
DISCOVERY OF CRISPR-Cas SYSTEMS

AND MECHANISMS OF THEIR ACTION

An unusual Escherichia coli genome locus composed

of four short repeats separated by unique spacer

sequences was first described in 1987 [1]. With more

genomes deciphered, it became evident that similar fam-

ilies of genome repeats are typical for many archaea and

eubacteria [2]. Based on their architecture, these families

were named CRISPR (Clustered Regularly Interspaced

Short Palindromic Repeats). The importance of CRISPR

was first predicted in 2005 “at the tip of a pen”, when it

was noted that some of the spacers corresponded to

nucleotide fragments from plasmids and bacteriophage

genomes [3-5]. It was suggested that CRISPR could be

involved in cell protection from foreign DNA. At the

same time, data has been obtained on the transcription of

CRISPR loci [6], and stable association of CRISPR loci

with a set of genes (cas, CRISPR-associated) was demon-

strated [7]. Three years later, the involvement of CRISPR

loci in cell protection against foreign DNA was proven

experimentally – it was shown that the presence of cas

genes and a CRISPR array spacer complementary to a

plasmid sequence fragment (protospacer) prevented plas-

mid conjugation [8]. The target DNA was destroyed by

RNA–protein complexes composed of the cas gene prod-

ucts and short crRNAs formed by the CRISPR array pro-

cessing, so that each crRNA contained one spacer

flanked by fragments of DNA repeats [9] (figure). Thus,

one of the most important properties of CRISPR-Cas

systems was discovered – the ability to recognize and

modify a fragment of a genome complementary to the

CRISPR array spacer. This phenomenon was named

CRISPR interference. Mechanisms preventing autoim-

mune response possible in the case of recognition of a

cell’s own spacers in the content of a CRISPR array dif-

fer in different types of CRISPR-Cas systems, and they

will be discussed below.
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Abstract—CRISPR-Cas systems of adaptive immunity in prokaryotes consist of CRISPR arrays (clusters of short repeated

genomic DNA fragments separated by unique spacer sequences) and cas (CRISPR-associated) genes that provide cells with

resistance against bacteriophages and plasmids containing protospacers, i.e. sequences complementary to CRISPR array

spacers. CRISPR-Cas systems are responsible for two different cellular phenomena: CRISPR adaptation and CRISPR

interference. CRISPR adaptation is cell genome modification by integration of new spacers that represents a unique case of

Lamarckian inheritance. CRISPR interference involves specific recognition of protospacers in foreign DNA followed by

introduction of breaks into this DNA and its destruction. According to the mechanisms of action, CRISPR-Cas systems

have been subdivided into two classes, five types, and numerous subtypes. The development of techniques based on CRISPR

interference mediated by the Type II system Cas9 protein has revolutionized the field of genome editing because it allows

selective, efficient, and relatively simple introduction of directed breaks into target DNA loci. However, practical applica-

tions of CRISPR-Cas systems are not limited only to genome editing. In this review, we focus on the variety of CRISPR

interference and CRISPR adaptation mechanisms and their prospective use in biotechnology.
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Barrangou et al. demonstrated that when Strepto-

coccus thermophilus cells were infected with a bacterio-

phage, the surviving cells acquired resistance to repeated

infection by the same bacteriophage due to the insertion

into their CRISPR array of new spacers complementary

to fragments of the phage genome [10] – a phenomenon

named CRISPR adaptation. CRISPR adaptation is a

unique CRISPR-Cas-mediated defensive mechanism

that resembles the immunity of higher eukaryotes.

CLASSIFICATION OF CRISPR-Cas SYSTEMS

AND MECHANISMS OF CRISPR INTERFERENCE

CRISPR-Cas systems have been found in more than

40% of eubacteria and 80% of archaea [11, 12]. The avail-

ability of high-throughput sequencing and a growing list

of completely deciphered genomes have allowed

researchers to compare and classify CRISPR-Cas sys-

tems. Since proteins responsible for CRISPR adaptation

are homologous in all CRISPR-Cas systems, this classifi-

cation is based mostly on the protein composition of the

complexes involved in CRISPR interference. According

to the latest data, CRISPR-Cas systems can be subdivid-

ed into two classes, five types, and 16 subtypes [13]. The

two classes are distinguished based on composition of the

interference complexes: CRISPR-Cas systems of Class 1

(Types I, III, IV) are multi-subunit, while systems of

Class 2 (Types II and V) contain only one protein (table).

The mechanisms of crRNA maturation and the proteins

involved in CRISPR interference vary substantially. No

evolutionary relation between components of the

CRISPR interference systems of the first and second

classes has been found [13]. The phylogeny of the

CRISPR-Cas system usually does not reflect the phy-

logeny of the bacteria in whose genomes these systems

were found, which indicates the dominating role of hori-

zontal gene transfer in the distribution and evolution of

CRISPR-Cas systems.

Class 1. Type I. Type I CRISPR-Cas systems are

characterized by the presence of a Cas3 protein that dis-

plays both nuclease and helicase activities (table). They

also contain the multi-subunit crRNA-containing

Cascade complex [13] responsible for target recognition

in CRISPR interference. Type I includes the well-studied

CRISPR-Cas I-E subtype system from E. coli. The

405-kDa Cascade complex from E. coli is composed of

the Cse1, Cse2, Cas5, Cas7, and Cas6e proteins in ratio

1 : 2 : 1 : 6 : 1 [9, 14]. The crRNA is formed by process-

ing of the CRISPR array primary transcript (pre-crRNA)

by ribonuclease activity of the Cas6e protein [9]. The

Cas6e protein is dispensable from the complex if other

sources of mature crRNAs exist [15]. In the subtype I-A

systems, Cas6 is not a stable constituent of the Cascade

complex, which causes considerable variations in the

length of crRNA, whose termini remain unprotected [16,

17]. The crRNA-containing Cascade complex recognizes

a complementary protospacer in the target DNA; DNA

of the protospacer unwinds with the formation of an R-

loop, i.e. the heteroduplex between crRNA spacer, target

DNA protospacer, and replaced “nontarget” single DNA

strand. The next stage requires the effector Cas3 protein

[18, 19] that contains the core SF2 family helicase

domain with RecA motifs and the N-terminal HD nucle-

ase domain [20]. Cas3 introduces breaks into the replaced

DNA strand of the R-loop, thereby initiating target

degradation [21, 22]. The 3D structures of some Cas3

proteins and their complexes with short single-stranded

DNA fragments, presumably DNA degradation products,

have been solved [23-25].

In Type I systems, prevention of an autoimmune

response, i.e. discrimination between the protospacer in

Mechanism of CRISPR-Cas adaptive immunity in prokaryotes.

After entering a bacterial cell, fragments of foreign DNA integrate

into a CRISPR array in the process of CRISPR adaptation. A

CRISPR array is elongated by one new spacer and one repeat. The

CRISPR array is then transcribed with the formation of pre-

crRNA that is processed into short crRNAs, so that each crRNA

contains a spacer flanked by partial repeats. The cas genes code for

protein components of the CRISPR interference and CRISPR

adaptation complexes. A CRISPR interference complex that

includes crRNA and Cas proteins interacts with a protospacer, i.e.

a target DNA sequence complementary to the sequence of the

crRNA spacer, and this interaction leads to the degradation of the

target DNA molecule

CRISPR
interference

CRISPR
adaptation cas genes CRISPR array
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the target DNA and the CRISPR array spacer, occurs by

the following mechanism. Cse1, one of the Cascade com-

plex components, recognizes a short protospacer-adja-

cent motif (PAM) that precedes the protospacer [26],

such recognition being an obligatory condition for the

interaction with the target DNA [18, 26, 27]. On one

hand, this prevents autoimmune response against the

CRISPR array spacer, because the repeat sequence differs

from the PAM sequence. On the other hand, it narrows

the possibility for target recognition. Thus, mutations in

PAMs adjacent to protospacers completely matching

crRNA spacers allow bacteriophages to avoid CRISPR

interference [28-30].

Type III. Type III systems are characterized by the

presence of the Cas10 protein. Cas10 contains a Palm

domain that is similar to the RNA-recognizing domains

of polymerases (table). There are two families of multi-

subunit interference complexes – Cas10–Csm and

Cas10–Cmr – that are typical for Subtype III-A and III-

B systems, respectively [13]. Type III CRISPR-Cas sys-

tems are active against both DNA [8, 31-33] and RNA

[33-38] protospacers: they first recognize and cleave the

RNA transcript and then the corresponding template

DNA [33]. Cas10 is responsible for the DNase activity

[33], while Csm and Cmr display ribonuclease activity

[33, 35, 36]. Active transcription of the target sequence is

an obligatory condition for CRISPR interference mediat-

ed by Type III systems [32, 39]. It prevents CRISPR

interference against prophages that can result in host cell

death [32].

The crRNA maturation in Type III systems is not

completely understood. It is known that the Cas6 ribonu-

clease, which is not a component of the interference

complex, cleaves the CRISPR array primary transcript

into intermediates composed of individual spacers

flanked by partial repeats on both ends. The last eight

nucleotides of the 5-flanking repeat [8] were named

crRNA tag [40]. Partially matured crRNA is incorporat-

ed by an unknown mechanism into the Csm or Cmr com-

plex, where its 3-terminus undergoes additional process-

ing [41]. Unlike Type I systems, in which an autoimmune

response depends on PAM recognition, autoimmune

response in Type III systems is determined by comple-

mentary interactions between the crRNA tag and the tar-

get sequence. Full complementarity of the crRNA tag and

a fragment of the CRISPR array repeat prevent CRISPR

interference. In all other cases, CRISPR interference is

possible [33, 37, 42].

Type IV. The existence of Type IV CRISPR-Cas sys-

tems was predicted through bioinformatic searches [13].

Their characteristic feature is the presence of the csf1

gene (table) usually associated with the cas5 and cas7

genes. The occurrence of these operons in the absence of

association with CRISPR arrays suggests they have func-

tions other than adaptive immunity. However, the mech-

anisms of action and the functions of Type IV CRISPR-

Cas systems require further study and experimental veri-

fication.

Class 2. Type II. The interference complex of Type II

CRISPR-Cas systems includes the Cas9 protein and two

RNAs – crRNA and trans-encoded small RNA

(tracrRNA), the latter containing a sequence comple-

mentary to the CRISPR repeat [43] (table). The

tracrRNA pairs with the pre-crRNA and directs its cleav-

Class 1

Class 2

Self vs. non-self
discrimination

РАМ

CRISPR repeat

?

РАМ

РАМ

?

Classification and variety of interference mechanisms in CRISPR-Cas systems

Target

DNA

DNA
RNA

?

DNA

DNA

?

Pre-crRNA
processing

Cas6

Cas6 + unknown
factor

?

RNase III

Cpf1

?

Typical protein

Cas3

Cas10

Csf1

Cas9

Cpf1

C2c2

Type

Type I

Type III

Type IV

Type II

Type V

Type VI

Effectors

Cascade
crRNA
Cas3

Cmr/Csm
crRNA
Cas10

?

Cas9
crRNA
tracrRNA

Cpf1
crRNA
tracrRNA (in some cases)

?
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age by RNase III to produce mature crRNA [43].

Similarly to Type I systems, the interaction of crRNA

with the target protospacers requires the presence of PAM

[44-46]. Recognition of PAM and the protospacer, local

unwinding of DNA target, R-loop formation, and intro-

duction of breaks into target DNA are provided by the

activity of Cas9 in complex with the two above-men-

tioned RNAs. The simplicity of the CRISPR interference

mechanism in the Type II systems and the possibility of

combining crRNA and tracrRNA into a single guiding

RNA provided the basis for rapid development of Cas9-

mediated techniques for eukaryotic genome editing [47].

Cas9 has two domains – HNH and RuvC [48]. Each of

these domains cleaves one of the protospacer strands in

the R-loop. The breaks in both chains are located across

from each other, so that the cleavage produces a DNA

molecule with blunt ends [10, 43, 49-52].

Type V. The typical feature of Type V CRISPR-Cas

systems is the presence of the Cpf1 protein and its

homologs (table). This relatively large protein resembles

Cas9 of the Type II system, because it contains a RuvC-

like nuclease domain, but it differs from Cas9 by the

absence of the HNH nuclease domain [13, 53]. Only

recently, the functional activity of some Type V CRISPR-

Cas systems has been confirmed experimentally [54, 55].

It appeared that, similarly to Type II systems, Type V sys-

tems require PAM for target recognition. In some Type V

systems, crRNA maturation does not require tracrRNA

and RNase III and is presumably catalyzed by the Cpf1

protein itself. Cleavage of two target DNA strands occurs

with a shift, which results in the formation of “sticky”

single-stranded ends 4-5 nucleotides long [55]. The pos-

sibility of crRNA-guided genome editing has been

demonstrated for at least two Cpf1 proteins – from

Acidaminococcus sp. BV3L6 and Lachnospiraceae bacteri-

um ND2006 [55].

Enormous interest in Class 2 systems due to their

application in genome editing and the necessity for per-

fecting existing techniques has stimulated the search for

other systems in which CRISPR interference could be

performed by a single protein. In 2015, bioinformatic

analysis predicted the existence of Type VI CRISPR-Cas

systems (table) [54], although the mechanisms of action

and the functionality of these systems still have to be

investigated. However, such studies are extremely

important, because they can identify new genome edit-

ing tools that (i) consist of smaller genes/proteins, which

will make their packaging into viral particles for delivery

into cells possible; (ii) have higher specificity. Increasing

the number of PAMs recognized by different types of

CRISPR systems will allow choosing an appropriate tool

for editing specific genome sequences. It is also of

importance that new systems avoid intellectual property

problems that have not been resolved for Type II sys-

tems.

CRISPR ADAPTATION

CRISPR adaptation is one of the few mechanisms of

directed genome modification: a fragment of foreign

DNA (protospacer) integrates into a CRISPR array to

become a new spacer. Simultaneously, a CRISPR repeat

is duplicated. The protein involved in CRISPR adapta-

tion is Cas1. Cas1 is common for all CRISPR-Cas sys-

tems. It is also the most evolutionarily conserved compo-

nent of these systems [56]. As a rule, cas1 and cas2 genes

are located close to each other, and the encoded proteins

form a stable complex [57-59]. Cas1 is an endonuclease

[60, 61]; Cas2 displays nuclease activity toward both

RNA and DNA in vitro [62-64]. However, CRISPR adap-

tation in vivo requires Cas1 nuclease activity only [57].

The Cas1–Cas2 complex is indispensable and sufficient

for CRISPR adaptation in vivo, as demonstrated in E. coli

[65]. The promoter region (leader) of the CRISPR array

provides its transcription with the formation of pre-

crRNA and plays an important role in CRISPR adapta-

tion: novel spacers are integrated adjacent to the repeat

that is proximal to the leader sequence [65-67]. Polar

insertion of new spacers allows reconstruction of the

chronological order of spacer incorporation.

In CRISPR-Cas systems that require the presence of

PAMs for target DNA recognition, selection of proto-

spacers for acquisition should involve a specific mecha-

nism of PAM identification [68], because only such spac-

ers will be functional in CRISPR interference. Type II

systems require Cas9 for PAM recognition and CRISPR

adaptation [69, 70]. In Type I systems, the adaptational

Cas1–Cas2 complex was found to be capable of recogniz-

ing PAMs during protospacer selection [65].

The mechanism of preference for foreign DNA over

the course of protospacer acquisition remains a major

unresolved question. Recently, Levy et al. showed that

intermediates of double-strand break reparation by

RecBCD-mediated homologous recombination act as

hotspots of protospacer selection [71]. They suggested

that integration of a protospacer from the chromosome is

prevented by stalling the RecBCD complex at Chi-sites

that are frequent in the E. coli genome but quite rare in

plasmids and bacteriophages. This work revealed an

important relation between CRISPR adaptation and

mechanisms of genome stability in cells.

Another mechanism for targeting adaptational com-

plexes to foreign DNA is DNA recognition by the inter-

ference complex. Thus, it has been demonstrated that

expression of the CRISPR interference complex

increased the efficiency of CRISPR adaptation [72]: new

spacers were selected from the target DNA strand that

was recognized by crRNA in the content of the effector

complex [72-76]. This process, in which existing crRNA

determines specific selection of new spacers, was called

primed CRISPR adaptation. The molecular mechanism

of primed CRISPR adaptation remains unknown.
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Recently, new details of spacer integration into

CRISPR arrays have been revealed in experiments per-

formed in vivo [59] and in vitro [57]. It was found that the

Cas1–Cas2 complex introduces a single-strand break

exactly at the leader–repeat junction and catalyzes nucleo-

philic attack of the 3-OH end of the incoming spacer onto

the 5-end of the first repeat. Similarly, the other strand is

nicked at the first repeat–spacer junction and the 5-end of

the repeat strand is joined to the 3-end of the new spacer.

As a result, the incorporated spacer is flanked by the sin-

gle-stranded repeat sequences that get filled later.

The two-step mechanisms of spacer insertion into a

CRISPR array resemble the process of transposon integra-

tion into a genome. Koonin and Krupovic proposed a

hypothesis on modular composition of CRISPR-Cas sys-

tems, according to which the CRISPR adaptation module

appears on the basis of mobile genomic elements and gains

the ability for integration of sequences (spacers) into the

genome. In the course of evolution, the adaptation mod-

ule has been combined with other modules that provided

CRISPR interference, i.e. target DNA degradation [77].

APPLICATIONS OF CRISPR-Cas SYSTEMS

Practical interest in CRISPR-Cas systems originated

from their ability to recognize almost any unique DNA

locus. This recognition can be directed toward specific

DNA sequences via complementary interactions between

crRNA spacers and protospacers of the target molecules.

It underlies the development of Cas9-mediated tech-

niques of genome editing that have revolutionized

biotechnology in the past three years. However, the

potential of CRISPR-Cas systems as sources for new

biotechnological tools is not yet exhausted. Genome edit-

ing with Class 2 CRISPR-Cas systems has been described

in several reviews [78, 79], and this is why in this article

we focus on other approaches to the application of

CRISPR-Cas systems.

Gene expression regulation. A CRISPR interference

complex capable of recognizing a protospacer in the regu-

latory or encoding regions of a gene, but lacking nuclease

activity can serve as an efficient tool for gene expression

regulation, as demonstrated for Type II CRISPR-Cas sys-

tems. A Cas9 protein with impaired nuclease activity sup-

pressed transcription of bacterial genes at the initiation or

elongation stages when the protospacer was located in the

promoter or coding regions, respectively [80, 81]. The

observed suppression might result from screening the tar-

get locus within the promoter region or physically stop-

ping the elongation complex by having Cas9 tightly bound

to the transcribed DNA template. This type of repression

is successfully used for expression control in eukaryotic

systems. The nuclease Cas3-deficient multi-subunit Type

I CASCADE complex from E. coli can also be used for

transcription repression [82, 83]. The opposite effect,

transcription activation, can be achieved using Cas9 with

impaired nuclease activity in combination with some acti-

vator domains. Such a combination provides a reversible

increase in the levels of gene expression in bacteria, yeast,

mouse, and human cells [81, 84, 85].

There are numerous prerequisites for creating

CRISPR-based tools for gene expression regulation at the

post-transcriptional level. In 2013, Sampson et al. identi-

fied a new activity of the Type II CRISPR-Cas system in

Francisella novicida that was not defense against foreign

DNA [86]. They showed that Cas9, tracrRNA, and an

additional RNA named scaRNA interacted with a tran-

script of the lipoprotein gene and caused its degradation.

As a result, the cells became highly virulent. The mecha-

nisms of pre-crRNA processing present considerable

interest for post-transcriptional regulation, because the

corresponding components of the CRISPR-Cas systems

can recognize repeat fragments in a content of RNA mol-

ecule and introduce specific breaks in them. The possibil-

ity of RNA stability regulation was demonstrated for the

I-F Subtype system protein, Cas6f, also known as Csy4

[87, 88]. It is possible that molecular tools for post-tran-

scriptional regulation of gene expression will develop fur-

ther in the near future, since such regulation is especially

important for a prokaryotic cell, in which efficient RNA

interference has not yet been achieved.

Cell selection. Activation of CRISPR interference

could be used for directed manipulation of the content of

bacterial communities. Bikard et al. showed that delivery

of crRNA bearing a spacer matching a protospacer of the

virulence-providing genes into Staphylococcus aureus cells

possessing the Type II CRISPR-Cas system selectively

inhibited the growth of virulent cells [89]. In the same

work, the delivery of crRNA complementary to the proto-

spacer of an antibiotic resistance-encoding plasmid result-

ed in the loss of cell resistance to the antibiotic. Similarly,

induction of expression of components of the Subtype I-E

CRISPR interference system in E. coli caused selective

death of cells containing a protospacer complementary to

the crRNA spacer in their genomes [90, 91].

Strain subtyping. Profiling of CRISPR array spacers

by PCR or restriction analysis for identifying microor-

ganism strains has been used for years and started a long

time before elucidation of the functions and mechanisms

of CRISPR-Cas systems [92, 93]. The main condition for

profiling is a relatively stable composition of CRISPR

arrays due to low levels of CRISRP adaptation. Since no

expression of cas genes has been observed in E. coli and

closely related genera Yersinia and Salmonella, at least in

laboratory conditions [66, 94], profiling their spacers still

remains quite useful, especially for subtyping of patho-

genic strains [95, 96]. At present, profiling is mostly per-

formed by high-throughput sequencing [97].

In strains with high levels of CRISPR adaptation,

profiling of spacers allows prediction of strain resistance

to certain bacteriophages based on the already existent
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spacers. This might be important for selecting bacterio-

phages for phage therapy and for following interactions of

bacteria with bacteriophages [28, 98, 99], in particular, in

a course of therapy.

Design of strains with a required set of spacers.

Creation of industrial microorganisms with resistance to

bacteriophage infection determined by their CRISPR

arrays is highly important in biotechnology. It is also often

required to express crRNA with particular properties in

bacterial cells, for example, for studying CRISPR-Cas

system interactions with various bacteriophages. A new

simple approach for rapid creation of such strains has

been suggested based on the phenomenon of primed

adaptation [100]. Escherichia coli cells bearing inducible

cas genes were transformed with a plasmid that contained

a fragment of bacteriophage genome, against which new

spacers should be obtained, and a protospacer partially

complementary to an existing spacer of the bacterial

CRISPR array. After induction of cas genes, interactions

between the spacer in the content of crRNA and the

priming protospacer provided preferential selection of

new spacers from the same plasmid. Over 50% of the cells

acquired the “phage” spacer.

Despite enormous progress in understanding

CRISPR-Cas system-mediated adaptive immunity in

prokaryotes during the last decade, many questions still

remain unanswered, such as the mechanisms of selection

and cleavage of protospacers during CRISPR adaptation,

evolutionary origin of CRISPR-Cas systems, their role in

population structure and in cell interactions with plasmids

and bacteriophages, prediction of novel CRISPR-Cas sys-

tems in bioinformatic searches and mechanisms of their

action, and approaches to the regulation of CRISPR-Cas

system activity. The elucidation of these problems will

broaden our understanding of fundamental principles of

biology and help in the development of biotechnological

tools for applications other than genome editing.

This work was supported by the Russian Foundation

for Basic Research (project No. 16-04-00767).
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