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 Approximately all sequenced archaeal and half of eubacterial genomes have some 

sort of adaptive immune system, which enables them to target and cleave invading 

foreign genetic elements by an RNAi-like pathway. CRISPR–Cas (clustered 

regularly interspaced short palindromic repeats–CRISPR-associated proteins) 

systems consist of the CRISPR loci with multiple copies of a short repeat sequence 

separated by variable sequences with similar size that are derived from invaders and 

cas genes encode proteins involved in RNA binding, endo- and exo-nucleases, 

helicases, and polymerases activities. There are three main types (I, II and III) of 

CRISPR/Cas systems. All systems function in three distinct stages: (1) adaptation, 

(2) crRNA biogenesis, and (3) interference. This review focuses on the features and 

mechanisms of the CRISPR-Cas systems and current finding about them. 
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1. Introduction 

Horizontal gene transfer (HGT) refers to the 

transfer of genes between organisms. HGT has 

been shown to be an important factor in the 

evolution of many organisms such as bacteria 

(Gyles and Boerlin, 2014). There are several 

mechanisms for HGT in bacteria such as 

transformation, transduction and conjugation. 

Each microbe must balance the need to acquire 

new beneficial traits by HGT with the need to 

prevent the entry of genetic elements that 

impose fitness costs (Levin, 2010). 

Bacteria and Archaea have several 

mechanisms to deal with invading foreign 

genetic elements, such as plasmids, phages, 

integrative and conjugative elements (ICEs) and 

transposons (Richter et al., 2012; Fineran and 

Charpentier, 2012; Barrangou, 2013). Foreign 

DNA integration may distort the function of cell 

genes and so the prokaryotes have several HGT-

limiting mechanisms to prevent foreign DNA 

either from entering or distributing within the 

cell. One of the known mechanisms is related to 

restriction-modification (RM) systems. 

Modification enzymes methylate the restriction 

sites in the bacterial genome to prevent their 

cleavage by restriction nucleases. Another HGT-

preventing mechanism is based on mutations in 

the genes for the cell surface receptors that 

bacteriophages utilize to enter the cell. 

Intracellular mechanisms as prokaryotic 

Abortive infection mechanism (Abi) activate 

death in infected cells and thereby prevent 

phages and plasmids from spreading in the 

population.  

Another newly studied mechanism that 

inhibit DNA uptake by phage infection, plasmid 

conjugation, and artificial transformation is 

based on clustered regularly interspaced short 

palindromic repeats (CRISPRs) (Wiedenheft et 

al., 2012; Abedon, 2012; Weinberger and 

Gilmore, 2012). CRISPR/Cas systems are 

widely distributed among prokaryotes (~50% of 
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bacteria and ~99% of archaea) and are present in 

both pathogenic and commensal organisms 

(Sampson and Weiss, 2013). Many CRISPR–cas 

loci belong to the ―islands‖ that contain various 

―high-mobility‖ genes such as toxins–antitoxins, 

transposases and components of other defense 

systems (Makarova et al., 2009). 

The most unexpected feature in CRISPR-

mediated resistance to mobile genetic elements 

is that the cell only becomes protected after 

foreign DNA has entered it. The acquired 

protection is inherited through generations 

(Pougach et al., 2012). This adaptive immunity 

system, which uses a library of small noncoding 

RNAs as a potent weapon against fast-evolving 

viruses, is also used as a regulatory system by 

the host (Bhaya et al., 2011). This mechanism 

has two major features; first, the host can 

specifically incorporate short sequences from 

invading genetic elements (virus or plasmid) 

into a region of its genome distinguished by 

CRISPRs. These repetitive loci serve as 

molecular vaccination cards. Second, when these 

sequences are transcribed and precisely 

processed into small RNAs, they lead a 

multifunctional protein complex (Cas proteins) 

to recognize and cleave incoming foreign 

genetic material (Wiedenheft et al., 2012; Bhaya 

et al., 2011). The CRISPR-Cas system provides 

a unique opportunity to observe and model co-

evolution between host and virus in natural 

environments or in controlled settings because 

acquisition and immunity occur on short time 

scales and evidence of past genetic aggressions 

can be deduced in some cases (Bhaya et al., 

2011). 

1.1. Discovery of the CRISPR 

 

 

The repeats were first described in 1987 for 

the bacterium Escherichia coli K12 by Ishino et 

al. during downstream sequencing of iap gene. 

The authors noted a set of 29 nucleotide (nt) 

repeats separated by unrelated, non-repetitive 

and similarly short sequences (spacers). In 2000, 

similar clustered repeats were identified in 

further bacteria and archaea and were termed as 

Short Regularly Spaced Repeats (SRSR) 

(Mojica et al., 2000). In 2002, SRSR was 

renamed CRISPR by Jansen et al. They 

discovered a set of genes, cas genes, associated 

with CRISPR repeats. 

In 2005, three independent research teams 

founded that many CRISPR spacers are similar 

in sequence to several phage DNA and 

extrachromosomal DNA as plasmid. These 

findings indicated that the CRISPR/cas system 

could have a role in adaptive immunity in 

bacteria by conferring bacteriophage resistance 

and preventing plasmid transformation (Pougach 

et al., 2012; Harvath and Barrangou, 2010). In 

2007, first experimental evidence showed that 

the CRISPR/Cas system is an antiviral defense 

system that alters the resistance of 

Stereptococcus thermophilus to phage attack 

with spacer DNA (Barrangou et al., 2007). In 

recent years CRISPRs were used as a new 

genome engineering tool in human cell culture 

(Jinek et al., 2012), baker's yeast 

(Saccharomyces cerevisiae) (Dicarlo et al., 

2013), nematodes (Caenorhibditis elegans) 

(Friedland et al., 2013), plants (Jiang et al., 

2013a) and mice (Wang et al., 2013). 

 

1.2. Architecture of CRISPR/cas system –repeat, 

spacer, leader sequence and cas genes 

The CRISPR array located on the either 

chromosome or plasmid. A single genome can 

harbor more than one CRISPR array. Those can 

vary considerably in size with the largest 

identified to date, in Haliangium ochraceum 

DSM 14365, containing 587 repeats (Bhaya et 

al., 2011; Richter et al., 2012). A CRISPR 

consists of an array of highly conserved short 

DNA direct repeat(R) sequences (21-48 bp 

long), which are interspaced by stretches of 

variable similar length sequence called 

spacers(S) (26-72 bp). The spacer sequences 

generally originate from phage or plasmid DNA 

(Gasiunas et al., 2014) and they represent a 

―memory of past genetic aggressions‖ (Stern et 

al., 2010). The repeat sequences within a 

CRISPR locus are conserved, but in different 

CRISPR loci can vary in both sequence and 

length although there are partially conserved 

sequences such as a GTTTg/c motif at the 5´ end 

and a GAAAC motif at the 3´ end (Bhaya et al., 

2011; Kunin et al., 2007). In addition, the 

number of repeat–spacer units in a CRISPR 
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locus varies widely among organisms 

(Wiedenheft et al., 2012). The ―leader‖ 

sequence, which is located upstream of the first 

repeat in CRISPR array, has about 200–500 bp 

long with A+T-rich sequence and serves as a 

promoter element for CRISPR transcription. The 

leader region is also important for the 

acquisition of new spacers (Richter et al., 2012; 

Wiedenheft et al., 2012).  

CRISPR loci often have groups of conserved 

protein-encoding genes, named cas (CRISPR 

associate) genes, in their neighborhood. Based 

on computational analyses, Cas proteins were 

predicted to contain identifiable domains 

characteristic of helicases, nucleases, 

polymerases, and RNA-binding proteins, which 

led to the initial speculation that they may be 

part of a novel DNA repair system (Makarova et 

al., 2002). Not all CRISPR loci have adjoining 

cas genes, it is possible that only the subset of 

CRISPR loci that have adjacent cas genes are 

functionally active (Bhaya et al., 2011; Diez et 

al., 2010; Horvath et al., 2009).   

CRISPR/Cas systems are currently classified 

into type I, II and III, based on the phylogeny 

and presence of particular Cas proteins. There is 

further division within each type into subtypes. 

The Cas proteins are important for the 

differentiation of major CRISPR/Cas types and 

the subtypes (Makarova et al., 2011a; Richter et 

al., 2012). The systems can be complex since 

some bacteria contain multiple CRISPR/Cas 

subtypes, each of which can have multiple 

CRISPR arrays that function with the 

appropriate Cas cluster (van Belkum et al., 

1998) suggesting that these systems are 

compatible and could share functional 

components (Gasiunas et al., 2014;  Wiedenheft 

et al., 2012). 

 

1.3. The CRISPR/cas mechanism 

The CRISPR–Cas mechanism is arbitrarily 

divided into three main stages: (1) adaptation or 

new spacer acquisition, (2) CRISPR 

transcription and processing (crRNA 

generation), and (3) interference or silencing 

(Gasiunas et al., 2014; Wilkinson and 

Wiedenheft, 2014; Lange et al., 2013; Richter et 

al., 2013). During adaptation, Cas proteins 

recognize invasive nucleic acid and integrate 

short pieces of foreign DNA (protospacer) into 

the CRISPR region as new spacers. Spacers are 

inserted at the leader proximal end followed by 

duplication of the repeat. Functionally, the 

process of spacer acquisition can be divided into 

distinct steps involving (a) recognition of the 

invasive nucleic acid and scanning foreign DNA 

for potential PAMs (CRISPR motifs) (Mojica et 

al., 2009; Deveau et al., 2008), conserved short 

regions (typically only 2 to 5 nt long), (b) the 

generation of a new repeat-spacer by processing 

of the nucleic acid, and (c) the integration of the 

new CRISPR repeat-spacer unit at the leader end 

of the CRISPR locus (Bhaya et al., 2011). 

In the expression and processing stage, the 

CRISPR repeats-spacer array is transcribed into 

a long primary RNA transcript (precrRNA) that 

is further processed by endonucleolytic cleavage 

into a set of small crRNAs, containing a 

conserved repeat fragment and a variable spacer 

sequence (guide) complementary to the invading 

nucleic acid. The cleavage of pre-crRNA occurs 

at the base of the hairpin formed by the 

palindromic CRISPR repeats, typically yielding 

a crRNA with an 8-nt tag or handle at the 5´ end 

and a large part of the next repeat including the 

stem-loop termed the 3‘ handle (Brouns et al., 

2008; Carte et al., 2008). 

In the interference or silencing stage the short 

CRISPR-derived RNAs (crRNAs) assemble 

with Cas proteins into large surveillance 

complexes which 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., 2012), and 

induces sequence-specific cleavage (Garneau et 

al., 2010), thereby preventing proliferation and 

propagation of foreign genetic elements. The 

unique occurrence of the PAM sequence on the 

invading foreign DNA is likely to play a dual 

role: first, in spacer selection and acquisition and 

second, in the interference process for 

discrimination of self-versus nonself, which 

highlights its importance. Indeed, it has been 

demonstrated that despite perfect matches 

between spacer and protospacer sequences, 

mutations in the PAM can circumvent CRISPR 
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encoded immunity (Garneau et al., 2010; 

Sapranauskas et al., 2011). 

 

1.4. Type I CRISPR-Cas System 

Of the three systems, Type I, thus far, is the 

most diverse with six different subtypes 

(subtypes I-A to I-F) and are found in both 

bacteria and archaea (Makarova et al., 2011b). 

The essential and significantly conserved marker 

protein in the interference reaction is Cas3, 

which contains a HD phosphohydrolase domain 

and a DExH-like helicase domain (Makarova et 

al., 2011a). Both domains are also found to be 

encoded separately by two discrete genes. These 

two domains have been shown to unwind 

dsDNA (helicase domain) and cleave ssDNA 

(HD nuclease domain), depending on ATP and 

Mg2+ ions (Mulepati and Bailey, 2011; 

Sinkunas et al., 2011). Cas3 interacts with a 

complex of different Cas proteins that bind and 

deliver the crRNA. This complex is termed 

Cascade (CRISPR-associated complex for 

antiviral defense) and the structure of that 

reveals an unusual seahorse- shape (Jore, 2010). 

Type I CRISPR-mediated mechanisms of 

adaptive immunity have been explored for the 

six model organisms. Two of them (E.coli and 

S.thermophilus) belong to the subtype I-E, while 

the other four are of I-A (Sulfolobus 

solfataricus), I-B (Haloferax volcanii), I-C 

(Bacillus halodurans), and I-F (Pseudomonas 

aeruginosa) subtypes, respectively (Gasiunas et 

al., 2014). 

In the Type I systems, repeat-spacer arrays 

are transcribed into a precursor crRNA 

(precrRNA) where a palindromic sequence of 

the repeat forms a hairpin, which is recognized 

and processed by Cas6 or Cas5d 

endoribonucleases (Carte et al., 2008; Nam et 

al., 2012a) to generate a mature crRNA. crRNA 

is then incorporated into a large multisubunit 

RNP complex, which together with Cas3 protein 

induce silencing of invasive DNA (Wiedenheft 

et al., 2012; Sorek et al., 2013). In Type I, the 

multisubunit Cascade binds pre-crRNA, which 

is cleaved by Cas6e in subtype I-E or by Cas6f 

in subtype I-F, to create crRNAs with a typical 

8-nt extension or handle at the 5´ end, followed 

by the spacer and part of the repeat region, 

which can form a hairpin structure at the 3´end. 

The first 6–12 nt of the crRNA spacer are most 

important for target binding and are termed the 

―seed sequence‖ (Wiedenheft et al., 2011a; 

Wiedenheft et al., 2011). 

To avoid that the Cascade: Cas3 complex 

degrades the host genomic encoded CRISPR 

cluster, it has to be ensured that the 5' terminal 

tag of the crRNA and the PAM sequence located 

upstream of the viral protospacer do not form 

base pairs. The PAM sequence for type I 

systems is typically 2–3 bases long and can 

differ between different subtypes and even 

organisms. The I-E Cascade complex has a size 

of 405 kDa and is composed of the five subunits, 

Cse1 (A), Cse2 (B), Cas7 (C), Cas5 (D) and 

Cas6e (casE). Cas7 and Cas5 tightly bind and 

protect the crRNA from degradation (Bronus et 

al., 2008; Jore et al., 2011), whereas Cse1 and 

Cse2 were shown to be nucleic acid-binding 

proteins that preferentially interact with the 

DNA target (Nam et al., 2012b; Mulepati et al., 

2012). 

For DNA interference, in DNA-

interferencing in the Type I CRISPR–Cas 

systems, crRNA is incorporated into a Cascade. 

The Cascade complex scans DNA for a 

protospacer sequence and PAM. Once the 

correct PAM and a short primary hybridization 

sequence ―seed‖ are identified, the crRNA 

basepairs with a complementary DNA strand 

forming R-loop that serves as a loading site for 

the Cas3 protein. Cas3 binding to the ssDNA 

triggers ATPase/helicase activity. 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. In the absence of 

ATP, the Cas3 nuclease domain (HD) cleaves a 

displaced non-target strand within a protospacer 

producing a nicked DNA. Cas3 further 

translocates in the 3´ to 5´ direction powered by 

a helicase domain (Hel) whereas the HD domain 

degrades DNA in a unidirectional manner 

(Gasiunas et al., 2014) (Fig. 1).  

 

1.5. Type II CRISPR-Cas System 

Type II systems have only been found in 

bacterial genomes and are characterized by a 
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distinct minimal set of cas genes (Makarova et 

al., 2011a; Makarova et al., 2011b). Type II is 

the simplest of the three CRISPR-Cas types, 

with only four genes (cas9, cas1, cas2, and either 

cas4 or csn2) that compose the operon. There are 

two subtypes, Type IIA (or CASS4 that includes 

csn2) and Type IIB (or CASS4a that includes 

cas4) (Bhaya et al., 2011). In these systems, the 

large multifunctional signature protein, Cas9, is 

involved in both the generation and maturation 

of crRNAs as well as target phase and plasmid 

DNA for degradation and in the subsequent 

interference reaction (Sapranauskas et al., 2011; 

Garneau et al., 2010). Type II-A systems have 

been explored for two model organisms 

Streptococcos pyogenes and S.thermophilus 

DGCC7710. 

 Cas9 appears to contain two nuclease 

domains, one at the N-terminus (RuvC-like 

nuclease) and an HNH (McrA-like) nuclease 

domain in the middle section (which might be 

involved in target cleavage based on its 

endonuclease activity) (Bhaya et al., 2011). The 

processing of crRNAs is dependent on a trans-

activating crRNA (tracrRNA) encoded in the 

vicinity of CRISPR loci and containing a 25 nt 

long stretch that is complementary to the crRNA 

repeat sequence (Deltcheva et al., 2011). The 

comparison of several tracrRNA molecules did 

not identify any highly conserved sequence or 

structure elements other than the anti-repeat 

sequence (Chylinski et al., 2013). Cas9 

facilitates the base pairing of tracrRNA and pre-

crRNA, which form a RNA duplex that is then 

targeted by the host endonuclease, RNase III. 

Cleavage of this duplex by RNase III generates 

mature crRNAs with 20 nt spacer-derived 5'-tags 

and 19–22 nt repeat-derived 3'-tags. The type II 

repeats do not form stem-loops and has been 

suggested this deficiency is overcome by pairing 

with the tracrRNA (Deltcheva et al., 2011). 

 In the interference step, the cleavage of 

target dsDNA requires not only crRNA and 

Cas9, but also the presence of tracrRNA. A 

ternary Cas9–crRNA–tracrRNA complex, using 

a mechanism that yet has to be defined, locates 

and binds to a protospacer sequence within the 

double-stranded DNA in a PAM-dependent 

process. The absolute requirement of PAM for 

dsDNA binding by the Cas9t complex implies 

that PAM serves as a priming site for strand 

separation or is essential for stabilization of the 

R-loop structure because dsDNA lacking PAM 

is not bound. The Cas9t binding to the target 

sequence in the dsDNA presumably results in an 

R-loop structure, where one DNA strand is 

displaced and the complementary strand is 

paired with the crRNA. PAM is located 

downstream of the protospacer and differs 

between different systems. For S.pyogenes it is 

NGG, and for S. thermophilus CRISPR1 and 

CRISPR3 systems, NAAGW and NGGNG, 

respectively. The PAM is required only for a 

double-stranded but not a single-stranded DNA 

binding and cleavage by Cas9t (Gasiunas et al., 

2012; Jinek et al., 2012; Mojica et al., 2009). 

Cas9 cleaves the DNA strand complementary 

to the crRNA with a McrA/HNH nuclease 

domain and the non-complementary strand with 

a RuvC-like (RNase H fold) domain in the 

presence of Mg2+ ions (Jinek et al., 2012). The 

precise DNA cleavage site was identified 3nt 

upstream of the PAM for the complementary 

strand, whereas the non-complementary DNA 

strand is cleaved at additional sites within three 

to eight base pairs upstream of the PAM, 

producing blunt-ended cleavage products (Jinek 

et al., 2012; Garneau et al., 2010). 

It is tempting to speculate that, in the Type II 

systems, Cas9-bound tracrRNA provides a 

scaffold for the crRNA binding and stabilization 

similarly to Cascade proteins in Type I and Cmr 

proteins in Type III systems (Hale et al., 2009; 

Jore et al., 2011; Zhang et al., 2012; Wiedenheft 

et al., 2011a; Wiedenheft et al., 2011b; Lintner 

et al., 2011). 

Similar to the seed sequence in type I 

systems, complementarity between crRNA and 

target over a 13 bp stretch proximal to the PAM 

is required for interference (Jinek et al., 2012) 

and hence, phages with mutations in this region 

of the protospacer region can evade interference 

(Deveau et al., 2010) (Fig. 1). 

There are two major differences between 

mature crRNAs̉ in II -A and Type 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 in the pre-crRNA:tracrRNA duplex. 

Second, the spacer fragment in the Type II 
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crRNA is shorter, because the 5´-end of the 

spacer sequence is trimmed to 20nt by unknown 

nuclease(s). Consequently, the spacer in the 

mature crRNA matches only 20 of the 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 19nt or more abrogates 

CRISPR-mediated plasmid interference 

(Gasiunas et al., 2012; Jiang et al., 2013b). 

Three model systems have been used to study 

mechanisms of invading nucleic acid destruction 

by Type II systems (Gasiunas et al., 2014). 

1.6. Type III CRISPR-Cas System 

Type III systems are further classified into 

III-A and III-B subtypes predominantly found in 

archaeal genomes (Makarova et al., 2011a; 

Makarova et al., 2011b) and interestingly, type 

III-B systems are only found in combination 

with one or more other CRISPR subtypes 

(Bhaya et al., 2011). Most of our knowledge on 

the III-A subtype comes from the 

Staphylococcus epidermidis model system, 

while Sulfolobus solfataricus and Pyrococcus 

furiosus, have been used as model systems for 

III-B.  

Type III systems encode the CRISPR-

specific endoribonuclease, Cas6, and the 

subtype-specific signature Cas10 protein that 

bears palm-domain polymerase-specific 

sequence motifs (Gasiunas et al., 2014) and is 

very likely involved in target interference 

(Richter et al., 2013). Similar to Cas3 proteins of 

type I systems, Cas10 encodes a HD nuclease 

domain that is proposed to have similar function 

in target degradation (Makarova et al., 2011a; 

Makarova et al., 2011b). Multiple RAMP-family 

proteins are present in the Type III systems 

(Makarova et al., 2006; Makarova et al., 2011a; 

Makarova et al., 2011b; Makarova et al., 2013; 

Koonin and Makarova, 2013). Intriguingly, two 

different Type III systems seem to target 

different nucleic acids. The Type III-A system 

of S. epidermidis contains five Csm proteins and 

targets DNA in vivo (Marraffini and 

Sontheimer, 2008; Marraffini and Sontheimer, 

2010). DNA targeting by this system does not 

require a specific PAM sequence, but sequences 

complementary to the 8nt 5'-tag of the crRNA 

are not targeted by this system (Marraffini and 

Sontheimer, 2010).  

The similarity of the III-A and III-B operons 

suggests that interference in the III-A subtype is 

indeed mediated by an effector complex rather 

than a single protein. As a result the putative 

complex has been termed the CSM complex 

(Makarova et al., 2011b). Every CRISPR/Cas 

system apart from the III-B subtype is thought to 

target dsDNA by forming an R-loop structure, 

consisting of a heteroduplex between crRNA 

and the complementary protospacer strand and a 

ssDNA (single-stranded DNA) non-

complementary strand, followed by degradation 

by the interference nuclease (Brouns et al., 2008; 

Garneau et al., 2010; Ivancic-Bace et al., 2012). 

On the other hand, the III-B system from 

Sulfolobus islandicus interferes with plasmid 

DNA transformation via transcription-dependent 

DNA targeting and relies on the direct 

protospacer transcription into RNA (Richter et 

al., 2013; Richter et al., 2012).  

In the type III-B system of P.furiosus, Cas6 

is not an integral part of the interference 

complex after the crRNA processing, but the 8-

nt 5'- repeat tag serves as an anchor for the 

assembly of a six protein (Cmr1–Cmr6) 

ribonucleoprotein interference complex. A 

similar Cmr complex with seven proteins 

(Cmr1–Cmr7) was identified for S.solfataricus 

and shown to endonucleolytically cleave 

invading RNA at UA dinucleotides (Zhang et 

al., 2012; Hale et al., 2009). Targeting of RNA 

was shown to be PAM-independent for both 

investigated Cmr complexes. Notably, these two 

interference complexes differ from all other 

investigated subtypes, as they specifically target 

RNA and not DNA (Hale et al., 2009; Hale et 

al., 2012). However, recently, it could be 

demonstrated in vivo that Cmr proteins can 

target also plasmid DNA in a PAM-independent 

manner (Deng et al., 2013).  

CRISPR-encoded immunity in the Type III 

CRISPR–Cas systems is consistent with the 

following general mechanism of interference. 

Firstly, the CRISPR repeat region is transcribed 

into a long primary pre-crRNA which undergoes 

a two-step processing to yield mature crRNA of 
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two different lengths which contain an 8-nt 5′-

handle originating from the repeat sequence and 

trimmed spacer 3′-end. Despite the differences 

in repeat sequences (partially palindromic vs. 

non-palindromic in the III-A and III-B systems, 

respectively), Cas6 ribonuclease contributes to 

the primary processing stage. Secondly, the 

mature crRNA in the Type III-B system is 

incorporated into an effector complex which 

targets RNA in vitro using crRNA as a guide. 

Thirdly, unlike the effector complexes of Type I 

and Type II systems, the effector complexes of 

III-A and III-B systems achieve interference in a 

PAM-independent manner (Gasiunas et al., 

2014). 

In interference, the Cmr complex scans RNA 

and crRNA basepairs with a matching 

protospacer sequence. Two different RNA 

cleavage mechanisms are proposed. The Cmr 

complex (consists of six Cas proteins (Cas10, 

Cmr1, and Cmr3–6) and crRNA) from P. 

furiosus exploits the ruler mechanism to 

introduce cuts in the target RNA 14nt from the 

3′-end of crRNA to yield two product fragments 

with different lengths, 39 and 45nt (Hale et al., 

2009). The Cmr complex of S. sulfolobus 

(consists of seven Cas proteins (Cmr1, Cas10, 

and Cmr3–7)) guided by crRNA of various 

length cuts the target RNA in a sequence-

specific manner at UA dinucleotides at multiple 

positions. The Ss-Cmr complex cleaves both 

target and guide RNA (crRNA) sequences in 

vitro (Beloglazova et al., 2011) (Fig. 1). 

The ability of CRISPR/Cas systems to target 

DNA raised the question of how they avoid 

targeting their own CRISPR arrays, which have 

perfect complementarity to the crRNAs they 

produce. For the type III-A system, this is 

avoided by requiring spacer: protospacer 

complementarity and an absence of base-pairing 

to the 5' handle in the crRNA (Marraffini et al., 

2010). This ensures that only non-self targets are 

licensed for degradation, but whether the same 

principle applies to other types remains 

unknown (Richter et al., 2012). 

 

 

 

Figure 1. Schematic representation of crRNA biogenesis and CRISPR interference. Processing events involving nucleic acids are 

coloured; repeats (black), spacers (red–green) and tracrRNA (magenta). For clarity, a single spacer (red) was used to illustrate the 

processes, although in actual systems all spacers are processed. Targets are shown in other red shades (lighter for the 

complementary strand and darker for the non-complementary). The PAMs are shown in blue. The pre-crRNA and interference 

nucleases are indicated along with the interference complexes (Reeks et al., 2013). 
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1.7. Characterization of Cas proteins 

The Cas proteins are important for the 

differentiation between both the major 

CRISPR/Cas types and the subtypes. The cas 

gene products were further classified into ~45 

distinct families (Haft et al., 2005); that number 

was later reduced to ~25 families (Makarova et 

al., 2006). 

Two partially independent subsystems of 

Cas proteins can be distinguished (Makarova et 

al., 2011b; Richter et al., 2012). The first group 

is found across multiple types or subtypes, 

consists of an information processing module 

and requires the universally present core 

proteins, Cas1 and Cas2, which are involved in 

new spacer acquisition (Makarova et al., 2011b; 

Pougach et al., 2010; Makarova et al., 2006; 

Haft et al., 2005). The second, or executive, 

subsystem is required for processing of primary 

CRISPR transcripts (crRNA) and recognition 

and degradation of invading foreign nucleic 

acid, and is quite diverse. For instance, in certain 

CRISPR sub-types, the multisubunit Cascade is 

involved in the processing of the crRNA in type 

I systems (Lintner et al., 2011; Nam et al., 

2012a; Wiedenheft et al., 2011a), whereas in 

other types a single multifunctional protein 

(Cas3, Cas9 and Cas10) may play this role 

(Makarova et al., 2011b). In addition, there are 

several repeat-associated mysterious proteins 

(RAMPs) that constitute a large superfamily of 

Cas proteins (Jansen et al., 2002; Barrangou et 

al., 2007; Przybilski et al., 2011). 

All three CRISPR-Cas systems systems 

contain two universal genes: cas1, a metal-

dependent nuclease that cleaves ssDNA and 

dsDNA, generating ~80 bp DNA fragments 

from dsDNA, with no sequence specificity that 

could be involved in the integration of the alien 

DNA (spacer) into CRISPR cassettes 

(Wiedenheft et al., 2009; Marraffini and 

Sontheimer, 2009; Makarova et al., 2011b), The 

Cas1 structure reveals a novel fold with a two-

domain architecture (Wiedenheft et al., 2009). 

This ubiquitous, highly conserved protein can be 

used as a scaffold to investigate the evolution of 

the CRISPR–Cas system (Makarova et al., 

2011b) and cas2, a metal dependent 

endoribonuclease, that also appears to be 

involved in the spacer acquisition stage. The 

small Cas2 protein cleaves ssRNAs in U-rich 

regions. Crystal structures of Cas2 from several 

species have been solved, revealing a ferredoxin 

fold, which is not common for 

endoribonucleases (Beloglazova et al., 2008). 

Otherwise, the three types of CRISPR-Cas 

systems substantially differ in their sets of 

constituent genes, and each is characterized, 

respectively, by a unique signature gene. The 

signature genes for the three types are, 

respectively, Cas3, a superfamily 2 helicase, 

composed of two domains: an HD domain that 

has metal- dependent nuclease activity on 

double-stranded oligonucleotides  (Han and 

Krauss, 2009) and a DEAD/H box helicase 

domain (Makarova et al., 2006; Sinkunas et al., 

2011), cas9 (a large protein containing a 

predicted RuvC-like and HNH nuclease 

domains) (Makarova et al., 2011a) and cas10 (a 

protein containing a domain homologous the 

palm domain of nucleic acid polymerases and 

nucleotide cyclases) (Makarova et al., 2011b).  

The Cas proteins known as RAMPs (Repeat-

Associated Mysterious Proteins) are present in 

several copies in both type I and III systems. 

Some of the RAMPs have been shown to 

possess sequence- or structure-specific RNAse 

activity that is involved in the processing of pre-

crRNA transcripts (Brouns et al., 2008; Hale et 

al., 2009). The crystal structures of several 

RAMPs have been solved and indicate that they 

contain one or two domains which display 

distinct versions of the RNA recognition motif 

(RRM) or ferredoxin fold (Lintner et al., 2011; 

Wang et al., 2011; Haurwitz et al., 2010). The 

RNA-binding RAMP domain is present in the 

Cas5, Cas6, Cas7 and Cmr3 protein families and 

RAMP-like domains are found in Cas2 and 

Cas10 (Reeks et al., 2013; Makarova et al., 

2011b). Cas5 and Cas6, previously annotated as 

core Cas proteins (cas 1-6) as well, represent a 

group of distantly related Cas proteins referred 

to as RAMPs; they appear to have similar 3D 

structures, and share at least a C-terminal 

glycine-rich loop (Makarova et al., 2002). 
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1.8. Type U CRISPR-Cas systems 

The subtypes I‑U, II‑U and III‑U are 

introduced for systems that lack currently 

defined subtype specific signature genes but 

either might fit one of the established subtypes 

on the basis of further structure and sequence 

analysis, or potentially could become founders 

of new subtypes (Makarova et al., 2011b). An 

unusual CRISPR-Cas system has been recently 

identified in several bacterial genomes, e.g., 

Acidithiobacillus ferrooxidans ATCC 23270, 

denoted type U as it did not contain signature 

genes of any of the three CRISPR-Cas types 

(Garneau et al., 2010). This system is associated 

neither with the two ubiquitous core cas genes, 

cas1 or cas2, nor with any other signature genes 

of the three CRISPR-Cas types or the 10 

subtypes. The A. ferrooxidans system consists of 

four genes denoted csf1, csf2, csf3 and csf4. The 

Csf2 protein is a Cas7 group RAMP closely 

related to the Csm3 subfamily. Csf3 is yet 

another diverged RAMP protein that might be 

functionally analogous to the Cas5 group 

(Makarova et al., 2011a). 
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