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CRISPR-Cas systems are adaptive immune systems that

protect their hosts from predation by bacteriophages (phages)

and parasitism by other mobile genetic elements (MGEs). Given

the potent nuclease activity of CRISPR effectors, these

enzymes must be carefully regulated to minimize toxicity and

maximize anti-phage immunity. While attention has been given

to the transcriptional regulation of these systems (reviewed in

[1]), less consideration has been given to the crucial post-

translational processes that govern enzyme activation and

inactivation. Here, we review recent findings that describe how

Cas nucleases are controlled in diverse systems to provide a

robust anti-viral response while limiting auto-immunity. We also

draw comparisons to a distinct bacterial immune system,

restriction-modification.
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Introduction
Bacteria face immense predation from bacteriophages

(phages), generating a strong need for a diverse and

effective panel of immune processes [2]. It has been

estimated that approximately 1023 bacteriophage infec-

tions per second occur in the ocean [3,4], Pathways such

as abortive infection [5,6], restriction modification [7,8],

and CRISPR-Cas [9,10] can provide robust immunity

against these pathogens. A common thread that weaves

through these and other immune pathways is the need to

precisely regulate the activity of the enzymes that enable

function to prevent auto-immunity.
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Clustered regularly interspaced short palindromic repeats

(CRISPR) and CRISPR-associated (cas) genes constitute

the only discovered ‘adaptive’ immune system in prokar-

yotes. These are categorized into two broad classes, six

types (I–VI) and further subtypes [11]. Despite their

diversity, these defense mechanisms show remarkable

overlap. Immunological memory resides in the CRISPR

array, a series of alternating repeats and spacers, with

spacer sequences derived from foreign genetic elements

in a process known as adaptation. The array is transcribed

and processed to generate unit sized CRISPR RNAs

(crRNA), which form a complex with one (Class 2, Types

II, V, VI) or multiple (Class 1, Types I, III, IV) CRISPR-

associated (Cas) proteins [12–16]. During interference,

invading nucleic acids are recognized and destroyed via

complementary base pairing between the crRNA and the

foreign nucleic acid. The simplicity and programmability

of DNA-encoded, RNA-guided nucleases has generated

revolutionary prokaryotic [17] and eukaryotic [18] gene

editing technologies utilizing the Class 2 Cas enzymes.

CRISPR-Cas immunity requires numerous RNA and

DNA cleaving enzymes at all stages of function, to

support this nucleic acid-based immune system. Nearly

every core Cas protein superfamily has members that

have been shown to possess DNA or RNA-targeting

nuclease activity (Table 1). Many bacterial strains possess

multiple Cas nucleases, which generates a potentially

cytotoxic consequence to maintaining CRISPR-Cas.

Therefore, the need for control and fine-tuned specificity

is significant. The requirements for in situ control, regu-

lation, localization, activation, and ultimately function are

only starting to be understood with transcriptional-level

regulation reviewed in [1]. Here, we summarize how

microbes use post-translational regulation to activate,

inactivate, and fine-tune Cas nucleases.

Spacer acquisition
The ability to generate heritable immunity by acquiring

fragments of invading DNA as new CRISPR spacers is a

hallmark of CRISPR-Cas immunity. This activity

requires the two most highly conserved cas genes, cas1
and cas2 [38,39]. This process must be highly selective, as

acquiring new CRISPR spacers from the bacterial

genome will lead to toxic ‘self-targeting’, as there is no

intrinsic mechanism to tell self from non-self. A mecha-

nism for avoiding CRISPR array cleavage is in place,

however, as Types I and II systems require a 2–5 bp

protospacer adjacent motif (PAM) that is recognized by

Cas proteins and is not present in the chromosomal
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Table 1

CRISPR-Cas nucleases and associated substrates

Protein Substrate Process Reference

Cas1 dsDNA Acquisition [19]

Cas2 ssRNA, ssDNA Acquisition [20,21]

Cas3 ssDNA Interference/acquisition [22–24]

Cas4 ssDNA Acquisition [25]

Cas5 ssRNA Biogenesis [26]

Cas6 ssRNA Biogenesis [16]

Csm6 ssRNA Interference [27]

Cas7a ssRNA Interference [28��,29,30]
Cas9 dsDNA Interference/acquisition [31,32]

Cas10 ssDNA Interference [28��,33�]
Cas12 dsDNA, ssRNA Processing/interference [34,35�]
Cas13 ssRNA Processing/interference [36,37�]

a Cas7 family members from Type III systems include Csm5, Csm3,

Cmr3, Cmr6 [38].
CRISPR array. Remarkably, Cas1 and Cas2 have been

shown to preferentially incorporate foreign DNA into the

CRISPR array [39,40��]. This trait appears to be

explained by the enhanced frequency with which

DNA fragments are generated from foreign DNA during

replication initiation, stalls, double stranded breaks, and

attack by host nucleases such as RecBCD [40��]. Addi-

tionally, DNA ends are exposed during phage injection,

which was recently shown to bias spacer acquisition

toward phage genome ends [41�]. Another hallmark of

CRISPR immunity is the chronological order with which

spacers are acquired, with new spacers appearing adjacent

to the promoter-containing leader sequence. While the

process of acquisition per se appears to be regulated only

by the availability of free DNA and an ‘acceptor’ repeat

sequence, the Escherichia coli integration host factor (IHF)

was identified as being an instrumental regulator of the

accurate insertion of a new spacer proximal to the leader

[42�,43,44�].

Cas1 and Cas2 are the only Cas proteins required for naı̈ve

spacer acquisition in vivo [39,40��] and in vitro [45]. The

most potent positive regulator of the acquisition machin-

ery, however, is the CRISPR surveillance complex itself

(Figure 1). Through a mechanism known as priming

spacer acquisition [46], the recognition of a mismatched

target triggers a positive feedback loop that stimulates

new spacer acquisition from sequences flanking the initial

target [46,47]. Moreover, when Cas3-mediated targeting

takes place, the generated fragments are suitable sub-

strates for spacer acquisition, again acting as a regulatory

layer to reinforce the future targeting of bona fide foreign

DNA [48,49�]. In Type II systems, spacer acquisition

does not occur in the absence of Cas9, a process that

ensures that DNA sequences acquired contain the correct

PAM [50,51]. In sum, spacer acquisition is controlled

post-translationally at multiple levels; by exposed DNA

ends, repeat and leader sequences, IHF (in E. coli), and

the effector machinery itself. These factors must operate

in concert to both avoid a high rate of self-spacer
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acquisition, incorporate phage spacers in the appropriate

location for downstream deployment, and to respond to

mutant phages.

crRNA biogenesis
To generate surveillance complexes, the pre-crRNA tran-

script is cleaved to generate single crRNA units, a process

that has now been attributed to multiple nucleases in

their respective class and subtype, including Cas6 (Types

I, III) [13,16,52], Cas5 (Type I-C) [26,53], RNAse III

(Type II) [15], Cas 12 (Type V) [35�], and Cas13 (Type

VI) [54]. Endoribonuclease specificity is dictated by the

sequence and secondary structure of the CRISPR repeat.

This structure is generated in cis for Types I, III, V, VI,

due to the palindromic nature of the repeats, and in trans
by the tracrRNA in Type II systems. While no further

regulatory layers have been described for these ribonu-

cleases, it remains to be seen whether other cellular RNAs

with sequences that meet the rules for binding and

cleavage are substrates for processing by these enzymes.

Future work should consider whether unidentified pro-

teins or factors play a role in directing Cas6 to the

CRISPR repeat sequences, the same way that IHF

directs Cas1-2 to the first repeat in the array. Exerting

control over non-crRNA processing could be a particularly

important consideration for heterologous expression of

CRISPR-Cas systems.

Interference (Type I)
Type I systems encode multi-protein surveillance com-

plexes that, upon target recognition, recruit the trans-
acting nuclease-helicase, Cas3, to degrade the target. To

avoid general Cas3 toxicity, an envisioned strategy would

necessitate the detection of a bona fide target for nuclease

activation. Such targets have two traits, a PAM that is

recognized by the large subunit in the surveillance com-

plex, and near perfect identity between the DNA target

and the crRNA sequence. Recent work has put forward

models in two different Type I systems (I-E and I-F) that

are consistent with localized activation of the Cas3 nucle-

ase during target recognition, described below (Figure 1).

Type I-E: The large subunit of Cascade (CRISPR-asso-

ciated complex for antiviral defense), Cas8, recruits Cas3

through the conformational changes it adopts when faced

with a candidate target [55,56��]. As the surveillance

complex samples sequences, Cas8’s domains assume

various conformations allowing it to exist in dynamic

equilibrium between ‘open’ and ‘closed’ states, driving

distinct Cas3 targeting outcomes (i.e. interference or

priming). In the ‘closed’ conformation, Cas3 is recruited

for DNA cleavage whereas in the ‘open’ conformation

Cas3 is preferentially recruited in complex with Cas1 and

Cas2, where together they mediate new spacer acquisi-

tion. In this model, a target bearing mismatches is a good

substrate for spacer acquisition but will not necessarily

trigger degradation. Similarly, positioning of the target
www.sciencedirect.com



CRISPR-Cas post-translational regulation Leon, Mendoza and Bondy-Denomy 89

Figure 1
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Type I activation and regulation. (a) The key players in Type I interference: Cascade (with Cas8 in green), target DNA with PAM highlighted in red

and protospacer in teal, and the Cas1-2-3 protein complex. (b) During interference, Cascade initiates DNA binding by recognizing the PAM and

target sequence. Cas3 (orange enzyme) recruitment is dependent on a ‘closed’ Cas8 (green protein) conformation and a non-target DNA strand

‘bulge’ which together signal a bona fide target. Upon recruitment, Cas3 likely sheds Cas1 and begins DNA cleavage and translocation in the

30!50 direction. (c) In the event of a mismatch (*) between the crRNA and target, Cas8 is in an ‘open’ conformation. Cas3 is recruited but does

not dissociate from Cas1. The holoenzyme scans DNA bi-directionally for new spacers. In both panels, DNA fragments can be incorporated into

the CRISPR array (repeats in gray diamonds) as new spacers (multi-colored rectangles).
DNA on the CRISPR complex, as well as DNA topology

itself, may also influence Cas3 activity. A recent structure

of a DNA-bound complex illustrates that the non-target

strand has ‘slack’ in a displaced bulge that is necessary for

Cas3 cleavage activity [57��]. While the distended DNA

is not required for Cas3 to interact with the surveillance

complex, it does enhance nucleolytic processivity, indi-

cating its role in regulating Cas3 enzymatic activity.

Type I-F: Acquisition machinery can serve as a repressor

of Cas3 activity. In Type I-F systems, a single gene

encodes a fused Cas2-Cas3 protein [38]. Recent work

has shown that the Pseudomonas aeruginosa Cas2-3 protein

can form a complex with Cas1, which maintains Cas3 in a

nuclease-inactive state [58��]. Conversely, a CRISPR-Cas

complex bound to target DNA displaces Cas1 and acti-

vates the Cas3 nuclease. Interestingly, a similar Cas1-2-3

interaction was found in the Pectobacterium atrosepticum
www.sciencedirect.com 
Type I-F system [44�], where the Cas1-2-3 complex

maintains its role in new spacer acquisition. It is yet to

be determined if Cas1 acts as a negative regulator in

systems where Cas2 and Cas3 are encoded as separate

polypeptides. Such a strategy would allow the cell to

maintain the Cas3 enzyme ready for deployment in the

event of an infection while limiting potentially toxic

nuclease activity. Additionally, the protein and DNA

conformational changes that occur when DNA is bound

by the surveillance complex likely represent a unique

molecular ‘coincidence’ to facilitate specific Cas3

activation.

Interference (Type II)
The two nuclease domains (HNH and RuvC) in the

Cas9 enzyme experience many checks and balances en
route to a cleavage event. While ApoCas9 can associate

non-specifically and weakly with DNA [59], it is not
Current Opinion in Microbiology 2018, 42:87–95
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enzymatically active, and loading of the crRNA and the

tracrRNA (or sgRNA in engineered forms) induces dra-

matic conformational changes that convert Cas9 into a

sequence-specific, high-affinity DNA binding complex

[60�,61,62]. This conformational rearrangement likely

ensures that Cas9 is not constitutively enzymatically

active within the cell. Emphasizing the role of the

RNA-bound Cas9 as the active version of the protein,

recently discovered bacteriophage encoded ‘anti-

CRISPR’ proteins, AcrIIA2 and AcrIIA4, interact directly

with RNA-loaded Cas9 but not ApoCas9 [63,64].

Upon recognition of the appropriate PAM and ‘seed’

region of the protospacer, Cas9 docks and unwinds the

target DNA locally, base pairing with the complementary

sequence [59,65,66]. Beyond correct PAM and seed

sequences, further quality control measures are in place

for Cas9. First, the HNH catalytic domain sits �30 Å from

the position where cleavage ultimately occurs. Fluores-

cence experiments revealed that the HNH domain only

comes into the correct position when perfect or near

perfect complementarity is present between the crRNA

and the target [67�]. Remarkably, this movement also

mediates an allosteric activation of the RuvC domain, the

other catalytic domain in the protein, thereby ensuring

that both nuclease domains ‘fire’ in a concerted manner to

yield a double-strand break [67�,68]. Single molecule

FRET studies have also shown that the HNH domain

can sample an intermediate position that is between

active and inactive conformations, and that more time

is spent in the intermediate position for mismatched

targets, including those with PAM-distal mutations

[69,70�]. Again, emphasizing the importance of this pro-

cess, bacteriophages have developed antagonists. Anti-

CRISPR protein AcrIIC1 interacts with the HNH domain

and prevents its movement, without interfering with
Figure 2
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DNA binding [71]. In sum, multiple conformational

changes to this protein ensure not only a lack of basal

enzymatic activity in the apo form, but also explain the

general robustness of Cas9 to cleaving mostly on-target

sequences, limiting genome damage.

Interference (Type III)
The Type III system targeting machinery resemble the

Type I surveillance complexes and also utilize a trans-
acting nuclease, but they exhibit drastic mechanistic

differences (Figure 2). Type III CRISPR complexes

specifically recognize and base pair with RNA instead

of DNA, but and are able to catalyze cleavage of both the

bound RNA molecule as well as neighboring DNA

[28��,29,72,73]. To combat phage infection, Type III

systems deploy three distinct and interdependent

nucleases, Cas10 (DNase), Csm3 or Cmr4 (RNases,

Cas7 family members), and Csm6 (RNase), which are

inactive in the absence of a threat. These are controlled

by specific mechanisms that allow activation after a few

requirements have been met: (i) Complementarity

between the crRNA and target RNA [61], (ii) lack of

complementarity between the crRNA 50 handle and the

target [74] to avoid CRISPR locus targeting, and (iii)

active transcription across the target sequence [28��]. A

nascent RNA transcript fitting these requirements is

stably bound by a crRNA-guided surveillance complex

and is cleaved via the pentameric backbone of Csm3

RNase subunits [28��]. This interaction triggers the sec-

ond nuclease, Cas10, also a component of the surveillance

complex, to cleave proximal DNA substrates [28��]. The

third line of defense is a trans-acting RNase, Csm6, which

is activated to non-specifically cleave RNA. The nature of

Csm6 activation remained elusive until recent reports

showed that Cas10’s Palm domain, which contains a motif

conserved among polymerases and cyclases, synthesizes a
Csm3

Cas10

crRNA
TP

ipt
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veillance complex via complementarity between the nascent RNA

uence. Cas10, a DNase, cleaves the proximal DNA template and

ARF domain on Csm6, activating its non-specific RNase activity.

www.sciencedirect.com
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cyclic oligoadenylate that controls Csm6 [75��,76��]. This

molecule is sensed by the CARF (CRISPR-associated

Rossman Fold [77]) domain on Csm6, leading to allosteric

activation of the RNase. The Csm6 ‘clean-up’ nuclease

has been shown to be important when crRNAs recognize

regions of phage genomes that are expressed late during

infection [27] and may be a mechanism to limit the burst

size of the phage.

Regulation of restriction modification
Some of the earliest discovered nucleolytic bacterial

immune systems are restriction-modification (R-M)

systems [78,79]. R-M systems encode restriction endo-

nucleases (REN) that introduce double-stranded breaks

in DNA substrates containing specific unmodified

sequences [80,81,82]. While the bacterial genome is

protected by DNA methylation (Figure 3a), R-M faces

the same challenges as CRISPR-Cas: the need to balance

potent, potentially bacteriocidal nucleases with a rapid

response to phage infection. We illustrate this point with

examples of self-avoidance from the E. coli K12 (EcoKI)

Type I R-M system.

Type I R-M utilizes three host specificity determination

genes: hsdS (sequence specificity), hsdM (modification

activity), and hsdR, which translocates along and cleaves
Figure 3
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stress will physically occlude host sites from restriction enzymes. (d) DNA d

specific restriction alleviation. ClpXP specifically degrades HsdR subunits th
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DNA [8,83,84]. The encoded proteins assemble into

methyltransferases (MT, S1M2) and restriction-compe-

tent holoenzymes (S1M2R2). Presumably to maintain

protective chromosomal modifications, cellular concen-

trations of MT exceed that of holoenzymes [85]

(Figure 3b). As DNA replication proceeds, hemi-methyl-

ated sequences are rapidly modified at specific adenines

to N6-methyladenine by Type I MT and holoenzymes

[8]. The holoenzyme’s MT activity is favored over its

endonucleolytic activity in hemi-methylated substrates

[86], which is critical for preventing nucleolytic degrada-

tion of the chromosome.

During time of extensive DNA recombination or repair,

many unmodified sites will be generated which pose a

great risk to the host chromosome. In these cases, a

protective strategy known as restriction alleviation (RA)

safeguards unmodified sites from cleavage. General RA is

mediated by cationic polyamine-based genome conden-

sation which physically occludes host DNA from

nucleases [87] (Figure 3c). Further, it is proposed that

DNA-binding proteins block holoenzyme translocation

[88]. Importantly, incoming foreign DNA lacks these

features and remains susceptible to restriction. Further-

more, Type I families IA and IB selectively degrade

HsdR subunits during periods of stress. Treatment of
(c)

(d)

XP
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oenzyme restriction endonuclease together with HsdR (S1M2R2). The

ification of host substrate sequences protect the host chromosome

ification are degraded. (c) Chromosomal condensation during cell

amaging agents and incoming Type I restriction enzymes trigger family

at translocate along the host chromosome.

Current Opinion in Microbiology 2018, 42:87–95
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bacteria with genotoxic agents leads to induction of a

family-specific RA phenotype where specific degradation

of HsdR is mediated by the disaggregase and protease

complex, ClpXP [89,90] (Figure 3d). Although the

degron on HsdR has not been identified, ClpXP binds

chromosome-bound, translocating, holoenzyme-associated

HsdR [91�].

Immunity-associated endonucleases in CRISPR-Cas and

R-M systems deliver protection with the risk of aberrant,

toxic activity against the host if improperly regulated.

The described strategies by which CRISPR-Cas systems

balance autoimmunity are distinct from those utilized by

Type I REN, but it is interesting to consider the potential

impacts of host DNA topology and chemistry on control-

ling CRISPR autoimmunity, and the possibility for active

destruction of CRISPR complexes during times of cellu-

lar stress.

Future considerations
Bacteria possess robust immunity pathways, which are

fascinating in their basic biology and have revolutionized

molecular biology. We envision that further advances in

this field will reveal many new and exciting paradigms in

microbiology.

Beyond post-translational control, we predict future

mechanisms that operate post-transcriptionally (i.e.

untranslated mRNAs that are translated during phage

infection) could also be part of a robust CRISPR-Cas

response. Furthermore, we imagine the possibility for

novel proteins that interact with the CRISPR-Cas

machinery and modulate or control its function. Indeed,

recently discovered families of prophage-encoded anti-

CRISPR proteins are interacting proteins that could

also provide regulatory switches for turning CRISPR-

Cas on and off, as well as enabling new modalities, such

a transcriptional repression (CRISPRi) by inactivating

nuclease function [63,64,71,92–94,95�,96]. Lastly, we

envision that identifying key co-factors, and regulatory

switches will be instrumental in continuing to expand the

CRISPR-Cas toolbox to enable new functions and appli-

cations in various cell types. Continued studies on

CRISPR-Cas in their natural settings will undoubtedly

enable advancements in this direction [97].
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Klein M, Depken M, Suárez-Diez M, Brouns SJJ: Cas3-derived
target DNA degradation fragments fuel primed CRISPR
adaptation. Mol Cell 2016, 63:852-864.

This paper shows that PAM-dependent Cas3-mediated degradation
of target sequences can power new spacer acquisition by Cas1-2,
specifically from foreign DNA that was previously acquired from.

50. Heler R, Samai P, Modell JW, Weiner C, Goldberg GW, Bikard D,
Marraffini LA: Cas9 specifies functional viral targets during
CRISPR-Cas adaptation. Nature 2015, 519:199-202.
Current Opinion in Microbiology 2018, 42:87–95

http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0585
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0585
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0585
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0590
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0590
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0590
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0590
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0590
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0595
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0595
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0595
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0595
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0595
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0600
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0600
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0600
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0600
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0605
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0605
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0605
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0605
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0610
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0610
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0610
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0615
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0615
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0615
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0615
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0620
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0620
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0620
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0625
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0625
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0625
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0630
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0630
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0630
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0635
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0635
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0635
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0640
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0640
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0640
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0640
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0645
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0645
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0645
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0645
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0650
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0650
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0650
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0650
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0655
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0655
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0655
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0655
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0660
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0660
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0660
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0665
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0665
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0665
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0665
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0665
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0670
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0670
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0670
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0670
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0675
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0675
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0675
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0675
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0680
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0680
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0680
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0685
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0685
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0685
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0690
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0690
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0690
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0695
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0695
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0695
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0700
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0700
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0700
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0705
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0705
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0705
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0705
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0705
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0710
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0710
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0710
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0715
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0715
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0715
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0715
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0720
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0720
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0720
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0720
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0720
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0725
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0725
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0725
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0725
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0730
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0730
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0730
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0730
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0735
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0735
http://refhub.elsevier.com/S1369-5274(17)30030-9/sbref0735


94 Cell regulation
51. Wei Y, Terns RM, Terns MP: Cas9 function and host genome
sampling in Type II-A CRISPR-Cas adaptation. Genes Dev
2015, 29:356-361.

52. Carte J, Pfister NT, Compton MM, Terns RM, Terns MP:
Binding and cleavage of CRISPR RNA by Cas6. RNA 2010,
16:2181-2188.

53. Garside EL, Schellenberg MJ, Gesner EM, Bonanno JB,
Sauder JM, Burley SK, Almo SC, Mehta G, MacMillan AM: Cas5d
processes pre-crRNA and is a member of a larger family of
CRISPR RNA endonucleases. RNA 2012, 18:2020-2028.

54. East-Seletsky A, O’Connell MR, Knight SC, Burstein D, Cate JHD,
Tjian R, Doudna JA: Two distinct RNase activities of CRISPR-
C2c2 enable guide-RNA processing and RNA detection. Nature
2016 http://dx.doi.org/10.1038/nature19802.

55. Hochstrasser ML, Taylor DW, Bhat P, Guegler CK, Sternberg SH,
Nogales E, Doudna JA: CasA mediates Cas3-catalyzed target
degradation during CRISPR RNA-guided interference. Proc
Natl Acad Sci USA 2014, 111:6618-6623.

56.
��

Xue C, Whitis NR, Sashital DG: Conformational control of
cascade interference and priming activities in CRISPR
immunity. Mol Cell 2016, 64:826-834.

The authors show that the Escherichia coli type I-E system relies on
conformational changes in Cas8 to commit to either interference or
acquisition.

57.
��

Xiao Y, Luo M, Hayes RP, Kim J, Ng S, Ding F, Liao M, Ke A:
Structure basis for directional R-loop formation and substrate
handover mechanisms in type I CRISPR-Cas system. Cell
2017, 170:48-60.e11.

Using cryo-EM structures of the Thermobifida fusca type I-E surveillance
complex, the authors show how cascade conformational changes and
DNA bending supports Cas3 targeting.

58.
��

Rollins MF, Chowdhury S, Carter J, Golden SM, Wilkinson RA,
Bondy-Denomy J, Lander GC, Wiedenheft B: Cas1 and the Csy
complex are opposing regulators of Cas2/3 nuclease activity.
Proc Natl Acad Sci USA 2017, 23 201616395-E5121.

This paper shows that Cas1 in the Type I-F system of Pseudomonas
aeruginosa represses the Cas2-3 nuclease via a direct interaction, which
is derepressed upon recruitment to the DNA-bound surveillance
complex.

59. Sternberg SH, Redding S, Jinek M, Greene EC, Doudna JA: DNA
interrogation by the CRISPR RNA-guided endonuclease Cas9.
Nature 2014, 507:62-67.

60.
�

Jinek M, Jiang F, Taylor DW, Sternberg SH, Kaya E, Ma E,
Anders C, Hauer M, Zhou K, Lin S et al.: Structures of Cas9
endonucleases reveal RNA-mediated conformational
activation. Science 2014, 343:1247997.

This paper demonstrates the importance of the guide RNA in Cas9
activation. A crystal structure demonstrates that guide RNA loading
confers conformational changes that activate Cas9 and allow for DNA
binding.

61. Nishimasu H, Ran FA, Hsu PD, Konermann S, Shehata SI,
Dohmae N, Ishitani R, Zhang F, Nureki O: Crystal structure of
Cas9 in complex with guide RNA and target DNA. Cell 2014,
156:935-949.

62. Jiang F, Zhou K, Ma L, Gressel S, Doudna JA: A Cas9–guide RNA
complex preorganized for target DNA recognition. Science
2015, 348:1477-1481.

63. Rauch BJ, Silvis MR, Hultquist JF, Waters CS, McGregor MJ,
Krogan NJ, Bondy-Denomy J: Inhibition of CRISPR-Cas9 with
bacteriophage proteins. Cell 2017, 168:150-158.e10.

64. Dong D, Guo M, Wang S, Zhu Y, Wang S, Xiong Z, Yang J, Xu Z,
Huang Z: Structural basis of CRISPR-SpyCas9 inhibition by an
anti-CRISPR protein. Nature 2017 http://dx.doi.org/10.1038/
nature22377.

65. Szczelkun MD, Tikhomirova MS, Sinkunas T, Gasiunas G,
Karvelis T, Pschera P, Siksnys V, Seidel R: Direct observation
of R-loop formation by single RNA-guided Cas9 and
cascade effector complexes. Proc Natl Acad Sci USA 2014,
111:9798-9803.

66. Anders C, Niewoehner O, Duerst A, Jinek M: Structural basis of
PAM-dependent target DNA recognition by the Cas9
Current Opinion in Microbiology 2018, 42:87–95 
endonuclease. Nature 2014 http://dx.doi.org/10.1038/
nature13579.

67.
�

Sternberg SH, LaFrance B, Kaplan M, Doudna JA:
Conformational control of DNA target cleavage by CRISPR-
Cas9. Nature 2015, 527:110-113.

This paper utilizes in solution FRET measurements to show that binding of
a DNA target only results in cleavage when the HNH domain fully
occupies the active conformation of the enzyme, which results with a
perfectly matched target, while mismatches impair this movement.

68. Jiang F, Taylor DW, Chen JS, Kornfeld JE, Zhou K, Thompson AJ,
Nogales E, Doudna JA: Structures of a CRISPR-Cas9 R-loop
complex primed for DNA cleavage. Science 2016, 351:867-871.

69. Chen JS, Dagdas YS, Kleinstiver BP, Welch MM, Sousa AA,
Harrington LB, Sternberg SH, Joung JK, Yildiz A, Doudna JA:
Enhanced proofreading governs CRISPR-Cas9 targeting
accuracy. Nature 2017 http://dx.doi.org/10.1038/nature24268.

70.
�

Dagdas YS, Chen JS, Sternberg SH, Doudna JA, Yildiz A:
A conformational checkpoint between DNA binding and
cleavage by CRISPR-Cas9. Sci Adv 2017, 3:eaao0027.

Using FRET, the authors demonstrate that the Streptococcus pyogenes
Cas9 HNH nuclease domain adopts inactive, intermediate, and active
conformations, which ultimately determine whether a target is degraded
or not.

71. Harrington LB, Doxzen KW, Ma E, Liu J-J, Knott GJ, Edraki A,
Garcia B, Amrani N, Chen JS, Cofsky JC et al.: A broad-spectrum
inhibitor of CRISPR-Cas9. Cell 2017 http://dx.doi.org/10.1016/j.
cell.2017.07.037.

72. Hale CR, Zhao P, Olson S, Duff MO, Graveley BR, Wells L,
Terns RM, Terns MP: RNA-Guided RNA cleavage by a CRISPR
RNA-Cas protein complex. Cell 2009, 139:945-956.

73. Staals RHJ, Zhu Y, Taylor DW, Kornfeld JE, Sharma K,
Barendregt A, Koehorst JJ, Vlot M, Neupane N, Varossieau K et al.:
RNA targeting by the type III-A CRISPR-Cas Csm complex of
Thermus thermophilus. Mol Cell 2014, 56:518-530.

74. Marraffini LA, Sontheimer EJ: Self versus non-self
discrimination during CRISPR RNA-directed immunity. Nature
2010, 463:568-571.

75.
��

Kazlauskiene M, Kostiuk G, Venclovas �C, Tamulaitis G, Siksnys V:
A cyclic oligonucleotide signaling pathway in type III
CRISPR-Cas systems. Science 2017, 357:eaao0100-609.

This paper revealed that the non-specific RNase, Csm6, in the Strepto-
coccus thermophilus Type III system, is activated via a cyclic oligoade-
nylate, synthesized by Cas10 upon target binding.

76.
��

Niewoehner O, Garcia-Doval C, Rostøl JT, Berk C, Schwede F,
Bigler L, Hall J, Marraffini LA, Jinek M: Type III CRISPR-Cas
systems produce cyclic oligoadenylate second messengers.
Nature 2017 http://dx.doi.org/10.1038/nature23467.

The authors demonstrate that Type III protein Cas10 produces an oli-
goadenlylate second messenger that allosterically activates the non-
specific RNase, Csm6, after target recognition.

77. Makarova KS, Anantharaman V, Grishin NV, Koonin EV, Aravind L:
CARF and WYL domains: ligand-binding regulators of
prokaryotic defense systems. Front Genet 2014, 5:102.

78. Bertani G, Weigle JJ: Host controlled variation in bacterial
viruses. J Bacteriol 1953, 65:113-121.

79. Luria SE, Human ML: A nonhereditary, host-induced variation
of bacterial viruses. J Bacteriol 1952, 64:557-569.

80. Arber W, Dussoix D: Host specificity of DNA produced by
Escherichia coli. I. Host controlled modification of
bacteriophage lambda. J Mol Biol 1962, 5:18-36.

81. Arber W, Dussoix D: Host specificity of DNA produced by
Escherichia coli: I. Host controlled modification of
bacteriophage l. J Mol Biol 1962, 5:18-36.

82. Tock MR, Dryden DTF: The biology of restriction and anti-
restriction. Curr Opin Microbiol 2005, 8:466-472.
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