 and Cas2 are the sole Cas proteins essential for the 

spacer acquisition. The same study showed (Yosef et al., 2012) that a small 

portion of the leader sequence adjacent to the CRISPR array is essential for the 

acquisition step. Furthermore, repeat in the vicinity to the leader sequence is 

duplicated upon acquisition of a new spacer and only one repeat is sufficient 

for this event (Yosef et al., 2012). Recent study (Arslan et al., 2014) has 

identified intermediate states of the spacer integration into a genomic DNA of 

E. coli CRISPR array. It was shown that the insertion of the new spacer occurs 

by site-specific nicking at both strands of the leader-proximal repeat in a 

staggered way, and is accompanied by joining of the resulting 5 -ends of the 

repeat strands with the 3 -ends of the incoming spacer (Arslan et al., 2014) 

(Figure 5). Therefore, expansion of the CRISPR locus is polarized, integrating 

new spacers at the leader-proximal end of the CRISPR array, while the oldest 

spacers reside at the leader-distal end. This empowers genotyping of microbial 

strains by using spacer sequences of the CRISPRs (Comas et al., 2009; Cui et 

al., 2008). However, some strains of prokaryotes acquire spacers very rapidly 

and may delete part of CRISPR array, thus CRISPR arrays in different colonies 

are too diverse to use CRISPRs for genotyping (Pleckaityte et al., 2012). In 

some systems, spacer acquisitions are not polarized, for example, spacer  
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Figure 5. Schematic representation of the spacer acquisition stage. New spacers 

are incorporated at the leader-proximal end of a CRISPR region. Spacer acquisition 

begins with site-specific nicking (cyan triangles) at both strands of the leader (white 

rectangle)-proximal repeat (dark grey diamond) in a staggered way. The resulting 5 -

ends of the repeat strands (dark grey triangles) are joined with the 3 -ends of the 

incoming spacer (red-white rectangle) and accompanied with complementary strand 

synthesis of single-stranded repeat regions. New spacer is polarized (depicted as a 

red-white colour gradient) according to the leader sequence in the same direction as 

the protospacer is polarized according to the PAM (green rectangle). If CRISPR 

region has no records from the invading DNA, spacers are acquired through naïve 

acquisition pathway mediating only Cas1-Cas2 protein complex. New spacer confers 

resistance against DNA invader; nevertheless, DNA invader can overcome CRISPR 

interference by introducing mutations (white star) at the PAM or protospacer 

sequences. This triggers primed spacer acquisition pathway where mutant protospacer 

(blue-white gradient-coloured rectangle with white star) serves as a priming site for 

both the Cas1-Cas2 complex and effector complex-mediated new spacer selection and 

incorporation.  

 

acquisition events were detected throughout the CRISPR array in the S. 

solfataricus (Erdmann & Garrett, 2012). 

Spacers are selected non-randomly; furthermore, there are hot-spots in the 

invading DNA with increased frequency of protospacer selection (Paez-Espino 

et al., 2013; Savitskaya et al., 2013). Major motive for the discrimination of 

foreign DNA is a protospacer adjacent motif (PAM) sequence. This 2-5 bp 

sequence is adjacent to the protospacer in the invading DNA but is not present 

in the vicinity of the spacer in the CRISPR array of the host. PAM sequences 

vary between CRISPR-Cas systems, and their position in respect to the 
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protospacer depends on the CRISPR-Cas type (Mojica et al., 2009). For 

example, E. coli type I-E CRISPR-Cas system recognizes 5 -AWG-3  (Yosef et 

al., 2012) PAM sequence, while PAM sequence for P. artrosepticum type I-F 

CRISPR-Cas system is 5 -CC-3  (Vercoe et al., 2013), and both PAMs are 

localized upstream of the protospacer. On the other hand, type II systems 

recognize PAM sequences 5 -AGAAW-3  and 5 -NGGNG-3 , respectively for 

S. themophilus type II-A CRISPR1-Cas and CRISPR3-Cas (Deveau et al., 

2008) that are positioned downstream of the protospacer. When a correct PAM 

is present in a vicinity of the protospacer, the spacer is polarized upon 

integration according to the leader sequence in the same direction as the 

protospacer is polarized according to the PAM (Mojica et al., 2009) (Figure 5). 

However, protospacers lacking correct PAM sequence are incorporated in both 

directions (Shmakov et al., 2014); thus, PAM orients spacer during acquisition. 

Contrarily to the type I and II systems, targets of type III systems do not 

contain PAM sequences; therefore, spacer selection should differ from type I 

and II systems (Shah et al., 2013). Recently, additional sequence motive was 

associated with increased spacer uptake into E. coli type I-E CRISPR locus. 

This acquisition affecting motif is 5 -AA-3  sequence that is localized at the 

PAM-distal terminus of the protospacer (Yosef et al., 2013). 

At least in the type I systems, adaptation can be dissected into two different 

pathways, termed naïve and primed (Figure 5). Naïve adaptation takes place 

when CRISPR-Cas encounters invading MGE for the first time. It relies on 

action of Cas1 and Cas2 proteins although in natural systems spacer 

acquisition is a rare event (Yosef et al., 2012). When MGE sequence has 

protospacer with correct PAM and perfectly matching spacer, CRISPR-Cas 

immunity destroys the invader (Barrangou et al., 2007). MGEs may escape 

CRISPR-Cas immunity by mutating target sequences; therefore, CRISPR-Cas 

systems developed a positive feedback loop, termed primed acquisition, which 

boosts up spacer acquisition events (Datsenko et al., 2012). All Cas proteins 

and the CRISPR array of the CRISPR-Cas system are prerequisite of this 
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pathway (Figure 5). It was shown that priming in type I-E of E. coli results in a 

spacer selection strand bias, whereby new spacers target the same strand as 

original priming spacer (Datsenko et al., 2012; Fineran et al., 2014; Swarts et 

al., 2012). However, in type I-F of P. atrosepticum, spacers were primed with a 

bias from both strands (Richter et al., 2014), while primed spacers were 

incorporated from both strands without detectable bias in type I-B of H. 

hispanica (Li et al., 2014). These results suggest that priming mechanisms may 

vary in distinct CRISPR-Cas systems. 

1.4.1.2. Proteins associated with spacer acquisition stage 

Cas1 and Cas2 are the most conserved proteins, which are found in all 

CRISPR-Cas systems (Makarova et al., 2011b). They are key players in the 

naïve spacer acquisition stage (Yosef et al., 2012) (Figure 5), although some 

additional proteins might be involved. Deletion of csn2 gene in the type II-A 

systems of S. thermophilus resulted in vanished spacer acquisition events 

(Barrangou et al., 2007). Cas4 interacts with Cas1-Cas2 fusion protein in the 

type I-A of Thermoproteus tenax, suggesting that this protein participate in the 

acquisition process (Plagens et al., 2012). In some genomes, such as 

Myxococcus xanthus, the cas1 and cas4 genes are fused, further emphasizing 

their likely functional interaction (Makarova et al., 2013; Viswanathan et al., 

2007). 

Cas1. Cas1 protein is associated with wide range of biochemical activities. 

Three studies demonstrated that Cas1 proteins can hydrolyze nucleic acids in a 

divalent-metal-dependant and sequence non-specific manner. Cas1 protein 

from Archaeoglobus fulgidus (type I-A) hydrolyzes ssRNA and dsDNA 

molecules (Kim et al., 2013). Cas1 from P. aeruginosa (type I-F) degrades 

both ssDNAs and dsDNAs (Wiedenheft et al., 2009), while Cas1 protein from 

E. coli (type I-E), in addition to the ss and ds DNAs, cleaved branched DNAs, 

Holliday junctions and other intermediates of DNA repair and recombination 

(Babu et al., 2011). Moreover, in the presence of Cas2, it interacts with the 

CRISPR array (Nunez et al., 2014). On the other hand, Cas1 from S. 
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solfataricus (type I-A) binds DNA and RNA with high affinity in a sequence 

non-specific manner, while no detectable nuclease activity is found (Han et al., 

2009). 

The 3-D structures of Cas1 proteins from different CRISPR-Cas types are 

almost identical (Babu et al., 2011; Kim et al., 2013; Wiedenheft et al., 2009). 

A Cas1 monomer is arranged of the N-terminal domain (NTD) comprised as -

sandwich with a short -helix and the mainly -helical C-terminal domain 

(CTD). These globular domains are connected by a loop. Two monomers 

assemble to form a butterfly-like dimeric structure (Figure 6A). Dimerization  

 

 

Figure 6. Crystal structures of Cas1, Cas2, Csn2 and Cas4 proteins involved in 

the spacer acquisition stage. (A) Cas1 is composed of an N-terminal (NTD) and a 

C-terminal (CTD) domain (coloured differently). Two NTDs interact with each other 

forming Cas1 dimer (P. aeruginosa; PDB: 3GOD). Active site amino acid residues 

(red spheres) are localised at the CTD. (B) Cas2 proteins adopt a ferredoxin-like fold. 

Arrangement of subunits in Cas2 dimer may differ, as exemplified in Cas2 dimers of 

D. vulgaris (Dv; PDB: 3OQ2) and E .coli (Ec; PDB: 4MAK). (C) Two Cas1 dimers 

sandwich one Cas2 dimer upon Cas1-Cas2 complex (E. coli; PDB: 4P6I) formation. 

Cas1 active site residues are represented as red sphares. (D) Csn2 is comprised of 

globular “head” and extended -helical “leg” domains. “Leg” domain is stabilized by 

Ca
2+

 ions (cyan spheres). Four subunits (coloured differently) of Csn2 form a ring-

shaped tetramereric structure (E. faecalis; PDB: 3S5U). (E) The Fe-S cluster is 

located at the C-terminal domain (CTD) of Cas4 protein (P. calidifontis; PDB: 

4ONB) while exonuclease active site (red sticks) is positioned at the core domain. All 

crystal structures are represented in two orientations that are related by a 90  rotation. 
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interface is localized mainly between the NTDs (Babu et al., 2011; Kim et al., 

2013; Wiedenheft et al., 2009). Conserved amino acid triad (glutamate-

histidine-aspartate) coordinates metal ion, thus forming a catalytic site within 

the CTD in a positively charged pocket. Disruption of the active site by 

mutations leads to abolished nuclease activity in vitro and vanished spacer 

acquisition events in vivo (Yosef et al., 2012; Nunez et al., 2014; Wiedenheft et 

al., 2009). 

Cas2. The biochemical activity of Cas2 proteins is ill-defined. 

Mg
2+

-dependent ssRNAse activity has been reported for six different Cas2 

proteins from type I-A and I-B CRISPR-Cas systems (Beloglazova et al., 

2008). On the other hand, Cas2 from Bacillus halodurans (type I-C) shows 

DNase activity (Nam et al., 2012a), whereas protein from Desulfovibrio 

vulgaris (type I-C) neither cleaves nor binds nucleic acids at all (Samai et al., 

2010).  

A protomer of Cas2 homodimer adopts a ferredoxin-like fold (with βαββαβ 

topology of secondary structure) composed of two -helices packing against 

antiparallel -sheet (Beloglazova et al., 2008; Nam et al., 2012a; Samai et al., 

2010). The C-terminal -strand following ferredoxin fold may interact either 

with adjoining (as in the type I-C of D. vulgaris) or parental (as in the type I-E 

of E. coli) protomer by extending antiparallel -sheet (Nunez et al., 2014; 

Samai et al., 2010) (Figure 6B). Aspartate residue localized near the N-

terminus of the first -strand was shown to be responsible for nuclease 

activities (Beloglazova et al., 2008; Nam et al., 2012a). However, resent study 

have demonstrated that mutation of the active site amino acid does not interfere 

with spacer acquisition in vivo (Nunez et al., 2014). This suggests that Cas2 

activities are residual, or Cas2 participates in other cellular functions. Cas2 

proteins are homologous to VapD toxin and may act as an RNase toxin in a 

putative toxin-antitoxin system (Makarova et al., 2012). 

Cas1-Cas2 complex. A collective action of Cas1 and Cas2 proteins in 

spacer acquisition is rationalized by a structure of E. coli (type I-E) Cas1-Cas2 
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complex. It is demonstrated that two dimers of Cas1 sandwich one dimer of 

Cas2 leading to Cas14:Cas22 overall stoichiometry of the complex. Both 

subunits of Cas2 dimer interacts with only one subunit in each Cas1 dimer 

(Figure 6C). Furthermore, mutations of interaction interface abrogate spacer 

acquisition in vivo (Nunez et al., 2014). 

Csn2. Crystal structures of S. agalactiae (Ellinger et al., 2012), 

Streptococcus pyogenes (Koo et al., 2012), Enterococcus faecalis (Nam et al., 

2011) and S. thermophilus (Lee et al., 2012) Csn2 proteins are solved to date. 

A monomer contains a globular /  domain (also termed “head” domain) and 

extended  helical domain (or “leg” domain) inserted in the middle of /  

domain. Some Csn2 proteins have an additional domain, composed of  

helices, at the C-terminus (Lee et al., 2012). The /  domain has a helicase 

fold; however, conservative regions responsible for ATPase activity are 

degenerated (Ellinger et al., 2012). Ca
2+

 ions are coordinated by conservative 

amino acids of the extended  helical domain and are structurally important 

(Nam et al., 2011). Csn2 dimerizes by extensive interactions of the /  

domains. Further, two dimers interact by the extended  helical domains 

forming a diamond-shaped tetrameric ring (Ellinger et al., 2012; Koo et al., 

2012; Lee et al., 2012; Nam et al., 2011). The tetrameric structure contains a 

large positively charged central hole (Figure 6D), which is large enough to 

encircle the dsDNA. It was shown that Csn2 binds to the ends of linear dsDNA 

and diffuses inward, probably through rotation-coupled translocation (Arslan et 

al., 2013). 

Cas4. Cas4 proteins contain a RecB-like nuclease motif and four conserved 

Cys residues, which coordinate an [Fe-S] cluster. S. solfataricus and 

Pyrobaculum calidifontis Cas4 proteins are exonucleases (like most of RecB-

like nucleases) that degrade linear ssDNA with a 5 3  directionality starting 

from the 5 -end (Lemak et al., 2013; Lemak et al., 2015; Zhang et al., 2012a). 

Cas4 proteins are composed of a core αβα domain, capped by a small, 

mostly α -helical subdomain. The core domain contains a V-shaped β -sheet, 
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which is surrounded by five α–helices, creating a large elongated cavity with 

wide entrance on one side and smaller exit on the other. The small subdomain 

is formed by three helices and a long loop where four conserved Cys residues 

coordinate the [4Fe-4S] or [2Fe-2S] cluster (Lemak et al., 2013; Lemak et al., 

2015) (Figure 6E). Ten protomers of S. solfataricus Cas4 assemble into a 

toroidal structure of two pentameric rings with large central channel, while P. 

calidifontis Cas4 is a monomer (Lemak et al., 2013; Lemak et al., 2015). 

1.4.2. Expression and processing stage 

CRISPR-Cas systems use crRNA molecules as a guide for invading nucleic 

acid detection and destruction (Brouns et al., 2008; Marraffini & Sontheimer, 

2008). These molecules originate from a long single transcript of the CRISPR 

array termed precursor crRNA (pre-crRNA) (Lillestol et al., 2009; Tang et al., 

2002; Tang et al., 2005), which is processed into small crRNA molecules 

(Brouns et al., 2008; Carte et al., 2014; Hale et al., 2008; Richter et al., 2012). 

Depending on the system, mature crRNA molecules are generated in one or 

two steps. Primary maturation step occurs when the pre-crRNA is cleaved by 

endoribonuclease within a repeat sequences to yield a spacer sequence 

surrounded by repeat sequence fragments (Brouns et al., 2008; Deltcheva et al., 

2011; Hatoum-Aslan et al., 2011; Haurwitz et al., 2010; Nam et al., 2012b). 

Further, crRNA molecule is trimmed either from 5 - or 3 -end during 

secondary maturation step (Deltcheva et al., 2011; Hale et al., 2009; Hatoum-

Aslan et al., 2011; Richter et al., 2012), with the exception of the type I-C, I-E 

and I-F systems, which lack the second step (Brouns et al., 2008; Haurwitz et 

al., 2010; Nam et al., 2012b) (Figure7). 

1.4.2.1. Pathways of crRNA maturation 

Pathway of pre-crRNA processing varies between CRISPR-Cas systems. 

Most of the type I and III systems use endoribonucleases of Cas6 family for 

pre-crRNA processing (Brouns et al., 2008; Lintner et al., 2011; Przybilski et 

al., 2011) with the exception of type I-C system that uses Cas5c (also named  
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Figure 7. Schematic mechanisms of expression and processing stages. 
Transcription of a CRISPR locus results in a long transcript termed pre-crRNA which 

is processed into small crRNA molecules during one or two step process (framed in 

dotted rectangles). Endoribonuclease cleavage positions in the pre-crRNA are 

indicated by orange triangles. Spacer and repeat sequence of crRNAs are shown as 

red or green wavy lines and black solid lines, respectively. Type I and III utilises 

Cas6 or Cas5d endoribonucleases in the primary maturation step while type II uses 

RNase III that cleaves within repeat-tracrRNA duplex in a Cas9-dependent fashion. 

During secondary maturation step crRNA molecules are trimmed by unknown 

nucleases (yellow Pac-Man shape) from the 5 -terminus in the type II or 3 -terminus 

in the type III, I-A, I-B and I-D systems. crRNA in the type I-C, I-E and I-F CRISPR-

Cas systems is not subjected to a second maturation step. Mature crRNAs assemble 

together with Cas proteins into ribonucleoprotein (RNP) effector complexes that 

provide the interference. 

 

Cas5d) nuclease instead (Garside et al., 2012; Koo et al., 2013; Nam et al., 

2012b). 

Cas6 homologs specifically cleave phosphodiester bond within a repeat 

sequence in a metal-independent manner. The resulting crRNAs typically have 

repeat-derived 5 -handle of 8 nt followed by the intact spacer and repeat-

derived 3 -handle of variable length that forms a hairpin structure in some 
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systems (Carte et al., 2014; Haurwitz et al., 2010; Jore et al., 2011). Cas5c 

endoribonuclease produces a 5 -handle of 11 nt and a 21-26 nt 3 -handle 

(Garside et al., 2012; Nam et al., 2012b). Multiple turn-over Cas6 proteins of 

type I-A, I-B, I-D, III-A and III-B do not associate with the product in an 

effector complex of these systems; therefore, crRNAs are further processed by 

yet unidentified nucleases that trim 3 -repeat sequence (Hale et al., 2008; 

Hatoum-Aslan et al., 2011; Nickel et al., 2013; Richter et al., 2012). 

Furthermore, other Cas proteins besides Cas6 may be implicated in the crRNA 

maturation processes (Brendel et al., 2014; Hatoum-Aslan et al., 2011; 

Hatoum-Aslan et al., 2013; Li et al., 2013b). In contrast, crRNAs produced by 

Cas5c (type I-C), Cas6e (type I-E) and Cas6f (type I-F) proteins persist further 

processing and assemble with these and other Cas proteins into a large RNP 

Cascade complex (Jore et al., 2011; Nam et al., 2012b; Wiedenheft et al., 

2011b) (Figure 7). 

The pathaway for crRNA maturation is different for type II systems. In 

addition to cas operon and CRISPR array, CRISPR-Cas systems of this type 

encode a trans-activating crRNA (tracrRNA) which has a sequence partialy 

complementary to the repeat region of the pre-crRNA (Chylinski et al., 2013). 

RNA duplex of the pre-crRNA and tracrRNA is recognized and cleaved by a 

housekeeping ribonuclease RNase III in the presence of Cas9 protein 

(Deltcheva et al., 2011). The 5 -end of the crRNA is further trimmed by an 

unidentified nuclease to produce a mature crRNA with a 20 nt spacer fragment 

and a 3 -handle of 19-22 nt which remains associated with the tracrRNA and 

Cas9 in an effector complex of CRISPR interference (Deltcheva et al., 2011; 

Gasiunas et al., 2012; Jinek et al., 2012; Karvelis et al., 2013a) (Figure 7). 

However, RNase III maturation step could be bypassed by separate promoters 

within each CRISPR repeat as exemplified by the type II-C of Neisseria 

meningitidis (Zhang et al., 2013), or artificially reducing CRISPR array to a 

single repeat-spacer-repeat unit (Karvelis et al., 2013a). 
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1.4.2.2. Proteins of primary maturation step 

Cas6 and Cas5 both belong to the repeat-associated mysterious protein 

(RAMP) superfamily (Makarova et al., 2011a). Up to five conserved motives 

can be identified in sequence of RAMP proteins, of which glycine (G)-loop 

(motif V) is the most prominent (Ebihara et al., 2006). In general, RAMP 

proteins have two domains of ferredoxin fold [also known as RNA recognition 

motif (RRM)] linked in tandem (Wang & Li, 2012). The N-terminal domain 

(NTD) of all Cas6 proteins resembles the classic ferredoxin fold, which 

harbours active site residues of a ribonuclease. The C-terminal domain (CTD) 

is often interrupted by insertions or deviates in the conformation of the fold 

(e.g. CTD of Cas6f shows a degraded ferredoxin fold); nonetheless, it 

embodies conserved structural elements, such as G-loop and -hairpin, that are 

critical for repeat binding (Reeks et al., 2013b) (Figure 8 A and B). Usually, 

Cas6 is a monomer (Carte et al., 2008; Haurwitz et al., 2010; Sashital et al., 

2011), however, some homologs are dimers (Niewoehner et al., 2014; Shao & 

Li, 2013), or can dimerize upon repeat binding (Wang et al., 2012). 

The Cas5c contains an N-terminal ferredoxin-like domain (NTD) and a C-

terminal twisted -sheet domain (CTD). The NTD of Cas5c resembles the 

CTD of Cas6; it contains the -hairpin and the G-loop, which sequence differs 

from the Cas6s’ consensus (Nam et al., 2012b) (Figure 8 C). 

Cas5c and Cas6 are both metal-independent endoribonucleases that produce 

products with 5 -hydroxyls and 3 -cyclic phosphates by a general acid-base 

mechanism when deprotonated 2 -hydroxyl performs a nucleophilic attack on 

the scissile phosphate (Carte et al., 2008; Garside et al., 2012; Haurwitz et al., 

2010; Jore et al., 2011). Active site residues are usually localized at the NTD 

of Cas6s. Generally, a semiconserved histidine is observed at the active site, 

however, other amino acids deviate in different homologs (Carte et al., 2008; 

Haurwitz et al., 2012; Reeks et al., 2013c; Sashital et al., 2011; Shao & Li, 

2013). The putative Cas5c active site is possitioned differently to that of Cas6 

(Figure 8 B and C), suggesting that the active sites evolved independently of  
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Figure 8. Comparison of pre-crRNA processing endoribonucleases. (A) Cas6e 

from type I-E of T. thermophilus (PDB: 2Y8W) is comprised of N-terminal (NTD; 

cyan) and C-terminal (CTD; marine) ferredoxin-fold domains. It recognize hairpin-

structured repeat (yellow) using a non-conserved -hairpin element (NC element; 

green) as well as conserved -hairpin (orange) and G-rich loop (G-loop; magenta). 

Active site residues are represented as red sticks. (B) Cas6f from type I-F of P. 

aeruginosa (Pa-Cas6f; PDB: 4AL5) recognize hairpin-structured repeat while Cas6 

from type III-A of P. furiosus (Pf-Cas6; PDB: 3PKM) binds unstructured repeats. 

Cas6 from type I-B of T. thermophilus (Tt-Cas6; PDB: 4C8Z) recognize repeats with 

unstable hairpins, however, 5 -unstructured part of the repeat is necesary for efficient 

binding. All structural elements are coloured as in (A). (C) Cas5c is a repeat 

endoribonuclease in type I-C systems. The NTD and structural elements of Cas5c 

from B. halodurans (Bh-Cas5c; PDB: 4F3M) are coloured as in structurally 

homologous CTD of Cas6. The CTD of Cas5c is brownish red. (D) Cas6 proteins 

developed three mechanisms (hairpin, wrap-around and fusion) to bind repeat RNA. 

Active sites are represented as red stars. Structural examples of these mechanisms are 

shown in (A) and (B). (E) Differently from type I and III, a non-Cas protein, RNase 

III is employed in the type II systems (PDB: 2NUG) for cleavage of repeat-tracrRNA 

duplexes. Subunits of the RNase III dimer are coloured in green and purple. Residues 

of active sites are represented as red sticks; RNA duplex is coloured in yellow. All 

crystal structures are represented in two orientations related by a 90  rotation. 
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each other. Moreover, catalytic residues among proteins of Cas5c family are 

diverse (Garside et al., 2012; Koo et al., 2013; Nam et al., 2012b).  

Although overall fold of Cas6 proteins are similar, structural mechanism for 

the repeat recognition and cleavage is markedly different between Cas6 

orthologs (Figure 8 A and B). Knowing diversity of repeat sequences and their 

secondary structures (Kunin et al., 2007), this could be rationalized by a 

common evolution of both repeats and Cas6 proteins. Structured and 

unstructured repeats are recognized by at least two different mechanisms 

(Figure 8 D). An ssRNA of unstructured repeat sequence in the pre-crRNA is 

wrapped around Cas6 protein measuring cleavage position in a ruler-like 

manner. On the other hand, hairpin-structured repeats are recognized as 

dsRNA and cleaved at the 3 -basis of the hairpin. 

Positively charged groove is formed between two ferredoxin-fold domains 

of Cas6 from Pyrococcus furiosus (type I-A/III-B) and Pyrococcus horikoshii 

(type I-A) where 8 nt sequence at the 5 -end of the unstructured repeat is 

specifically bound; however, active site residues are localized on the opposite 

side (Carte et al., 2010; Carte et al., 2008; Wang et al., 2012) (Figure 8 B). 

Therefore, repeat wraps around the protein to reach the active site (Wang et al., 

2011). 

On the other hand, recognition and cleavage of structured repeats occurs on 

the same face of Cas6, although residues responsible for these activities are 

localized in different domains (Figure 8 D). Hairpin of the repeat is specifically 

recognized by structural elements of the CTD. Cas6e from Thermus 

thermophilus (type I-E) provides specific contacts by inserting a non-

conserved β-hairpin into a major groove of the hairpin‘s helix (Gesner et al., 

2011; Sashital et al., 2011), while Cas6f from P. aeruginosa (type I-F) interacts 

through arginine-rich α-helix instead (Haurwitz et al., 2010). Furthermore, 

conserved β-hairpin and G-loop provide additional interaction contacts with 

the substrate (Gesner et al., 2011; Haurwitz et al., 2010) (Figure 8 A and B). 

Cas6e forms base-specific contacts with one unpaired nucleotide upstream the 
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hairpin along with 3 nt downstream (Sashital et al., 2011). In contrast, stem-

loop structure is the only determinant for Cas6f binding and sequence or length 

changes of the stem and loop is not tolerated (Haurwitz et al., 2012; Sternberg 

et al., 2012). 

Some repeats have short (3-4 nt) palindromic sequences, which may form 

unstable hairpins in solution; nevertheless, Cas6 from S. solfataricus (type I-A) 

stabilizes hairpin structure upon binding (Reeks et al., 2013c; Shao & Li, 2013; 

Sokolowski et al., 2014). Cas6 from T. thermophilus (type I-B) associates with 

short hairpin structure (Figure 8 B); however, ssRNA sequence at the 5 -end of 

the repeat is essential for efficient binding (Niewoehner et al., 2014). 

Therefore, Cas6 proteins might use fusion of the wrap-around and the hairpin 

recognition mechanisms to discriminate the repeat sequences with unstable 

hairpin structures (Figure 8 D). Repeat with a long hairpin is a substrate for the 

Cas5c from B. halodurans, however, structural evidences are lacking for exact 

recognition mechanism (Nam et al., 2012b). 

Repeats of type II systems are processed by RNase III. This protein is a 

Mg
2+

-dependant, dsRNA-specific endoribonuclease (Macrae et al., 2006). 

Double-stranded regions result from hybridization of tracrRNAs with the 

repeats in pre-crRNA (Deltcheva et al., 2011). The enzyme generates 5 -

phosphoryl and 3 -hydroxyl ends with a 2 nt overhang in the dsRNA product. 

RNase III is conserved and widely distributed among bacterial and eukaryotic 

proteins, such as Drosha and Dicer (Court et al., 2013). It is composed of 

catalytic domain (RIIID) at the N-terminus and dsRNA binding domain 

(dsRBD) at the C-terminus. Seven α-helices embody the RIIID, while 2 -

helices stack onto a three-stranded antiparallel -sheet forming the dsRBD. 

Two RIIIDs associate with each other forming a catalytic cleft where dsRNA is 

positioned by clamping it with dsRBDs (Gan et al., 2008) (Figure 8 E). 
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1.4.3. Interference stage 

Mature crRNAs combine with Cas proteins into an effector complex, which 

guards the cell from foreign genetic elements. The complex recognizes the 

target sequence in the invasive nucleic acid by base pairing to the 

complementary strand of double-stranded DNA (Jore et al., 2011) or single-

stranded RNA (Hale et al., 2009; Zhang et al., 2012b), and induces sequence-

specific cleavage (Garneau et al., 2010). Mechanistic details of interference as 

well as structural features of the complexes diverge between different 

CRISPR-Cas types; therefore, interference stages of type I, II, and III will be 

discussed separately. 

1.4.3.1. DNA interference in type I CRISPR-Cas systems 

Type I systems are subdivided into six subtypes that differ by the number 

and arrangement of cas genes (Makarova et al., 2011b) (Figure 3). Despite of 

the differences, all type I systems encode a hallmark Cas3 protein and a large 

multisubunit RNP complex termed Cascade (CRISPR-associated complex for 

antiviral defense). These components confer resistance against invading 

dsDNA. Cascade using crRNA as a guide locates the target DNA in a process 

that yet has to be defined, and binds to the complementary DNA strand 

creating an R-loop, if a short PAM (Jore et al., 2011) is present upstream of the 

matching protospacer. However, Cascade binding to the matching sequence in 

the invading DNA does not trigger silencing. Degradation of the foreign DNA 

requires an accessory Cas3 protein, which alongside with Cascade is essential 

for DNA interference in vivo (Brouns et al., 2008) (Figure 9 A). 

Cascade surveillance complex. RNP complexes of type I CRISPR-Cas 

interference are comprised of crRNA and Cas proteins. Low resolution 

electron microscopy structures have been solved for E. coli eCascade [first 

letter “e” represents type I-E from which Cascade is originated (Reeks et al., 

2013b)] apo-structure and in complex with protospacer RNA as well as 

dsDNA (Hochstrasser et al., 2014; Jore et al., 2011; Wiedenheft et al., 2011a), 

B. halodurans cCascade (Nam et al., 2012b), P. aeruginosa fCascade 
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(Wiedenheft et al., 2011b) as well as the core complex of S. solfataricus 

aCascade (Lintner et al., 2011). Although composition of Cas proteins in 

Cascade complexes differs between different subtypes (Brendel et al., 2014; 

Brouns et al., 2008; Nam et al., 2012b; Plagens et al., 2012; Wiedenheft et al., 

2011b), overall architecture of the complexes are very similar. 

Recently high resolution X-ray structures have been solved for E. coli 

eCascade in an apo-form and in a complex with complementary ssDNA 

(Jackson et al., 2014a; Mulepati et al., 2014; Zhao et al., 2014) (Figure 9 B and 

C). The complex is comprised of 5 Cas proteins that assemble on a crRNA  

 

Figure 9. Type I interference mechanism and structure of the Cascade complex. 
(A) Cascade is a surveillance complex of the type I that detects foreign DNA. 

Cascade targets DNA by binding to the complementary strand of a protospacer in a 

PAM-dependant manner that leads to an R-loop formation (1). Cascade-DNA 

complex recruits Cas3 which probably cuts DNA target leading to DNA interference 

(2). Crystal structure of (B) apo-Cascade (PDB: 1VY9) and (C) Cascade-DNA (PDB: 

4QYZ) complexes from E. coli type I-E. Cas protein subunits, crRNA and DNA 

target are coloured differently. Cartoon representations of Cascade complexes are 

shown in two different orientations related by a 180  rotation. (D) Schematic 

representation of subunit arrangement in the Cascade. Colouring is the same as in (B) 

and (C). 
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carcass with the following stoichiometry: 

(Cse1)1:(Cse2)2:(Cas7)6:(Cas5)1:(Cas6e)1:(crRNA)1 (van Duijn et al., 2012). 

The mature 61 nt crRNA (Jore et al., 2011) is comprised of 32 nt spacer 

flanked by 8 nt 5 - and 21 nt 3 -handles resulting from the pre-crRNA cleavage 

within repeat stems by the Cas6e endoribonuclease (Gesner et al., 2011; 

Sashital et al., 2011). The handles are anchored at the opposite ends of the sea-

horse-shaped complex. Cas6e binds 3 -handle at the head of the complex, 

while 5 -handle is sandwiches between Cse1, Cas5 and Cas7.6 subunits in the 

tail. Helical backbone of six Cas7 subunits (Cas7.1-Cas7.6) embed spacer 

region of crRNA. Two Cse2 subunits (Cse2.1 and Cse2.2) form a belly, which 

connects Cse1 and Cas6e proteins (Jackson et al., 2014a; Zhao et al., 2014) in 

the apo-Cascade, while interaction between Cse2.2 and Cas6e is disrupted 

upon Cascade-DNA complex formation (Mulepati et al., 2014) (Figure 9 D). 

Cas7 of the backbone. The backbone of eCascade is comprised of six Cas7 

proteins that oligomerize along the crRNA forming an interwoven architecture 

(Figure 10 A). The Cas7 protein is shaped like a right hand. The modified 

ferredoxin-fold (or RRM; belongs to RAMP superfamily) domain forms the 

palm, a loop inserted in the ferredoxin-fold creates the thumb, and a helical 

domain takes on the shape of the fingers (Figure 10 B). Spacer region of 

crRNA is divided into six discrete segments. Five nucleotides of each segment 

interact with two adjacent Cas7 subunits that order these spacer segments in a 

pseudo A-form configuration with solvent-exposed bases. Sixth nucleotide of 

the segment is sandwiched between the thumb from one Cas7 subunit and a 

helix of the palm from the adjacent subunit (Jackson et al., 2014a; Zhao et al., 

2014). Protospacer and crRNA form a DNA-RNA hybrid with every exposed 

five nucleotide segment, while the thumb interfere with interaction at the 6
th

 

nucleotides (Figure 10 B); therefore, mutations at these positions have no 

impact on the target binding (Fineran et al., 2014; Jackson et al., 2014a; 

Mulepati et al., 2014). On the other hand, disruption of complementarity at 1-5, 

7 and 8 positions of crRNA spacer region and target results in incapability of  
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Figure 10. Crystal structures of eCascade subunits. (A) Six Cas7 subunits 

interweave guide of a crRNA forming backbone of the Cascade. (B) Right-hand 

shaped Cas7 is comprised of palm (cyan), thumb (magenta) and fingers (orange) 

domains. Two adjacent Cas7 subunits separate guide into 6 nt segments (red) where 5 

nt base pairs with target DNA (yellow) while 6
th

 nucleotides (shown in sphere 

representation) of guide and target are kinked by the thumb. (C) Cas6e of the head is 

composed of N- (pale yellow) and C-terminal (magenta) ferredoxin-fold domains 

(NTD and CTD) that bind hairpin of the crRNA 3 -handle and thumb of the Cas7.1 

subunit. (D) The 5 -handle of crRNA is anchored by Cas5, Cas7.6, and Cse1 

subunits. (E) The 5 -handle is clenched by a thumb (magenta) and ferredoxin-fold fist 

domain (orange) of the Cas5. (F) Cse1 is the largest domain of the Cascade 

composed of N- (pink) and C-terminal (cyan) domains (NTD and CTD). Cse1 is 

positioned at the tail. (G) Head-to-tail dimer of Cse2 forms a belly of the Cascade. 

Cse2 subunit is composed of -helical N- (hot pink) and C-terminal (deep purple) 

domains (NTD and CTD). Crystal structures are represented in two orientations 

related by a 180  (B, C) or 90  (F-G) rotation. Structures represent 1VY9 and 4QYZ 

PDB entries. 

 

the eCascade to bind the target (Semenova et al., 2011). This protospacer 

region is located adjacent to the PAM sequence and named a seed sequence. 

The importance of the seed sequence was also demonstrated in the bCascade 

(Haloferax volcanii) (Maier et al., 2013) and fCascade (P. aeruginosa) 
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(Wiedenheft et al., 2011b). The PAM and seed may play a role in the initial 

recognition of the invader DNA. 

Overall structure of Cas7 subunits is similar; however, Cas7 subunits that 

interact with the head and the tail show conformational differences. The thumb 

of Cas7.1 is rotated about 70  comparing with other Cas7 subunits; moreover, 

it forms a short helix that fits into the hydrophobic groove of Cas6e, tethering 

the head and backbone. On the other hand, the finger domain of Cas7.6 is 

rotated 180˚, providing a platform for the recruitment of Cse1 to the tail 

(Jackson et al., 2014a; Zhao et al., 2014). 

Structure of Cas7 from type I-A (S. solfataricus) (Lintner et al., 2011) as 

well as Csc2 from type I-D (Thermofilum pendens) (Hrle et al., 2014) is similar 

to Cas7 from eCascade (E. coli) (Jackson et al., 2014a; Mulepati et al., 2014; 

Zhao et al., 2014). Furthermore, aCascade subcomplex of Cas7 and Cas5 

assembles into helical structures (Lintner et al., 2011). Helical arrangement 

similar to eCascade was also observed in EM images of cCascade and 

fCascade (Nam et al., 2012b; Wiedenheft et al., 2011b). Therefore, it is 

suggested that helical backbone of Cas7 family proteins is a conserved and 

perhaps a characteristic feature of all Cascade complexes (Makarova et al., 

2011a; van der Oost et al., 2014). 

Cas6e of the head. Cas6e is a metal-independent endoribonuclease 

composed of two tandem ferredoxin-fold domains. The protein recognizes 

hairpin structure of the repeat and cleaves it at the basis of the stem as 

discussed previously (see section 1.4.2.2.). Cas6e as well as Cas6f remains 

associated with the hairpin structure, which is positioned at the 3 -handle of 

crRNA (Haurwitz et al., 2010; Sashital et al., 2011). In contrast, Cas6 from 

type I-A is not a component of the aCascade (Plagens et al., 2012). The Cas6e 

is entrenched by interactions with the major groove of crRNA hairpin and with 

a 3 nt upstream the basis of hairpin as well as with the thumb of Cas7.1 

(Jackson et al., 2014a; Zhao et al., 2014) (Figure 10 C). 
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Cas5 of the tail. The S-shaped 5 -handle is anchored mainly by the Cas5 

protein. The Cas5 embodies a right-handed fist-shape structure. The fist is 

composed of a modified ferredoxin-fold domain with an insertion, which forms 

a thumb. The thumb of Cas5 folds over the top of the first kinked base, 

performing similar function as in the Cas7. However, unlike straight thumb on 

Cas7 subunits, the Cas5 thumb bends over the top of the fist and, interacting 

with the fingers of Cas7.6 subunit, clenches 5 -handle. The Cas7.6 palm and 

the Cse1 protein sandwiches the fist of Cas5 forming the tail of the complex 

(Jackson et al., 2014a; Zhao et al., 2014) (Figure 10 D and E). 

Cas5 proteins typically do not show catalytic activity in the in vitro assays 

with the exception of Cas5c from the type I-C, which is a metal-independent 

endorybonuclease and cleaves within the repeat sequences (Nam et al., 2012b). 

Cas5c structure is very similar to Cas5 of eCascade, however, it has evolved 

the endorybonuclease active site within the ferredoxin-fold domain (Nam et al., 

2012b). 

Cse1 of the tail. The Cse1 protein is the largest subunit of eCascade. It is 

comprised of an N-terminal globular domain and a C-terminal four-helix 

bundle domain (Mulepati et al., 2012; Sashital et al., 2012). The globular 

domain docks at Cas5 side; moreover, it makes specific contacts with three 

nucleotides of 5 -handle by inserting a short α-helix to a cylindrical pore on 

Cas5 (Figure 10 F). The four-helix bundle makes contacts with tail components 

as well as with the belly (Jackson et al., 2014a; Zhao et al., 2014). 

Cse1 from E. coli was implicated in the PAM sequence (5 -AWG-3 ) 

recognition as well as interaction with the Cas3 protein (Hochstrasser et al., 

2014; Sashital et al., 2012; Westra et al., 2012b). However, amino acid 

residues responsible for these interactions still need to be identified. It was 

suggested that large subunits Cas8, Cas10d and Csy1 from other type I 

subtypes could be structural or functional homologs (Makarova et al., 2011b) 

of Cse1, however, this hypothesis still lacks the experimental evidences. 
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Cse2 of the belly. The Cse2 protein is the smallest subunit of eCascade 

composed of two -helical domains. Two Cse2 subunits (Cse2.1 and Cse2.2) 

dimerize in a head-to-tail fashion forming the belly (Figure 10 G). The C-

terminal domain of Cse2.2 subunit interacts with Cse1 four-helix bundle, while 

the N-terminal domain of Cse2.1 interacts with the Cas6e in the apo-Cascade 

complex (Jackson et al., 2014a). Basic amino acid residues of Cse2 stick 

between Cas7 subunits (Zhao et al., 2014).  

Binding of target DNA is accompanied by the rearrangement of Cse1 and 

Cse2 subunits. Contacts between Cse2.1 and Cas6e are disrupted during this 

conformational change. Cse2 subunits form contacts with target DNA strand 

upon the R-loop formation. The belly has an additional basic patch, which 

probably stabilizes the displaced non-target DNA strand in the R-loop 

(Mulepati et al., 2014). 

There are two type I Cascades that have small subunits (Makarova et al., 

2011b), i.e. Cse2 of eCascade and Csa5 of aCascade. Csa5 (S. solfataricus) 

protein has been shown to be structurally similar to the C-terminal domain of 

the Cse2 (Reeks et al., 2013a). Moreover, T. tenax Csa5 was implicated in the 

R-loop stabilization (Daume et al., 2014); therefore, it seems that Cse2 and 

Csa5 perform similar functions. Four of six type I subtypes do not have small 

Cascade subunits (Makarova et al., 2011b), thus these complexes act 

differently or other Cas proteins fulfil the function of the Cse2 and Csa5. 

Cas3 is the accessory protein of the DNA interference. Cascade binding 

to the matching sequence of the invading DNA does not trigger silencing in 

vivo, which requires an accessory Cas3 protein (Brouns et al., 2008). Cas3 is a 

signature protein of the type I systems (Makarova et al., 2011b) and typically 

contains HD phosphohydrolase and Superfamily 2 (SF2) helicase domains, 

arranged into a single subunit protein; however, HD- and helicase domains 

sometimes are encoded as individual Cas3  and Cas3  subunits, respectively 

(Haft et al., 2005; Jackson et al., 2014b; Makarova et al., 2006; Makarova et 

al., 2011b) (Figure 3). Furthermore, in some CRISPR systems, the single chain 
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Cas3 or separate Cas3 domains are fused to other Cas proteins (e.g., Cas2-

Cas3, Cas3-Cse1) (Makarova et al., 2011b; Westra et al., 2012b). In most 

cases, Cas3 is expressed as a stand-alone protein and associates with Cascade 

only in the presence of target DNA; however, Cas3  and Cas3  from type I-A 

in T. tenax are subunits of aCascade complex (Plagens et al., 2012). It is 

postulated that Cas3 is a nuclease-helicase; nevertheless, it should be 

demonstrated experimentally. 

1.4.3.2. DNA interference in type II CRISPR-Cas systems 

All type II CRISPR-Cas systems contain a conserved signature protein, 

Cas9 (Makarova et al., 2011b), which is the sole Cas protein responsible for 

the DNA interference in these systems (Garneau et al., 2010; Sapranauskas et 

al., 2011). Cas9 is a large multidomain protein that associates with a mature 

crRNA and tracrRNA, forming the effector complex (Deltcheva et al., 2011; 

Jinek et al., 2012; Karvelis et al., 2013a). There are two major differences 

between mature crRNAs in type II and I systems. First, crRNA in type II lacks 

a 5 -handle and contains an extended 22 nt 3 -handle generated by the RNase 

III cleavage within the repeat region of the pre-crRNA:tracrRNA duplex. 

Second, the spacer fragment in the type II crRNA is shorter, because the 5 -end 

of the spacer sequence is trimmed to 20 nt by unknown nuclease(s). 

Consequently, the spacer in the mature crRNA matches only 20 nt of 30 nt 

protospacer sequence in the invading nucleic acid. The non-matching fragment 

in the protospacer is not important for the CRISPR-mediated immunity; 

however, shortening of the protospacer sequence to 19 nt or more abrogates 

CRISPR-mediated plasmid interference (Gasiunas et al., 2012; Jiang et al., 

2013; Jinek et al., 2012). 

Similarly to type I Cascade complex, type II effector complex targets 

dsDNA, bearing complementary protospacer adjacent to a PAM sequence, 

throughout a seed-sequence-mediated R-loop formation. Contrary to Cascade, 

Cas9 recognizes PAM sequence that is localized immediately downstream, but 

not upstream, of the protospacer. Furthermore, type II systems do not use 
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accessory proteins, such as Cas3 in type I, for target destruction. Cleavage of 

the target DNA is performed by two signature nuclease domains (HNH and 

RuvC) of Cas9 protein. These differences are governed by fundamentally 

different structural organization of Cas9 in comparison with the Cascade. 

Cas9 effector complex. High resolution structural data for Cas9 has been 

obtained recently. Firstly, the type II-A (S. pyogenes) and type II-C 

(Actinomyces naeslundii) Cas9 crystal structures were solved in the absence of 

nucleic acids (Jinek et al., 2014). A bilobed apo-Cas9 organization was 

uncovered by these structures (Figure 11). Both HNH and RuvC nuclease 

domains together with a PAM-interaction (Pi) domain (formed by C-terminal 

and Topo-like subdomains) assemble into a nuclease (NUC) lobe, which is 

connected to an -helical recognition (REC) lobe by an arginine-rich bridge 

helix (BH). REC lobe is composed of REC1 and REC2 subdomains that are the 

least conserved regions across the Cas9 families. On the other hand, HNH as 

well as three RuvC subdomains (RuvC I-III) have the most conserved 

sequences (Hsu et al., 2014) (Figure 11 A). Apo-Cas9 is in an autoinhibited 

conformation because HNH interaction with the RuvC domain restricts target 

DNA access to the active sites (Jinek et al., 2014). 

Subsequently, crystal structures were solved for the type II-A S. pyogenes 

Cas9 (SpCas9) in complex with a single-guide RNA (sgRNA; it is an artificial 

functional fusion of crRNA and tracrRNA) hybridized to an ssDNA or 

partially dsDNA target, containing a PAM sequence (Anders et al., 2014; 

Nishimasu et al., 2014) (Figure 11 B). The NUC and REC lobes of Cas9 are 

reoriented, following sgRNA binding, and form a central channel, which 

accommodates the target DNA. The REC lobe binds a crRNA duplexed with a 

tracrRNA anti-repeat sequence and target DNA strand. The 3 -terminus 

sequence of the tracrRNA forms hairpin structures that are anchored between 

the RuvC and Pi domains (Nishimasu et al., 2014). 

PAM sequence is absolutely required for dsDNA targeting by Cas9 

(Gasiunas et al., 2012; Sapranauskas et al., 2011) and is a starting point for the  
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Figure 11. Cas9 is an effector complex of type II DNA interference. (A) 

Arrangement of Cas9 domains in the primary sequence. Domains, comprising 

nuclease (NUC) and recognition (REC) lobe, are indicated. (B) Crystal structure of S. 

pyogenes Cas9 protein in the apo-form (Apo-Cas9; PDB: 4CMQ), in complex with 

the crRNA-tracrRNA hairpin (Cas9; PDB: 4OO8), and the target DNA (Cas9-DNA; 

PDB: 4UN3). RuvC, HNH, Pi REC1, REC2 domains and bridge helix (BH) of Cas9 

protein are coloured in marine, yellow, pink, grey, dark grey and wheat, respectively. 

The tracrRNA is orange. Repeat and guide sequences of crRNA are coloured in 

magenta and dark blue, while PAM and protospacer (target) of target DNA are 

coloured cyan and red, respectively. Residues of active sites are represented as green 

spheres, while residues of PAM recognition are shown as deep purple spheres. 

Crystal structures are represented in two orientations related by a 90  rotation.  

 

R-loop formation (Sternberg et al., 2014). SpCas9 use two arginine residues of 

Pi domain to read out PAM motif (5 -NGG-3 ) nucleotides from the major 

groove of dsDNA (Figure 11 B). Furthermore, Pi interaction with the minor 

groove of the PAM duplex and the phosphodiester group at the first position in 

the target strand of the protospacer work like a hinge, which starts strand 

separation immediately upstream of the PAM (Anders et al., 2014). PAM 

sequences considerably differ between Cas9 proteins. For example, type II-A 

Cas9 proteins from S. pyogenes CRISPR-Cas, S. thermophilus CRISPR1-Cas 

and CRISPR3-Cas systems target dsDNA with 5 -NGG-3 , 5 -NNAAGAW-3  
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and 5 -NGGNG-3  PAMs, respectively (Deveau et al., 2008; Fonfara et al., 

2014). Therefore, PAM recognition mechanism may be different between Cas9 

orthologs. Interestingly, SpCas9 PAM specificity can be changed by Pi domain 

shuffling between similar Cas9 proteins (Nishimasu et al., 2014). 

Mutagenesis of the protospacer highlighted mismatch-sensitive 10-12 bp 

sequence that is proximal to PAM (Cong et al., 2013; Fu et al., 2013; Hsu et 

al., 2013; Jinek et al., 2012; Mali et al., 2013a; Pattanayak et al., 2013). This 

sequence, termed seed, is important for initial hybridization with the 

complementary target DNA strand, leading to an R-loop formation. The main 

structural framework for seed sequence is the bridge helix, which is inserted 

in-between of a crRNA-tracrRNA-DNA three-way junction. Conserved 

arginine residues of the BH interact with nucleotides of the crRNA seed 

region, exposing nucleotide bases to the solvent, that serve as a nucleation site 

for the target DNA hybridization. Hybridized DNA strand is further stabilized 

at the corresponding seed sequence by interactions with the REC lobe 

(Nishimasu et al., 2014). 

Unlike the eCascade, Cas9 anchors only 3 -end of the crRNA; therefore, 

spacer region of crRNA wraps around target strand during R-loop formation, 

making full length RNA/DNA hybrid (Nishimasu et al., 2014). R-loop 

formation leads to target DNA cleavage within protospacer 3 nt upstream of 

the PAM by Cas9 nuclease domains, leaving blunt-ended products (Garneau et 

al., 2010; Gasiunas et al., 2012; Jinek et al., 2012). In the presence of Mg
2+

 

ions, RuvC domain cleaves the displaced non-target DNA strand, while HNH 

domain hydrolyses DNA target strand that is duplexed with crRNA. Therefore, 

inactivation of active site of either nuclease results in nicked DNA products 

(Gasiunas et al., 2012; Jinek et al., 2012). Interestingly, HNH of SpCas9 

manages to cleave ssRNA that is complementary to Cas9-associated guide 

crRNA when PAM sequence is present as RNA-DNA heteroduplex (O'Connell 

et al., 2014). 
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It seems that the HNH and RuvC domains determine the location of their 

cut sites using different mechanisms. The RuvC domain employs a ruler 

mechanism, measuring cleavage position from the PAM, while the HNH cuts 

DNA at the fixed position determined by the guide-target duplex (Chen et al., 

2014). Furthermore, the active sites of the nuclease domains do not co-localize 

with DNA cut sites in the crystal structures, thus suggesting that these domains 

require conformational rearrangement to reach the target (Anders et al., 2014; 

Nishimasu et al., 2014).  

Mechanism of DNA-interference in the type II systems. In summary, 

genetic, biochemical, and structural studies of the CRISPR-encoded immunity 

in the type II CRISPR-Cas systems are consistent with a following general 

mechanism of DNA interference (Figure 12): i) Cas9, mature crRNA, and 

tracrRNA assemble into a bilobed ternary effector complex; ii) Pi domain of 

the Cas9 scans for the PAM sequence in dsDNA; iii) PAM serves as a priming 

site for strand separation and subsequent target strand hybridization to the seed 

sequence of the guide crRNA; iv) if the guide and the target forms stable 

duplex at the seed region, the hybridization progresses, forming an R-loop 

structure within the guide sequence and the target DNA strand; v) in the 

presence of Mg
2+

 ions, DNA is cleaved in both strands within the protospacer 3 

nt upstream of the PAM sequence to generate blunt DNA ends. RuvC-active 

site cuts the displaced strand of the R-loop, while HNH-active site cleaves the 

crRNA-duplexed DNA strand. Taken together, data demonstrates that the 

Cas9-crRNA-tracrRNA complex functions as an RNA-guided endonuclease 

where sequence specificity is dictated by the crRNA, while Cas9 provides the 

cleavage machinery. This establishes a molecular basis for CRISPR-mediated 

immunity in type II systems, which solely rely on the signature Cas9 protein. 

The simple modular organization of the Cas9 effector complex paves the 

way for the engineering of universal RNA-guided DNA endonucleases. While 

the proof of the principle for re-programmable RNA-guided endonucleases 

have been provided in the pioneering publications (Gasiunas et al., 2012; Jinek 

et al., 2012), recent studies demonstrate that Cas9 can be employed for a  
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Figure 12. Mechanism of type II DNA interference. Cas9, mature crRNA and 

tracrRNA assemble into a bilobed ternary effector complex (1). Pi domain detects 

PAM sequence, which serves as a priming site for strand separation and subsequent 

target strand hybridization to the seed sequence of the guide crRNA (2). If guide and 

target forms a stabile duplex at the seed region, the hybridization progresses within 

the guide sequence and the target DNA strand, forming an R-loop structure, which 

triggers hydrolysis of the target DNA. The RuvC-active site cuts the displaced strand 

of the R-loop, while the HNH-active site cleaves the crRNA-duplexed DNA strand 

within a protospacer 3 nt upstream of the PAM sequence (3) to generate blunt DNA 

ends (4). Colours of effector compex components are as in (Figure 11). Green 

triangles represent active sites of nucleases, while PAM recognition site is shown as a 

purple square. 

 

precise DNA cutting in vitro (Karvelis et al., 2013b) or efficient editing of the 

human (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2013; Mali et al., 

2013b), monkey (Niu et al., 2014), mouse (Cong et al., 2013; Wang et al., 

2013), plant (Li et al., 2013a), zebrafish (Chang et al., 2013; Hwang et al., 

2013), yeast (DiCarlo et al., 2013), and bacteria (Jiang et al., 2013) genomes in 

vivo. Furthermore, a catalytically deficient Cas9 variant or its fusion with 

transcription factors was used in bacteria and human cells as a tool to 

specifically regulate transcription through the Cas9 binding (Gilbert et al., 

2013; Qi et al., 2013). Moreover, it has been reported that in Francisella 

novicida, a Cas9 variant is involved in regulation of the bacterial gene, 

contributing to the virulence by triggering proinflammatory innate immune 

response of the eukaryotic host (Sampson et al., 2013). This finding may open 

the way for novel Cas9 applications. Compiled lists of applications are 

provided in (Gasiunas & Siksnys, 2013; Hsu et al., 2014; Sander & Joung, 

2014). 
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1.4.3.3. Interference in type III CRISPR-Cas systems 

Type III systems are widespread in archaea that typically encode multiple 

CRISPR-Cas loci belonging to different subtypes (Makarova et al., 2006; 

Makarova et al., 2011b). These systems are classified into III-A and III-B 

subtypes. The type III encodes a signature Cas10 protein that is incorporated 

into a Csm (Cas subtype of Mtube) or Cmr (Cas RAMP module) effector 

complex of type III-A or III-B, respectively (Makarova et al., 2011b).  

Initially, two different type III systems seemed to target different types of 

nucleic acids. In type III-B systems of P. furiosus (Pf), T. thermophilus (Tt), 

and S. solfataricus (Ss), the Cmr complex recognized and cleaved synthetic 

RNA in vitro (Hale et al., 2009; Staals et al., 2013; Zhang et al., 2012b), 

whereas the type III-A system of S. epidermidis (Se) targeted DNA in vivo 

(Marraffini & Sontheimer, 2008). However, recently, Csm complexes from S. 

thermophilus (St) and T. thermophilus, homologous to Se-Csm, were identified 

as RNases in vitro (Staals et al., 2014; Tamulaitis et al., 2014).  

The St-Csm and Tt-Csm, as well as Pf-Cmr and Tt-Cmr complexes, cut the 

target RNA within a protospacer at multiple sites with 6 nt intervals, measuring 

the distance from 5 -end of the crRNA (Benda et al., 2014; Hale et al., 2014; 

Staals et al., 2013; Staals et al., 2014; Tamulaitis et al., 2014). In contrast to the 

Pf-Cmr and Tt-Cmr complexes that exploit a molecular ruler mechanism for 

the target RNA cleavage, the Ss-Cmr complex cleaves target RNA as well as 

crRNA at UA dinucleotides in a sequence-specific manner (Zhang et al., 

2012b). Interestingly, recent in vivo experiments of the III-A system from S. 

epidermidis and the III-B system from Sulfolobus islandicus have shown a 

transcription-dependent DNA targeting that relies on the direct protospacer 

transcription into RNA (Deng et al., 2013; Goldberg et al., 2014). Therefore, it 

seems that type III systems have bi-layered defense barrier, targeting intruder 

both at RNA and DNA levels. However, mechanistic details of type III DNA 

interference level remain to be excavated. 



 54 

Similarly to type I Cascade, type III encodes a large multisubunit complex 

that associate with a mature crRNA (Hale et al., 2009; Rouillon et al., 2013; 

Spilman et al., 2013; Staals et al., 2013; Tamulaitis et al., 2014; Zhang et al., 

2012b). This complex recognizes the complementary protospacer sequence in 

target RNA. Contrary to Cascade, intrinsic nuclease is responsible for target 

cleavage. Furthermore, differently from type I and II, targets of type III 

systems do not depend on PAM motifs (Hale et al., 2009; Tamulaitis et al., 

2014).  

Type III effector complexes. The Csm complexes are composed of six Cas 

proteins (Cas10, Csm2-Csm5), while Cmr complexes may be composed of six 

or seven Cas proteins (Cmr1, Cas10, Cmr3-Cmr6 and in some complexes 

Cmr7). Csm and Cmr complexes both incorporate two crRNA populations that 

differ by 6 nucleotides. For example, Se-Csm complex assembles with 43 and 

37 nt crRNAs (Hatoum-Aslan et al., 2011), while 45 and 39 nt crRNAs are 

found in Pf-Cmr complex (Hale et al., 2009). Mature crRNAs are the product 

of Cas6 cut within a repeat sequence and subsequent 3 -end trimming by 

unknown nuclease (Hale et al., 2008). These molecules consist of a 

conservative 8 nt 5 -handle, originating from the repeat region, and a spacer 

region that differ by 6 nt between two crRNA populations (Hatoum-Aslan et 

al., 2013).  

High resolution structural information for type III complexes is still 

lacking. However, crystal structures are solved for separate subunits of Cmr 

complex and Csm3 subunits of Csm. Furthermore, low resolution structures of 

Csm complex from S. solfataricus and T. thermophilus (Rouillon et al., 2013; 

Staals et al., 2014) as well as Cmr complexes from P. furiosus and T. 

thermophilus (Spilman et al., 2013; Staals et al., 2013) were recently 

determined by electron microscopy, showing similar extended helical 

architecture of these complexes (Figure 13). Type III complexes resemble 

helical assembly of type I Cascade complex, suggesting the common 

evolutionary origins (Heidrich & Vogel, 2013). 
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Cas10 and Csm4 (type III-A) or Cmr3 (type III-B) form a “bottom” of the 

effector complexes, which is attached to two parallel helical strings. A 

“backbone” string is composed of multiple Csm3 (type III-A) or Cmr4 (type 

III-B) subunits. A “belly” string is comprised of multiple Csm2 or Cmr3 

subunits in type III-A or III-B, respectively. The strings are capped with Csm5 

(type III-A) or Cmr1-Cmr6 (type III-B) subunits (Rouillon et al., 2013; 

Spilman et al., 2013; Staals et al., 2013) (Figure 13 A). Differently from Pf-

Cmr and Tt-Cmr complexes, Ss-Cmr complex has an additional protein 

(Cmr7); furthermore, EM structure of SsCmr markedly deviates from other 

Cmr and Csm complexes (Zhang et al., 2012b).  

The “bottom”. Cas10 (also known as Csm1 in type III-A and Cmr2 in type 

III-B) is a hallmark protein of type III systems (Makarova et al., 2011b). It has 

a permutated N-terminal HD domain that was postulated as a nuclease; 

however, the deletion of this domain had no effect on nuclease activity of Cmr 

complex (Cocozaki et al., 2012). In addition to HD domain, Cas10 (from type 

III-B) has two ferredoxin-like fold (D1 and D3) and two -helical (D2 and D4) 

domains (Figure 13 B). The D1 and D3 domains are arranged side-by-side, 

resembling a dimeric form of adenylyl cyclase. The ADP and divalent metal 

ions are bound between these domains. Small -helical domains are stacked on 

the D3 surface (Benda et al., 2014; Cocozaki et al., 2012; Zhu & Ye, 2012). 

Cas10 is classified as a large subunit of type III effector complexes 

(Makarova et al., 2011b). Large subunit of type I-E (Cse1) is positioned 

adjacent to Cas5, which binds the 5 -handle of crRNA (Jackson et al., 2014a; 

Mulepati et al., 2014; Zhao et al., 2014). Similarly, Cas10 interacts with Cmr3 

protein (Csm4 is a homolog in type III-A), which anchors 5 -handle of crRNA 

(Osawa et al., 2013; Shao et al., 2013; Spilman et al., 2013). Cmr3 is 

comprised of N- and C-terminal ferredoxin-fold domains (NTD and CTD) with 

an insertion domain (I). The ferredoxin-fold domains share structural similarity 

with Cas6 and Cas5 proteins. The CTD and I domains make interactions with 

D1 domain of Cas10 (Osawa et al., 2013; Shao et al., 2013) (Figure 13 B).  
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Figure 13. Structures of type III effector complexes. (A) Electron microscopy 

structures of S. solfataricus Csm (EMD-2418) and T. thermophilus Cmr (EMD-2420) 

complexes (upper panel), and the schematic representation of subunit organisation in 

the Csm and Cmr complexes (lower panel). Complexes can be dissected into four 

arbitrary parts: bottom (Cas10-Csm4 or Cas10-Cmr3), backbone (Csm3 or Cmr4), 

belly (Csm2 or Cmr5), and cap (Csm5 or Cmr1-Cmr6). Red triangle represents active 

site of RNases. (B) Structure of Cas10 and Cmr3 complex (PDB: 4W8Y and 4H4K). 

Different domains of these proteins are coloured differently. (C) Csm3 (PDB: 4N0L), 

Cmr4 (PDB: 4W8W) and Cmr6 (PDB: 4W8V) proteins are Cas7-like proteins. They 

are comprised of conserved core domain (marine), surrounded by lid (yellow), 

insertion-1 (I1; pink), and insertion-2 (I2; green) domains. (D) Cmr5 protein (PDB: 

2OEB) is similar to D4 domain of Cas10 (green). (E) Structure of Cmr1 (PDB: 

4W8Z) is similar to Cmr3. N- and C-terminal ferredoxin-fold domains (NTD and 

CTD) are coloured in cyan and green, respectively. 

 

Although Cas10 does not share structural similarity with the Cse1, it occupies 

similar position to Cse1 in the effector complex, proposing the conservative 

function of the large subunits (van der Oost et al., 2014). 

The” backbone” string. Six copies of Csm3 in type III-A and four copies of 

Cmr4 in type III-B form a helical backbone that is morphologically similar to 

the Cas7 backbone in the eCascade complex (Benda et al., 2014; Rouillon et 

al., 2013; Staals et al., 2013). Moreover, Csm3 and Cmr4 are structural 

homologs of Cas7 and Csc2 proteins (Benda et al., 2014; Hrle et al., 2014). 

Methanopyrus kandleri Csm3 and P. furiosus Cmr4 are built on a conservative 

core of ferredoxin-fold that is surrounded by the lid, insertion-1 (I1) and 

insertion-2 (I2) domains (Benda et al., 2014; Hrle et al., 2013) (Figure 13 C). 
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These non-conservative helical domains are inserted into the ferredoxin-fold 

domain and markedly deviated between the Cas7-like proteins. 

As mentioned above, the Cmr and Csm complexes cleave target RNA at 

multiple positions in 6 nt intervals. The number of cut sites correlates with the 

number of either Csm3 or Cmr4 subunits. Moreover, mutations of the 

conserved aspartates that are localized on the lid domain of both the Csm3 and 

Cmr4 (Figure 13 C) abolish target RNA hydrolysis (Benda et al., 2014; 

Tamulaitis et al., 2014). Therefore, the backbone of type III effector complexes 

utilises two functions: (i) anchors guide of the crRNA and (ii) cuts the guide-

complementary ssRNA target. 

The “belly” string. Three-four Csm2 or Cmr5 subunits assemble in parallel 

to the backbone of Csm or Cmr complexes, respectively. Together with a Csa5 

and Cse2 from type I, the Csm2 and Cmr5 are classified as small subunits of 

CRISPR-Cas systems (Makarova et al., 2011b). Differently from large 

subunits, small subunits share structural similarity. Alpha helical structure of 

Cmr5 (Figure 13 D) resembles N-terminal domain of Cse2 (from eCascade) 

while Csa5 (from aCascade) is similar to C-terminal domain of Cse2 (Park et 

al., 2013; Reeks et al., 2013a; Sakamoto et al., 2009). Moreover, Cmr5 

structure is homologous to D4 domain of Cas10 (Zhu & Ye, 2012). The Cse2 

forms interactions with Cas7 but not with crRNA in the eCascade. Similarly, 

Cmr5 makes contacts with Cmr3, however, it does not interact with crRNA 

(Spilman et al., 2013).  

The “cap”. The strings are capped with Csm5 (type III-A) or Cmr1-Cmr6 

(type III-B) subunits (Rouillon et al., 2013; Spilman et al., 2013; Staals et al., 

2013). The Cmr1 protein (Figure 13 E) is comprised of two tightly associated 

N- and C-terminal ferredoxin-fold domains (NTD and CTD) that resemble 

Cas6; however, the CTD occupy opposite spatial position in comparison to 

Cas6 (Sun et al., 2014). Moreover, the Cmr1 is structurally similar to the Cmr3 

(Benda et al., 2014). 
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The C-terminal half of P. furiosus Cmr6 protein (Figure 13 D) is composed 

of ferredoxin-fold domain, which resembles the NTD of Cmr1. Moreover, this 

domain is similar to the Cmr4 (Benda et al., 2014). 

Mechanism of nucleic acids interference in the type III systems. In 

summary, genetic, biochemical, and structural studies of the CRISPR-encoded 

immunity in the type III CRISPR-Cas systems are consistent with a following 

general mechanism of interference (Figure 14 A): i) the mature crRNA is 

incorporated into a Csm or Cmr effector complex, which both embody similar  

 

Figure 14. Mechanisms of type III interference. (A) Using crRNA as a guide 

(magenta) Csm and Cmr complexes target complementary protospacer (green) in an 

ssRNA (1). Complexes have multiple active sites (red triangles) that cleave bound 

RNA target producing fragments of 6 nt in length (2). (B) Cmr complex of S. 

solfataricus (Ss-Cmr) uses different approach to interfere with ssRNA. It binds 

complementary ssRNA target (1) and cleaves it in at 5 -UA-3  sequences (blue) (2). 

The nuclease of this complex has to be determined. 

 

structural organisation, resembling type I effector complex; ii) the type III 

effector complexes use the crRNA as a guide to find the complementary target 

ssRNA in a PAM-independent manner; iii) the backbone subunits of effector 

complexes cut the target RNA within the protospacer at multiple sites, 

producing ssRNA fragments of 6 nt. On the other hand, Cmr complex from S. 

solfataricus cleaves the target RNA in a sequence-dependent fashion (Figure 

14 B). Moreover, Csm and Cmr complexes interfere with DNA in a 

transcription-dependent manner in vivo, although the mechanism of this 

process remains to be determined. 
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MATERIALS AND METHODS 

1.5. Materials 

1.5.1. Chemicals 

All chemicals used in this study were of the highest purity grade; they were 

purchased from Sigma-Aldrich, Roth, Fluka, and Thermo Scientific. 

1.5.2. Enzymes 

DreamTaq, TaqI and PfuI DNA polymerases; FastAP thermosensitive 

alkaline phosphatase; T4 DNA ligase; T4 polynucleotide kinase (PNK); bovine 

serum albumin (BSA); FastDigest restriction enzymes used in this study were 

obtained from Thermo Scientific. All these products were used according to 

the manufacturer’s instructions. P1 nuclease was purchased from Sigma. 

1.5.3. Kits for molecular biology 

“CloneJET PCR Cloning Kit”, “Rapid DNA Ligation Kit”, “GeneJET Gel 

Extraction Kit”, “GeneJET PCR Purification Kit”, “GeneJET Plasmid 

Miniprep Kit” and “T7 high yield transcription kit” were purchased from 

Thermo Scientific. “Cycler Reader DNA Sequencing kit” was made by 

Fermentas. “Malachite green assays kit” was obtained from BioAssay Systems. 

Kits were used according to the manufacturer’s instructions. 

1.5.4. Bacterial strains 

E. coli strain DH5  [F
-
 endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR 

nupG Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK
-
 mK

+
), λ–] was used 

for the cloning procedures. 

E. coli strain ER2267 [(F´ proA
+
B

+
 lacI

q
 Δ(lacZ)M15 zzf::mini-Tn10 

(Kan
R
)/ Δ(argF-lacZ)U169 glnV44 e14

-
(McrA

-
) rfbD1? recA1 relA1? endA1 

http://www.fermentas.com/fd/
http://www.fermentas.com/fd/
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spoT1? thi-1 Δ(mcrC-mrr)114::IS10] (New England Biolabs) was used for 

Cas3 protein expression.  

E. coli strain BL21(DE3) (F
–
 ompT gal dcm lon hsdSB(rB

-
 mB

-
) λ(DE3 [lacI 

lacUV5-T7 gene 1 ind1 sam7 nin5]) was used for Cascade complex 

expression. 

1.5.5. DNA 

Genomic DNA of Streptococcus thermophilus DGCC7710 strain was 

kindly provided by DuPont (Dangé-Saint-Romain, France).  

Plasmid vectors 

pBAD24-CHis (Ap
r
; kindly provided by dr. R. Sukackaite) expression 

vectors was used to obtain Cas3, Cse1 or Cas7 proteins fused with C-terminal 

His6-tag sequence. Cassette of cse1-cse2-cas7-cas5-cas6e genes was cloned 

into pCDF-Duet1 (Str
r
; Novagen), while homogeneous CRISPR region with 6 

copies of spacer-1 was inserted into pACYC-Duet1 (Cm
r
; Novagen) vector. 

Casettes of cas5-cas6e and cse2-cas7 genes were inserted following the 

distinct promoters of modified version of the pCDF-Duet1 plasmid (Novagen), 

which contains the His-tag sequence instead of the S-tag. (Table 1). 

Residues of Cas3 HD and helicase active sites were replaced by alanines 

using pCas3 as a template for the site-directed mutagenesis (Table 1). 

Plasmid substrates 

Single-stranded DNA of phage M13mp18 genome (New England Biolabs) 

and double-stranded supercoiled pUC57 (Thermo Scientific) was used in the 

ATPase and nuclease assays of Cas3. Partial duplexes of oligonucleotides, 

listed in Table 2, and DNA of M13mp18 were used in helicase assays of the 

Cas3. 

Oligonucleotide duplexes, containing protospacer-1 or protospcer-3 and 

distinct PAM sequence, were cloned into pUC19 (Ap
r
; Thermo Scientific), and 

resulting plasmids pSP1-NN (where N represents A, G, C or T nucleotide of 

the PAM sequence) or pSP3-AA (Table 1) were used as substrates in the 
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ATPase and nuclease assays of Cas3 (in the presence of Cascade). Moreover, 

these plasmids were used as the templates for production of DNA constructs 

for the magnetic tweezers. 

1.5.6. Oligonucleotides 

All oligonucleotides were purchased from Metabion. Oligonucleotide 

substrates used in this study are listed in Table 2. Oligonucleotides used in the 

nuclease, helicase or EMSA assays were 5′-end-labelled using PNK (Thermo 

Fisher Scientific) and [γ-
33

P]ATP or [γ-
32

P]ATP (Hartmann Analytic). 

Labelled oligonucleotides were annealed to the unlabeled complementary 

DNA. 

Primers for 2.1 kbp PCR fragment, containing the protospacer variants, for 

the magnetic tweezers experiments with the Cascade are 5´-

gcgtaagtctcgagaactagttccgtaagatgcttttctgtgact-3´ and 5´-

gcgtaagtgcggccgcttcgttccactgagcgtcaga-3´. Fragment of 1.2 kbp for biotin and 

digoxigenin handles for ligation to the 2.1 kbp PCR fragments was amplified 

using 5´-gaccgagatagggttgagtg-3´ and 5´-tttgtgatgctcgtcagggg-3´ primers. 

1.5.7. Buffers 

NBE buffer: 100 mM H3BO3-NaOH, 15 mM sodium acetate, 2 mM EDTA 

(pH 8.2 at 25°C). 

TAE buffer: 40 mM Tris, 20 mM acetic acid, 1 mM EDTA (pH 8.0 at 

25°C). 

TBE buffer: 100 mM Tris-borate (pH 8.2 at 25°C) and 2 mM EDTA 

PE1 buffer: 125 mM Tris-HCl (pH 6.8 at 25°C) and 0.1% SDS (w/v). 

PE2 buffer: 375 mM Tris-HCl (pH 8.8 at 25°C) and 0.1% SDS (w/v). 

PE3 buffer: 25 mM Tris, 190 mM glycine (pH 8.3 at 25°C) and 0.1% SDS 

(w/v). 

“Acrylamide” solution I: acrylamide/N,N -methylenebisacrylamide 

(37.5:1 (w/w)) solution. 
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“Acrylamide” solution II: acrylamide/N,N -methylenebisacrylamide 

(29:1 (w/w)) solution. 

Protein loading solution: 100 mM Tris-HCl (pH 6.8 at 25°C), 4% SDS 

(w/v), 20% (v/v) glycerol, 200 mM DTT, trace of Bromphenol blue. 

DNA loading solution: 25 mM EDTA, pH 9.0, 0.01% (w/v) bromphenol 

blue and 95% (v/v) formamide 

Cas3 storage buffer: 10 mM Tris-HCl (pH 7.5), 300 mM KCl, 1 mM 

EDTA, 1 mM DTT, 50% (v/v) glycerol. 

Cascade storage buffer: 20 mM Tris-HCl (pH 8), 500 mM NaCl and 50% 

(v/v) glycerol. 

MS1 buffer: 0.1 M triethylammonium acetate (TEAA) (pH 7.0) (Fluka);  

MS2 buffer: buffer MS1 with 25% LC MS grade acetonitrile (v/v) (Fisher). 

MS3 buffer: 0.4 M 1,1,1,3,3,3,-hexafluoro-2-propanol (HFIP, Sigma-

Aldrich) adjusted with triethylamine (TEA) to pH 7.0 and 0.1 mM TEAA. 

MS4 buffer: buffer MS3 with 50% methanol (v/v) (Fisher). 

AB1 buffer: 10 mM Tris-HCl (pH 7.5 at 25°C), 30 mM KCl, 5% (v/v) 

glycerol, 2 mM MgCl2, 0.1 mg/ml BSA, 0.5 mM ATP. 

AB2 buffer: 10 mM Tris–HCl (pH 7.5 at 25°C), 75 mM NaCl, 40 mM KCl, 

7% (v/v) glycerol, 0.1 mg/ml BSA, 1.5 mM MgCl2, 2 mM ATP. 

TLC buffer: 0.325-M KH2PO4 (pH 3.5). 

HB buffer: 10 mM Tris-HCl (pH 7.5), 25 mM KCl, 15% (v/v) glycerol, 1 

mM MgCl2, 2 mM ATP (or AMP-PNP). 

“Stop” solution: 67.5 mM EDTA, 27% (v/v) glycerol, 0.3% (w/v) SDS. 

Binding buffer: buffer TAE with 150 mM NaCl, 0.1 mg/ml BSA, 10% 

glycerol. 

Footprint buffer: 10 mM Tris-HCl (pH 8), 100 mM NaCl, and 0.1 mg/ml 

BSA. 

NB1 buffer: 10 mM Tris-HCl (pH 7.5), 60 mM KCl, 10% (v/v) glycerol, 10 

mM MgCl2. 
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NB2 buffer: 10 mM Tris–HCl (pH 7.5), 75 mM NaCl, 40 mM KCl, 7% 

(v/v) glycerol, 1.5 mM MgCl2, 0.1 mM NiCl2, 2 mM ATP. 

MT buffer: 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1 mg/ml BSA. 

PCI solution: Phenol-Chloroform-Isoamyl Alcohol [25:24:1 (v/v/v)] 

saturated with 10 mM Tris (pH 8.0), 1 mM EDTA. 
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Table 1. Plasmids constructed in this study. 

Plasmid Description Primer sites
#
 Primer sequence (5 3 )

#
 

pCas3 
cas3 gene was inserted into the pBAD24-CHis via NcoI and 

XhoI cloning sites; His6-tag on C-terminus 

cas3; Eco31I, fw aggtctcacatgaaacatattaatgattatttttgggc 

cas3; XhoI, rv actcgagaaccgactcattcttatccaac 

pCas3-D77A 
Alanine replacement of D77 in HD domain of Cas3; pCas3 

was used as template 

fw gctgttcatgcgatcggtaaagcaacaccagc 

rv gctttaccgatcgcatgaacagctcctaggaattg 

pCas3-D227A 
Alanine replacement of D227 in HD domain of Cas3; pCas3 

was used as template 

fw ctcataatgagcgcttggattgctagtaatgagc 

rv ctagcaatccaagcgctcattatgagtaaacctg 

pCas3-Q290A 
Alanine replacement of Q290 in helicase domain of Cas3; 

pCas3 was used as template 

fw gtccaaggaattttgcgctgatactctcacaaac 

rv gtatcagcgcaaaattccttggactaaatccaaatc 

pCas3-K316A 
Alanine replacement of K316 in helicase domain of Cas3; 

pCas3 was used as template 

fw gggaatcggcgccacagaggcggctctagcgg 

rv gccgcctctgtggcgccgattcccattggcgc  

pCas3-D452A 
Alanine replacement of D452 in helicase domain of Cas3; 

pCas3 was used as template 

fw cgttattgctgaagtgcatgcttatgatgcttatatg 

rv cataagcatgcacttcagcaataacgataacttttttac 

pCas3-E453A 
Alanine replacement of E453 in helicase domain of Cas3; 

pCas3 was used as template 

fw gatgcagtccacgcatatgatgcttatatgagcc 

rv gcatcatatgcgtggactgcatcaataacgataac 

pCas3-R663A 
Alanine replacement of R663 in helicase domain of Cas3; 

pCas3 was used as template 

fw cgtatcggcgccctacatcgtcacaaaatcaaaagg 

rv gtgacgatgtagggcgccgatacgttgaatgag 

pCas3-R666A 
Alanine replacement of R666 in helicase domain of Cas3; 

pCas3 was used as template 

fw ggacgactgcatgctcacaaaatcaaaaggccc 

rv gattttgtgagcatgcagtcgtccgatacgttg 

pCascade 
cse1-cse2-cas7-cas5-cas6e cassete was inserted into the 

pCDF-Duet1 via NcoI and PacI cloning sites; no tags 

cse1; Eco31I, fw ccatggtctcacatgagtcggtttaatttacttgatgaaccc 

cse1; PacI, rv ttaattaatcattcctcaagtggtaccactgtcatc 

See next page for Table 1 extension 
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pCascade 1 

cas5-cas6e and cse2-cas7 gene cassettes were inserted into 

the modified pCDF-Duet1 via NcoI/NotI and AatII/XhoI 

cloning sites, respectively; His6-tag on C-terminus of CasC 

cas5; Eco31I, fw ggtctcacatggtgaatgctatgaagacgatattg 

cas6e; NotI, rv agcggccgctcattcctcaagtggtaccactg 

cse2; AatII, fw tgacgtctatgtcacaacatactaaacaaacagtttg 

cas7; XhoI, rv ctcgagaatatattgggctatcatttctgaaaaatc 

pCse1 
cse1 gene was inserted into the pBAD24-CHis via NcoI and 

XhoI cloning sites; His6-tag on C-terminus 

cse1; Eco31I, fw ccatggtctcacatgagtcggtttaatttacttgatgaaccc 

cse1; XhoI, rv ctcgagttttaactgttgacgaagccaaaaatcg 

pCas7 
cas7 gene was inserted into the pBAD24-CHis via NcoI and 

XhoI cloning sites; His6-tag on C-terminus 

cas7; Eco31I, fw ggtctcacatgacaactgaacaacgattatttttag 

cas7; XhoI, rv ctcgagaatatattgggctatcatttctgaaaaatc 

pCRh 

Homogeneous CRISPR was assembled from oligos and 

inserted into the pACYC-Duet1 via NcoI and PacI cloning 

sites; no tags 

5´-end; NcoI, fw tcgagccatggttccattgggatcttttagtgtttttcc 

5´-end; NcoI, rv cccgcgtgtgcgggaaaaacactaaaagatcccaatggaaccatggc 

Center, fw cgcacacgcgggggtgatcctatacctatatcaatggcctcccacgcataagcgtttttcc 

Center, rv 
cccgcgtgtgcgggaaaaacgcttatgcgtgggaggccattgatataggtataggatcac

c 

3´-end; PacI, fw cgcacacgcgggggtgattctacaaatttaggtcatatttaattaac  

3´-end; PacI, rv catggttaattaaatatgacctaaatttgtagaatcacc 

pSP(X)-NN
 

or 

pSP(X)- Y
*
 

Oligoduplexes with protospacer and distinct PAM sequence 

were cloned into pUC19 via SmaI. 
See table 2 See table 2 

#
 Sequence complementary to a gene is underlined; restriction nuclease recognition site is in bold; fw – forward; rv – reverse. 

* (X) – protospace-1 or protospacer-3; N – A, T, G or C of the PAM; Y – number of deleted nucleotides from the PAM-distal end of the protospacer-1. 
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Table 2. Oligonucleotide substrates used in this study. 

Subsrate Sequence Comment 

S1-AA or SP1-TAA 
5’-GACCACCCTTTTTGATATAATATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATATTATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

TAA PAM, 
*
 

SP3-AA 
5’-GACCACCCTTTTTGATATAACGCAACCCCTCCTTAGACATGGGAACAGTACTAGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATATTGCGTTGGGGAGGAATCTGTACCCTTGTCATGATCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-3, 

AA PAM,
 *
 

SP1-CC 
5’-GACCACCCTTTTTGATATCCTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATAGGATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

CC PAM,
 *
 

SP1-AG 
5’-GACCACCCTTTTTGATATAGTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATATCATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

AG PAM,
 *

 

SP1-AC 
5’-GACCACCCTTTTTGATATACTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATATGATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

AC PAM,
 *
 

SP1-AT 
5’-GACCACCCTTTTTGATATATTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATATAATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

AT PAM,
 *
 

SP1-GA 
5’-GACCACCCTTTTTGATATGATATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATACTATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

GA PAM,
 *

 

SP1-GG 
5’-GACCACCCTTTTTGATATGGTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATACCATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

GG PAM,
 *
 

SP1-GC 
5’-GACCACCCTTTTTGATATGCTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATACGATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

GC PAM,
 *

 

SP1-GT 
5’-GACCACCCTTTTTGATATGTTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATACAATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

GT PAM,
 *
 

SP1-CA 
5’-GACCACCCTTTTTGATATCATATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATAGTATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

CA PAM,
 *
 

See next page for Table 2 extension 
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SP1-CG 
5’-GACCACCCTTTTTGATATCGTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATAGCATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

CG PAM,
 *

 

SP1-GC 
5’-GACCACCCTTTTTGATATGCTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATACGATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

GC PAM,
 *

 

SP1-GT 
5’-GACCACCCTTTTTGATATGTTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATACAATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

GT PAM,
 *
 

SP1-CA 
5’-GACCACCCTTTTTGATATCATATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATAGTATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

CA PAM,
 *
 

SP1-CG 
5’-GACCACCCTTTTTGATATCGTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATAGCATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

CG PAM,
 *

 

SP1-CT 
5’-GACCACCCTTTTTGATATCTTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATAAGATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

CT PAM,
 *
 

SP1-TA 
5’-GACCACCCTTTTTGATATTATATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATAATATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

TA PAM,
 *
 

SP1-TG 
5’-GACCACCCTTTTTGATATTGTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATAACATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

TG PAM,
 *
 

SP1-TC 
5’-GACCACCCTTTTTGATATTCTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATAAGATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

TC PAM,
 *
 

SP1-TT 
5’-GACCACCCTTTTTGATATTTTATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATAAAATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

TT PAM,
 *
 

SP1-AAA 
5’-GACCACCCTTTTTGATAAAATATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATTTTATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

AAA PAM,
 *

 

SP1-GAA 
5’-GACCACCCTTTTTGATAGAATATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATCTTATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

GAA PAM,
 *
 

See next page for Table 2 extension 
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SP1-CAA 
5’-GACCACCCTTTTTGATACAATATACCTATATCAATGGCCTCCCACGCATAAGCGCAGATACGTTCTGAGGGAA-3’ 

3’-CTGGTGGGAAAAACTATGTTATATGGATATAGTTACCGGAGGGTGCGTATTCGCGTCTATGCAAGACTCCCTT-5’ 

Protospacer-1, 

CAA PAM,
 *

 

SP1- 2 
5′-GACCACCCTTTTTGATATAATATACCTATATCAATGGCCTCCCACGCATAACGGCAGATACGTTCTGAGGGAA-3′  

3′-CTGGTGGGAAAAACTATATTATATGGATATAGTTACCGGAGGGTGCGTATTGCCGTCTATGCAAGACTCCCTT-5′ 

Protospacer-1,  

AA PAM, 2 nt
#
,
 *
 

SP1- 4 
5′-GACCACCCTTTTTGATATAATATACCTATATCAATGGCCTCCCACGCATTTCGGCAGATACGTTCTGAGGGAA-3′  

3′-CTGGTGGGAAAAACTATATTATATGGATATAGTTACCGGAGGGTGCGTAAAGCCGTCTATGCAAGACTCCCTT-5′ 

Protospacer-1,  

AA PAM, 4 nt
#
,
 *
 

SP1- 6 
5′-GACCACCCTTTTTGATATAATATACCTATATCAATGGCCTCCCACGCTATTCGGCAGATACGTTCTGAGGGAA-3′  

3′-CTGGTGGGAAAAACTATATTATATGGATATAGTTACCGGAGGGTGCGATAAGCCGTCTATGCAAGACTCCCTT-5′ 

Protospacer-1,  

AA PAM, 6 nt
#
,
 *
 

SP1- 8 
5′-GACCACCCTTTTTGATATAATATACCTATATCAATGGCCTCCCACCGTATTCGGCAGATACGTTCTGAGGGAA-3′  

3′-CTGGTGGGAAAAACTATATTATATGGATATAGTTACCGGAGGGTGGCATAAGCCGTCTATGCAAGACTCCCTT-5′ 

Protospacer-1,  

AA PAM, 8 nt
#
,
 *
 

SP1- 10 
5′-GACCACCCTTTTTGATATAATATACCTATATCAATGGCCTCCCGCAGATACGTTCTGAGGGAA-3′  

3′-CTGGTGGGAAAAACTATATTATATGGATATAGTTACCGGAGGGCGTCTATGCAAGACTCCCTT-5′ 

Protospacer-1,  

AA PAM, 10 nt
#
, 

*
 

H1 5′-CCTGCAGGTCGACTCTAGAG-3’ 
Complementary for 

M13mp18 

H2 5′-CAUGCCUGCAGGUCGACUCUAG-3′ 
Complementary for 

M13mp18 

H3 5′-GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTT-3′ 
Complementary for 

M13mp18 

H4 5′-CTTTTCACCAGCGAG-3′ 
Complementary for 

M13mp18 

H5 5′-GGGGGGGGGGTAGTTGAGAA-3′ 
Complementary for 

3’-end of H7 

H6 5′-CCCGCGCGCGTCGTCATGCG-3′ 
Complementary for 

5’-end of H7 

H7 5′-GGGCGCGCGCAGCAGTACGCTAGTACTGTTCCCATGTCTAAGGAGGGGTTGCGTTCTCAACTACCCCCCCCCC-3′ 
Complementary for 

H5 and H6 
*
 ALQ13.2 phage surounding sequences; upper sequence is non-target strand of protospacer while lower sequence is target strand of protospacer. 

#
 Guide-complementary sequences of protospacer-1 were truncated from a PAM-distal end. 
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1.6. Methods 

1.6.1. Electrophoresis 

1.6.1.1. Denaturing (SDS) polyacrylamide gel 

electrophoresis 

Denaturing SDS-PAGE of proteins was employed to verify the 

homogeneity of Cas3 and Cascade protein preparations. Protein samples were 

mixed at 1:1 (v/v) ratios with the protein loading solution and denatured at 

95°C for 5 min. Polyacrylamide gels comprised of stacking and separation gel 

layers were used for protein electrophoresis (Sambrook, 1989). The stacking 

gel consisted of 4% “acrylamide” solution I in PE1 buffer, while separating gel 

was 12-15% “acrylamide” solution I in PE2 buffer. Electrophoresis was carried 

out in PE3 buffer at room temperature for 1-1.5 hours at 25 V/cm. Gels were 

stained with Page Blue protein staining solution (Thermo Scientific).  

1.6.1.2. Non-denaturing agarose gel electrophoresis 

Separations of PCR reaction products or plasmid DNA was performed in 

0.8% agarose gels in the NBE buffer supplemented with 0.5 g/ml ethidium 

bromide. DNA samples were mixed with 1/3 volume of “Stop” solution and 

electrophoresed at 3 V/cm for ~50 min. Separated DNA was visualized with 

UV light and digital images of the gel were taken. 

DNA fragments required for genetic engineering procedures were separated 

in 1-1.5% agarose gels in the ethidium bromide-free TAE buffer. The gel slices 

containing required DNA fragments were excised according to the ethidium 

bromide stained markers. DNA was recovered using the “GeneJET Gel 

Extraction Kit” according to the manufacturer’s recommendations. 
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1.6.1.3. Non-denaturing polyacrylamide gel 

electrophoresis 

Non-denaturing polyacrylamide gel electrophoresis was employed in the 

Cascade binding assay. The gels consisted of 8% “acrylamide” solution II in 

the TAE buffer; polymerisation was initiated by adding TEMED and 

ammonium persulphate. The gels were 1 mm thick and ~20 cm length. Prior to 

gel casting, one of the glass plates was processed with “bind silane” 

(3-methacryloxypropyltrimethoxysilane) and the other with “repeal silane” (5-

7% (v/v) dichlorodimethylsilane in CHCl3). Electrophoresis was run at room 

temperature for 2-3 hours at ~6 V/cm. 

After electrophoresis the glass plate with “repeal silane” was removed and 

the gel was dried on the glass plate with “bind silane” under a hot air flow. 

Radiolabeled DNA was detected in the dried gels using BAS-MS image plates 

(FujiFilm) and FLA‐5100 phosphorimager (Fujilm). The amounts of various 

DNA fragments were quantified with OptiQuant 3.0 software (Perkin Elmer). 

1.6.1.4. Denaturing (urea) polyacrylamide gel 

electrophoresis 

Denaturing PAGE was employed in Cas3 nuclease assays as well as in 

Cascade footprint assay. Gels consisted of 20% “acrylamide” solution II and 7 

M urea in the TBE buffer. Prior electrophoresis, samples of radiolabeled DNA 

were mixed 1:1 (v/v) with DNA loading solution and denatured at 95 °C for 5 

min and rapidly chilled in the -20 °C freezer. Glass plates were prepared as in 

section (2.2.1.3.). Electrophoresis was run for 15 min at 30 V/cm without the 

samples and for another 2-3 hours with the DNA samples. Gels were dried and 

analysed as described above (see section 2.2.1.3.). 

Denaturing PAGE was also employed for the analysis of crRNA extracts. 

In this case, “silane”-untreated glass plates were used. The gels consisted of 

15% “acrylamide” solution II and 7 M urea in the TBE buffer. Prior 

electrophoresis, samples of crRNA were mixed 1:1 (v/v) with RNA loading 
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dye (Thermo Scientific) and denatured at 70 °C for 10 min and rapidly chilled 

at +4 °C. Electrophoresis was run for 30 min at 30 V/cm. Gel was stained with 

CybrGold (Invitrogen). The crRNA was visualized at UV light and digital 

images of the gel were taken. 

1.6.2. DNA manipulations 

1.6.2.1. Techniques for recombinant DNA isolation 

Recombinant plasmids (Table 1) were constructed using standard cloning 

procedures (Sambrook, 1989). Plasmids were isolated using “GeneJET 

Plasmid Miniprep Kit”. The “GeneJET Gel extraction Kit” was used for 

isolation of DNA fragments from agarose gels. All enzymes and corresponding 

buffers used for DNA manipulations were purchased from Thermo Scientific. 

1.6.2.2. Cloning of Cas3 and Cascade expression vectors 

S. thermophilus DGCC7710 genomic DNA was used as a template in PCR 

reactions. The cas3 and cse1 were cloned into the pBAD24-CHis expression 

vector via NcoI and XhoI sites to generate pCas3 and pCse1 plasmids, 

respectively, which were used for the overexpression of the C-terminal (His)6-

tagged Cas3 and Cse1 protein variants (Table 2).  

Components of Cascade complex were expressed from three vectors: 

pCascade, pCas7 and pCRh. The cse1-cse2-cas7-cas5-cas6e gene cassette was 

cloned into pCDF‐Duet1 via NcoI/PacI sites, while cas7 gene was inserted into 

NcoI/XhoI sites of pBAD24‐CHis expression vector. A CRISPR locus 

containing six copies of the repeat‐spacer‐1 unit (6 × SP1) of the WT S. 

thermophilus CRISPR4 system was assembled from oligonucleotides and 

cloned into pACYC‐Duet1 vector (Table 2). 

To obtain the Cascade that lacks the Cas7 subunit (CascadeΔ1), cas5-cas6e 

and cse2-cas7 gene cassettes were cloned into the modified version of the 

pCDF-Duet1 plasmid (Novagen). The cas5-cas6e was inserted between NcoI 
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and NotI sites, while cse2-cas7 was cloned via AatII and XcoI sites, fusing the 

3 -end of cas7 gene with His6-tag coding sequence (Table 2). 

Full sequencing of cloned DNA fragments confirmed perfect matches to the 

original sequences. 

1.6.2.3. Construction of the plasmid substrates  

Oligoduplexes (Table 2) carrying single protospacer and PAM sequence 

were assembled by annealing complementary oligodeoxiribonucleotides. The 

oligoduplexes were phosphorylated using PNK and cloned into pUC19 via 

SmaI site. Plasmids with single unidirectional insertions were selected by 

sequencing. 

1.6.2.4. Construction of substrates for magnetic tweezers 

All DNA constructs were based on pUC19 plasmids into which single 

protospacer/PAM elements were inserted (Tables 2). For preparing constructs 

for the tweezers experiments, a ~2.1 kbp fragment containing a single 

protospacer/PAM combination was made by PCR from the recombinant 

plasmids (see section 2.1.6. for primer sequences), digested with NotI and SpeI 

and purified. Biotin- or digoxigenin-modified attachment handles were made 

using 1.2 kbp DNA fragments that were labelled with biotin- or digoxigenin-

dUTP by PCR (see section 2.1.6. for primer sequences), and which were 

digested with either NotI or SpeI. The protospacer fragment was ligated with 

the biotin/dig-labelled handles using T4 DNA ligase. The full ligation product 

was purified from agarose gels preventing any exposure to EtBr and UV light. 

1.6.2.5. Cas3 mutagenesis 

Conserved amino acids of HD hydrolase and DExD/H domains were 

identified by multiple alignment of Cas3 homologues using the COBALT tool 

(Papadopoulos & Agarwala, 2007). The mutants D77A, D227A, Q290A, 

K316A, D452A, E453A, R663A and R66A (Table 1) were obtained by the 

site-directed mutagenesis as previously described (Tamulaitis et al., 2007). 
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Sequencing of the entire gene for each mutant confirmed that only the designed 

mutation had been introduced. 

1.6.3. Expression and purification 

1.6.3.1. Expression and purification of Cas3 

E. coli ER2267 strain was transformed with pCas3 vector. Cells were grown 

in LB broth (BD) supplemented with ampicillin (100 μg/ml) and kanamycin 

(25 μg/ml) at 37°C to OD600 of ~0.5, the growth temperature was decreased to 

16°C and Cas3 expression induced with 0.2% (w/v) arabinose for 20 h. 

Harvested cells were disrupted by sonication and cell debris were removed by 

centrifugation. The supernatant was loaded onto the Ni
2+

-charged 5 ml HiTrap 

chelating HP column (GE Healthcare) and eluted with a linear gradient of 

increasing imidazole. The fractions containing Cas3 were pooled and 

subsequently loaded onto heparin column eluting protein with linear gradient 

of increasing NaCl concentration. The fractions containing Cas3 were pooled 

and dialysed against Cas3 storage buffer and stored at -20°C. The homogeneity 

of protein preparations was estimated by SDS-PAGE. Concentrations of Cas3 

and its mutants were determined by measuring absorbance at 280 nm using an 

extinction coefficient of 132 700/M/cm (Gill & von Hippel, 1989). 

1.6.3.2. Expression and purification of Cascade complex 

E. coli BL21 (DE3) strain was co-transformed with pCascade, pCas7 and 

pCRh vectors. Cells were grown in in LB broth supplemented with ampicillin 

(25 μg/ml), chloramphenicol (17 μg/ml), and streptomycin (25 μg/ml) at 37°C 

to OD600 of ∼0.5 and expression of Cascade complex was induced with 0.2% 

(w/v) arabinose and 1 mM IPTG for 3 h. Harvested cells were disrupted by 

sonication and cell debris removed by centrifugation. The Cascade complex 

was first purified on the Ni
2+‐charged HiTrap column (GE Healthcare) 

followed by Superdex 200 (HiLoad 16/60; GE Healthcare) and heparin (GE 

Healthcare) chromatography steps. The Cascade complex was stored at -20°C 
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in Cascade storage buffer. The Cascade complex was subsequently analysed by 

SDS–PAGE and the sequence of the Cse1, Cse2, Cas7, Cas5, and Cas6e 

proteins was further confirmed by mass spectrometry of tryptic digests. 

Cascade complex concentration was estimated by Bradford assay (Thermo 

Scientific) using bovine serum albumin (BSA) as a reference protein. 

Conversion to molar concentration was performed assuming that the Cascade 

stoichiometry Cse11:Cse22:Cas76:Cas51:Cas6e1:crRNA1 is analogous to that of 

the E. coli Cascade (Jore et al., 2011). 

1.6.3.3. Expression and purification of Cascade A 

complex and Cse1 protein 

To obtain Cascade lacking the Cse1 subunit (CascadeΔ1), E. coli BL21 

(DE3) cells were co-transformed with the pCascade 1 and pCRh plasmids. 

Cells were grown in LB broth supplemented with chloramphenicol (17 µg/ml), 

and streptomycin (25 µg/ml) at 37 C to OD600 of ~ 0.5. The Cascade A 

complex expression was induced with 1 mM IPTG for 3 h. Harvested cells 

were disrupted by sonication and cell debris removed by centrifugation. The 

CascadeΔ1 complex was purified as described in section (2.2.3.2.). 

To obtain the Cse1 protein, E. coli BL21 (DE3) cells transformed with 

pCse1 were grown in LB broth supplemented with ampicillin (50 µg/ml) at 

37 C to OD600 of ~ 0.7 and Cse1 expression induced with 0.2% (w/v) 

arabinose for 3 h. Harvested cells were disrupted by sonication and cell debris 

were removed by centrifugation. The supernatant was loaded onto the Ni
2+

-

charged HiTrap chelating HP column (GE Healthcare) and eluted with a linear 

gradient of increasing imidazole. The fractions containing Cse1 were pooled 

and subsequently loaded onto Superdex 200 (HiLoad 16/60; GE Healthcare) 

column. Both the CascadeΔ1 complex and the Cse1 protein were stored at -

20 C in Cascade storage buffer. 
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1.6.4. Analysis of crRNA 

1.6.4.1. Extraction of crRNA 

Nucleic acids co‐purified with Cascade were isolated by 

phenol:chloroform:isoamylalcohol (PCI) (25:24:1, v/v/v) extraction. Purified 

nucleic acids were incubated with DNase I (Thermo Scientific), supplemented 

with 2.5 mM MgCl2 or RNase A/T1 (Thermo Scientific), for 30 min at 37 °C. 

Nucleic acids were separated on a denaturing 15% polyacrylamide gel and 

visualized by SybrGold (Invitrogen) staining. 

1.6.4.2. HPLC purification of crRNA 

All samples were analysed by ion‐pair reversed‐phased‐HPLC on an Agilent 

1100 HPLC with UV260nm detector (Agilent) using a DNAsep column 50 mm 

× 4.6 mm I.D. (Transgenomic, San Jose, CA). The chromatographic analysis 

was performed using MS1 and MS2 buffers. The crRNA was obtained by 

injecting purified Cascade complex at 75°C using a linear gradient starting at 

15% buffer MS1 and extending to 60% MS1 in 12.5 min, followed by a linear 

extension to 100% MS1 over 2 min at a flow rate of 1.0 ml/min. Analysis of the 

3′ terminus was performed by incubating the HPLC‐purified crRNA in a final 

concentration of 0.1 M HCl at 4°C for 1 h. The samples were concentrated to 

10–20 μl on a vacuum concentrator (Eppendorf) prior to ESI‐MS analysis. 

1.6.4.3. ESI-MS analysis of crRNA 

ESI‐MS was performed in negative mode using an UHR TOF mass 

spectrometer (maXis) (Bruker Daltonics), coupled to an online capillary liquid 

chromatography system (Ultimate 3000, Dionex, UK). RNA separations were 

performed using a monolithic (PS‐DVB) capillary column (50 mm × 0.2 mm 

I.D., Dionex). The chromatography was performed using the MS3 and MS4 

buffers. RNA analysis was performed at 50°C with 20% buffer of MS4 buffer, 

extending to 40% MS4 in 5 min followed by a linear extension to 60% MS4 

over 8 min at a flow rate of 2 μl/min; 250 ng crRNA was digested with 1 U 
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RNase A and RNaseT1 (Applied Biosystems). The reaction was incubated at 

37 °C for 4 h. The oligoribonucleotide mixture was separated on a PepMap 

C‐18 RP capillary column (150  mm × 0.3 μm I.D., Dionex) at 50°C using 

gradient conditions starting at 20% buffer MS3 and extending to 35% MS4 in 

3 min, followed by a linear extension to 60% MS4 over 40 min at a flow rate of 

2 μl/min. The mass spectrometer was set to select a mass range of 250–2000, 

m/z and the capillary voltage was kept at −3650 V. Oligoribonucleotides with 

−2 to −4 charge states were selected for tandem mass spectrometry using 

collision induced dissociation. 

1.6.5. ATPase assays 

1.6.5.1. ATPase assays of stand-alone Cas3. 

ATPase reactions were conducted at 30°C in an AB1 buffer containing 3 

nM of ssDNA (M13mp18) or dsDNA (supercoiled form of pUC57 plasmid) 

and 250 nM of Cas3 or its mutant variants. In the radioactivity assay, reaction 

mixtures were supplemented with [α
32

P]ATP (5 Ci/mmol) (Hartmann 

Analytic). An aliquot (1 μl) was spotted onto a polyethyleneimine-cellulose 

thin-layer plate (Merck) then ATP was separated from resulting ADP product 

by chromatography in a TLC buffer and visualized using a FLA-5100 

phosphorimager (Fujilm). 

Malachite green assay kit (BioAssay Systems) was used to measure ATP 

hydrolysis through the detection of liberated-free phosphate. Reaction 

mixtures, in the described above buffer, contained varying amounts of ssDNA 

(circular form of M13mp18), dsDNA (supercoiled form of pUC57 plasmid), or 

2223 nt RNA (obtained by transcription of the control template using a “T7 

high yield transcription kit”) together with 250 nM of Cas3 or its mutant 

variants. The reactions were initiated by adding the enzyme to a mixture of the 

other reaction components. Aliquots were removed at fixed time intervals and 

the reaction was stopped by adding EDTA to a final concentration of 27 mM. 

The relationship between the absorbance and phosphate concentration was 
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established by using KH2PO4 as a standard and used to calculate phosphate 

concentrations in the ATPase assays. ATPase rates are quoted as the mean of 

three independent experiments. 

1.6.5.2. ATPase assay of Cas3 in the presence of Cascade. 

ATPase reactions were conducted at 37°C in the AB2 buffer containing 

3 nM supercoiled double‐stranded plasmid (Table 1), 12 nM of Cascade 

complex, and 300 nM of Cas3 or D452A mutant. Reactions were initiated by 

adding MgCl2 and ATP to a mixture of the other reaction components. 

Reactions were stopped and rate of ATP hydroysis was calculated as described 

above. 

1.6.6. Helicase assay 

Partial DNA or RNA-DNA duplexes (Table 2) were used in the helicase 

assay. The 5′-ends of oligodeoxyribonucleotide 20-mer H1 and 

oligoribonucleotide 22-mer H2 were radiolabelled using PNK (Thermo 

Scientific) and [γ
32

P]ATP (Hartmann Analytic). Partial duplexes were 

assembled by mixing M13mp18 ssDNA and labelled complementary 

oligonucleotide at 1.5:1 molar ratio followed by annealing in 10 mM Tris-HCl 

(pH 7.5) buffer. The helicase reactions were performed at 30°C for 60 min in 

an HB buffer supplemented with 0.5 nM of substrates and indicated amounts 

of Cas3 or its mutants. Reactions were initiated by addition of Cas3 and 

terminated by addition of 1/3 of “Stop” solution. The products were separated 

by electrophoresis through 8% (w/v) non-denaturing polyacrylamide gel, and 

visualized using a FLA-5100 phosphorimager (Fujilm). 

To determine Cas3 polarity, two types of substrates were used. The 

M13mp18-based substrate was constructed by phosphorylating the 5′-ends of 

H3 and H4 oligonucleotides with [γ
32

P]ATP or ATP, respectively (or vice 

versa), followed by annealing to the complementary sequences of M13mp18 

and ligation by T4 ligase (Thermo Scientific). The resulting 60 bp partial 
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duplexes were cut with EheI to produce linear ssDNA molecules with short 

duplex regions at both ends. 

For oligonucleotide-based helicase substrates, oligonucleotide 20-mers H5 

or H6 were labelled at the 5′-end using PNK and [γ
32

P]ATP, and then annealed 

to the complementary sequence at the 5′- or 3′-end of the 73-mer H7 to 

generate partial oligoduplexes, containing 53 nt 3′- or 5′-overhangs. Reactions 

were performed as described above except that 500 nM of Cas3, 1.5 nM of the 

substrate and 250 nM of trap DNA (unlabelled oligonucleotide) were used in 

the reaction. 

1.6.7. Cascade binding assay 

Synthetic oligoduplexes (Table 2) 73 bp in length were used in Cascade 

binding experiments. Each oligoduplex contained a 33‐bp protospacer 

sequence corresponding to the first spacer (protospacer‐1) of the S. 

thermophilus CRISPR4 locus and various PAM sequences. In control 

experiments, 73 bp oligoduplex containing a protospacer‐3 instead of 

protospacer‐1 was used. An oligodeoxynucleotide corresponding to the target 

strand was labelled at the 5′‐end using PNK (Thermo Scientific) and [γ
33

P]ATP 

(Hartmann Analytic) and an oligoduplex assembled by mixing the labelled 

target and unlabelled non‐target strands at a molar ratio of 1:1.5, followed by 

annealing in 2 mM Tris–HCl buffer (pH 8). Increasing amounts of Cascade 

were incubated with 0.1 nM of radioactively labelled oligoduplex in the 

binding buffer for 20 min at 37°C. The samples were subjected to 

electrophoresis in 8% (w/v) polyacrylamide gel, and visualized using the 

FLA‐5100 phosphorimager (Fujilm). The Kd values for Cascade‐DNA 

complexes were calculated as previously described (Tamulaitis et al., 2006). 

Kd values represent the average value of three independent experiments. 

1.6.8. Cascade footprinting 

For probing with P1 nuclease, oligoduplexes SP1‐AA, SP1‐AG, SP1‐CC, 

and SP3‐AA (Table 2) were 
33

P‐5′‐end‐labelled at either the target or 
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non‐target strand. Labelled oligoduplex at 2 nM concentration was incubated 

with or without 10 nM of Cascade complex at 37°C for 15 min in 20 μl of 

footprint buffer. Then, 0.02 U of P1 nuclease (Sigma) in 20 μl of 30 mM 

sodium acetate buffer (pH 5.3) was added and incubated at 37°C for 10 min. 

The reactions were stopped by addition of phenol–chloroform followed by 

sodium acetate/isopropanol precipitation. The cleavage products were 

separated on a denaturing 20% polyacrylamide gel and visualized by 

autoradiography. Products of dideoxy sequencing reactions (“Cycler Reader 

DNA Sequencing kit”) of SP1-AA strands were used as size markers. 

1.6.9. Nuclease assays 

1.6.9.1. Nuclease assay of stand-alone Cas3 

Single-stranded M13mp18 DNA and double-stranded supercoiled form of 

pUC57 plasmid were used as substrates in the nuclease assay. Nucleic acid 

cleavage reactions were performed at 37°C for 120 min in an NB1 buffer 

containing 4 nM ssDNA of M13mp18 or dsDNA supercoiled form of pUC57 

plasmid, and 500 nM Cas3 or mutant proteins. Reactions were initiated by 

addition of protein and stopped by addition of phenol-chloroform, followed by 

chloroform extraction. Aqueous fraction was mixed with 1/3 of “Stop” 

solution. The products were separated by electrophoresis through 0.8% (w/v) 

agarose gels and visualized by the ethidium bromide staining. 

1.6.9.2. Nuclease assay of Cas3 in the presence of Cascade 

Supercoiled or linearized pUC19 or its derivative plasmids (Table 1) were 

used as substrates in the DNA cleavage assay. Cleavage reactions were 

performed at 37°C for indicated time intervals in the NB2 buffer. Supercoiled 

or linearized plasmid DNA at 5 nM concentration was incubated with 20 nM 

of Cascade complex and 100 nM of Cas3 or its mutants unless otherwise 

stated. Reactions were initiated by addition of Cas3 and stopped by mixing 



 80 

with 1/3 of “Stop” solution. Reaction products were analysed by 0.8% (w/v) 

agarose gels electrophoresis and visualized by ethidium bromide staining. 

To monitor oligoduplex (Table 2) cleavage, either the target or non-target 

strands were 
33

P-5′-end-labelled and 2 nM of labelled oligoduplex was 

incubated with 4 nM of Cascade complex and 100 or 500 nM of Cas3 in the 

presence or absence of ATP, respectively. The cleavage products were 

separated on a denaturing 20% polyacrylamide gel and visualized by 

autoradiography. Products of dideoxy sequencing reactions (“Cycler Reader 

DNA Sequencing kit”) of SP1-AA strands were used as size markers. 

1.6.10. Single-Molecule Experiments 

1.6.10.1. Single-molecule observation of R-loop formation 

Single-molecule experiments with Cascade were carried out as previously 

described (Revyakin et al., 2005; Seidel et al., 2005) using a home-built 

magnetic tweezers (Klaue & Seidel, 2009) instrument (equipped with a Pulnix 

1067CL CCD camera, image acquisition at 120 Hz). The fluidic cells for the 

experiments were constructed from a polystyrene-coated and an uncoated 

24x60 mm coverslip (Menzel-Gläser No. 1) and a Parafilm spacer. Anti-

digoxigenin (Roche) and BSA were adsorbed directly to the glass by 

incubation for >3 hours at room temperature. Each DNA construct was bound 

at its biotin-modified end to excess streptavidin-coated magnetic beads (1 µm 

diameter, MyOne, Invitogen) and added into the fluidic cell to allow the DNA 

to bind the surface via its digoxigenin-modified end. Non-magnetic particles 

(3.2 µm tosylactivated polystyrene or 2.0 µm aldehyde/sulphate latex, 

Invitrogen) were adhered to the glass (in phosphate buffered saline or 50 mM 

MES, pH 5.5, respectively) to correct for the instrument drift. The three-

dimensional position of the magnetic bead and thus the orientation and length 

of the attached DNA molecule was determined from video images at the 

camera frame rate (see above) using real-time 3D particle tracking with sub-

nm accuracy (Klaue & Seidel, 2009; Lionnet et al., 2012; Otto et al., 2010). 
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Suitable topologically-constrained DNA was identified from rotations curves 

and the rotational zero reference set as determined from a rotation curve at 0.3 

pN. Experiments with Cascade were carried out in MT buffer. Measurements 

were performed using 9 nM Cascade (at room temperature), unless otherwise 

noted. When recording the shift in rotational zero due to R-loop formation, 

magnets were rotated at 0.5 – 1.0 Hz. For measuring the on/off times as a 

function of torque, the magnets were turned at 1 Hz. In all time trajectories and 

rotation curves depicted, raw DNA length data taken at the camera acquisition 

rate is shown in light colours (light grey, blue or red), while data smoothed 

with either a 1 or 2 Hz moving average is shown as in dark colours (dark, blue, 

green, grey and red).  

1.6.10.2. Determination of rotational shifts upon R-loop 

binding 

At the typically applied concentration of Cascade of 9 nM, rotational shifts 

due to the formation of stable R-loops could only be determined from the shift 

of the right (positive) side of the rotation curve. This is due to the practically 

instantaneous R-loop formation at low negative twist, such that an “R-loop 

free” left side of the rotation curve could not be obtained. Also, comparing the 

left side of a rotation curve with an R-loop to the left side of a rotation curve 

taken in absence of Cascade is not a reliable measure of the shift due to the 

observed DNA destabilization by Cascade, which causes a shift in the left side 

even in the absence of an R-loop. For R-loop formation, the shift of the right 

side of the rotation curve is determined by fitting a straight line to the linear 

part of the rotation curve at positive turns before and after R-loop induction 

and determining the rotational shift of the midpoint of the fit (-Nloop). For R-

loop dissociation, the rotational shift is determined from the magnitude of the 

sudden DNA length increase upon R-loop dissociation. The length increase 

divided by the slope of the rotation curve at the corresponding force provides 

then the rotational shift (+Nloop). The rotational shifts both upon R-loop 
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formation and dissociation are in agreement within error. In addition, the 

dissociation data also provides the rotational shift of the substep.  

Using the shift of the right side of the rotation curve only assumes that the 

curves in the absence and presence of an R-loop exhibit an identical shape. To 

test this assumption, but also to obtain a method to extract rotational shifts for 

the DNA substrates with unstable R-loops, we carried out experiments at 

decreased Cascade concentrations. Under such conditions, R-loop formation 

becomes limited by Cascade binding and full rotation curves with and without 

R-loop formation events can be obtained in one experiment. Curves with and 

without R-loops were grouped and for each type an average rotation curve was 

obtained. The rotational shift of the curve centre is determined by fitting the 

peak of each average curve with a parabolic function and calculating the shift 

of the maximum position of the fit. The curve in the presence of an R-loop 

appears to be slightly broader and has a slightly lower maximum then the curve 

in absence of the R-loop. Thus, the shift of the right side of the rotation curve 

underestimates the shift of the curve centre, while the shift of the left side of 

the rotation curve overestimates the shift of the curve centre. Rotational shifts 

given in the case of stable R-loops were determined from the shift of the 

rotation curve centre at low Cascade concentrations, unless otherwise noted. In 

the case of unstable R-loops, rotational shifts were determined from the shift of 

the left side of the rotation curve at low Cascade concentrations, from which 

0.15 turns were subtracted to correct for the curve broadening in the presence 

of the R-loop. 
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2. RESULTS AND DISCUSSION 

2.1. CRISPR4-Cas system of S. thermophilus 

S. thermophilus is a gram-positive lactic acid bacterium widely used in 

diary industry (Bolotin et al., 2004). The main environmental threat of these 

bacteria is bacteriophages (Deveau et al., 2006). Therefore, they have 

developed several anti-phage barriers: Sie, RM and CRISPR-Cas systems 

(Labrie et al., 2010). RM and CRISPR-Cas systems are compatible and 

increase resistance against phages (Dupuis et al., 2013). Furthermore, more 

than one defense system of the same kind can be detected in one bacterium. 

For example, S. thermophilus DGCC7710 strain carries four distinct CRISPR-

Cas systems in its genome: CRISPR1-Cas, CRISPR2-Cas, CRISPR3-Cas and 

CRISPR4-Cas (Horvath & Barrangou, 2010). CRISPR1-Cas and CRISPR3-

Cas systems belong to the type II-A, which encodes Cas9 protein (Makarova et 

al., 2011b). In these two systems, rapid spacer acquisition has been 

demonstrated in vivo, while DNA interference stage has been reconstituted 

both in vivo and in vitro (Barrangou et al., 2007; Deveau et al., 2008; Gasiunas 

et al., 2012; Karvelis et al., 2013a; Karvelis et al., 2013b; Sapranauskas et al., 

2011). Cas protein expression as well as crRNA maturation has been shown for 

all four systems (Carte et al., 2014; Young et al., 2012). However, neither 

spacer acquisition nor nucleic acid interference have been investigated 

experimentally for CRISPR2-Cas (type III-A) and CRISPR4-Cas (type I-E) 

systems yet. 

In this study we analyzed DNA interference stage of CRISPR4-Cas system 

reconstituted in vitro. The system belongs to the type I-E and is comprised of 

eight cas genes arranged similarly to the CRISPR-Cas system of E. coli K-12. 

Twelve 33-bp length spacers are incorporated between 28-bp length repeat 

sequences in the CRISPR region (Figure 15 A). 
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Figure 15. S. thermophilus CRISPR4‐Cas system and Cas3 protein. (A) 

Schematic representation of the CRISPR4‐Cas locus containing eight cas genes and 

twelve repeat‐spacer units (conserved 28‐bp palindromic repeats are separated from 

each other by 33‐bp spacers of variable sequence). S. thermophilus Cascade genes 

homologous to the E. coli Cascade are underlined. Genes names according to (Brouns 

et al., 2008) and (Makarova et al., 2011b) are indicated, respectively, above and 

below corresponding genes. (B) Domain architecture of the S. thermophilus Cas3 

protein. Domains identified by in silico analysis are shown as grey boxes. HD domain 

denotes HD‐type phosphohydrolase/nuclease domain; DExD/H domain denotes 

DExD/H‐box helicase domain; HelC dom denotes the C‐terminal helicase domain. 

Conserved residues characteristic of the different domains and subject to alanine 

mutagenesis are indicated above the boxes. Location of the conserved helicase motifs 

are indicated by numbers I, II and VI (Singleton et al., 2007). 

 

Cascade complex together with Cas3 protein are responsible for DNA 

interference in E. coli CRISPR-Cas system (Brouns et al., 2008). In E.coli 

Cse1, Cse2, Cas7, Cas5 and Cas6e (also termed as CasA, CasB, CasC, CasD 

and CasE, respectively) proteins together with crRNA assemble into the 

Cascade complex (Jore et al., 2011) [see section (1.4.3.1) for details]. 

Homologous proteins are encoded in S. thermophilus DGCC7710 CRISPR4-

Cas system; therefore, analogous S. thermophilus Cascade complex should be 

formed (Figure 15 A). The cas3 (GenBank: HQ453272) gene of the CRISPR4-

Cas system encodes a protein of 926 amino acids with a predicted molecular 

mass of ~106 kDa. In silico analysis of Cas3 protein reveals a multidomain 

architecture (Figure 15 B). The N-terminal part of Cas3 shows conserved 

residues characteristic of the HD family of metal-dependent 

phosphohydrolases (HD domain) (Aravind & Koonin, 1998), whereas the C-

terminal part of Cas3 has motifs characteristic of the Superfamily 2 (SF2) 

helicases (Singleton et al., 2007). 
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In order to elucidate mechanism of S. thermophilus CRISPR4-Cas DNA 

interference, first, we characterized individual biochemical activities of Cas3 

protein and Cascade complex. Then, we reconstituted DNA interference in 

vitro combining these components together. 

2.2. Cas3 is a single-stranded DNA nuclease and 

ATP-dependent helicase 

2.2.1. Expression and purification of Cas3 protein 

The cas3 gene from S. thermophilus DGCC7710 was cloned into the 

pBAD24-CHis plasmid to yield a construct encoding a fusion protein 

containing a C-terminal His6-tag. The recombinant plasmid was expressed in 

the E. coli strain ER2267 and the Cas3 protein purified from the crude cell 

extracts. The purified Cas3 protein and its mutants were nearly homogeneous 

as evaluated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and Coomassie Blue staining (Figure 16 A). 

2.2.2. Cas3 shows nuclease activity located in the HD domain 

The nuclease activity of Cas3 was analysed using circular M13mp18 

ssDNA or pUC57 supercoiled double-stranded plasmid DNA (Figure 16 B). 

Cas3 degraded the M13mp18 ssDNA in a concentration- and time-dependent 

manner (Figure 16 B and D). In contrast, virtually no hydrolysis of the dsDNA 

occurred during the 2-h incubation. Mg
2+

 ions were required for the ssDNA 

hydrolysis. 

Conserved amino-acid residues H27, H76, D77 and D276 located in the 

N-terminal HD-like domain (Aravind & Koonin, 1998) of Cas3 (Figure 15B) 

were identified as being part of the putative active site responsible for divalent 

metal binding and ssDNA hydrolysis. Alanine replacement mutants D77A and 

D227A were constructed by site-directed mutagenesis, mutant proteins were 

purified and their ability to degrade DNA was analysed (Figure 16 A and C). 

Experimental data indicate that while ssDNA was fully degraded in 2 h by the  
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Figure 16. Cas3 nuclease activity. (A) SDS-PAGE of the purified Cas3 proteins and 

its mutants. Samples corresponding to 750 ng of each protein were loaded on the gel. 

(B) Degradation of the ssDNA and dsDNA. Various amounts of Cas3 were incubated 

in the presence of 4 nM of M13mp18 ssDNA or pUC57 dsDNA at 37°C for 2 h in the 

presence (+) or absence (−) of 10 mM MgCl2 or 10 mM EDTA. (C) Effect of 

mutations on Cas3 nuclease activity. In all, 500 nM of protein was incubated in the 

presence of 4 nM of M13mp18 ssDNA at 37°C for 2 h. (D) Time courses of nuclease 

activity of Cas3. 500 nM of Cas3 were incubated in the presence of 4 nM of 

M13mp18 ssDNA or pUC57 dsDNA at 37°C. Time points of the reactions indicated 

above the figures. M – protein or DNA marker. 

 

wild type (WT) Cas3, ssDNA hydrolysis was significantly reduced for D77A 

and D227A. Mutations in the helicase domain had much weaker effects on the 

associated nuclease activity (Figure 16 C). 

2.2.3. Cas3 shows an ssDNA-stimulated ATPase activity 

The presence of the characteristic helicase motifs (I, II and VI) responsible 

for ATP binding and hydrolysis in the primary sequence of Cas3 (Figure 15 B) 

predicts that the protein would be an ATPase. The ability of Cas3 to hydrolyze 

ATP was first examined by monitoring the hydrolysis of radioactively labelled 

[α
32

P]ATP (Figure 17A). In the presence of the Cas3 protein alone, only 

minimal ATPase activity was detected. However, the ATP hydrolysis rate  
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Figure 17. Cas3 ATPase activity. (A) Radioactive ATPase assay. ATPase reactions 

were conducted at 30°C in an AB1 buffer containing 2.5 nM ssDNA (M13mp18) or 

dsDNA (supercoiled form of pUC57 plasmid), and 250 nM Cas3. Reaction mixtures 

were supplemented with [α
32

P]ATP (5 Ci/mmol), spotted onto a 

polyethyleneimine‐cellulose thin‐layer plate and separated by chromatography 

followed by phosphorimager visualization. (B) ATP hydrolysis dependence of 

nucleic acids. Malachite green assay was used to measure ATP hydrolysis through the 

detection of liberated‐free phosphate from ATP. Reaction mixtures in the buffer 

described above contained varying amounts of ssDNA (M13mp18), dsDNA 

(supercoiled form of pUC57 plasmid) or 2223 nt RNA. (C) Time courses of ATP 

hydrolysis. Reaction mixtures contained 3 nM ssDNA (M13mp18). Malachite green 

assay was used to measure ATP hydrolysis through the detection of liberated‐free 

phosphate from ATP. (D) ATP hydrolysis rates. Reaction rate constant k (min
−1

) 

calculated from slopes of times courses shown in (C). Error bars indicate the 

±standard deviation for the rate constant k value determined in three separate 

experiments. 

 

increased significantly in the presence of M13 circular ssDNA. We further 

investigated the ATP hydrolysis by Cas3 in the presence of ssDNA, dsDNA 

and RNA by measuring the concentration of accumulated phosphate product 

using a colorimetric assay (Hyun et al., 2008). Data analysis revealed that 

ATPase activity of Cas3 increased significantly in the presence of ssDNA but 

was not stimulated by the dsDNA or by RNA (Figure 17 B). The linear 

accumulation of inorganic phosphate as a function of time (representative trace 
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shown in Figure 17 C) allowed us to calculate the rate of ATP hydrolysis at 0.5 

mM of ATP as ~38 min
−1

. Taken together, these results indicate that Cas3 

possesses an ssDNA-dependent ATPase activity. 

To test whether the conserved residues of the helicase domain are important 

for the Cas3 ATPase activity, we generated a set of alanine-substitution 

mutants. We mutated amino-acid residues Q290A [located in Q-motif (Tanner 

et al., 2003) important for ATP binding], K316A (located in motif I involved in 

ATP binding), D452A and E453A (located in motif II involved in Mg
2+

 

coordination at the ATPase active site), R663A and R666A [located in motif 

VI (Tanner & Linder, 2001) involved in ATP binding]. The ATPase activity of 

the mutants decreased significantly (Figure 17 D), indicating the importance of 

the conserved amino-acid residues for the ATP binding/hydrolysis. 

Conversely, mutations in the N-terminal HD domain had no effect on the 

ATPase activity of Cas3. 

In order to test the nucleotide specificity of Cas3, we compared the catalytic 

activity using ribo- and deoxyribonucleotide cofactors (Figure 18 A). Cas3 

exhibited a strong preference towards ATP or dATP. We also found that GTP  

 

 

Figure 18. Cas3 nucleotide and metal specificity. (A) Hydrolysis of ribonucleotides 

and deoxyribonucleotides by the Cas3. Reactions were conducted in the reaction 

buffer containing various ribonucleotides and deoxyribonucleotides. (B) Cas3 

ATPase activity dependence on divalent metal ions. Reactions were conducted in the 

reaction buffer containing various divalent ions. Malachite green assay was used to 

measure nucleotide hydrolysis through the detection of liberated free phosphate from 

nucleotide. Reaction rate constant k was calculated from the linear slopes of 

respective time courses. Error bars indicate the ±standard deviation for the rate 

constant k value determined in three separate experiments. 
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and dGTP could be hydrolyzed in the presence of ssDNA, but with specific 

activities that were approximately 10-fold lower than observed with ATP. No 

significant hydrolytic activity was observed with other nucleotides. Study of 

the divalent metal ion dependence of the Cas3 ATPase activity revealed that 

the fastest rate was observed with Mn
2+

, followed closely by Mg
2+

 or Ca
2+

. 

Cu
2+

 supported hydrolysis at a much lower rate. No significant ATPase activity 

above background was observed using Co
2+

, Zn
2+

 or Ni
2+

 ions (Figure 18 B). 

2.2.4. Cas3 shows DNA unwinding activity 

An ssDNA-dependent ATPase activity of Cas3 suggests a possible 

translocase/helicase function. To analyse whether the purified Cas3 protein 

possesses true helicase activity (i.e. DNA strand separation), we determined its 

capacity to unwind DNA duplex substrates (Figure 19). Since many helicases 

require a stretch of ssDNA in order to load onto the substrate and since Cas3 

ATPase activity is stimulated by ssDNA, the substrate was constructed by 

hybridizing a 20-nt oligodeoxynucleotide, labelled with 
32

P at its 5′-terminus, 

to a circular M13mp18 ssDNA that contained a complementary sequence 

(Matson, 1986) (Figure 19 A). This substrate was incubated with Cas3 and the 

reaction products were separated on a polyacrylamide gel. The labelled 

oligonucleotide was then detected by autoradiography. The experimental 

results indicate (Figure 19 B) that Cas3 possesses a DNA unwinding activity 

that is dependent upon the presence of both Mg
2+

 and ATP but is not supported 

in the presence of the non-hydrolysable ATP analogue 5′-adenylyl-β,γ-

imidodiphosphate (AMP-PNP). Furthermore, the Cas3 nuclease-deficient 

mutant D77A unwound the DNA similarly to the WT protein, while the 

D452A mutant, which has compromised ATPase activity, showed no 

unwinding activity. 

To test whether the Cas3 protein unwinds an RNA/DNA heteroduplex, a 

substrate was constructed by hybridizing a 22-nt oligoribonucleotide to 

M13mp18 ssDNA as mentioned above. The experimental results indicate 

(Figure 19 C) that Cas3 displaces the 22-nt oligoribonucleotide in the presence  
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Figure 19. Cas3 helicase activity and polarity. (A). Schematic representation of 

duplex unwinding assay. (B, C) DNA–DNA and RNA–DNA duplex unwinding by 

Cas3. Cas3 displacement of a 
32

P‐labelled 20 nt oligodeoxynucleotide (B) or 22 nt 

oligoribonucleotide (C) annealed to an ssM13mp18 DNA is monitored in the 

polyacrylamide gel. Reactions were performed at 30°C for 1 h in the HB buffer 

containing 0.5 nM substrate and various amounts of protein. nA denotes the ATP 

analogue AMP‐PNP. D452A and D77A are ATPase and nuclease domain mutants, 

respectively. (D) Cas3 polarity assay I. Cas3 displacement of 30 nt double‐stranded 

fragments at the ends of the linear M13mp18 DNA. Partial duplex DNA was 

prepared by EheI cleavage of the labelled 60 nt oligodeoxynucleotide annealed to the 

M13pm18 DNA. Duplex regions are separated by a single‐stranded region of few 

thousand nucleotides. Reaction mixture contained 500 nM of Cas3. Reactions were 

stopped at defined time intervals. (E) Cas3 polarity assay II. Cas3 displacement of the 

oligonucleotide‐based 73 nt substrates containing 53 nt 3′‐ or 5′‐overhangs. Reactions 

were performed as in (B and C) except that with the oligonucleotide‐based substrates 

500 nM of Cas3, 1.5 nM of substrate and 250 nM trap DNA (unlabelled 

oligonucleotide) were used in the reaction. 

 

of ATP and Mg
2+

 ions. Thus, Cas3 can be classified as both a DNA-DNA and 

DNA-RNA helicase. 

With partially duplex substrates, each DNA helicase is thought to bind first 

to an ssDNA region and then to approach and unwind duplex DNA in a 

particular direction. To determine the directionality of Cas3, we first prepared 
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a pair of labelled helicase substrates (Figure 19 D) that contained duplex DNA 

at both ends of a long linear ssDNA molecule. Since the substrates comprise 

duplex regions at both ends of a long linear molecule, Cas3 must first bind to 

the internal single-stranded regions of these substrates. If the enzyme 

subsequently moves into a 3′-5′ direction along the ssDNA segment, it would 

displace the 5′-labelled fragment from the substrate. In contrast, the 3′-labelled 

fragment would be displaced if the enzyme migrates in a 5′-3′ direction. 

Experimental data indicate that Cas3 moves primarily 3′ to 5′ along the ssDNA 

segment (Figure 19 D). 

We also performed an alternative unwinding assay using radiolabelled 

DNA substrates of different structures. These 73 nt partial oligoduplexes 

contained 53 nt 3′- or 5′-single-stranded overhangs in addition to a 20-bp 

duplex region (Figure 19 E). Cas3 could only unwind the substrates containing 

a 3′-overhang, confirming the 3′-5′ polarity seen above. The unwinding activity 

of Cas3 was observed in the presence of ATP and was not detected in the 

absence of ATP or in the presence of the non-hydrolyzable ATP analogue 

(AMP-PNP), suggesting that ATP hydrolysis is required for helicase function. 

2.2.5. Cas3 degrades ssDNA and unwinds DNA in the presence of 

ATP 

All type I CRISPR-Cas systems encode a signature Cas3 protein, which 

participates in DNA interference (Brouns et al., 2008; Makarova et al., 2011b). 

The Cas3 protein from type I-E of S. thermophilus is arranged as a polypeptide 

comprised of an N-terminal HD-type phosphohydrolase/nuclease domain and a 

C-terminal SF2 helicase domain (Haft et al., 2005; Makarova et al., 2006). 

This architecture is characteristic for most Cas3 proteins but it is not absolutely 

conserved. For example, in the Cas3 protein of type I-A and I-B, HD and 

helicase domains are found as separate proteins Cas3  and Cas3 , respectively 

(Makarova et al., 2011b). 

The HD-type phosphohydrolase/nuclease domain is found in a superfamily 

of enzymes with either a predicted or known phosphohydrolase activity 
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(Aravind & Koonin, 1998). According to Prosite database (de Castro et al., 

2006), bacterial HD domains are found in combination of 49 different partner 

domains, which presumably modulate protein function. HD-domain-containing 

proteins appear to be involved in nucleic acid metabolism and signal 

transduction, as well as other unknown functions (Aravind & Koonin, 1998). 

For example, the HD domain of the E. coli tRNA nucleotidyltransferase 

exhibits 2,3-cyclic phosphodiesterase, 2-nucleotidase and phosphatase 

activities (Yakunin et al., 2004). 

The N-terminal domain of Cas3 contains a characteristic signature of the 

HD-type phosphohydrolase/nuclease domain. The conserved residues 

(H…HD…D) predicted to be involved in the coordination of the divalent metal 

(Aravind & Koonin, 1998) are conserved in the N-terminal domain of S. 

thermophilus Cas3 and correspond to the residues H27, H76, D77 and D227. 

We show here that in the presence of magnesium ions, Cas3 has a nuclease 

activity that degrades ssDNA. It does not act on dsDNA. Mutation of the key 

metal-coordinating residues D77 and D227 compromised the ability of Cas3 to 

degrade ssDNA, but did not affect the ATPase activity, consistent with in silico 

predictions. 

Recently, crystal structures of Cas3  from type I-A (Methanocaldococcus 

jannaschii) and HD domain of Cas3 from type I-E (T. thermophilus) have been 

solved showing -helical architecture of the HD domain (Beloglazova et al., 

2011; Mulepati & Bailey, 2011). Based on the structures, conserved residues of 

the HD domain are clustered on surface of the domain were they co-ordinate 

metal ions. These structural data supports our biochemical evidences that 

conserved residues of the HD form the active site of the nuclease. 

The C-terminal fragment of Cas3 protein carries signature motifs 

characteristic of the SF2 helicases of the DExD/H subgroup (Jackson et al., 

2014b; Singleton et al., 2007). Helicases use ATP to unwind and translocate 

nucleic acids or remodel nucleic acids or nucleic acid–protein complexes 

(Cordin et al., 2006; Fairman-Williams et al., 2010; Singleton et al., 2007). We 
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show here that the Cas3 protein exhibits ssDNA-dependent ATPase activity, 

which absolutely requires Mg
2+

 ions. Nine conserved domains Q, I, Ia, Ib and 

II–VI have been identified in the SF2 group of DExD/H-type helicases (Cordin 

et al., 2006; Fairman-Williams et al., 2010; Singleton et al., 2007). The highest 

level of sequence conservation in the SF1 and SF2 helicase families is seen in 

the residues that coordinate binding and hydrolysis of the triphosphate (motifs 

I, II and VI). Mutations of the amino-acid residues Q290, K316, D452, E453, 

R663 and R666, in the conserved motifs I, II and VI, abolished or significantly 

compromised ATP hydrolysis. However, none of the helicase mutants showed 

any change in the ssDNA-degrading activity. Among different deoxy- and 

ribonucleotides tested, only ATP or dATP were hydrolysed significantly. The 

maximum rate of ATP hydrolysis was ~38 molecules per minute. This value is 

also close to the value reported for the bacterial XPB helicase (Biswas et al., 

2009) and NS3 helicase from hepatitis C virus (Kyono et al., 2003). The 

inefficient ATP hydrolysis suggests that Cas3 alone is not very processive or 

that it is an intrinsically slow ATPase involved, for example, in the local 

remodelling of protein-crRNA complex. 

In parallel to the ATPase activity, Cas3 protein is able to unwind 

oligonucleotide-M13 DNA complex. The unwinding activity of Cas3 is 

dependent on the protein concentration and presence of ATP and Mg
2+

 ions. 

Using a linear M13 molecule with a large internal region of ssDNA where a 

helicase can assemble, and two 
32

P-labelled duplex regions of different lengths, 

we show that Cas3 helicase has 3′ → 5′ directionality. It is likely that Cas3 

functions as DNA translocase. Cas3 contains a long C-terminal extension that 

follows the conserved helicase domains of the SF2 superfamily. Terminal 

domains of helicases have been demonstrated to direct recruitment of partner 

proteins/complexes, to promote interactions with other proteins, or to facilitate 

recognition of specific nucleic acid regions (Karow & Klostermeier, 2010). 

One cannot exclude that the C-terminal domain of Cas3 performs similar 

functions, e.g., interaction with Cascade complex. 
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Recently, crystal structure of full-length Cas3 protein from type I-E 

(Thermobifida fusca) in complex with a ssDNA have been solved, showing the 

3 -terminus of ssDNA is bound by HD domain, while the 5 -terminus is 

threaded through a pore formed by the helicase and C-terminal domains (Huo 

et al., 2014). These structural data are in agreement with our biochemical 

evidences for 3′ → 5′ directional translocation of Cas3 that is accompanied by 

ssDNA degradation. 

2.3. Target DNA recognition by Cascade complex 

Bioinformatic analysis of PAM sequences was performed at DuPont by dr. 

Philippe Horvath. 

Mass-spectrometry analyses of crRNA and proteins of S. thermophilus 

Cascade complex were done at University of Sheffield by dr. Sakharam P. 

Waghmare and dr. Mark J. Dickman. 

Single-molecule experiments with the Cascade on magnetic tweezers were 

done at University of Münster by Maria S. Tikhomirova and prof. dr. Ralf 

Seidel. 

2.3.1. Cascade complex targets dsDNA via a PAM-mediated R-loop 

formation 

2.3.1.1. Cloning, expression, and isolation of St-Cascade 

In E. coli, Cse1, Cse2, Cas7, Cas5, and Cas6e proteins and crRNA form a 

Cascade complex (Brouns et al., 2008), which, together with Cas3, provide 

interference against invading foreign DNA. We tested the hypothesis that 

homologous S. thermophilus Cas proteins (Figure 15 A) may assemble into a 

similar Cascade complex, and designed the following strategy for complex 

isolation. First, three compatible heterologous plasmids containing, 

respectively, a cse1-cse2-cas7-cas5-cas6e cassette, the C-terminal His-tagged 

variant of cas7, and six copies of the repeat-spacer-1 unit (6 × SP1) of the S. 

thermophilus CRISPR4 region, were engineered. Next, all three plasmids were 
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co-expressed in E. coli BL21 (DE3) strain and the Cascade complex was 

purified by subsequent Ni
2+

-chelating, size exclusion and heparin affinity 

chromatography steps. SDS-PAGE analysis (Figure 20 A) of the isolated 

complex revealed five bands that matched to individual Cas proteins, 

suggesting that Cse1, Cse2, Cas7, Cas5, and Cas6e proteins assemble into a 

Cascade complex similar to that of E. coli. The identity of all Cas proteins in 

Cascade was confirmed by mass spectrometry analysis (Data not shown). The 

stoichiometry of the protein complex was not directly determined; however, 

the band intensity in the SDS-PAGE (Figure 20 A) in conjunction with the 

mass spectrometry analysis of the Cascade tryptic digest suggests that the Cas7 

protein is the most abundant protein present in Cascade similar to the E. coli 

Cascade (Jore et al., 2011). Denaturing PAGE analysis revealed that small 

RNA co-purifies with the Cascade complex (Figure 20 B). 

2.3.1.2. Characterization of S. thermophilus CRISPR4-Cas crRNA 

Next, we used denaturing RNA chromatography in conjunction with 

electrospray ionization mass spectrometry (ESI-MS) to characterize the mature 

crRNAs isolated directly from the Cascade complex. Denaturing ion pair 

reverse phase chromatography was used to purify the crRNA directly from the 

Cascade complex (Dickman & Hornby, 2006; Waghmare et al., 2009). The 

RNA isolated from this complex consisted of a single mature crRNA with a 

retention time consistent with an approximate length of 60-nt (Figure 20 C). 

Purified mature crRNA was further analysed using ESI-MS to obtain the 

accurate intact mass. A molecular weight of 19482 Da was obtained (Figure 20 

D). In addition, ESI-MS/MS was used to analyse the oligoribonucleotide 

fragments generated from RNase T1 and RNase A digestion of the mature 

crRNA (Data not shown). In conjunction with the intact mass analysis and 

denaturing PAGE, these indicate that processing of S. thermophilus CRISPR4-

Cas crRNAs is similar to that of E. coli CRISPR-Cas crRNAs, generating a 61-

nt crRNA (consisting of a 7-nt 5′ handle, a 33-nt spacer, and a 21-nt 3′ handle) 

with 5′-OH and 3′-Pi (MW 19481.5 Da) (Figure 20 E). Further verification of  
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Figure 20. S. thermophilus Cascade complex. (A) Coomassie blue‐stained 

SDS‐polyacrylamide gel of Cascade complex proteins isolated using the Cas7‐His6 

protein as bait. (B) Cascade contains small RNA. Nucleic acids were isolated from 

the Cascade complex and treated with RNaseA/T1 or DNaseI. (C) IP RP HPLC 

analysis of mature crRNA. (D) LC ESI‐MS analysis of purified S. thermophilus 

crRNA. Inset shows an enhanced view of the 22‐charge state. (E) Architecture of 

crRNA co‐purifying with the Cascade protein complex. 

 

the 3′-Pi termini was obtained upon acid treatment of the crRNA where no 

change in mass was observed using ESI-MS. 

2.3.1.3. PAM sequence analysis of the S. thermophilus CRISPR4-Cas 

system 

The PAM located in the vicinity of a protospacer is absolutely required for 

silencing of invading DNA by type I and type II CRISPR-Cas systems (Deveau 

et al., 2008; Horvath et al., 2008; Sapranauskas et al., 2011; Semenova et al., 

2011). In the E. coli type I-E system, the PAM corresponds to the 5′-AWG-3′ 

sequence located immediately upstream of a protospacer (Mojica et al., 2009) 

and is essential for E. coli Cascade binding and subsequent DNA interference 

(Semenova et al., 2011). On the other hand, experimental analysis of CRISPR 

repeat boundaries in E. coli suggests a dinucleotide 5′-AW-3′ as PAM (Goren 

et al., 2012). To determine the putative PAM sequence of the CRISPR4-Cas 

system, we analysed all currently available CRISPR4 spacer sequences found 



 97 

in S. thermophilus strains. A CRISPR4 locus is present in DGCC7710 

(Horvath & Barrangou, 2010) and three other strains from the DuPont culture 

collection. In DGCC7710, the CRISPR4 locus contains 12 unique spacers, and 

26 more unique spacers were identified in the three other CRISPR4-positive 

strains. Sequence similarity searches, both in public and proprietary sequence 

databases, showed that most (26 out of 38) of these CRISPR4 spacer sequences 

have matches (protospacers) in S. thermophilus phage sequences. Only perfect 

matches (100% identity over the complete spacer sequence) between spacer 

and protospacer were considered, providing a set of 106 matching sequences. 

The sequences located immediately upstream and downstream of these 

protospacers were examined for the presence of a possible PAM. After 

removal of redundant alleles, a Weblogo representation (Crooks et al., 2004) 

was used to depict sequence conservation over a 15-nt segment of 28 

(upstream) and 21 (downstream) unique sequences (Figure 21 A). A 2-base 

pair (bp) conserved motif 5′-AA-3′ could be identified immediately upstream 

of the protospacers. 

2.3.1.4. PAM is required for Cascade binding to the protospacer 

To determine whether the predicted PAM sequence is important for 

protospacer recognition, we analysed Cascade binding to a set of synthetic 73-

bp oligoduplexes containing the protospacer-1 sequence and variable 

nucleotides at positions -2 and -1 (Figure 21 B). Oligoduplexes were 

radiolabelled at the 5′-end of the target strand, and the Cascade binding affinity 

was evaluated by electrophoretic mobility shift assay (EMSA). Binding 

analysis revealed that oligoduplexes fall into three categories with regards to 

Cascade binding. Oligoduplexes containing N(-2)A(-1) nucleotides in the 

predicted PAM display high binding affinity with Kd ~0.2 nM, oligoduplexes 

containing N(-2)T(-1) nucleotides show binding with Kd <10 nM, while all 

other oligoduplexes except A(-2)G(-1) bind with the same affinity as the non-

specific oligoduplex containing protospacer-3 instead of protospacer-1. Thus, 

these results suggest that a single nucleotide PAM, A or T (W) at the -1  
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Figure 21. PAM‐dependent Cascade binding. (A) Predicted PAM for the 

CRISPR4‐Cas system. Weblogo representation (Crooks et al., 2004) of 15‐nt 

sequences found immediately upstream (top) and downstream (bottom) of phage 

protospacers that match known CRISPR4 spacers. A conserved, 2‐nt PAM 

(5′‐AA‐3′) is located immediately upstream of the proto‐spacers. (B) A schematic 

representation of a putative R‐loop structure resulting from the Cascade binding to 

the 73‐bp oligodeoxynucleotide. Nucleotides NN at −1 and −2 positions of predicted 

PAM were varied. In the R‐loop structure, a target strand bound to the crRNA is 

engaged into a heteroduplex while the non‐target strand is displaced as a 

single‐stranded DNA. (C) PAM sequence dependence of a protospacer‐1 binding by 

Cascade. Bar diagram shows dissociation constant Kd values obtained by EMSA. 

Error bars represent standard deviations of average Kd value determined in three 

separate experiments. Oligoduplex containing a non‐matching protospacer‐3 

sequence was used as a non‐specific DNA control. Inset shows Kd values of 

oligodeoxynucleotides with varied -3 position in the vicinity of the predicted PAM. 

 

position upstream of the protospacer is required for the CRISPR4-Cas system. 

The G and C nucleotides are not tolerated at this position except for the A(-

2)G(-1) dinucleotide (Figure 21 C). 

To test whether a non-conserved nucleotide at the -3 position in the vicinity 

of the predicted PAM is important for spacer recognition, we analysed Cascade 

binding to a set of oligoduplexes containing a conserved A(-2)A(-1) 

dinucleotide and any nucleotide at the -3 position (SP1-TAA, SP1-AAA, SP1-

GAA, and SP1-CAA, respectively). EMSA analysis revealed that Cascade 

bound all oligoduplexes with a variable N(-3) nt with the same affinity (Figure 
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21 C inset), confirming that the -3 position is not important for Cascade 

binding. 

In type I CRISPR systems, as exemplified by E. coli and P. aeruginosa, 

target recognition is governed by the crRNA seed sequence located at the 5′-

end of the spacer region (Semenova et al., 2011; Wiedenheft et al., 2011b) and 

results in the formation of an R-loop where the target strand of the protospacer 

is engaged into a heteroduplex, while the non-target strand is displaced as 

single-stranded DNA (ssDNA). To demonstrate the formation of the R-loop 

upon S. thermophilus Cascade binding to a protospacer, we used the P1 

nuclease that specifically cleaves ssDNA regions (Jore et al., 2011) (Figure 

22). In the oligoduplexes SP1-AA and SP1-AG that contain correct PAMs, the 

non-target strand is susceptible to endonuclease P1 cleavage, while the target 

strand is resistant to P1 nuclease treatment. On the other hand, in the 

oligoduplex SP1-CC, which lacks a correct PAM, or in the oligoduplex SP3-

AA which contains a PAM but lacks a matching protospacer sequence, both 

DNA strands were resistant to nuclease P1 cleavage. Thus, nuclease P1 assay 

confirms that an R-loop is formed only when both the correct PAM and a 

matching protospacer sequence are present in the oligoduplex. 
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Figure 22. Mapping of ssDNA regions in the Cascade–target DNA complex 

using nuclease P1. (A) Denaturating polyacrylamide gels of oligoduplex footprints. 

Sensitive regions are indicated by marginal nucleotides and dashed lines. The 

protospacer regions are indicated by solid lines according to the sequencing lanes of 

each strand. (B). SP1-AA oligoduplex sequence. (C). SP1-AG oligoduplex sequence. 

The protospacer regions are shown as loops. PAM sequences are marked by gray 

squares. P1-sensitive regions of the non-target strands are indicated by dashed lines. 
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2.3.1.5. Target DNA recognition by Cascade 

Cascade isolated from the heterologous E. coli host carries a 61-nt crRNA 

with a 5′-OH and 3′-phosphate, which guides Cascade binding to the 

protospacer sequence in the target DNA. In the S. thermophilus CRISPR4 

array, the first 28-nt of the repeat are strictly conserved, while the 29
th

 nt is 

degenerated (C or T). Therefore, we postulate that in the St-CRISPR4 array the 

repeat and spacer sequences have a length of 28 and 33-nt, respectively. In the 

orthologous E. coli CRISPR-Cas system, 29-nt repeat and 32-nt spacer 

sequences were initially proposed (Ishino et al., 1987; Jansen et al., 2002). 

However, the analysis of sequences of newly inserted repeats in an E. coli 

CRISPR array in vivo showed that a base previously thought to belong to the 

repeat is actually derived from the protospacer (Goren et al., 2012; Swarts et 

al., 2012). Therefore, the conserved repeat sequence [‘duplicon’, (Goren et al., 

2012)] in the E. coli CRISPR array was proposed to be 28-nt, delimiting 33-nt 

spacers. Both E. coli and S. thermophilus processed crRNAs are composed of 

61-nt, suggesting that in the precursor crRNA the cleavage position by Cas6e 

endoribonucleases is conserved and located at the 21st nt within the repeat 

sequence. In this case, the mature crRNAs are made of a 7-nt 5′ handle, a 33-nt 

spacer, and a 21-nt 3′ handle. 

Similarly to other type I systems, Cascade binding to the oligoduplexes 

containing a matching protospacer sequence requires a PAM sequence located 

in the vicinity of the protospacer. In the S. thermophilus CRISPR4 system, the 

PAM predicted by in silico analysis of the matching protospacer sequences in 

S. thermophilus phages is an AA dinucleotide located immediately upstream of 

the protospacer. Surprisingly, according to EMSA experiments, the PAM 

required for Cascade binding to the protospacer sequence is limited to a single 

A(-1) or T(-1) nucleotide. Nucleotide replacement at the −1 position with a G 

or C abrogates Cascade binding to the protospacer, with the only exception of 

an A(−2)G(−1) dinucleotide that still functions as a PAM and promotes 

Cascade binding, albeit less efficiently than A(−1) or T(−1) variants. In the 

presence of the correct PAM, Cascade binds to the DNA containing a 
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protospacer sequence with a sub-nanomolar Kd. We suggest that PAM 

recognition is a key step that triggers subsequent S. thermophilus crRNA 

binding to the matching DNA strand, presumably through the seed sequence in 

the immediate vicinity of the PAM (Semenova et al., 2011; Wiedenheft et al., 

2011b). 

The discrepancy between the predicted and experimentally determined 

PAM may be due to several reasons. First, because only a small part of 

available phage sequence space is explored, it is possible that not all PAM 

variants were identified in the shallow subset of investigated phage genomes. 

Alternatively, the requirements for the PAM stringency may differ for the 

spacer acquisition and interference steps (Swarts et al., 2012). To escape 

CRISPR interference, bacteriophages often mutate PAM or protospacer 

sequences (Deveau et al., 2008), therefore a short and promiscuous PAM [such 

as A(-1) or T(-1)] identified for the S. thermophilus CRISPR4-Cas system may 

be advantageous for interference. The PAM identified by in silico analysis of 

the matching protospacer sequences in S. thermophilus phages may reflect the 

more stringent PAM requirement for the spacer acquisition step, executed by 

Cas1 and Cas2 proteins (Yosef et al., 2012). 

2.3.2. Direct observation of R-loop formation by single Cascade 

complex 

2.3.2.1. Direct observation of R-Loop formation in real time 

In bulk, the R-loop is formed upon the PAM-mediated Cascade complex 

binding to the DNA target (Figure 23 A). To observe R-loops in single DNA 

molecule supercoiling experiments, we used magnetic tweezers (Brutzer et al., 

2010; Mosconi et al., 2009) (Figure 23 B). A 2.1-kbp DNA, containing a single 

protospacer and PAM, was attached at one end to a magnetic bead and at the 

other end to the bottom of a fluidic cell. A pair of magnets above the cell was 

used to stretch the DNA and to supercoil it by rotating the magnets. 

Simultaneously the DNA length was measured (Klaue & Seidel, 2009). Upon  

http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
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Figure 23. R-loop formation and dissociation by Cascade observed in single-

molecule twisting experiments. (A) Schematics of the anticipated R-loops formed 

by Cascade (33 bp). (B) Magnetic tweezers-based twisting assay. R-loop formation 

on supercoiled DNA molecules at fixed rotation causes local DNA untwisting. 

Compensatory overtwisting of the DNA changes the supercoiling, resulting in a DNA 

length change. (C and D) R-loop cycle experiment in the presence of 10 nM Cascade. 

DNA with matching protospacer/PAM (A) is negatively supercoiled at 0.31 pN to 

induce R-loop formation (blue area of trace), followed by positive supercoiling to 

probe: the presence of the R-loop (green area of trace); and R-loop dissociation at an 

increased force of 3.0 pN (red area of trace). Blue and red arrows indicate the 

positions of R-loop formation and dissociation, respectively. In (D), the lower and 

upper gray supercoiling curves were taken on the same DNA molecule at 0.31 and 

3.0 pN, respectively, before Cascade addition. (G) Cascade-induced shift of the 

supercoiling curve. Shifts of the right part of the supercoiling curve after R-loop 

formation (gray bars; −Nloop in D) and after full R-loop dissociation (bars with solid 

black outline; +Nloop in D) are shown. Bars with dashed black outline show the shift 

of the first R-loop dissociation substep for Cascade (Figure 24 A). 

 

supercoiling DNA at constant force, its length stays initially constant. Once a 

critical torque in the molecule is reached, its length starts to decrease because 

of formation of a plectonemic superhelix resulting in a characteristic rotation 

curve and an associated torque profile (Figure 23 B) (Forth et al., 2008; Kauert 

et al., 2011; Mosconi et al., 2009; Oberstrass et al., 2012). Enzyme-dependent  

local DNA unwinding (e.g., attributable to R-loop formation) changes the 

DNA twist and can be seen as a shift of the whole rotation curve or as a DNA 

length change (Howan et al., 2012) (Figure 23 B). To detect R-loop formation, 

we carried out “R-loop cycles” with Cascade on DNA with matching 

http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
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protospacer and 5 -AA-3  PAM sequence (Figure 23 A). First, we slightly 

untwisted the DNA (producing negative supercoiling) at low force to help R-

loop formation (blue curves in Figure 23 C and D). Subsequently, we probed 

R-loop dissociation by rewinding the DNA to produce positive supercoiling 

(green curves in Figure 23 C and D). We observed efficient R-loop formation 

(100% of all cases; n = 89), which was seen as a shift of the left side of the 

probe curve toward negative turns compared with the curve in absence of the 

proteins (Figure 23 D). Cascade formed an R-loop instantaneously at low 

negative supercoiling (-1 to -2 turns). The R-loop was stable at positive turns 

and low force, seen as a stable shift of the right side of the probe curve (Figure 

23 D). R-loop dissociation could be observed at elevated force (corresponding 

to elevated positive torque) as an abrupt length jump (Figure 23 C and D). The 

right part of the supercoiling curve shifted by −2.62 ± 0.04 turns (formation) 

and +2.67 ± 0.03 (dissociation), whereas the center of the curve moved by 2.81 

± 0.07 turns (Figure 23 E). These values are slightly smaller than anticipated 

(3.1 turns considering a DNA helical pitch of 10.5 bp), possibly because of 

compensatory writhe from DNA bending induced by Cascade binding (Westra 

et al., 2012b).  

2.3.2.2. Torque dependence of R-Loop formation and dissociation 

To obtain insight into the previously proposed regulation of R-loop 

formation by supercoiling (Westra et al., 2012b) and into the energetics of the 

R-loop structure, we quantified the R-loop formation and dissociation kinetics 

as a function of the applied torque from repeated R-loop cycles (Figure 24 A). 

For Cascade, both R-loop formation and dissociation were torque-dependent 

(Figure 24 B). R-loop dissociation required an ~fourfold higher absolute torque 

value than formation. Most dissociation events (76%; n = 482) displayed a 

short-lived and torque-dependent intermediate state corresponding to 0.9 ± 0.1 

turns (Figures 23 E and 24 A and B). By fitting the torque dependence of the 

kinetics to an Arrhenius-like model (Figure 24 B), we could calculate the 

transition state distances (ΔNin = 1.5 ± 0.2 turns for R-loop formation; ΔNout
1
 =  

http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
http://www.pnas.org/content/111/27/9798.full?sid=ea21476f-1c68-49fc-9001-d7801e24c0ec#F1
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Figure 24. Torque dependence of R-loop formation and dissociation by Cascade. 
(A) Repetitive cycles of R-loop formation (at −1.6 turn, 0.36 pN) and R-loop 

dissociation (at +8 turns, 2.2 pN) by Cascade. R-loop formation and dissociation is 

seen as a DNA length decrease or increase, respectively (enlarged views on top). 

(Vertical scale bars: 100 nm). Blue arrows indicate R-loop formation, and brown 

arrows indicate a short-lived intermediate state upon R-loop dissociation. (B) Mean 

R-loop formation times (blue scatter plots) and dissociation times (red and brown 

scatter plots for the first and second dissociation step, respectively) as a function of 

torque. Different symbols indicate measurements on different DNAs to show 

experimental variation. Solid lines are exponential fits to the data. Numbers indicate 

distances to the transitions states as obtained from the fits. (C) Energy landscape of 

the R-loop formation process by Cascade based on the torque dependency. 

 

0.31 ± 0.05 and ΔNout
2
 = 0.15 ± 0.06 turns for the two dissociation 

intermediates). From the mean transition times in the absence of torque, a free 

energy gain for R-loop formation of 2.1–6.3 kBT was determined. A simplified 

energy landscape for R-loop formation by Cascade is suggested (Figure 24 C), 

using the transition state distances combined with the rotational shifts for full 

and intermediate R-loop states.  

2.3.2.3. PAM mutations hinder R-Loop formation but not its stability 

To clarify whether the PAM regulates R-loop formation by kinetic 

inhibition or altered R-loop stability, we measured the dynamics of R-loop 
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formation and dissociation on substrates with matching protospacers but 

mutated PAMs. For Cascade, we compared four PAMs with affinities 

following the order AA > TT > AG >> CC. Although we observed efficient 

R loop formation for the TT and AG PAMs, higher negative turns/torque were 

required compared with the AA PAM (Figure 25 A and B). In contrast, the 

torque-dependent mean dissociation times of both substeps were unchanged 

within error, suggesting that the R-loops are equally stable once formed. 

Following the same protocol using the CC PAM, we were unable to observe 

any R-loops. However, R-loops could be induced with moderate efficiencies at  

 

Figure 25. PAM mutations affect primarily R-loop formation and not 

dissociation. (A) Repetitive R-loop cycles in the presence of Cascade on DNA with 

the matching protospacer S1 but modified dinucleotide PAMs (see sketch above and 

labels in the graphs). Curve coloring and experimental conditions are as in Figure 23 

C and D. For the CC PAM, R-loop formation requires −200 turns (at 2.0 pN; blue 

curve). The shift in the probe curve (green) and the dissociation step (red curve) 

reveals the presence of the R-loop. (Scale bars: 10 s.) (B) Mean R-loop formation and 

dissociation times as a function of torque for the different PAMs (colors given in the 

key). Circles and triangles indicate the first and second dissociation step, 

respectively. Gray torque values indicate the phase where the torque is no longer 

proportional to turns. 
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elevated forces and high negative twist [35% of all attempts for −200 turns (n 

= 51); 19% for −100 turns (n = 27); 0% at −10 turns (n = 78)], conditions that 

mechanically cause extensive DNA denaturation. R-loops for the CC PAM 

were also stable. While the torque-dependent mean time for the first 

dissociation step of the CC DNA was indistinguishable from the other PAMs, 

the mean time for the second step was significantly reduced (Figure 25 B). 

Thus, PAM regulates R-loop formation by kinetic inhibition.  

2.3.2.4. DNA-helix destabilization by Cascade 

To further explore the role of the PAM during target site search and 

priming of the R-loop, we carried out supercoiling experiments on DNA 

without a matching protospacer (but with multiple orphan PAMs; Figure 26). 

Interaction with PAMs may result in changes in DNA structure as the CRISPR 

enzymes probe the adjacent protospacer for complementarity. In line with this,  

Cascade globally destabilized the DNA helical structure, an effect that required 

the bound Cse1 subunit (Figure 27). The observed behavior agrees only with 

DNA destabilization (i.e., lowering of the melting temperature) but not with 

active DNA helix distortion, as seen for DNA intercalators, where stable 

supercoiling changes are observed (Gunther et al., 2010; Lipfert et al., 2010).  

 

 

Figure 26. DNA helix destabilization by Cascade. Supercoiling curves at different 

forces using DNA with a non-matching protospacer in the presence or absence of the 

Cascade. Rotation curves in the absence of Cascade are shown in light grey. In the 

presence of Cascade (black curves) the negative side of the rotation curve is shifted to 

lower turns and the force for B-form DNA melting is lowered in a concentration 

dependent manner. This behaviour is in agreement with a destabilization of the DNA 

structure due to Cascade. 

 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf
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Figure 27. Characterization of Cascade lacking the Cse1 subunit. (A) R-loop 

cycle experiments using DNA with matching protospacer in the presence of 9 nM 

CascadeΔ1 (upper) and 9 nM CascadeΔ1 + 9 nM Cse1 (lower). R-loop induction 

traces are shown in dark grey, probe traces with and without R-loops having been 

formed are shown in blue and green respectively, while dissociation traces are shown 

in red. CascadeΔ1 can form R-loops with 25% efficiency (N = 44) with high negative 

torsion (>2 pN force, -20 to -100 turns, no clear influence of turn number observed) 

and elevated waiting times (40 min). When adding CascadeΔ1 mixed with an equal 

amount of Cse1, efficient R-loop formation similar to WT protein was restored. This 

provides evidence for the integrity of the CascadeΔ1 and Cse1 complex. (B) 

Supercoiling curves at 0.3 and 0.7 pN forces using DNA with a non-matching 

protospacer in the presence of different concentrations of CascadeΔ1, Cse1 and 

reconstituted Cascade. For CascadeΔ1 and Cse1 alone, no curve broadening 

indicative of DNA helix destabilization was observed, even in the presence of 100 

nM protein. The reconstituted complex exhibits a facilitated DNA denaturation at 0.7 

pN. This suggests that Cse1 plays an important role in helix destabilization. 

Nonetheless the remainder of the Cascade complex is also required for helix 

destabilization. Possibly, the latter ensures sufficient non-specific DNA-binding by 

the full complex. 

 

Insertion of aromatic amino acid residues of the Cse1 subunit into the DNA 

helix (Sashital et al., 2012) may be responsible for the helix destabilization but 

will be a transient rather than a stably bound state. The destabilization may also 

cause the PAM dependence of the second dissociation step for Cascade (Figure 

25 B).  

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf


 109 

2.3.2.5. Protospacer end truncations alter R-Loop stability and reveal 

a conformational lock for Cascade 

The PAM seems to exclusively control R-loop formation, while not 

affecting R-loop stability once formed. To further test a unidirectional R-loop 

formation mechanism, we determined the effect of protospacer truncations at 

the end opposite from the PAM (Figure 28 A) on the dynamics of R-loop 

formation. For Cascade, R-loops formed efficiently at low negative twist on all 

substrates truncated by up to 10 bp (as seen by the shift of the left side of the 

supercoiling curve; Figure 28 B). The size of the shifts decreased with 

increasing truncation, in line with a decrease in R-loop size correlated with 

complementarity (Figure 28 B). For truncations of 6 bp and above, R-loops 

were formed but were unstable and dissociated as soon as low positive turns at  

 

Figure 28. Protospacer end truncations affect the R-loop stability and reveal a 

locking mechanism for Cascade. (A) The protospacer-1 was truncated 2, 4, 6, 8 or 10 

bp from the PAM-distal end. (B) R-loop probe and dissociation curves in the presence 

of Cascade for protospacer-1 truncated by 2, 4, 6, and 10 bp, revealing stable R-loops 

(blue) and unstable R-loops (dark gray). Percentages of stable R-loops and the sizes of 

the rotational shifts are shown in the upper graphs. (C) Mean dissociation times as 

function of torque (from experiments in B) for the stable R-loops of 0-, 2-, and 4-bp 

truncations. Filled circles and open triangles indicate the first and second dissociation 

step, respectively.  

 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf
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low force were reached; thus, dissociation rates could not be measured (Figure 

28 B). For truncations of 2 and 4 bp, both stable and unstable R-loops were 

observed (Figure 28 B). By increasing the experimental waiting time at 

negative twist during R-loop induction for the 4-bp truncation, the proportion 

of stable R-loops increased when subsequently probed (Data not shown), 

suggesting that stable R-loops originate from an unstable R-loop intermediate. 

The transition from the unstable to stable R-loop thus locks the R-loop. For the 

stable R-loops, the stability relative to the full protospacer was only minimally 

reduced for the 2-bp truncation but was more significantly reduced for the 4-bp 

truncation, in particular for the first dissociation step (Figure 28 C). 

2.3.2.6. Model for R-Loop formation and dissociation by Cascade. 

Our data presented above show that the PAM controls tightly the R-loop 

formation kinetics but leaves the R-loop stability practically unchanged. Thus, 

the PAM provides a kinetic rather than a thermodynamic control of R-loop 

formation. Distal protospacer mutations affected the R-loop stability but hardly 

altered the formation kinetics. This reveals a unidirectionality in the R-loop 

formation and dissociation cycle, which is additionally supported by the 

differential dependence of the first and second dissociation steps of Cascade on 

protospacer truncations and PAM mutations, respectively.  

Firstly, the Cascade uses DNA distortion, guided by PAM binding, to 

accomplish homology search. Matching hydrogen bonding between the crRNA 

and the protospacer then leads to propagation of R-loop formation over the 

adjacent base pairs. Under unfavorable energetic conditions (high positive 

torque or mismatches between the protospacer and crRNA), R-loop 

dissociation occurs in a PAM-independent manner. The high torsional stability 

of Cascade is not attributable to a large energetic bias but rather to a ratchet-

like asymmetry in the energy landscape. This increased stability seems to be 

achieved by an extra “locking” step after most of the R-loop has been formed, 

which was revealed by the bistability of R-loops for a 4-bp truncated 

protospacer and the two-step process for R-loop dissociation. We suggest that 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf
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the locking is attributable to domain reorganization within Cascade, such as 

movement of Cse2 subunits stabilizing the free, non-target DNA strand 

(Mulepati et al., 2014; Wiedenheft et al., 2011a). The locking step represents 

an additional proofreading that ensures that complementarity between the 

crRNA and protospacer leads to complete R-loop expansion. 

2.4. Cas3 degrades Cascade-targeted DNA 

2.4.1. Cascade binding to the protospacer triggers Cas3 ATPase 

activity 

Cascade complex binding to the protospacer creates an R-loop (Figure 21 

B) where a non-target strand is displaced as ssDNA and may function as a 

docking site for Cas3. We used a colorimetric assay to monitor Cas3 ATPase 

activity in the presence of Cascade and DNA. The Cas3 protein was mixed 

with the Cascade complex and pUC19 plasmid variants that either contain or 

lack protospacer-1 in the context of the correct or mutated PAM (Table 2), and 

ATPase reactions were initiated by addition of ATP and Mg
2+

 ions. The assay 

revealed that ATPase activity of Cas3 is triggered only in the presence of the 

pSP1-AA plasmid, containing a matching protospacer-1 and a correct PAM 

(Figure 29 A). Plasmids lacking protospacer-1 and PAM or containing a 

different protospacer (pSP3-AA) or incorrect CC PAM (pSP1-CC) did not 

stimulate Cas3 ATPase activity in the presence of Cascade complex. No 

ATPase activity was detected for the Cas3 ATPase-deficient mutant D452A 

with an impaired Walker B motif. Taken together, these results suggest a link 

between the ATPase activity and Cas3 docking on ssDNA formed upon 

Cascade binding to the matching protospacer flanked by a correct PAM. 

2.4.2. Cascade binding to the protospacer triggers Cas3-mediated 

plasmid degradation 

Consistent with published data on the T. thermophilus Cas3 protein 

(Mulepati & Bailey, 2011), S. thermophilus Cas3 degraded ss M13mp18 DNA 
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more rapidly in the presence of Ni
2+

 compared to Mg
2+

 ions (Figure 29 B). 

Since the ATPase activity of Cas3 is not supported by Ni
2+

 ions, a mixture of 

Mg
2+

 and Ni
2+

 ions that supports both ATPase/helicase and nuclease activities 

of Cas3 was used in further experiments. 

To determine whether Cas3 docking on the ssDNA formed upon Cascade 

binding triggers nuclease activity, we analysed Cas3-mediated cleavage of 

plasmid DNA. pSP1-AA plasmid was pre-incubated with Cascade and an ATP  

 

Figure 29. ATPase and nuclease activities of Cas3 induced by Cascade binding 

to the protospacer dsDNA. (A) ATP hydrolysis rates. Malachite green assay was 

used to measure ATP hydrolysis through the detection of free phosphate liberated 

from ATP. Reaction rate constant k values (min
-1

) were calculated from linear slopes 

of time courses of phosphate liberation per Cas3 amount added. ATPase reactions 

were conducted at 37°C in the AT2 buffer supplemented with 3 nM supercoiled 

plasmids, 12 nM Cascade and 300 nM Cas3 or the ATPase‐deficient mutant D452A. 

Error bars indicate the ±standard deviation for the rate constant k value determined in 

three separate experiments. (B) Nickel ions are better cofactor for Cas3 HD-domain 

than magnesium ions. Nuclease reactions were conducted at 37°C for indicated time 

intervals in the NB1 buffers containing 7 nM ss M13 DNA, 100 nM Cas3 and 5mM 

Mg
2+

 or Ni
2+

 ions. (C) dsDNA degradation requires Cas3, Cascade, and ATP. 

Nuclease reactions were conducted at 37°C for 10 min in the NB2 buffer 

supplemented with 5 nM pSP1‐AA and indicated amounts of Cas3 and Cascade. (D) 

PAM and a protospacer are essential for DNA degradation. Nuclease reactions were 

conducted at 37°C for indicated time intervals in the NB2 buffer supplemented with 

100 nM Cas3, 20 nM Cascade, and 5 nM of respective supercoiled plasmids.  
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solution containing Mg
2+

 and Ni
2+

 ions, followed by addition of Cas3. Under 

these conditions, the pSP1-AA plasmid was degraded in a Cascade and Cas3 

concentration- and time-dependent manner (Figure 29 C and D). On the other 

hand, the pUC19 plasmid, or plasmids containing a non-matching protospacer 

(pSP3-AA) or a defective PAM (pSP1-CC), was resistant to Cas3 cleavage 

(Figure 29 D). ATP hydrolysis was required for pSP1-AA plasmid 

degradation. In the absence of ATP, the supercoiled pSP1-AA plasmid was 

converted into a nicked form but not degraded (Figure 29 C). The identical 

cleavage pattern was observed for the Cas3 ATPase-deficient mutant D452A in 

the presence of ATP (Figure 29 D). In contrast, the D227A replacement in the 

nuclease active site abolished DNA cleavage activity. Taken together, these 

data suggest that both ATPase/helicase and nuclease activities of Cas3 are 

required for pSP1-AA plasmid degradation in the presence of Cascade. 

2.4.3. PAM and stable R-loop is required for Cas3-mediated plasmid 

degradation 

DNA binding studies revealed that Cascade binding to a matching 

protospacer sequence requires a correct PAM sequence (Figures 21 C and 25 

A). To check whether plasmid DNA cleavage in the in vitro reconstituted 

interference system follows the same dependence on PAM, we engineered 

plasmid substrates containing all possible combinations of base pairs at the −2 

and −1 positions relative to the protospacer (within the predicted PAM), and 

monitored Cas3-mediated cleavage in the presence of Cascade and ATP 

(Figure 30 A). Consistent with previous binding assays, we found that 

plasmids containing A(−1), T(−1), or A(−2)G(−1) nucleotides upstream of 

protospacer-1 were efficiently degraded, while plasmids with B(−2)G(−1) 

(where B=T or C or G) or C(−1) sequences were resistant to cleavage. 

Altogether, DNA binding and cleavage experiments demonstrate that 

protospacer recognition by Cascade is PAM dependent, and that subsequent R-

loop formation triggers dsDNA degradation by Cas3. 
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Figure 30. DNA degradation assay in the presence of Cascade and Cas3 using 

different PAM variants and protospacer truncations. (A) DNA degradation assay 

in the presence of Cascade and Cas3 using different PAM variant. Plasmid substrates 

containing A(-1), T(-1) or A(-2)G(-1) PAM were degraded by Cas3 in the presence of 

Cascade. This is in agreement with Cascade binding experiments (see Figure 21 C). 

Nuclease reactions were conducted at 37°C for 10 min in the NB2 buffer containing 5 

nM supercoiled plasmid, in the absence (-) or presence (+) of 20 nM Cascade and 100 

nM Cas3. (B) DNA degradation assay in the presence of Cascade and Cas3 using 

different end-truncations of the protospacer-1. Δ0 and Δ33 indicate, respectively, 

matching and non-matching protospacers for Cascade. Significant DNA degradation 

was only seen with the full-length protospacer and with the protospacers end-

truncated by 2 or 4 bp. Stable R-loops were only detected in the single-molecule 

experiments using these substrates (see Figure 28 C). Minor DNA degradation is 

observed for the protospacer end-truncated by 6 bp, whereas measurable DNA 

degradation was not detected for larger end-truncations. Using these substrates only, 

unstable R-loops were detected (see Figure 28 B). 

 

Magnetic tweezers experiments showed that Cascde forms stable R-loops 

when the guide completely basepairs with the protospacer (Figure 28). We 

examined whether truncations at a PAM-distal end of the protospacer-1 

influence degradation of plasmid substrates bearing these protospacer 

modifications. Plasmid with 2 bp protospacer truncation was degraded 

similarly as plasmid with a full length protospacer. Truncations of 4 and 6 bp 

markedly reduced cleavage rates, while substrates with more than 6 bp 

truncated protospacers were not degraded (Figure 30 B). In agreement with 

single molecule experiments, a locked-and-stable R-loop is the prerequisite for 

Cas3 recruitment and subsequent DNA degradation.  

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1402597111/-/DCSupplemental/pnas.1402597111.sapp.pdf
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2.4.4. Cas3 cleaves DNA within the protospacer and upstream of the 

PAM 

To map Cas3 cleavage sites, oligoduplexes SP1-AA, SP1-CC, and SP3-AA 

were 
33

P-5′-end-labelled either on the target or non-target strand, and Cas3-

induced cleavage was assessed on each strand of each duplex in the absence or 

presence of ATP. In the absence of ATP, only a non-target DNA strand of the 

SP1-AA oligoduplex is cut in the protospacer region, while the target DNA 

strand is resistant to cleavage (Figure 31 A and C). In contrast, in the presence 

of ATP, both target and non-target strands of the SP1-AA oligoduplex are 

cleaved at multiple positions (Figure 31 B and D). The non-target strand is 

extensively cut within the protospacer and upstream of the PAM at the 5′-end 

proximal region. The target strand is extensively cleaved within the 

protospacer with minor cuts occurring at both the 5′- and 3′-proximal termini 

(Figure 31 D). Consistent with plasmid DNA cleavage data, no Cas3-mediated 

cleavage was observed for the oligoduplex lacking a protospacer (SP3-AA) or 

with a mutated PAM sequence (SP1-CC), neither in the presence or absence of 

ATP. Furthermore, the nuclease-deficient mutant D227A did not cleave the 

SP1-AA oligoduplex. In contrast, ATPase-deficient D452A mutant cleaved 

only the non-target strand, in both the absence and presence of ATP (Figure 31 

A and B). The cleavage pattern of the SP1-AA oligoduplex explains why the 

nicked DNA form is a major product during plasmid DNA cleavage by the 

D452 mutant or WT Cas3 in the absence of ATP. Interestingly, almost all 

cleavage sites are located at the 3′-end of pyrimidine (T and C) bases (Figure 

31 C and D). Preference for pyrimidine bases is also characteristic for the Cas3 

cleavage of single-stranded oligodeoxynucleotides (data not shown). The non-

target strand cleavage at the 5′-end proximal side of the oligoduplex suggests 

subsequent Cas3 translocation in the 3′→5′ direction, followed by DNA 

degradation. 
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Figure 31. Cas3 cleavage of Cascade bound to target dsDNA. Oligoduplexes 
33

P‐labelled in either the non‐target or target strand were pre‐incubated with Cascade 

without (A) or with (B) ATP and reaction products analysed in denaturating 

polyacrylamide gels and mapped on the SP1‐AA oligoduplex sequence (C, D), 

respectively. Cleavage reactions were conducted at 37°C in the NB2 buffer 

containing 0 mM (A) or 2 mM (B) ATP, 8 nM Cascade and 100 nM (B) or 500 nM 

(A) Cas3 or D227A and D452A mutants supplemented with 2 nM SP1‐AA, SP1‐CC, 

or SP3‐AA 
33

P‐labelled oligoduplexes. Solid lines designate protospacer boundaries. 

Arrows indicate cleavage positions, height of the arrow correlates with a relative 

amount of cleavage product after 10 min incubation. 
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2.4.5. DNA degradation by Cas3 in the St-CRISPR4-Cas system is 

unidirectional 

To determine whether the Cas3-mediated DNA cleavage is directional, we 

linearized pSP1-AA plasmid using four different restriction endonucleases 

(XapI, BamHI, PdmI, AlwNI) to generate a set of linear dsDNA molecules of 

identical length that have a protospacer sequence located at different distances 

with respect to DNA termini (Figure 32 A). In the pSP1-AA-XapI DNA, the 

protospacer is located almost at the 5′-end, while in the pSP1-AA-PdmI DNA  

 

Figure 32. Cas3‐mediated DNA degradation is unidirectional. (A) Four linear 

2759 bp DNA fragments pSP1‐AA‐XapI, pSP1‐AA‐PdmI, pSP1‐AA‐BamHI or 

pSP1‐AA‐AlwNI that contain a protospacer sequence located at different distance in 

respect to DNA ends were generated by a restriction endonuclease cleavage of 

pSP1‐AA plasmid. Nuclease reactions were initiated by addition of 20 nM Cascade 

and 100 nM Cas3 into a NB2 buffer containing 5 nM of respective DNA. Linear 

DNA molecules with Cas3 and Cascade bound to a proto‐spacer are schematically 

depicted at respective gel picture. M—DNA markers to map cleavage products were 

obtained by cleaving pSP1‐AA with PdmI, XapI and AlwNI, XapI restriction 

endonucleases, respectively. (B) CRISPR interference complex remains associated 

with proto spacer after reaction. Nuclease reactions were conducted as in (A) using 

pSP1-AA-AlwNI linearised plasmid DNA in the presence (+) or absence (-) of 

Cascade and Cas3. After 10 minutes reactions were stopped with “Stop” solution 

(SDS/EDTA) or PCI solution (PCI; see section 2.1.7.) that strips off proteins from 

the DNA. Black arrows indicate bands with altered migration. M – molecular marker. 
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it is located ~800-bp away from the 5′-terminus of the non-target strand. In two 

other linear DNA substrates, pSP1-AA-BamHI and pSP1-AA-AlwNI, the 

protospacer sequence is located at the 3′-end or ~900-bp away from the 3′-end, 

respectively. Analysis of reaction products resulting from Cas3 cleavage in the 

in vitro reconstituted interference system revealed that the linear DNA pSP1-

AA-XapI remained nearly intact, while the pSP1-AA-BamHI substrate was 

degraded in a similar fashion to the circular plasmid DNA. Furthermore, Cas3 

acting on the pSP1-AA-PdmI and pSP1-AA-AlwNI substrates produced 

defined ~1.9- and ~0.9-kb products, respectively, while the remaining DNA 

fragments were degraded into smaller fragments (Figure 32 A). Interestingly, 

the reduced mobility of the ~0.9-kb product resulting from the pSP1-AA-

AlwNI cleavage (Figure 32 B) suggests that the Cascade (or Cacade-Cas3) 

complex remains bound to the cleaved DNA. Taken together, these data are 

consistent with a model in which Cas3 first makes a double-stranded break in a 

protospacer region (or in its immediate vicinity), and subsequently degrades 

DNA upstream of the protospacer in the 3′→5′ direction in respect to the non-

target strand. Therefore, DNA downstream of the protospacer remains intact. 

2.4.6. DNA cleavage by Cas3 in the Cascade-target DNA complex 

Upon Cascade-mediated R-loop formation the crRNA and the 

complementary target DNA strand are engaged into a heteroduplex, and the 

non-target strand is displaced as an ssDNA. The R-loop formation is a key pre-

requisite for the binding of Cas3 protein, which is an ssDNA nuclease that 

displays an ATPase/helicase activity stimulated by ssDNA. Cas3 alone does 

not interact with a dsDNA and therefore first requires Cascade binding to the 

dsDNA to generate the R-loop where the non-target strand of the protospacer is 

displaced as ssDNA and serves as a platform for the Cas3 loading. Indeed, the 

Cas3 ATPase and nuclease activities are triggered only when stable R-loop is 

formed by Cascade binding.  

Our data are consistent with a mechanism proposed recently for the E. coli 

system where the Cse1 (CasA) subunit of E. coli Cascade recruits Cas3, which 



 119 

subsequently catalyses nicking of target DNA through its HD-nuclease domain 

(Westra et al., 2012b). In the absence of ATP, the oligoduplex substrate is only 

weakly cleaved by Cas3 and cleavage is limited to the non-target strand, which 

is displaced as an ssDNA. Consistent with the oligoduplex cleavage pattern 

without ATP, plasmid DNA under these conditions is converted into a nicked 

form. In the presence of ATP, the cleavage pattern of both the oligoduplex and 

plasmid DNA is radically changed. Cas3 extensively cuts both DNA strands in 

the protospacer region of the oligoduplex and upstream of the PAM. The 

plasmid DNA in the presence of ATP is subsequently degraded by Cas3.  

Our results also reveal that DNA degradation by the Cas3 nuclease is 

directional. After cleaving both DNA strands in the protospacer region, Cas3 

further degrades DNA upstream of the protospacer in the 3′→5′ direction in 

respect to the non-target strand, while DNA downstream of the protospacer 

remains intact. Cas3 cleavage of the non-target strand in the 3′→5′ direction 

generates stretches of ssDNA on the target strand that can serve as a loading 

platform for the same or other Cas3 molecules, promoting further degradation. 

It is tempting to speculate that the Cas3 cleavage directionality may contribute 

to the mechanism of adaptive spacer acquisition proposed recently for the E. 

coli K12 CRISPR system (Datsenko et al., 2012; Swarts et al., 2012). 

According to this mechanism, the DNA strand, from which new spacers are 

selected, is largely determined by the priming protospacer orientation. We 

show here that Cascade binding to the matching protospacer sequence 

determines, which strand will be extruded into the R-loop and subjected to 

degradation in the 3′→5′ direction. In this way, the unidirectional DNA 

degradation by Cas3 may contribute to the selection of a specific DNA strand, 

from which new spacers are subsequently acquired (Datsenko et al., 2012; 

Swarts et al., 2012). 
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2.5. The mechanism of type I-E CRISPR-Cas 

interference 

CRISPR-Cas systems have been categorized into three main types that 

differ by the structural organization and function of RNP complexes involved 

in crRNA-mediated silencing of foreign nucleic acids (Bhaya et al., 2011; 

Sorek et al., 2013; van der Oost et al., 2014; Westra et al., 2012a; Wiedenheft 

et al., 2012). In the type I-E CRISPR-Cas system from E. coli, a multisubunit 

RNP complex called Cascade binds to the target DNA and triggers a Cas3-

mediated DNA interference (Brouns et al., 2008). The CRISPR4-Cas system of 

S. thermophilus DGCC7710 (Horvath & Barrangou, 2010) displays a similar 

structural organization to that of E. coli. To show that orthologous S. 

thermophilus Cas proteins assemble into a similar Cascade complex, we have 

isolated the Cascade and demonstrate that it recruits Cas3 to form a functional 

effector complex, which cleaves target DNA in vitro. Moreover, we show that 

mechanistically the process of DNA interference (Figure 33), provided by the 

CRISPR4-Cas system, can be dissected into target site recognition and 

cleavage stages, which are executed by Cascade and Cas3, respectively. 

In the target recognition stage, foreign DNA is detected by Cascade 

surveillance complex (Jore et al., 2011). Two determinants define DNA as 

Cascade target: (i) a protospacer sequence that is complementary to a guide 

sequence of the crRNA and (ii) PAM motive that is a few bp sequence located 

adjacent to the protospacer. PAM functions as an indicator for non-self DNA 

sensing, and the absence of PAM determinant defines DNA as self (e.g. 

CRISPR region posesses guide-complementary spacers; however, these 

spacers are not targeted due to the lack of PAM sequence). In most cases, PAM 

sequences vary between different complexes (Mojica et al., 2009). It was 

shown that Cse1 protein of E. coli Cascade is involved in PAM sequence (5 -

AWG-3 ) recognition (Sashital et al., 2012). Here, we determined the PAM of 

S. thermophilus Cascade to be a promiscuous A(-1), T(-1) or A(-2)G(-1) 

sequence. Invaders (e.g. phages) mutate PAM sequences to overcome  
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Figure 33. DNA-interference in the type I-E CRISPR-Cas systems. Cascade scans 

DNA for a protospacer sequence and PAM. Once the correct PAM and a short 

primary hybridization sequence (“seed”) is identified (1), the guide of crRNA 

basepairs with a complementary DNA strand forming an R-loop, which is stabilized 

(locked) if a PAM-distal end of the protospacer is hybridized with the guide (2). 

Displaced DNA strand of the R-loop serves as a landing site for the Cas3 (3). In the 

absence of ATP, the Cas3 nuclease domain (HD) cleaves a displaced non-target 

strand within a protospacer (4) producing a nicked DNA (5). In the presence of ATP, 

Cas3 remodels the Cascade-DNA complex making both target and non-target strands 

available for the Cas3 cleavage within a protospacer sequence (6). Cas3 further 

translocates in the 3 5  direction powered by a helicase domain (Hel), whereas the 

HD domain degrades DNA (6; 7) in a unidirectional manner (8). 

 

CRISPR-Cas interference (Samson et al., 2013); therefore, such short and 

promiscuous PAM sequence could be advantageous to adapt mutations of the 

invader. 

We have shown that correct PAM sequence serves as a starting point for 

subsequent protospacer recognition through base-pairing with the guide 
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sequence, forming an R-loop. For R-loop formation by E. coli Cascade, a 

PAM-proximal 8-nt sequence, termed seed, is important (Semenova et al., 

2011). Most likely, the seed is a starting point for DNA strand separation. If 

seed sequence base-pairs with the protospacer without mismatches, 

hybridization proceeds till the end of the guide where the protospacer is 

locked, forming stable R-loop. However, if more than 6 nucleotides at a PAM-

distal end of the protospacer are mismatched then R-loop is unstable and prone 

to dissociate. Therefore, this additional checkpoint verifies whether the guide is 

completely hybridized with the protospacer. Structural data of E. coli Cascade 

(Mulepati et al., 2014) suggest that Cse2 protein may be responsible for 

locking of the R-loop. 

In the target cleavage stage, the R-loop triggers Cas3 for target DNA 

destruction. Cas3 has the nuclease and ATPase active sites localized to HD and 

helicase domains, respectively. Stand-alone Cas3 protein cleaves ssDNA and 

hydrolyzes ATPase, while translocating on ssDNA in the 3 5  direction; 

however, dsDNA is not targeted by Cas3. In the Cascade-formed R-loop 

structure, target strand of the protospacer is duplexed with the guide, while the 

non-target strand is displaced as an ssDNA, which could be targeted by Cas3. 

Indeed, in the absence of ATP, the Cas3 manages to cut non-target strand of 

the dsDNA, bound to Cascade within the protospacer region, while both DNA 

strands are cleaved in the presence of ATP. Moreover, the cleavage is 

unidirectional. In agreement with our results, Cas3 of type I-E CRISPR-Cas 

system from E. coli docks on Cse1 subunit and hydrolyzes target DNA in a 

similar fashion to S. thermophilus CRISPR4-Cas (Hochstrasser et al., 2014; 

Mulepati & Bailey, 2013; Westra et al., 2012b). Furthermore, similar 

degradation pattern is seen in type I-A CRISPR-Cas system from T. tenax 

(Plagens et al., 2014). 

In summary, Cascade recruits Cas3 to form a functional effector complex, 

which degrades target DNA in vitro. This establishes a molecular basis for 

CRISPR-based immunity in St-CRISPR4-Cas and other type I systems (Figure 
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33). Cascade, guided by the crRNA, locates the target DNA site and, if the 

correct PAM sequence is present, binds to the matching DNA strand, creating 

an R-loop. The PAM initiates formation of the R-loop, which is stabilized by 

locking the PAM-distal end of the protospacer. The R-loop serves as a loading 

site for the Cas3. Cas3 binding to the ssDNA triggers the ATPase/helicase 

activity that presumably contributes to Cascade remodelling, making both 

DNA strands in the protospacer region available for Cas3 cleavage. After 

cleaving both DNA strands within the protospacer, Cas3 translocates on the 

non-target strand in the 3′→5′ direction in an ATP-dependent manner and 

cleaves the translocating strand using its HD-nuclease domain. 

This sets the stage for molecular exploitation of the Cas machinery for 

interference and DNA cleavage. Indeed, it was shown that type I-E CRISPR-

Cas systems can be used in a programmable gene repression (Luo et al., 2014), 

removal of bacterial strains (Gomaa et al., 2014) or even engineering of a 

bacteriophage genome (Kiro et al., 2014). 
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CONCLUSIONS 

1. S. thermophilus Cas3 protein is arranged of two domains that perform 

different functions: the HD domain cuts single-stranded DNA in a 

sequence-non-specific manner, while the helicase domain hydrolyzes 

ATP to unwind DNA duplex in a 3 5  direction. 

2.  S. thermophilus Cascade complex is comprised of Cse1, Cse2, Cas7, 

Cas5 and Cas6e proteins that associate with a 61-nt length crRNA 

molecule, containing a 33-nt spacer sequence flanked by 7-nt 5 -handle 

and 21-nt 3 -handle of the repeat sequence. 

3. S. thermophilus Cascade complex functions as a surveillance complex 

that binds to the target DNA in a PAM-dependent manner. 

4. Promiscuous double stranded A(-1), T(-1) or A(-2)G(-1) PAM 

sequence serves as an initiation point for the S. thermophilus Cascade 

binding and crRNA hybridization to the target strand that leads to a 

unidirectional formation of an R-loop structure. 

5. Base pairing of crRNA with the protospacer sequence at the PAM-

distal end locks the R-loop. 

6. The R-loop structure recruits the Cas3 protein that degrades Cascade-

bound DNA in the presence of ATP in a unidirectional manner starting 

from the protospacer. 
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